POLITECNICO DI TORINO
Repository ISTITUZIONALE

Determination of PM Flux Linkage Based on Minimum Saliency Tracking for PM-SyR Machines without
Rotor Movement

Original

Determination of PM Flux Linkage Based on Minimum Saliency Tracking for PM-SyR Machines without Rotor Movement
/ Pescetto, P.; Pellegrino, G.. - In: IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS. - ISSN 0093-9994. -
ELETTRONICO. - 56:5(2020), pp. 4924-4933. [10.1109/TIA.2020.3000710]

Availability:
This version is available at: 11583/2852681 since: 2022-01-04T15:21:55Z

Publisher:
Institute of Electrical and Electronics Engineers Inc.

Published
DOI:10.1109/TI1A.2020.3000710

Terms of use:

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

©2020 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)

13 May 2024



Determination of PM Flux Linkage Based on
Minimum Saliency Tracking for PM-SyR
Machines Without Rotor Movement

Paolo Pescetto, Member, IEEE, and Gianmario Pellegrino, Senior Member, IEEE,

Abstract—Permanent Magnet assisted Synchronous Reluctance
(PM-SyR) motors often present relevant magnetic saturation,
especially if overload capability is exploited. The knowledge
of current-to-flux relationship is mandatory for proper motor
control, and it becomes even more critical in case of sensorless
applications. Reliable standstill self-commissioning tests have
been recently developed for Synchronous Reluctance (SyR) mo-
tors without producing rotor movement. This procedure can be
extended to PM-SyR motors, but, being at standstill, it does not
retrieve the flux contribution related to the PMs. This paper
integrates the identification of the flux characteristics including
a novel test for estimating the PM flux linkage, obtaining the
complete magnetic characteristic of the PM-SyR motor. The
identification session is performed at standstill and without
a position transducer, independently of the mechanical load
being connected or not. Such conditions are considered the
most demanding for self-commissioning tests. The machine is
first excited with a proper sequence of bipolar high voltage
pulses to determine its current dependent flux components.
Then, the estimate of PM flux linkage is retrieved at standstill
by evaluating the local saliency along the negative g-axis. The
proposed method is supported by detailed finite element analysis
and experimentally verified on two PM-SyR motor prototypes,
confirming the accuracy of the PM flux linkage estimate.

Index Terms—Self Commissioning, PM Flux, PMSM, PM Syn-
chronous Reluctance Machines, Magnetic Model Identification,
Flux Maps.

I. INTRODUCTION

The industrial interest in Synchronous Reluctance (SyR)
motors is recently growing in a wide number of applications,
mostly because of their high efficiency and competitive torque
per volume ratio respect to the Induction Motors (IM), their
good overload capabilities and their generally lower cost
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Fig. 1. (a) Reference flux maps of one of the machines under test (Mot1)
and (b) cross-section of the other one (M ots).

respect to PM Synchronous Machines (PMSM). Moreover,
the high anisotropy of SyR motors makes them suitable
for low speed sensorless control, which commonly exploits
saliency based algorithms [1]-[3]. The main drawbacks of SyR
machines are their generally limited flux weakening capability
and low power factor, which leads to inverter oversize. The
addition of small amount of PM into the flux barriers, resulting
in a PM-SyR motor, considerably improves both the power
factor and the speed power curve at high speed [4], with
limited impact on the cost of the drive.

One major disadvantage of both SyR and PM-SyR machines
is their highly non-linear magnetic characteristic (flux maps),
presenting direct and cross saturation effects [5], [6], as can
be seen in Fig. 1. Accurate knowledge of the flux maps is
often required for control calibration [7]-[9], especially in
sensorless applications [8], [10]-[13]. The standard methods
for inductance measurement of synchronous machines [14],
[15] require a dedicated test rig and off-line identification
of each new machine. Recently, several self-commissioning
techniques were proposed [16]-[20], normally requiring a
rotary encoder, or the rotor to be locked or free to rotate at suf-
ficiently high speed. These requirements may not be respected
in industrial environment, thus limiting the applicability of the
methods like [17], [20]. In [21], [22] accurate standstill self-
identification techniques were proposed, able to identify the
complete magnetic model of SyR motors at standstill without
locking the rotor and not implying position transducers, which
are considered the most demanding conditions. The method
was further improved in [23], increasing the measurement
domain and demonstrating that the obtained flux maps are
reliable for sensorless control of SyR machines.

Standstill commissioning tests usually do not include the
PM flux linkage contribution A,p,, necessary, as an example,

(b)

Fig. 2. Pictures of the two PM-SyR machines experimentally tested: (a)
Moty, (b) Mots.



TABLE I
RATINGS OF THE PM-SYR MOTORS UNDER TEST.

Moty Moto
Nominal current [A] 28 22.2
Nominal dc-link voltage [V] 360 310
Pole pairs 2 2
Nominal torque [Nm] 27 19
Tem/Tn (%) 10.5 34.2
Nominal speed [rpm] 2500 2500
Maximum speed [rpm] 10000 9000
Nominal peak power [kW] 10 7

to retrieve the MTPA trajectory or calibrating a flux observer
[24]. In most cases, Apm is evaluated by measuring the back-
EMF voltage while the shaft rotates at open windings. Such
operation requires a prime mover and voltage transducers
and it is necessarily performed off-line. Evaluating A, at
standstill is necessary, for example, when the load is already
connected to the drive or if the rotor is locked. Some commis-
sioning algorithms retrieve the PM polarity only [25], but not
the amplitude of A,n,. A feasible solution is to online adapt
the estimated Ay, during operation, as for example in [26],
[27], but increasing the complexity of the motor control and
anyway requiring an initial estimate. Quasi-standstill methods
for A\pm measurement were proposed in [28]-[30]. Anyway,
[28] needs a position transducer and a calibrated speed loop,
S0 it is not compatible with sensorless applications, while [29],
[30] imply free-shaft conditions and minor rotor movements.

This work exploits the self-commissioning technique of [22]
for measuring the armature flux maps of PM-SyR motors,
adding a novel solution for evaluating the PM flux linkage.
The test is based on the evaluation of local incremental
anisotropy along the PM axis. Differently from any previous
solutions, the test is completely standstill. The proposed self-
commissioning technique is sensorless, meaning that none of
the identification stages needs a position transducer, with the
load either connected or not.

The proposed technique is experimentally validated on two
PM-SyR motor prototypes, called Mot; and Mot (shown in
Fig. 2), whose specifications are reported in Table 1. Moreover,
the FEA models of four other PM-SyR machines are exploited
in the Appendix to justify the validity of the test sequence.

This paper represents an extension of its conference version
[31]. The substantial improvements include:

« theoretical investigation of the minimum saliency locus
of PM-SyR machines;

o deep validation using Finite Element Analysis (FEA),
evaluating the influence of PM quantity and structural
ribs thickness on the accuracy of A, estimation;

o experimental validation on a second PM-SyR machine.

II. MODEL OF PM-SYR MACHINES

This section shortly reviews the basic model of PM-SyR
machines. The synchronous dq coordinates will be adopted,

being the d-axis the direction of minimum reluctance on the
rotor. The PM flux linkage is aligned with the negative g-axis.

A. Fundamental Model

The fundamental component of stator voltage is given by:

va = Ryig + B —w)q
(D

— ; dAq
vq = Rsiq + 53+ + wAd

The flux linkage components follow a non-linear relation-
ship, commonly called flux maps:

Ad = Ad (1d,1q)
{ >‘q = >‘q (idv Z.q) @

The d axis is the direction of maximum inductance. The ref-
erence flux maps of the two tested prototypes Mot, and M ot,
were experimentally evaluated in a dedicated test according to
[15]. The flux maps of Mot; are reported in Fig. 1(a).

B. High Frequency Model

If the motor is excited with a High Frequency (HF) signal,
the resistive voltage drop and motional terms in (1) at such fre-
quency become small respect to the flux derivative. Therefore,
(1) reduces to:

dXq

Udh ~ dt

3
L an (3)
Uqh ~ ~q
where the subscript h stands for the HF component. It is
useful to define the differential inductances, which determine

the relationship between current and flux derivative:
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C. PM and Armature Flux Linkage Breakdown

The Aq(iq,1q) characteristic of PM-SyR machines includes
the PM flux linkage component Ap,y,. As proposed in [29],
the A\q(Z4,%q) characteristic is split into the current dependent
term Aqo (iq, iq), or armature flux, and the negative offset A\pp,:

Aq (idyiq) = Aqo (idy iq) — Apm ©)

where Ay is null for (iq,iq) = (0,0) and Apy, is a constant
value, function of the PM temperature. Otherwise said, App, is
the flux linkage in ¢ axis when the current is null, by definition:

Aq (ia = 0,iqg = 0) = —Apm (7)



III. COMMISSIONING OF THE ARMATURE FLUX MAPS

The method in [22] is adopted here for evaluating the
current-dependent terms of the flux maps (Aq and Ayo) of the
PM-SyR machine, also called armature flux.

At first, a standard sensorless HF injection technique is
adopted to evaluate the initial rotor position 0. It is assumed
that the rotor does not move during the test, so 6o is used to
define the dq axes during the complete commissioning stage.

Then, a 3-step procedure is adopted. At the first stage
(test #1), the d-axis is excited with bipolar square-wave
voltage. The amplitude of the applied voltage is on the
same order of magnitude of the motor rated voltage (e.g.
220 V), while its polarity is reversed when iq overcomes a
defined threshold value, according to a symmetric hysteresis
mechanism. Meanwhile, vy = 0. Since the d-axis only is
excited, the produced torque is alternated and not excessive,
being the PM torque component only of a PM-SyR machine.

Voltage Aa(ia g =0)
integration
Drive controller
tamax Hysteresis _I—I_l_L Vg —
control —1¢ ‘snw
vg =0 ~
6o
ld——j labc
50
Fig. 3. Control block diagram for test #1.
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Fig. 4. Current and voltage waveforms during test #1 (Motq).

Therefore, the motor does not move, whatever the mechanical
load. Fig. 3 shows the motor control block diagram for test #1.
The self-saturation flux characteristic in d axis Aq(iq, iq = 0)
is retrieved from EMF integration:

Ay = / (vd — Rsid) at (8)

where RS is the estimated stator resistance and vq is esti-
mated from inverter commands, after compensation of inverter
voltage drop.

The test #2 is dual to the first one, but the ¢ axis is excited
with a hysteresis based square-wave voltage while vq = 0. The
curve A\ (iq = 0, q) is obtained, again from EMF integration:

A = / (va = Ruiq) at ©)

Again, one axis only is excited, but in this case the excitation
is in the direction of the PM. Therefore, in principle torque is
not produced. However, this test is less stable than the previous
one, since eventual inaccuracy in the estimation of bo may
result in drifting from the initial position. In this case, the
test would fail. For this reason, test #2 can be augmented (if
necessary) with online position tracking [23].

Finally, in test #3 the two axes are simultaneously excited
to evaluate the cross-coupling flux linkage. Eq. (8),(9) are
simultaneously adopted to retrieve the flux maps Aqq(Zdq)
over the entire dgq plane. A more detailed description of the
test sequence can be found in [22]. Anyway, this test will not
be presented here, since the main contribution of this work is
retrieving A, without any rotor movement, and the proposed
procedure is immune from cross-coupling effect. It should be
noted that the cross-saturation effect in PM-SyR machines
is very similar to the SyR case, already addressed in [22].
Therefore, from here on the cross-coupling will be neglected.

The voltage and current waveforms obtained while testing
the machine Mot; are reported in Fig. 4.

A. Discussion

This identification procedure was initially formulated for
SyR machines and now adopted for the PM-SyR case. These
motors present a Aq(¢q) characteristic similar to an equivalent
SyR machine, but, differently from the SyR case, the PM
produce transient torque during test #1, which may move the
rotor from its initial position, as said. Anyway, the torque
reversal happens at considerably high frequency (3050 Hz),
so that the rotor may slightly vibrate in pure free shaft
conditions, but without considerably moving from its initial
position. If necessary, also this test can be augmented with HF
voltage injection for online position tracking, as addressed in
[23].

As for test #2, this only provides the armature flux com-
ponent Ayo(iq), without the PM contribution. Fig. 5 and 6
show the results of the two tests on the two PM-SyR motors
experimentally tested (Mot; and Mots). The initial state of
the integrator in (8),(9) is appropriately set to force \q(iq =
0) = 0 and Aq(iq = 0) = 0. As can be seen, in both
cases the estimated Aq(iq) curve is very close to the reference
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Fig. 6. Experimental results of standstill commissioning on d- and g-axes
armature flux for Mots.

trajectory, while A\, (iq) presents the correct shape, shifted
by the quantity Apn. A dedicated additional test is needed to
retrieve Apm, as proposed in the next sections.

IV. PM FLUX IDENTIFICATION AT STANDSTILL

The self-commissioning paradigm requires the identification
to be at free shaft and standstill, avoiding to measure the open
circuit back-EMF. A feasible solution proposed in [29] is to
exploit the Zero Torque Locus (ZTL), defined as the trajectory
in the dg plane where the torque is null, out of the g-axis.
Along this trajectory, the reluctance torque is counteracted
by the PM torque component. Considering the well known
formulation for the electro-mechanical torque:

3 . .
T = 2P (Adiq — Agia) =0 (10)
therefore, based on (6):
()\qo — )\pm) 14 = Adiq (11

This equation presents two possible solutions. The first is
iqg = 0 and so A\q = 0, which means the current vector
is aligned with the magnets (g-axis). This solution is not
useful for determining Apr,. The second solution, which can
be extracted considering iq # 0, is the ZTL, highlighted in
blue in Fig. 7(a). Along this trajectory, the PM and reluctance
effects are even, resulting in zero torque:

)\dlq

Apm = Ao — (12)

2d

This last equation could be used in any point of this line
to obtain an estimation of A,.,,. However, it is convenient to
apply (12) to the singular point (iq = 0,44 = iqT0), defined
as the intercept between the ZTL and the ¢ axis:

i
Aom = lim Ao (ig) — —4
P (id,iq)a(o,iqm)< a0 (i) iq )

= Aqo0 (tqr0) — Laiqro

13)

Fig. 7(b) explains the application of (13). Since (13) refers
to the condition ¢q — 0, the apparent inductance Lq =
%HZ 4—o0 1s basically the inductance in the linear region of
the A\q(iq) curve. Therefore, a reliable value of Lq can be
conveniently evaluated from the results of test #1 for low 4,
while Ay (iq) is obtained from test #2. Therefore, at this point
of the procedure the only missing parameter to evaluate \py, is
the key current value ¢q1o. Reference [29] proposed to evaluate
iqro from a sequence of rotor alignments at freeshaft. A novel
procedure is defined here based on machine local saliency,
performed at standstill whatever the mechanical load.

V. ANALYSIS OF THE Aq(iq) CHARACTERISTIC

Before describing the local saliency based method, the shape
of A\y(iq) curve must be analyzed. As can be seen in Fig. 5(b),
this curve is almost linear for every current value except a
restricted area at negative i, where a sharp rate change occurs.
This strong inductance variation is related to de-saturation of
the rotor structural ribs.

For null or positive ¢ the ribs are saturated and the differ-
ential inductance [ is almost constant. At negative current, the
armature and PM flux components have opposite effect on the
ribs, so for sufficiently high negative i, the saturation is lost.
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Fig. 7. (a) Representation of zero torque locus and (b) zoom of ¢ axis flux characteristic (Mot1).

In this condition, the incremental ¢ inductance is extremely
higher than in the rest of the ¢y domain, and both [, and Ay
curves show a sharp variation. In this region, [ is close to lq,
so the saliency drastically drops. The i, value corresponding
to the inflection point, i.e. maximum slope of the Ay curve
and so maximum [q, will be called if . If the negative i, is
further increased, the flux contribution due to iy overcomes
Apm, thus saturating the ribs in the opposite direction respect
to the one imposed by the PM. Beyond this point, the curve
is again linear.

For better explaining the concept, Fig. 8 represents the
magnetic density plot of one pole of the Mot; PM-SyR
protorype, obtained with accurate FEA. The FEA simulation
is executed three times. In Fig. 8(a), the stator current is zero,
and the PM saturate the structural ribs, leading to Ig >> [.
In Fig. 8(b), the minimum saliency point of the ¢ axis was
simulated, ie. (iq=0,iq = ifﬂo)- As can be seen, in this
condition the structural ribs are not saturated, and so the
magnetic flux can flow almost linearly either in d and ¢
direction. As a result, the reluctance along d and ¢ axes is
nearly the same and so lq ~ [q. In Fig. 8(c) the negative i
was further increased (iq=-7 A). As can be noted, the ribs are
saturated again, so lg >> [q, but differently from Fig. 8(a)
the saturation is due to the current instead of the PM, so the
magnetic induction in the ribs has opposite sign.

~
~

VI. EXPERIMENTAL DETERMINATION OF iqT9 AND Apm
BASED ON MINIMUM SALIENCY

The basic assumption behind the method proposed here is
that the current i4To is nearly equal to the current correspond-
ing to maximum lg, i.e. 77, In other words, the curve Aq (i)
presents its maximum slope approximately at Aq(iqTo). It must
be noted that this condition also corresponds to the minimum
local saliency along the g-axis.

To demonstrate this assumption is rather critical analytically,
since in that area the machine behavior is strongly non-linear.
A physical explanation is given in the Appendix, supported by
FEA analysis.

If iqro ~ iypo is assumed, the latter can be used in place
of iqro in (13) for evaluating Apm:

Apm & Aqo (igro) — Laiyro (14)

Therefore, a dedicated test is proposed to experimentally
evaluate i:]TO, as described in the following.

A. Saliency Evaluation Test

Again, the rotor position does not change during the test so
0o is adopted for dq frame definition.

The motor control diagram is reported in Fig. 9. A fun-
damental DC current vector is forced in negative g-axis
through a simple PI based current control loop (i} 0).
At the meantime, a HF rotating voltage component vqqp is
superimposed to the fundamental excitation:

{

where u. and w, are the amplitude and angular frequency
of the injected voltage. According to the HF model described
in Section II-B, the HF current response can be evaluated as:

{

So, the HF current response describes an elliptic curve, and
the eccentricity of the ellipse indicates the local saliency.

It should be noted that the PI regulators in d and q
axes impose the DC reference values of i} and i;, without
dynamic requirements other than converging to the setpoint
after a reasonable amount of time (e.g. 5 ms). Therefore, the
calibration of the PI is not critical and can be easily computed
based on the results of Tests #1 and #2. The goal of the
Band-Stop Filter (BSF), centered in w,, is to remove the HF
component from the current feedback, avoiding a distortion of
the injected rotating voltage due to the PI controller.

The reference fundamental current vector is slowly moved
along negative ¢-axis, permitting to evaluate the local
anisotropy and thus finding iaTO' This test was repeated on
the two prototypes experimentally tested. Fig. 10 shows the
current trajectories in the dq plane (Mot;) in some key points
and defines the quantities Aigq, Aiq, Aty and Aty gy,

It should be noted that in this test the motor is excited
along the PM direction. Therefore, even at free shaft and/or in
case of inaccurate initial position estimation éo the test cannot
provoke any rotor movement.

Vdh = UcCoS (wet)

Vgh = UeSIN (wet) as)

WZ;d sin (wet)

— e cos (wet)

Idh =

o (16)
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Fig. 9. Block diagram for local saliency evaluation.

TABLE I
COMPARISON BETWEEN iqTO AND ii}TO FOR THE TWO PM-SYR (EXP).

Motor Moty Moty
Tonm/Tn (%) | 112 | 342
inom (ApK) 28 222
iqro (A) 236 | -7.59
il 1o (&) 230 | -825
eTo (%) -0.21 3.0

B. Methods for Extracting iqr

Based on (16), an elliptic current trajectory is expected, with
the major axis aligned with the ¢ axis. So, as a first attempt,
the incremental saliency was evaluated as the ratio between
the maximum HF current elongation in d and ¢ axes, called
Aiq and Aiq respectively:

_ Qg
T Adg

Following this approach, the red curve of Fig. 11 was
obtained for Mot,;. As can be seen, this method resulted
unreliable for determining ié{TO' So, a different strategy is
proposed here.

In reality, the current ellipse is slightly rotated respect to the
dq axes, as summarized in Fig. 10, where the major and minor

€dq a7
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-0.4 -1.4 A
= o q Ai
< 06 < .16 E
@v ~@b‘
-0.8 -1.8 | v
-1 -2
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S-24 &
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-04 -02 0 0.2 -04 -02 0 0.2
ia (A) iq (A)
(© (@
Fig. 10. Saliency analysis along the g-axis with a HF rotating voltage
superimposed to a DC excitation of (a) iq = —0.6 A, (b) iq = —1.6 A

(c) iq = —2.3 A (d) iq = —3.2 A. Blue: measurement points. Red: fitting
curve. Machine: Mot.

axes of the ellipse are not aligned with dg coordinates. This
reminds the rotation caused by cross-saturarion effect, which
should be absent in this region being iq = 0. To determine
the local saliency of the machine, irrespectively of the axes
rotation, the ratio between major and minor axes of the current
ellipse is adopted:
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In this way, the ellipse rotation is compensated finding the
real machine local saliency.

Dealing with the causes of the misalignment, the effect of
stator resistance, neglected in (16), would produce a small
tilt of the ellipse. Also, a non-perfect operation of the BSF
of in Fig. 9 would deviate the HF voltage vector and thus
the current response. Upon verification, both effects resulted
negligible in the adopted experimental test bench. Altogether,
an error in sensorless position estimate is retained the most
probable justification of this non-ideality, and will be object of
further experimental verification. The use of (14) compensates
for any of such effects, and results in an accurate estimate of
the current value 7 1, for all the motors under test.

As can be seen in Table I, in each case the measured i;
results very close to iqTo. For the Moty the saliency variation
with 7 is represented with the blue line in Fig. 11.

Finally, Apm is evaluated based on (14). The results are
summarized in Table II. As can be seen, a very good accu-
racy is reached for every tested motor. The obtained A, (%q)
characteristics for the two prototypes are reported in Fig. 12.

(18)

C. Sensitivity Respect to the HF Test Voltage

For the sake of evaluating the dependency of the Apm
estimation respect to the HF voltage amplitude, the test was
repeated on varying u. from 5 to 25 V with steps of 5 V.
In every set of tests, summarized in Table III, the estimation
of A\pm resulted very accurate. For the prototype Mot;, the
absolute relative error is lower than 2 % in the worst case.
Slightly higher discrepancy is obtained for Mots, but still
lower than 4 %. To evaluate the impact of this variability,
Fig. 12(b) shows the estimated \y(iq) characteristic obtained
with the best (-0.12 % error) and the worst (3.99 %) Apm
estimation, in blue and green line respectively. As can be
seen, both the characteristics are practically overlapped with
the reference trajectory (red line).

VII. CONCLUSION

The main contribution of this work is the evaluation of
Apm at standstill and without necessity of position transducers.
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Fig. 12. Final Aq(iq) characteristic obtained from stand-still self-

commissioning for the machine (a) Mot; and (b) Mots. In (b), the blue
line is obtained estimating iélTO with an injection of uc.=10 V (best case,
error of -0.12% on Apm estimation), while the green dashed line refers to
uc=15 V (worst case, error of 3.99%).

TABLE III
SENSITIVITY OF >\pn] EVALUATION RESPECT TO THE AMPLITUDE OF THE
INJECTED VOLTAGE.

uc (V) || measured i;TO (A) || Apm error (%)

Moty Moty Moty Moty

5 -2.395 -8.586 1.33 -3.60
10 -2.335 -8.255 -0.50 0.61
15 -2.389 -7.928 1.24 3.99
20 -2.337 -8.105 -0.42 -0.12
25 -2.119 -8.091 1.82 2.28

The proposed technique relies on machine local anisotropy
along negative ¢ axis, evaluated through HF excitation test
and proper post-processing manipulation. A deep analysis
of the machine conditions during the test is carried out to
clearly understand the related magnetic phenomena. This test
completes the standstill self-commissioning procedure [22] ex-
tending the results to PM-SyR machines. Overall, the complete
flux maps of PM-SyR machines are retrieved at standstill,
without locking the rotor and encoderless. A block diagram
of the proposed test sequence is reported in Fig. 13. Accurate
experimental results were obtained on two PM-SyR prototypes
with different ratings.
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Fig. 13. Block diagram of the proposed standstill self-commissioning test sequence.

APPENDIX: EQUIVALENCE BETWEEN %410 AND ii;TO
A. Physical Explanation

To better understand the correlation between minimum
saliency and zero torque locus, an intuitive way is to consider
an equivalent SyR machine. Fig. 14(a) reports in red the A\, (iq)
characteristic of a typical SyR motor. As widely known, this
curve is symmetric for positive and negative i, and it presents
an inflection point with maximum slope (and so maximum /)
at iq = 0. The blue curve in the same Figure represents the
Aq(iq) characteristic of the same machine when PM are added
into the flux barriers, thus obtaining a PM-SyR motor, without
modifying the machine geometry. As can be seen, the two lines
present almost the same shape, but the second one is shifted
down and left. Both these effects are due to the PM.

Figure 14(b) compares the torque contour of the same
machines (SyR and PM-SyR) in the dgq plane. As can be seen,
the SyR machine (red contour in the left sub-figure) presents
null torque along d- and g-axes, while in each quadrant the iso-
torque lines are symmetrical and almost following hyperbolic
functions. Also in this case the shape of the torque lines in
the PM-SyR case (blue-right sub-figure) is almost the same,
but it is slightly shifted down vertically. The two trajectories
of null torque are now the g-axis and the ZTL, which cross
each other in the point (i4,iq) = (0, %qT0)-

0.2 | | | ' | g
0 '
< 0.2 1

-0.4+
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iq (A)
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10 g & 10 % x
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Fig. 14. Effect of the PM on (a) \q(iq) and (b) T'(igqiq) based on the model
of Motg. Red: SyR; blue: PM-SyR; green arrows: PM effect.

It must be noted that in the SyR case the two trajectories
at 7' = 0 cross in the origin of the plane, thus for i, = 0,
where the [, is maximum. The assumption iqTo ~ iy is
thus supported if we consider the PM having equal effect on
the A\q(iq) and T'(iq, %) characteristics. This is generally true
at least in the case the PM-SyR machine is not too far from
optimal design criteria. In any case, it must be noted that an
approximation is introduced.

B. FEA Analysis

A deep FEA analysis was carried out to verify the cor-
respondence between iqTg and iaTo- In particular, the Finite
Element Models (FEM) of four machines were considered.
For each of them, the values of iqro and ¢y, were retrieved
and compared. The results are summarized in Table IV.

At first, the model of one of the prototypes under test
(Moty) was considered. This motor is designed with three
flux barriers, so it presents high anisotropy. Anyway, roughly
34.2% of the rated torque 7;, is generated by the PMs insert
into the rotor barriers (Tpyr). This means the amount of PMs
is quite high respect to classical PM-SyR machines, as for
example Mot;. This improves the motor torque density, even
if it goes to the detriment of the field weakening capability.

A modification of the same motor was considered, called
Motg, where the PM remanence was virtually reduced by
50%. As a consequence, only 10.4% of the torque is due to the
PM. Conversely, no additional tests were carried out increasing
the PM strength, since the prototype already presents high
levels of induction, and eventual increased PM field would
cause rotor saturation at no load.

A further case is analyzed, called M ot?, where the radial
ribs of the Moty machine were increased by 20%, keeping
the same amount of PM. This is meant to emulate a motor
designed for higher speed, so that the ribs must ensure higher
mechanical robustness. Because of the higher flux necessary to
saturate the structural ribs, the PM torque is slightly decreased
respect to the Mot case. No modifications were made on the
reference stator, therefore the three machines Moty, Mot and
Mot} present the same rated current.

TABLE IV
COMPARISON BETWEEN iqT0 AND if;To FOR DIFFERENT PM-SYR (FEA).

Motor Moty | Motd | Mot} | Mots
Tpm/Tn (%) | 342 10.4 30.7 53.7
inom (Apk) 222 | 222 | 222 120
iqTo (A) 547 | 252 | 539 | -392
il 1o (&) 531 | 272 | -5.81 | -39.4
et (%) <073 | 091 190 | 0.20
Expm (%) -191 | <071 | 396 | -0.48




At last, the model of a high anisotropy PMSM adopted in
commercial electric vehicles (Toyota Prius 2010) was con-
sidered, called Mots. This motor presents much higher rated
power and also higher percentage of PM torque (53.7%).

As can be seen in Table IV, in every analyzed motor
the approximation iqro ~ ZQTO is reasonably good. The
discrepancy is evaluated as:

19)

For each considered model, an estimation of PM flux
linkage Apm was retrieved based on i1, and (14). The error
respect to Apy, iS computed as:

)\ m >\ m
€Apm = ﬁ (20)

A good A,y estimate is reached for each analyzed case.
Slightly higher inaccuracy is observed for the motor Mot},
explained because in this motor a relevant part of the PM flux
is necessary to saturate the ribs at no load. Anyway, also in this
case, the discrepancy is lower than 4%, which is acceptable for
most of the applications requiring self-commissioning tests.
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