POLITECNICO DI TORINO
Repository ISTITUZIONALE

LUT-less Sensorless Control of Synchronous Reluctance Machines using the Locus of Incremental
Saliency Ratio Tracking (LIST)

Original

LUT-less Sensorless Control of Synchronous Reluctance Machines using the Locus of Incremental Saliency Ratio
Tracking (LIST) / Varatharajan, A.; Pellegrino, G.; Mariani, G. B.; Voyer, N.; Satake, A.. - In: IEEE TRANSACTIONS ON
INDUSTRIAL ELECTRONICS. - ISSN 0278-0046. - ELETTRONICO. - 69:7(2022), pp. 6530-6539.
[10.1109/TIE.2021.3100990]

Availability:
This version is available at: 11583/2918252 since: 2021-08-21T10:36:34Z

Publisher:
Institute of Electrical and Electronics Engineers Inc.

Published
DOI:10.1109/TIE.2021.3100990

Terms of use:
openAccess

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

18 October 2022



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

LUT-less Sensorless Control of Synchronous
Reluctance Machines using the Locus of
Incremental Saliency Ratio Tracking (LIST)

Anantaram Varatharajan, Member, Gianmario Pellegrino, Senior Member, Guilherme Bueno Mariani,
Member, Nicolas Voyer and Akira Satake

Abstract—This paper deals with the LUT-less sensorless
control of synchronous reluctance (SyR) machines at zero
and low speeds, where LUT-less stands for avoiding the use
of flux-map look-up tables (LUTs) or other pre-determined
machine parameters. The new signal-injection based con-
trol scheme called the Locus of Incremental Saliency ra-
tio Tracking (LIST) is presented, where a pulsating high-
frequency voltage component is used for position tracking
and a second rotating signal-injection is dedicated to on-
line estimating the incremental saliency ratio. A trajectory
of constant incremental saliency ratio is used for torque
regulation, resulting in stable control at all operating condi-
tions, including overload. This despite the effect of cross-
saturation, which is known to introduce position error and
harm the control stability progressively with the load. The
proposed scheme is validated experimentally on a 1.1 kW
SyR machine test-bench. Alternative LUT-less torque con-
trol laws are investigated, and their stability limits put in
evidence using convergence analysis and experiments.

Index Terms—Sensorless control, signal-injection, incre-
mental saliency ratio, synchronous reluctance machine.

I. INTRODUCTION

Sustained load operation at low speeds is an attractive
feature that is increasingly required in general purpose sensor-
less motor drives. Typically, position estimation in the zero-
speed region is obtained by tracking the incremental saliency
via high-frequency response. In literature, such methods can
be divided into two categories: continuous excitation using
periodic signal-injection [1]—[3] and discontinuous excitation
schemes [4]-[6].

Irrespective of the type of excitation, the efficacy of most
sensorless techniques relies on the accuracy of the flux-map
look-up tables (LUTs) of the machine under test, especially for
synchronous reluctance (SyR) motors [6], dictating a dedicated
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preliminary session of machine identification. To date, the
most advanced forms of plug-and-play control of SyR motor
drives rely on sensorless LUTs self-commissioning methods
such as the ones in [7]-[9]. A flux-map LUT-less position
observer is highly desired for the wider and flexible application
of SyR motors in general purpose variable speed drives.
Among the various forms of high-frequency signal-
injection, the pulsating voltage injection along the estimated
d-axis, and particularly the square-wave injection, is retained
favorable for the superior dynamic response [1], [2]. When
using the high-frequency current response in the estimated -
axis for position tracking, the cross-saturation position error
exists that is very prominent in SyR machines and harms
the control stability under load [10], [11]. All cross-saturation
error compensation techniques such as current compensation
[12]-[14], angle compensation [15]-[17] and tilted-axis volt-
age injection [18]-[20] are flux-map LUTSs dependent. The
convergence analysis of [18]-[20] is a powerful stability as-
sessment tool that shows how the lack of cross-saturation error
compensation harms the stability of control very prematurely,
besides impairing the accuracy of position estimation. Another
LUTs-dependent aspect of the control of SyR machines is the
selection of the appropriate dq reference values for current
vector control (CVC) according to the torque request and the
respect of the maximum-torque-per-ampere (MTPA) law. This
is normally retrieved via additional current reference LUTs,
obtained processing the flux-map LUTs, which is incompatible
with a LUT-less control scheme. However, simplified torque
control laws such as constant d-axis current or constant
current phase angle vy result nonviable in sensorless control,
as demonstrated in the paper, posing an additional challenge.
This paper presents a stable sensorless control technique for
SyR machines without preliminary identification of the motor
under control, foreseeing the possibility of brand-independent,
plug-and-play control for general purpose applications. The
new method referred to as the Locus of Incremental Saliency
ratio Tracking (LIST) is proposed, where the incremental
saliency ratio (¢sr) is on-line estimated and one suitable value
of constant isr is used as the torque control law. As opposed
to using a predefined current reference trajectory (such as
MTPA), the LIST technique uses adaptive current reference
and overcomes the stability problems of the position observer
due to the cross-saturation error at all torque values, including
overload conditions, without requiring compensation of the



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

. G-axis
g-axis
. tdq
G _-
1-- I\

A\ - |\

q \ .
| i d-axis
|\

Y~ |45
d s
o d-axis

Fig. 1. lllustration of the estimated dgq synchronous rotor reference frame
whose d-axis is at 6 = 6 — 0 from the real d-axis.

position error.

The main contributions of the paper are enumerated as
follows:

1) The LIST is realized using the real-time estimation of
isr and tracking of a constant ¢sr locus with the d-axis
current regulation.

2) The real-time computation of isr uses an elliptical volt-
age injection, for on-line incremental inductance estima-
tion.

3) A standard signal-injection based position observer is
used, prone to cross-saturation position error.

4) The novelty of the LIST concept lies in the immunity
of the constant isr trajectory in the estimated reference
from the cross-saturation induced stability problems. The
cross-saturation position error is therefore acceptable and
this makes LUT-less control feasible.

5) Alternative torque control laws usable in non-sensorless
control such as constant current angle locus and constant
d-axis current locus are investigated using the conver-
gence analysis, showing their noncompliance.

The paper is organized as follows: the mathematical frame-
work of sensorless control system and the notion of incre-
mental saliency ratio is introduced in Section II. The signal-
injection position estimation based on square-wave pulsating
injection is briefed in Section III. The stability problems
arising from the cross-saturation effects are discussed using
convergence analysis in Section IV. The proposed LIST control
scheme is discussed in Section V. The experimental validation
on a 1.1 kW SyR motor is presented in Section VI and finally,
Section VII concludes the paper.

[I. SENSORLESS CONTROL SYSTEM

The electrical rotor position is 6 and the electrical angular
speed is w = s6 where s is the differential operator %.
Estimated vectors are represented by the superscript ~. The
orthogonal rotational matrix is J = [{ ;'] and I is the identity
matrix. Real space vectors will be used; for example, the
stator current is ¢4 = [i4,14]" where iq and i, are the vector

components in the rotor reference frame.

A. Synchronous Reluctance Machine Model

The machine model is expressed in coordinates of estimated
rotor reference frame, denoted by subscript dq, whose d-axis

1.5
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Fig. 2. Flux map of the SyR motor under test exhibiting saturation
and cross-saturation characteristics. Experimentally identified with the
constant speed test, reported in [21].

isat§ = 0 — 9~, as shown in Fig.1 where 0 is the position
error. The voltage equation of a synchronous machine is

S)\dq—’l}dq Rsqu_wJAJq (1)

where R is the stator resistance and A dq is the stator flux
linkage. The electromagnetic torque is given by
3p
T="24i7 iy 2)

where p is the number of pole pairs.

Let Agq(24q) denote the 2-D flux-map LUTs of the machine
under test, shown in Fig. 2. Then, the stator flux linkage in the
estimated reference frame can be expressed as

Aj, = 0 A gy (e y)- (3)

B. Small-Signal Machine Model
The time derivative of the stator flux linkage in the estimated
rotor reference frame can be expressed as

sAg, =" Loe Vi, )

where the incremental inductance matrix Ly is a function of
the operating point 244, given by

a)\dq o . . ld ldq
qu = La(ldq) — |:ldq lq:| (5)
where [4, [, represents the incremental inductance along the d
and g-axes, respectively, while [4, is the cross-saturation term.

Due to the cross-saturation inductance lqq in (5), the di-
rection of the maximum incremental inductance is not aligned
with the d-axis. The magnetic incremental saliency is deviated
from the geometric axis by an angle referred to as the cross-
saturation position error, given by

O4q = —% tan ™" lldzq (6)
where In = (I4 — 1,)/2. Otherwise said, the angle fg, is the
phase displacement between the direction of the maximum
incremental inductance and the d-axis. The contour of the
cross-saturation position error (6) in the dg current plane for
the SyR machine under test is shown in Fig. 3(a).
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Fig. 3. Contours in the dg current plane: (a) Cross-saturation position error (6); (b) Ratio of d-axis to g-axis incremental inductance; (c) Incremental
saliency ratio (9). Red line is the MTPA trajectory. White lines represent the torque contour for the levels 1 p.u. and 1.5 p.u. (dashed).

In turn, the incremental inductance (5) ~takes the form of a
diagonal matrix if rotated by the angle 64,4, i.e., (5) can be
reformulated as

L., = J0aq L ~J0aq - léi 0 7
o=¢€ o€ 2= 1o v (7

q
where [; and [, represent the maximum and minimum incre-
mental inductance for a given 4,4, operating point, respectively.
The terms of the diagonal incremental inductance matrix (7)

are given by
lg+,/li+l§q 0 ®)
0 Iss — ’/ZZA + l?lq

where Is; = (Ig + {;)/2. The incremental saliency ratio (isr)
is defined as the ratio of maximum to minimum incremental

inductance, as
o ls IR+
18T = —ji S 9
SN )

It can be discerned that (9) is always greater than one, i.e.,
isr > 1. The contours of ratio l4/l, and the isr are shown in
Figs. 3(b) & 3(c), respectively; they are observed to be largely
similar in the regions of high current angle where the cross-
saturation effect is weak. It is also worth pointing out that, at
very high 44, the inverse saliency [q/l; < 1 occurs.

L=

[1l. SIGNAL-INJECTION POSITION OBSERVER

Let the subscript (fqh denote the high-frequency terms in
the estimated dq reference frame.

A. Pulsating Voltage Injection

Let the superscript k& denote the discrete domain represen-
tation of the k' sampling instant. In this work, a pulsating
voltage injection in the form of square-wave voltage at half
the switching frequency is injected along the estimated d-axis,
expressed as

+VS’U)7

(Uzh)k = Vi cos (mk) = {—V itk ==2n (10)

ifk==2n+1

where Vy,, is the magnitude and n is an integer; the superscript

* is used to denote the reference quantities. The square-ware

injection is chosen for its ease of implementation and high-

dynamic performance [1]. Nevertheless, the following analysis

in this paper is also valid for the sinusoidal pulsating injection.
Let A symbolize the discrete operation

Az = gb — k1

(1)
Then, the high-frequency current corresponding to the square-
wave voltage injection (10) is given by

R
quh—Aqu.

(12)

Typically, the stator resistance and the back-emf voltage terms

are insignificant at low speeds in the high-frequency domain

and can be neglected, i.e.,

k it

Achh ~ T, |: d(l)z :| (13)

where T is the sampling interval. Note that, due to the unit

digital delay, the voltage actuated at the instant k corresponds
to the reference computed at the instant & — 1, i.e.,
(v5,)"

dh . 14

) (14

Eo_ (., \k—1 Eoo
vdq—(vdq) = )‘thNTS

B. Position Error Signal

Conventionally, the position error signal e is derived from
the high-frequency current response in the direction orthogonal
to the axis of injection, i.e., ¢-axis current i4,. It follows from
(4) and (7) that

. G0 -1 _J(G—0d
ify ), = el 0ad) L7 o710 0ad) 3E (15)
Simplifying (15), the high-frequency ¢h-axis current can be
expressed as
o dsr—1 L
)R % sin (20 — 20, )
Following (16), the position error signal € to the phase-locked-
loop (PLL) (19) can be designed from 44, as
ik
" = cos (n(k —2)) -
20

ign = —Ts (v

VG, (16)

a7



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Position Error Signal €

——— i, | =05 . & 4 =55°

———lif, | = L0 pu. & 4" =55°

04y = =5
-90 -60 -30 0 30 60 90

Fig. 4. Position error signal (17) as a function of position error for two
different operating points in the estimated dq reference frame.
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lig,| (p-u.)

-90 -60 -30 0 30 60 90
0 (deg)

Fig. 5. Position error signal (17) contour for the current references using
a constant current angle 4* = 50° in the estimated dq reference frame.
Red line is the zero contour of the error signal. White lines represent the
torque contour levels 1 p.u. and 1.5 p.u. (dashed).

where the gain ¢y for appropriate scaling is given by
isr—1

lq
An accurate gain i (18) is assumed in the following sections
which holds true if the incremental inductances (and isr) are

estimated on-line. The superscript k is considered implicit and
is dropped in the following sections.

= 2T, Vsy (18)

C. Speed and Position Observer

A conventional PLL with a proportional-integral (PI) con-
troller is employed to drive the position error signal € to zero

as
@:kpe—l—/kiedt é:/d;dt

where k&, and k; are the respective gains. The gains of the PLL
are tuned for a critically damped response considering € = 6
by placing the two poles at s = —Q,: k, =2Q, & k; = Q2.

19)

IV. STABILITY ASSESSMENT

The application of classical stability analysis such as trans-
fer function and state-space approaches to the high-frequency
excitation-based position observers is challenging. This is due
to the difficulty in modeling (linearizing) the incremental
inductance and isr which are very nonlinear. The state-of-art

15 S;cablhty Region

isr =2
isr =4
isr =6
1 isr =9

ig (p-u.)
(@2

0.5

0 0.5 1 1.5
i; (p.u.)

Fig. 6. Feasible region of operation (green) in the estimated dq refer-
ence frame; the operating points in the red region have no convergence
and are unstable.

approach for stability assessment is the convergence analysis
developed in [18]-[20].

A. Convergence Analysis

The position error signal (17) is a function of the operating
point in the estimated ch reference frame and the position
error, i.e., €(¢ g #). The PLL converges to a steady-state
condition only if the input position error signal converges to
zero and in particular, a stable equilibrium is established if
the position error signal has a positive slope around zero. The
position error at which the error signal has a zero-crossing with
a positive slope (zero-up crossing) is the steady-state position
error. It can be shown analytically from (16) and (17) that the
steady-state position error for a given current reference 47 , if
convergence exists, is equal to the cross-saturation error (6):

E(iqu,a) P :0 =

dq ™ "dq

= 04q. (20)

™

Given one operating point in the estimated ch frame, the
convergence analysis determines whether the convergence
condition exists (i.e., stable control with stationary position
error) or not (unstable control). Using (16)-(18), the position
error signal (4 Jq,ﬁ) is computed as a function of position
error 0 for two selected current reference data points and is
shown in Fig.4. Please notice that the operating points are
defined in the estimated reference frame where the currents
are assumed to be tracking the reference point, ¢ ; dg = i:}
It is worth pointing out that the inductance in (16) are also
a function of the position error, La(ew i4,)- The following
inferences are drawn from Fig. 4:
= 0.5 pu. & 4* = 55° (blue

line in Fig.4) has a zero up crossing at 6 = 5° which is

the steady-state position error. This is mapped to the real
dq plane with current angle v = 4* — 6 = 50° which
coincides with the contour level édq = 5° in Fig.3(a).

In turn, a current angle of v = 50° is obtained when

commanding 4* = 55°.

o The reference point |ifiq| = 1.0 p.u. & 4* = 55° (red line)
has no zero-up crossings, implying that the PLL diverges
to instability. In other words, this reference point in the

e The reference point |z -
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Fig. 7. Block diagram of the proposed position observer using CVC highlighting the LIST adaptation for the d-axis current reference, signal-injection
block comprising of a rotating elliptical voltage and a pulsating square-wave voltage, position error signal estimation and the PLL.

ch coordinates is not mapped to the real dg current plane
due to the cross-saturation error.

Extending the analysis in Fig.4 to all data points with a
constant reference current angle 4* = 55°, the contour plot
in Fig.5 is obtained. The nominal and 150% torque contours
are also reported, in white. It can be discerned that the rated
torque has no stable zero-up crossing and is unattainable. Such
contour plots are the standard signature of the convergence
analysis to illustrate the stability limits.

B. Feasible Regions of Operation

The feasible operating points in the estimated (fq reference
frame are defined as those that have a stable convergence
(zero-up crossing). For a comprehensive assessment of fea-
sibility, the analysis similar to Fig.4 is performed on each
reference data point i:}q in the dg current plane. The following
inferences are drawn from Fig. 6:

o The region in red denotes the unfeasible operating points
with no convergence. It is observed that a substantial
section of the plane is inoperable which is unknown a
priori without the flux-map LUTs. This finding is valid
in general for all SyR machines.

o The ¢sr trajectories in Fig. 3(c) in the dg reference frame
are displaced by the cross-saturation error in Fig.3(a)
when referred to the estimated qu reference frame in
Fig.6. All data points in Fig.3(c) are mapped to the
feasible region in green that is visibly shrunk.

Thus, attention must be paid in defining the reference
current trajectory, when cross-saturation effects cannot be
compensated. As the optimal MTPA current angle for SyR
machines is typically between 45° < |y| < 75°, a constant
current angle locus can be envisaged as a viable approximation
of the MTPA trajectory. However, the convergence analysis for
4* = 55° in Fig. 5 shows that the rated torque is unattainable.
Fig. 6 suggests an increased stability for higher current angles
as indeed the convergence analysis for 4* = 70° (see Fig. 14
in Appendix) shows where the rated torque is attainable but
the overload remains unfeasible.

As an alternative to the constant current angle locus, the
feasibility of using a constant d-axis current locus as the
i:}q reference trajectory is investigated (see Figs.15 & 16 in
Appendix). Although the choice i:i 0.25 p.u. averts the
stability problems corroborating Fig. 6, the suitable choice of
1% is machine-dependent and the generality questionable in the

absence of exhaustive analysis using the flux-map information.

V. PROPOSED LIST CONTROL SCHEME

In the absence of flux-map and MTPA LUTs, a method is
sought to translate the torque output of the speed controller
into i}q current references. An ideal reference current trajec-
tory should lie in feasible region in Fig.6 such that every
operating point in the estimated ciq reference frame is mapped

to the real dq current plane.

A. Locus of Incremental Saliency Tracking (LIST)

The LIST idea originates from the observation that the
incremental saliency ratio (9) in Fig.3(c) and in Fig.6 is a
unique identity of each operating point on the dg current plane
regardless of the reference frame. Tracking the locus of one
such constant ¢sr trajectory in Fig. 6 ensures a stable position
observer. Thus, the ¢sr locus can be used as surrogate of the
MTPA torque control law.

The block diagram of the proposed LIST position observer
is shown in Fig.7 where the d-axis current is regulated for isr
tracking. This ensures stability as the current references are no
longer fixed (for a given torque) in the estimated reference
frame but actively adapted to trace the ¢sr locus. Fig.8
shows the torque distribution as a function of isr to illustrate
the overload capability and the deviation from the MTPA
trajectory. A low isr has higher torque overload capacity as
per Fig. 8 while a high isr provides better signal-to-noise ratio
of the position error signal as per (16). As a trade-off, the
values 4 < isr < 7 are generally recommended. Note that the
convergence analysis is only applicable for control schemes
with predefined current trajectories as opposed to LIST which
actively adapts the reference for ¢sr tracking.
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Fig. 8. Torque contour as a function of isr and stator current magnitude
to illustrate the torque capability for a selected isr* reference. Red line
is the MTPA trajectory.

B. LIST Implementation

The property of cross-saturation position error is recalled
where the maximum and minimum incremental inductance are
aligned with the d and g-axes, respectively. A rotating voltage
injection is proposed for the inductance estimation in real-time.
To reduce the current ripples, an elliptical voltage injection is
chosen where the ratio of major to minor axis is equal to the
isr™ reference, i.e.,

cos(wp t) } 21

h [Sin(wh t)/isr*

where V}, is the magnitude of major-axis of the elliptical
voltage injection. This implies that the induced high-frequency
current is of the same amplitude on either axis, just big
enough to surpass the reliability threshold. The inductances
are estimated from the high-frequency current response as
lA:i _ Vh & _ Vh/iST* .
LPF {i;-2sin(wnt)} ¢ LPF{—i4-2cos(ws t()2}2)
Note that if the high-frequency wy, is close to the bandwidth
of the current controllers, a phase-shift is incurred in the
injected voltage. In such cases, it is recommended to evaluate
the net high-frequency amplitude in voltage and current by
demodulating both sine and cosine components in either axes
as is done in experimental results in the succeeding section.
Following the inductance estimation, the isr control is
achieved by regulating the d-axis current with an integral
controller (gain k,.), shown in Fig.7, as

. .0
iy = f(isr* —isr)  isr= l—f (23)

q
The ¢-axis current reference is determined by the speed
controller output scaled by the torque factor k7 (Nm/A) from
the nameplate of the machine under test. It is also feasible to
adapt the gains of the current controllers using the estimated
inductance for a uniform bandwidth at all operating points.

VI. EXPERIMENTAL RESULTS

The proposed LIST position observer is evaluated experi-
mentally with a 1.1 kW SyR motor test-bench on a dSPACE

'l\ Control desk

Fig. 9. Experimental Setup of 1.1 kW SyR motor under test on a
dSPACE DS11083 control platform at a sampling frequency of 5 kHz.

TABLE |
MOTOR PARAMETERS

H Parameters Symbol  Values  Units H
Rated power Py, 1.1 kW
Rated voltage Vi 380 Y
Rated speed Wn 1500 rpm
Rated current I, 2.9 A
Rated torque T 7.1 Nm
Pole pairs p 2 -
Stator resistance Rs 6.2 Q
Shaft inertia J 0.04 kgm?

DS1103 control platform running at a sampling/switching
frequency of 5 kHz, as shown in Fig.9. The parameters of
the SyR motor under test are tabulated in Table L.

The DC-link voltage is v4. = 565 V. The magnitude of
square-wave voltage injection is Vy,, = 50 V. The frequency
of the elliptical voltage injection is w = 2w - 200 rad/s;
the magnitude of the major axis is V;, = 100 V. The LIST
reference is ¢sr* = 5 and the integral gain is k, = 1. The
PLL gains are tuned for €2, = 27 - 25 rad/s and the estimated
speed is low-pass-filtered at 15 Hz. The SyR motor under test
is speed-controlled with the load machine torque controlled.
Unless otherwise mentioned, the speed controller is tuned for
critical damping with the two poles at 2, = 27 - 0.5 rad/s
which corresponds to a bandwidth of 1.24 Hz. A minimum
current ig“'" = 0.15 p.u. is imposed for the saturation of
the rotor ribs at no load. Note that in the following results,
the real values of the inductances I; & [;, (and the ratio isr)
and the electromagnetic torque 7' are computed using the
reference flux-map LUTSs and the rotor position from encoder
for comparison with sensorless estimated values.

A. Current Reference Feasibility: Constant 4* andi:z

The convergence analysis on the feasibility of current refer-
ence locus using constant current angle 4* = 70° and constant
d-axis current i:; = 0.25 p.u. in Figs. 14 and 16 are experi-
mentally corroborated in Figs. 10(a) and 10(b), respectively,
with an incremental steps in load torque, 77, = 0 — 1.5 p.u.,
at an operating speed reference w) = 100 rpm.

The control becomes unstable shortly after rated torque in
Fig. 10(a) due to the lack of zero-up crossing convergence
points in Fig. 14. The constant 7 ; locus in Fig. 10(b) is stable
at overload as predicted in the analysis in Fig. 16. Moreover,
the steady-state position error is 6 ~ 7° which is coherent
with the analytical estimation in Fig. 16.
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Fig. 10. Feasibility analysis of current reference trajectories with incre-
mental steps in load torque from Ty, = 0 — 1.5 p.u. at speed w;’ = 100
rpm: (a) Constant current angle 4 = 70°; (b) Constant d-axis current
i;=0.25p.u.

B. LIST Validation

The proposed LIST technique is validated with the incre-
mental steps in load torque at speed reference w; = 100 rpm,
shown in Fig. 11(a). The LIST scheme is observed to be stable
at overload operation. Moreover, the estimation of inductance
and the isr tracking are effective, showing good correlation
with the reference curves.

The ripples in current 7; and torque T' are observed to
increase with load; this is due to the diminishing incre-
mental inductance [/, which increases high-frequency current
amplitude. As an alternative to elliptical voltage injection, a
rotating high-frequency current injection can be explored using
resonant controllers, albeit at the cost of increased complexity.

A load step response with 7, = 0 — 1.5 p.u. at time ¢t = 0
s and standstill condition w} = 0 is shown in Fig. 11(b). The
control is stable and a speed sag of 250 rpm is discerned.

C. Test for Dynamic Stiffness

A rated load torque step response at standstill condition
is evaluated for different bandwidths of speed controller; the
poles are tuned for 2, = 27-0.5 rad/s (bandwidth = 1.24 Hz)
and Q,, = 27 - 1.5 rad/s (bandwidth = 3.72 Hz) in Figs. 12(a)
and 12(b), respectively.

The speed sag for the rated load torque step in Fig. 12(a)
is approximately 230 rpm while it is reduced to 150 rpm
in Fig.12(b) at the cost of increased ripples due to the
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Fig. 11. Proposed LIST validation for isr* = 5: (a) Incremental steps in
load torque from 77, = 0 — 1.5 p.u. at speed w’ = 100 rpm; (b) Load
step torque Ty, = 0 — 1.5 p.u. at time ¢t = 0 s and standstill condition
wy =0.

higher bandwidth. Nevertheless, the control stability is not
compromised at higher bandwidth. Note that the bandwidth of
speed controller is recommended to be equal to or below that
of the isr controller to avoid traversing low saliency regions
during transients.

D. Speed Dynamic Performance

The speed dynamics is evaluated with a step in reference
speed w) =0 — 0.2 p.u. (300 rpm) at time ¢ = 0 s and half-
rated load torque 77, = 0.5 p.u. in Fig. 13(a). The control is
stable and no disruptive transients in position error is observed.
For speeds beyond 300 rpm (0.2 p.u.), typically, the back-emf
based position estimation is employed.

An overview of the steady-state quantities at speed w; =
100 rpm and load 77, = 1.5 p.u. is shown in Fig. 13(b). The
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Fig. 12. Test for dynamic stiffness at standstill condition with a rated
step in load torque 77, = 0 — 1 p.u. at time ¢t = 0 s for different tuning
of speed controller: (a) 2, = 27 - 0.5 rad/s; (b) Q. = 27 - 1.5 rad/s.

stator abc currents are observed to be reasonably sinusoidal in
nature despite the overload operation.

VII. CONCLUSION

This paper proposed a new sensorless control technique
for the low speeds region without the knowledge of flux-
map LUTs of the machine under test. The position estimation
uses the conventional pulsating injection along d-axis with
g-axis current response sent to the PLL, with inevitable
cross-saturation position error. The proposed LIST scheme is
designed such that the current trajectory traverses along the
locus of a constant incremental saliency ratio. To this end, an
elliptical voltage injection is used for inductance estimation in
real-time and the d-axis current is regulated to track the ¢sr;
the g-axis current is determined by the speed regulator. This
control scheme overcomes the instability related to the cross-
saturation effect. Convergence analysis shows that alternatives

G,

250
100 Aﬂnww

-50

20 20
® MM
) 0 0
>
-20 -20
1 1
/: 1d _Z;
505 0.5
3
0 ol
2 2 iq iy
a1 1

KR
(=}
—_
no
(=]

Fig. 13. (a) Speed dynamic performance validation with step speed
reference w;: = 300 rpm (0.2 p.u.) attime ¢ = 0 s and load T, = 0.5
p.u.; (b) Overview of steady-state quantities at load 77, = 1.5 p.u. and
speed w} = 100 rpm.

to the LIST control trajectory such as constant current angle or
constant 7; reference component are not always feasible. The
developed technique is experimentally validated on a 1.1 kW
SyR motor test-bench and has demonstrated good overload
and dynamic performance to various load torque and speed
reference commands.

APPENDIX
A. Feasibility of Constant Current Angle Locus

The convergence analysis for the reference current angle
A* = T70° is shown in the position error signal contour plot
in Fig. 14. While the rated torque is achievable, the overload
condition of 1.5 p.u. torque (dashed white line) remains
unrealizable.

B. Feasibility of Constant d-axis Current Locus

Figs.15 and 16 show the convergence analysis for the
constant locus of 7% = 0.5 p.u. and 7% = 0.25 p.u., respectively.
It is observed in Fig. 15 that the control has poor torque
capability and becomes unstable for |g,| > 0.6 p.u. due to the
lack of stable zero-up crossing points. On contrary, the locus
of lower reference current i:} = 0.25 p.u. in Fig. 16 shows
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Fig. 14. Position error signal (17) contour for the current references
using a constant current angle 4* = 70° in the estimated dq reference
frame. Red line is the zero contour of the error signal. White lines
represent the torque contour levels 1 p.u. and 1.5 p.u. (dashed).
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Fig. 15. Position error signal (17) contour for the current references
using a constant d-axis current iji 0.5 p.u. in the estimated dg
reference frame. Red line is the zero contour of the error signal. White
lines represent the torque contour levels 1 p.u. and 1.5 p.u. (dashed).
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better torque capability including the overload operation. This
corroborates the results in Fig. 6 where the locus i("% = 0.25

. . 12
p-u. lies in the green feasible region. 12l
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