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Preface

Permanent magnet (PM) synchronous machine (PMSM) drives, including PM
brushless ac and dc drives, exhibit many advantages such as high efficiency and
high torque density. A high-performance PM brushless ac or dc drive needs accu-
rate rotor position information. This is usually obtained by using a hardware rotor
position sensor, such as a resolver, encoder, or Hall sensor. However, these sensors
increase drive size and cost and reduce reliability, particularly in harsh environ-
ments. Therefore, it is desirable to replace hardware rotor position sensors with
software-based rotor position sensorless techniques.

This book aims to comprehensively describe sensorless control techniques of
PMSM drives. We have strived to highlight the global research achievements
and also many new techniques developed at the University of Sheffield. The basic
principles and state-of-the-art rotor position sensorless control techniques are
explained, together with their challenges and practical solutions. The scope is very
broad, and readers may find the summary diagram in section 1.7 useful.

Thirty years ago, sensorless control of PMSM drives had limited application and
was mostly used for driving ventilation fans with brushless dc drives. However,
over the last 10 years, the field has rapidly expanded. Today, numerous commer-
cial products are using sensorless control techniques for a wide variety of applica-
tions, for example wind power generators, automotive compressors, water and oil
cooling pumps, electric bicycles, drones, general purpose variable frequency
drives, and household appliances (e.g. air-conditioning and refrigerator compres-
sors and fans, washing machines, dishwasher pumps, heat circulating pumps, and
vacuum cleaners), as well as fault-tolerance drives in electrified transportation and
aerospace applications. Despite these successes, the use of sensorless control for
applications that require high torque for rapid starting remains challenging. As
the technology continues to evolve and improve, it is likely that sensorless control
will find even broader applications, offering a reliable, cost-effective, and efficient
solution for a wide range of industrial and commercial needs.
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By, fgq Estimated d- and g-axis back-EMFs A%
Eqo, Eqo dc components of d- and g-axis estimated \
back-EMFs
Eaop, Eqof Second order harmonic of d- and g-axis A
estimated back-EMFs
E,. Extended back-EMF \%
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Symbol Description Unit
Eocds Eexg Estimated d- and g-axis extended back-EMFs V
Eex imp Improved extended back-EMF \%
Eoq Equivalent extended back-EMF of DTP-PMSM  V
Cox,ar Coxp a- and f-axis extended back-EMFs A%
ey €L, €o High-level, low-level, and floating phase \Y%
back-EMFs
E, Peak value of phase back-EMF A%
E,; Amplitude of third harmonic back-EMF \%
€q € a- and f-axis back-EMFs A\
e Zero sequence back-EMF v
ey Estimated zero sequence back-EMF v
E; Amplitude of third harmonic back-EMF \Y%
€3 setls €3_se2 Third harmonic back-EMFs in two sets A%
€3 setls €9_setls Third, ninth, and fifteenth harmonic A%
€15_setl back-EMFs of first set of DTP-PMSM
€3 set2s €9 set2 Third, ninth, and fifteenth harmonic A%
€15_ser2 back-EMFs of second set of DTP-PMSM
€y Ninth order harmonic back-EMF A%
eis Fifteenth order harmonic back-EMF A%
fe Electrical rotor frequency Hz
In Frequency of injected high-frequency voltage Hz
signal
f(a0) Position error signal
r Amplitude of extra injected current signal A
IA(8), Ig(s), Ic(s) Three-phase currents after Laplace transform A
in, i, ic Three-phase stator currents A
I, 1% Three-phase primary current response peak A
values
I5, 15, I% Three-phase secondary current response peak A
values
iaBCH Three-phase high-frequency current responses A
Lap error Disturbance current vector due to current A
measurement error
Iy 1, Amplitudes of dg-axis currents A
ig, Ig d- and g-axis currents A
id iq Estimated d- and g-axis currents A
igc dc-link current A
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Symbol Description Unit

i3 dc-link current reference A

lacs lgac Estimated d- and g-axis ac current components A

lacms g.om d- and g-axis currents of current model A

ld.des 1 ade Estimated d- and g-axis dc current components A

lap, lgf Fundamental d- and g-axis currents A

Tans Ign Amplitudes of estimated dg-axis A
high-frequency currents

Lan, Ign d-and g-axis high-frequency currents A

ian» igh Estimated d- and g-axis high-frequency A
currents

Lan> Tgn Virtual d- and g-axis high-frequency currents A

lg References of d- and g-axis currents A

if,q Predicted d- and g-axis currents A

AL or Error between real and recorded currents A

U ptra) Extra injected current signal A

i, i, o High-level, low-level, and floating phase A
currents

I, Peak value of phase current A

Inax Maximum current response peak value A

Tean Average current response peak value A

I, Amplitude of negative sequence current A
response

in Negative sequence current response A

iy Estimated negative sequence current response A

e Amplitude of negative sequence current A
response of square-wave injection

inds ing Estimated d- and g-axis negative sequence A
current responses

Lneg_as Ineg_p a- and p-axis components of negative sequence A
HF current

I, Amplitude of positive sequence current A
response

ip Positive sequence current response A

IlfQ Amplitude of positive sequence current A

response of square-wave injection
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Inos_as Ipos_p a- and f-axis components of positive sequence A
HF current

I, max Maximum g-axis current A

Iy, Quantum current of analog-to-digital A
converter

Lo Real current A

Lrecord Recorded current A

I Amplitude of stator current A

I Stator currents A

Aly, Threshold current value A

ix, iy, iz Phase currents of second winding set A
of DTP-PMSM

Ixf Fundamental current in arbitrary phase A

ixn High-frequency current in arbitrary phase A

Iz1z2 Stator current in z;z, subspaces A

lg Ip a- and f-axis currents A

[ iﬂ a- and f-axis estimated currents A

A, Alg a- and f-axis current estimation errors A

Lopn Amplitudes of a-and pg-axis high-frequency A
currents

Loph a- and p-axis high-frequency currents A

Ln a- and p-axis high-frequency currents before A
compensating positive current

Lopn a- and f-axis high-frequency currents after A
compensating for positive current

I Amplitude of dc component of three-phase A
current responses

io Zero sequence current A

I Amplitude of second order harmonic A
component of three-phase current responses

land Secondary positive sequence harmonics in HF A
current response

J Inertia kg.m?

k. Compensation factor for cross-coupling mH/A
inductances

K; Integration gain of PI controller

Kar, Deviation factor of g-axis inductance rad/A

Kar Deviation factor of g-axis self-inductance rad/A

ql

in Set 1
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Symbol Description Unit

Kamp, Deviation factor of g-axis mutual-inductance rad/A
between two sets

K, Proportional gain of PI controller

kps, kas, kg3 Coil pitch factor, distribution factor, and skew
factor for third harmonic

Kr Equivalent gain of resistance voltage divider

k, Compensation factor for cross-coupling error rad/A
angle

Kar,» Kar, Deviation factors of resistance and g-axis rad/A
equivalent inductance

ks Winding factor for third harmonic

K, Slope of back-EMF envelope around ZCP A%

L Phase self-inductance of BLDC mH

AL Asymmetric inductance mH

Laa, Lgg, Lcc Three-phase self-inductances mH

ALag, ALgc, ALca  Three-phase inductance asymmetric errors of mH
BLDC

L. Second order harmonic amplitude of sine mH
inductance term in self-inductance

Lp, Lg Equivalent d- and g-axis inductances mH
of DTP-PMSM

Lg, Lg d- and g-axis self-inductances mH

Lg, I:q Nominal values of d- and g-axis inductances mH

ALy, AL, Mismatch values of d- and g-axis inductances mH

Lapn, Lgn dg-axis incremental self-inductances mH

Lag, Lgg Cross-coupling dg-axis inductances mH

Lagn, Lgan Cross-coupling dg-axis incremental mH
inductances

Lg1, Laz, Lg1, Ly d- and g-axis self-inductances of two winding mH
sets

L, Equivalent inductance mH

Ly, Ly, High- and low-level inductances mH

Lap Amplitude of hth spatial inductance mH

Ly, Boundary inductance mH

Ly Leakage self-inductance mH

Laytax> Lvan Maximum and minimum inductances mH

(Continued)
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L, Negative sequence inductance mH

L, Positive sequence inductance mH

Lgas Approximated cross-coupling inductances mH

Ly, Average between d- and g-axis incremental mH
inductances

Ly Difference of d- and g-axis incremental mH
inductances

Lgj, Ly jth and kth order self-inductances mH

Ly Average value of self-inductance Wb

L, Amplitude of second order harmonic Wb
component of self-inductance

Lxx, Lyy, Lzz Three-phase self-inductances of first winding mH
set in DTP-PMSM

Loa, Lys a- and p-axis self-inductances mH

Ly Zero sequence inductance mH

M Phase mutual-inductance of BLDC mH

Mg, Mga, Mac, Three-phase mutual-inductances mH

Mca, Mpc, Mcs

M, Second order harmonic amplitudes of sine mH
inductance terms in mutual-inductances

M1z, M1, Mgio, d- and g-axis mutual-inductances between two mH

Mg winding sets

AMgz1, AM g1 Deviation values of g-axis inductances between mH
two sets

My, Mg, jth and kth order mutual-inductances mH

My, Average value of mutual-inductance Wb

M;, Second order harmonic of mutual-inductance Wb

Mxy, Myx, Myz, Mzy, Three phase mutual-inductances of second mH

Myx, Mx, winding set in DTP-PMSM

M3, Mg, a- and f-axis mutual-inductances mH

N Number of sample points

P(k) Covariance matrix of EKF

P Number of pole pairs

D Derivative operator

Q(k), R(k) Covariances of process noise and measurement
noise of EKF

R Phase resistance of BLDC Q

ARA, ARg, ARc Asymmetric resistances components Q
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Symbol Description Unit
AR, dc offset due to resistance asymmetry Q
R4 Ry d- and g-axis resistances Q
Ry dc-link resistance Q
Ryq dg-axis mutual-resistance Q
Req Equivalent resistance Q
Ry Resistance of auxiliary resistor network Q
R, Phase resistance Q
R, Nominal value of phase resistance Q
R Balanced part of three-phase resistances Q
AR, Mismatch value of phase resistance Q
Rxn Equivalent HF resistance of inverter in Q
arbitrary phase
R, R, Nominal values of low and high side Q
resistances of resistance voltage divider
R, R, Actual values of low and high side resistances Q
of resistance voltage divider
S Sliding mode surface
Sa, Sg, Sc Switching states of three legs of VSI
t Time S
AT Period of injected square-wave voltage signal s
At Time step S
T, Time constant of LPF S
ty Time interval of half cycle between two zero- s
crossing points
tad Turn-off delay of power device S
tar Deadtime S
tay Turn-on delay of power device S
Tinj Period of extra injected current signal S
T, T; Periods of first and second injected HF voltage s
signals
Tt Load torque Nm
Ty _BrAC Electromagnetic torque of a BLAC machine = Nm
Ty BLDC Electromagnetic torque of a BLDC machine = Nm
Top: Optimal duration of voltage pulse S
Tp Duration of voltage pulse S
Iperiod Fundamental period S
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Symbol Description Unit
Tp max> Tp man Maximum and minimum durations of voltage s
pulse
t, Remainder of division of time by injection s
period
T Sampling period s
tyln] nth time delay for commutation instant S
ty[n] nth ZCP time interval s
Ty Duration of zero voltage vector s
T; Duration of voltage vector 1 s
T, Duration of voltage vector 2 s
b3, taa, tas, bos, tso, tsg, Period between sectors S
le1, t12
Uvya, Uyg, Uve Three-phase vertical error correction \%
common-mode bias
Uy, Uy, Us, Uy, Us, Ug  Zero-crossing thresholds \%
AV Average terminal voltage error v
Va, VB, VC Three-phase stator voltages A%
Avag, Avgc, Avca Three-phase horizontal voltage shifts \%
Vap Maximum sampling voltage \%
Vag(s), Veg(s), Three-phase terminal voltages after Laplace ~ V
Veg(s) transform
VaGs VBG, VCG Voltage between phase terminal and ground V
Vah> VBi» VCh Injected three-phase HF voltages A%
VAN> VBN»> VBN Phase voltages of a PM machine in ABC A%
reference frame
Vg Acquired phase B terminal voltage \%
V. Amplitude of equivalent voltage source \%
Vg, Vg d- and g-axis voltages \Y%
Vg, Vg Estimated d- and g-axis voltages \Y%
\ dc-link voltage A%
AV, dc-link voltage variation \%
Va_gr Estimated d-axis feed-forward voltage A%
Vans Vgh d- and g-axis high-frequency voltages \Y
Vi, Vgh Estimated d- and g-axis high-frequency \Y%
voltages
Van Van Virtual d- and g-axis high-frequency voltages V
Van1, Vdn2 First and second injected HF voltage signals V
Va,vm> Vg,vm Voltages of voltage model A%



