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Abstract—Hysteresis losses occurring in Permanent Magnets
can be significant when the operating point of the magnets
crosses the B-axis (H = 0 line), resulting in large minor loops. In
traditional Interior Permanent Magnet Synchronous Motors, it
has been extensively studied and observed that these losses aren’t
significant under regular operating conditions. The conditions
responsible for these losses may exist under the regular operating
conditions of a Reverse-salient Permanent Magnet Synchronous
Motor for which, no discussion on these kinds of losses has been
done before. This paper bridges the aforementioned knowledge
gap by investigating the existence of such losses in a Reverse-
salient Permanent Magnet Synchronous Motor to understand if
there is a cause for concern.

Index Terms—Permanent Magnets, Hysteresis Losses, Reverse-
salient Permanent Magnet Synchronous Motors

I. INTRODUCTION

Core losses occurring in the rotor of a Permanent Magnet
Synchronous Motor (PMSM) are limited mainly due to the
fact that it rotates at the same speed as the fundamental
component of the stator MMF. Irregularities in the geometry
like rotor saliency or arrangement of Permanent Magnets
(PMs) buried inside an Interior PMSM (IPMSM) rotor along
with harmonic content from the converter feeding the motor
can generate magnetic fields that rotate at speeds that are
integer multiples of the rotor speed [1]. In the rotor reference
frame, these fields would then be time-variant and not static
which leads to losses.

The dominant losses occurring in the Permanent Magnets
(PMs) are eddy current losses and different calculation
techniques have been suggested to calculate these losses more
effectively [2], [3]. However, it has been shown in [4] that
PM hysteresis losses can be just as great as eddy current
losses. These losses get aggravated due to the operating point
tracing significant minor loops while crossing the B-axis [5].
According to [6], it is possible to limit such losses if the
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IPMSM is designed to limit the swing in PM flux density.

The Reverse-salient PMSM (RSPMSM) is a class of
IPMSM that is designed in a way such that the saliency
ratio is less than 1 which allows the motor to be operated
in a flux-amplifying mode of operation which increases the
torque output below the base speed [7], [8]. This and a
wide constant-power zone of operation make the RSPMSM
an attractive choice for the Electric Vehicle (EV) industry.
However, the flux-amplifying mode of operation can put the
PMs at risk of incurring hysteresis losses.

This paper investigates the existence of such losses in
an RSPMSM. Section II gives a brief overview of PM
Hysteresis Losses and Section III describes the theory behind
operating an RSPMSM as well as its advantages. Section IV
outlines the strategy to estimate PM hysteresis losses in an
RSPMSM, and Section V discusses the results obtained from
the estimates obtained.

II. A BRIEF REVIEW ON PM HYSTERESIS LOSSES

It has been observed in [5], [6], [9] that the minor loop
traced is much larger than the situation when the operating
point of the PM doesn’t cross the B-axis. While the physics
behind the origin of this phenomenon is not clear, [5] ascribes
this to the presence of magnetically soft areas within a hard
magnetic material. Because of these magnetically soft areas,
the complete hysteresis loop of a PM material can be thought
of as a combination of a major loop and a small minor loop
centered at a point on the B-axis where this phenomenon is
observed.

It can be inferred that minor loops like loop 1 in Fig. 1 will
have larger hysteresis energy than minor loops like loop 2. It
has been reported in Fig. 5 of [5] that for NdFeB magnets,
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Fig. 1: Minor loops in a NdFeB magnet near the B-axis (H =
0 curve). Reproduced using data from Fig. 5 of [5]. Here, H

is the applied field and not the intrinsic field of the material

the smallest minor loop that crosses the B-axis has an energy
density of 145 .J/m3 whereas the largest such loop that does
not cross the B-axis has an energy density of 73 .J/m?3.
Thus a sizeable proportion of losses occurring in PMs can
be attributed to these minor loops as long as the B-axis is
crossed. In the next section, the possibility of such a situation
arising will be discussed in the case of an RSPMSM while
describing the theory behind its operation and its advantage
over a conventional IPMSM.

III. OPERATING PRINCIPLES AND ADVANTAGES OF AN
RSPMSM OVER A CONVENTIONAL IPMSM

The expressions for the electromagnetic torque 7, and
supply voltage V; in a PMSM are given by:

(D
2)

Here, P is the number of poles, iy and i, are the d-axis
and g-axis currents respectively, Lq and L, are the d-axis
and g-axis inductances respectively, A,, is the magnet flux
linkage, and w, is the electrical angular frequency which is
given by w, = mPN,,/60 where N,, is the mechanical
speed of the rotor when expressed in rpm. In this analysis,
core saturation as well as the core and copper losses are
ignored. The governing equations given in Sections ITA and
IITA of [8] are solved again due to a mistake in equation § of
[8] which results in a dimensionally inconsistent expression
for i4. In this work, the governing equations are solved
by normalizing quantities using a suitable base, and new
equations consisting of per-unit (p.u.) values of the original
quantities are solved.

3. .
TenL - zplq(AnL + (Ld - Lq)ld)

Ve = wey/ (Lyi)? + (Laia + V)2

The saliency ratio of a PMSM is given by p = L,/Lq.
Define the inductance base Ly = \/I,,4, and the torque base
Ty = 3P4 /4, where 1,4, is the maximum stator current.
The p.u. values of the d-axis inductance, electromagnetic
torque, iq, and i, are Ly = Lg/Ly, T, = Tem/Tb,
iy = id/lInae and i = i,/Ina. respectively. (3) is (1)

rewritten using the p.u. equivalents of the corresponding
quantities.

Ton = ig(1+ (1= p)Lgig) 3)

(ig)* + (ig)* =1 )

(4) is an additional constraint that has to be satisfied by the

p-u. currents. Below the base speed Npqse, Wwhen the Maximum

Torque Per Ampere (MTPA) control scheme is in effect, ¢} ,,
(¢; which maximizes T7;,) is given by (5) (for p # 1).

m

I VAR (LI V)
R A=)

For Nyt > Npgse, (2) can be recast into (6) while expressing
all quantities in their p.u. equivalents. In (7), a new parameter
e* is defined, we,pr = TP Npgse /60, n* = Nyor/Npgse is the
p-u. speed, and e}, is obtained by substituting ¢y ,, in (7). This
follows from the fact that the limiting stator voltage is attained
at Np,se Which is the highest speed at which the MTPA control
strategy is still valid. Finally, the output power P,,; is obtained
using Pyt = Tl em Nyot/30. Table I enlists the parameters of
a conventional IPMSM and an RSPMSM with similar design
specifications like rotor and stator diameters that have been
compared in [8]. Here, 1,4t = Lnaa/ V/2 is the rated current.

&)

e* = E}k\/[ = 67\4 = e?w (6)
(WG/CU@,M)2 (Nrot/Nbase)2 (TL*)2
" = (1—p*)(Lyig)* +2Lgig + 1+ (pL)* ()
PMSM Parameters | Conventional IPMSM | RSPMSM
Irat 8.95 A 8.95 A
Lg 31.82 mH 32.72 mH
Ly 0.86 1
Npase 1200 rpm 1200 rpm
p 0.9 1.1

TABLE I: Parameters for PMSM comparison

It can be observed from Fig. 3a that the RSPMSM can
deliver more torque than the conventional IPMSM at the
same operating speed beyond the base speed and this can be
explained by Fig. 2b where one can observe that 7 of an
RSPMSM is larger than that of a traditional IPMSM. From
Fig. 2a, the RSPMSM can also operate in the flux-amplifying
mode even beyond the base speed and when it does enter into
the flux-weakening mode, 4, is smaller in magnitude than that
of a conventional IPMSM. This confers the advantages of a
wider constant power speed region which is clearly evident
in Fig. 3b and a lesser risk of demagnetization due to the
applied stator MMF, two improvements over the conventional
IPMSM which make the RSPMSM, a viable candidate in the
EV industry [7], [8]. However, the flux-amplifying mode of
operation can push the operating point of the magnet near the
B-axis of the magnet and the presence of slot and permeance
harmonics can result in PM hysteresis losses. The strategy used
to estimate these losses will be explained in the next section
along with the example machine used for this purpose.



D-axis currents at different speeds

| Q-axis currents at different speeds

0 . 4
0.8+ b
02+ ]
~ - L 4
2 04t 1 2 06
R N
* O S0.6F *._0"0.4 r 7
—RSPMSM —RSPMSM
-0.81 —Conventional IPMSM]| 027 —Conventional IPMSM]|
| ‘ ‘ -~ Base Speed 0 ‘ i Base Speed
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Nrot (rpm) Nrot (rpm)
(a) (b)
Fig. 2: Current-Speed curves of RSPMSM and conventional IPMSM. (a) d-axis (b) g-axis
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Fig. 3: (a) Torque-Speed and (b) Power-Speed curves of RSPMSM and conventional [IPMSM

IV. METHODOLOGY FOR CALCULATING PM HYSTERESIS
LOSSES IN AN EXAMPLE MACHINE

Parameter Unit Value

Stator Outer Diameter mm 169
Rotor Outer Diameter mm 100
Minimum Air-gap Length mm 0.8
Axial Length mm 100
Thickness of Magnetic Bridges | mm 0.75
Thickness of PMs mm 3.6
Length of PMs mm 6
Radius of Q-axis flux barrier mm 25

Angle of PM V shape deg 56.8

Shaft and Core Material N/A | DW465-50

TABLE II: Important RSPMSM design parameters

Fig. 4 describes the geometry of an RSPMSM which is
simulated on COMSOL Multiphysics using a combination
of the Rotational Magnetic Machinery (RMM) and the
Domain ODEs and DAEs (DODEs) physics modules (ODEs:
Ordinary Differential Equations and DAEs: Differential-
Algebraic Equations). Table II presents an overview of some
of the important machine parameters that are fed to the
software for designing the geometry, of which, the Q-axis
flux barrier radius and the PM V-shape angle are taken from
[10] and the other parameters are taken from [7].

The PMs

(red and blue corresponding to different

Fig. 4: Geometry of the test RSPMSM (The magnets marked
with the white letter T are the Test Magnets)

magnetization directions) are modeled with a remanent
flux density model in the RMM physics module. For this
model, the remanent flux density B, is set to 1.1 T and the



recoil permeability pi .. is set to 1.07 in accordance with
the data given in Table I of [5]. The windings are excited
with a 3-phase balanced, sinusoidal current source with peak
amplitude 40 A while the rotor is rotated at a constant speed
of 1200 rpm. The simulation is made to run for a time period
corresponding to three rotor rotations.

In [5], a test magnet is divided into a large number of
small segments and the PM hysteresis loss is estimated by
evaluating the peak-to-peak ripple in the PM flux density
along the direction of magnetization. The recoil permeability
of the PMs is held constant during FEM simulations. The
losses are post-processed by considering this ripple while
also checking if the remanent flux density is being crossed
intermittently. For a given segment, if the ripple in the PM
flux density is in the range or higher than what was measured
and reported, the hysteresis energy is taken to be equal to the
hysteresis energy corresponding to the measured minor loops
and the overall hysteresis loss is calculated by summing up
the hysteresis losses over all segments.

The geometry is meshed by setting the maximum element size
to 1 mm and the minimum size to 0.01 mm which results in
a mesh with 36968 vertices, 72356 triangles, and 5750 edge
elements. Due to PM rotation, a coordinate transformation
has to be applied to observe flux density in the direction of
magnetization. As the rotor rotates at a constant speed, the
PM flux density in the test magnets along the magnetization
direction (B,,4) is evaluated using the following equation:

Bmag =B, COS(Wmecht + 00) + By Sin(wmecht + 00) ®)

Where B, and B, are the x and y components of the
magnetic flux density vector, wy,ecp, 1S the mechanical angular
speed of rotation, t is the time, and 6, is the angle that the
direction of magnetization of the test magnets makes with
the x-axis at ¢ = 0. Fig. 4 depicts the rotor position at ¢ = 0
and using that, it can be shown that §, = 28.4° which is
half the PM V shape angle. Then, a subroutine for detecting
and storing the maximum and minimum values of PM flux
density over time (B4, and B,,;, respectively) is deployed
using the DODE physics module.

In the case of NdFeB, six minor loops were recorded
in Fig. 5 of [5] of which three do not cross the remanent
flux density. Let AB and Fj, denote the width and hysteresis
energy associated with a minor loop respectively. The
loss data corresponding to NdFeB given in [5] is fitted to
E;, = kip(AB)? curves. Curve fitting yields two constants
kp,1 and kj, o in which subscript 1 corresponds to the case
where the minor loop does not cross the B-axis and subscript
2 corresponds to the other case. This is inspired by the
approaches of Bertotti and Steinmetz [11] in which the
hysteresis energy associated with a major loop is considered
proportional to the square of the peak magnetic flux density
of the loop. In this case, the BH loops are no longer major
loops but they are minor loops and therefore a more prudent

choice is to use AB.

The B,,q: and B,,;, values in a small segment of the
PM are used to calculate the width of the minor loop that
crosses the B-axis with an equal extent on either side by
using, B = max(0,2 X min(Bmaz — Br, Br — Bmin))-
This formula in itself also checks for the existence of
such a loop because it can be seen that the only way for
such a loop to exist and have some finite width is when
Bpin < By < Bpaz- In order to calculate the total hysteresis
energy, the energy contribution from this loop as well as
the energy contribution from the remaining smaller loop that
does not cross the B-axis has to be added. The width of the
remaining smaller loop can be obtained by subtracting §B
from the total loop width AB = B, — Bmin. Next, the
following formula is used to estimate the hysteresis energy:

Ep, = kp1(AB — 6B)? + kj 2(6 B)? )

Finally, the hysteresis energy divided by the period of the PM
flux density waveform gives the losses. Since this time period
is the inverse of double the mechanical frequency of rotation,
the volumetric hysteresis loss density is calculated using
Pnv = EpNyot/30. To compare this with the volumetric
loss density due to eddy currents, loss calculation with a
resistive heating model has been enabled for the PMs in the
RMM interface and the electrical resistivity of NdFeB is set
to 150 pfdem according to [12].

In addition to this, the average, maximum, and minimum
flux density values along the magnetization direction are
evaluated over the test magnets, at a given instant of time.
The waveforms depicting the time-variation of these values
are then plotted from t = 0.09 s to t = 0.15 s. The calculated
volumetric loss density due to hysteresis effects is integrated
over the test magnets, which is then multiplied by twice the
number of poles (twice because the test magnets form one
half of a pole) to determine the PM hysteresis loss.

V. RESULTS AND DISCUSSION
Magnetic Flux Density in the Test PMs
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Fig. 5: Time variation of Flux Density in the Test Magnets

Fig. 5 depicts the PM Flux Density variation in the Test
Magnets and from the simulation, it is observed that the
RSPMSM delivers nearly 5.68 kW with 89.5 % efficiency.
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Fig. 7: (a) Hysteresis and (b) Eddy-Current losses occurring in the Test Magnets

Figs. 6a and 6b depict the maximum and minimum values
of the PM flux density recorded over the entire simulation
period. In Fig. 5 of [5], the minor loops that do not cross
the remanent flux density have a very small swing therefore,
the losses themselves are very small and the assumption
that the magnetization of the PMs is invariant is valid,
which is essentially why PM hysteresis losses are ignored in
general. However, Figs. 5, 6a, and 6b suggest the existence
of significant hysteresis losses due to a massive swing in
the PM flux density alone. In addition, the PM flux density

exceeds the remanent flux density near some edges which
would further increase the losses. These factors coupled with
the paucity of data on PM hysteresis losses are the reasons
why the approach given in [5] is extended using the loss
calculation model given by (9).

Figs. 7a and 7b depict the hysteresis and eddy-current
volumetric loss densities respectively. Unlike the eddy-current
losses which are more prominent over all edges of the
magnets parallel to the magnetization direction, significant



hysteresis loss is observed at three different places of which,
only one of those corresponds to regions with a huge swing
as well as By, < B, < Ba: Whereas the other two regions
have a significant loss due to a huge swing in the magnetic
field alone. This is in accordance with [1] which explains
that PM losses are more prominent near the edges and are
not evenly distributed over the bulk of the material. It is also
observed that the PM hysteresis losses are of comparable
magnitude to the eddy current losses. The total PM hysteresis
loss evaluates to 9.928 W which is 0.17 % of the nominal
power output.

VI. CONCLUSION AND FUTURE WORK

In this paper, the existence of PM hysteresis losses occurring
in RSPMSMs is investigated and it is observed that these
losses are significant not only because of a huge swing in the
PM flux density but also because of the operating condition
which causes the PM flux density to exceed the remanent flux
density. The hysteresis loss density occurring near the edges
of the PMs is indeed comparable with the eddy current loss
density, similar to the observations reported in [4]. Although
the absolute value of the computed loss is insignificant, the
loss density occurring at the edges can be appreciable enough
to cause problems due to an increase in temperature. The
influence of these losses on the thermal behavior of the PMSM
that affects the electromagnetic behavior [13], in turn, is
something that has to be dealt with in future work with an aim
to understand if these losses can be reduced at an early design
stage and if a material characterization model is needed to
capture this phenomenon. As this was an investigative analysis,
no experimental work is presented and the required data is
taken from literature as any experimental analysis to determine
and characterise PM materials specifically for these kinds of
hysteresis losses requires a lot of planning and effort.
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