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Abstract—This paper presents a systematic comparative design
study of permanent magnet assisted synchronous reluctance
(PMaSyR) machines for a light traction application aimed at
considering an holistic approach for a given outer envelope
and cooling system specification. Electromagnetic, structural and
thermal aspects are all accurately considered in a computation-
ally efficient manner using a hybrid analytical-finite element (FE)
design approach. The SyR machine geometries providing the
maximum torque with increasing number of poles are identified
and their performance deeply investigated with full FE analysis.
The study has been carried out considering several requirements
in terms of base and maximum speeds with the aim of drawing
general design considerations. Results reveal that the optimal pole
number from a torque perspective depends on the considered
maximum speed. The reasons behind this behavior are fully
investigated as well as how and why the optimal geometries
change. The optimal SyR machines are then compared also
considering the insertion of permanent magnets within the rotor
slots with the aim of maximizing the constant power speed range.
The rationales behind the selection of the machine to manufacture
are then outlined including aspects related to efficiency and
demagnetization under the worst short circuit condition in the
entire torque-speed range. The optimized machine (after a FE-
based design refinement) has been manufactured and tested on an
instrumented test bench validating the proposed design approach
and the deduced design insights.

Index Terms—Electric vehicle, finite element analysis, high
speed, iron losses, iron ribs, permanent magnet, pole pair
selection, rotor design, synchronous reluctance machine, traction.

I. INTRODUCTION

HE ever increasing electrification of transportation sys-
tems, due to more sustainable and environmental policies,
brings the necessity of more efficient and power dense electric
powertrains [1]. Indeed, a significant boost of the drivetrains
performance of pure/hybrid electric vehicles is required if the
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latter need to achieve comparable if not superior performance
with the traditional internal combustion engine (ICE) vehicle.
As a result, the electric machines, one of the essential parts
of the powertrain along with the power electronics, must fulfil
very challenging requirements [2].

Induction motor (IM), permanent magnet synchronous mo-
tor (PMSM), wound field synchronous machine and syn-
chronous reluctance one (SyR) aided by permanent magnet
(PMaSyR) are the most commonly adopted electrical machine
topologies in transportation systems [3]-[5]. IMs represent the
most robust solution in regards with many aspects, i.e. stan-
dardized design methodology and manufacturing techniques,
good overload capability and wide constant power speed
range [6]-[8]. However, they suffers from the inevitable high
rotor losses which makes challenging the machine thermal
management often requiring an intensive rotor cooling system
[9]. PMSMs present advantages in terms of torque density,
efficiency and power factor, especially when adopting rare-
earth based PMs. However, the unstable supply chain of
the rare-earth based PMs leads to high prices volatility [10]
and the increasing concerns about the environmental effects
associated with the mining process of the rare-earth materials
[11]-[13] are the main current issues of this machine topology.
Wound field synchronous machines, often in conjunction with
a rotary transformer and a rotor-mounted diode rectifier for
the field winding supply, are lately gaining renewed interest
also in traction application [14]. Indeed, they are rare-earth
free and the possibility to control the field winding current
leads to an ideally infinite constant power speed range, and
an improved efficiency in the medium-high speeds operating
points at the cost of a lower efficiency in the low-speed/high-
torque region [15]. Alternatively, SyR machines, as their PM
counterparts, benefit from lower rotor losses making easier
the thermal management. Low power factor and low torque
density and restricted constant power speed range are all SyR
disadvantages that can be overcome by the permanent magnet
assistance [16]. Indeed, such machine topology (PMaSyR)
is becoming one of the most used one in the automotive
sector [1] given the advantages over the IM in terms of
rotor losses and over the pure PMSM in terms of rare-earth
material content although its overload capability is limited.
All these machine topology shows a different behaviour in
terms of efficiency in the torque-speed plane [3], [17]; as
a consequence, the machine topology selection is strictly



dependent on the specific application requirements, i.e. rated
specifications, driving cycle, overload capability and behaviour
under fault condition, e.g. active short circuit or uncontrolled
generator operation. Many studies have been published in
the last decades focusing on specific design aspects, such
as minimizing the peculiar machine bottleneck, e.g. torque
ripple for SyR machine [18], demagnetization in short circuit
condition for PM-based machine [19], rotor loss management
for the IM [9]. More general design study target the improve-
ment of the power density and the efficiency over the driving
cycle while respecting the torque specifications and keeping
into consideration the cooling system capability and the rotor
structural integrity [6], [20], [21]. In the last few years, a con-
spicuous amount of literature has also focused on the winding
technology with particular emphasis on the hairpin winding
which guarantees an improved performance repeatability and
reliability of the final product when compared to the more
common random wound distributed winding [22]. Many of
the aforementioned studies focus on the design optimization of
specific case study which considers a given set of preliminary
choices which typically include the machine topology and
the number of poles [23], [24]. The latter enormously affects
several aspects of the powertrain performance. Indeed, the
number of poles obviously influence the maximum torque for
a given outer envelope but also affect the iron losses along
with the AC copper losses at high speed. In addition, when
considering a PMaSyR machine which has a complicated
rotor geometry, the number of poles also affect the structural
behaviour and so the mechanical design.

This works tries to fill this gap presenting a comparative
design study of several PMaSyR machines systematically
considering all the trade-offs involved when designing such
machine topology for a given outer envelope and cooling
system specification, i.e. keeping constant the total machine
losses. This paper extends the hybrid analytical-FEA design
approach outlined in [24]-[30] by considering the number
of poles and maximum speeds within the design workflow.
The adopted design approach is able to fully consider the
effects of the magnetic saturation, the structural strengthening
rotor iron ribs and the iron losses on torque, power factor
and optimal geometries. The presented study is carried out
considering the requirements of a lightweight traction ap-
plication in terms of base and maximum speeds as well as
key electromagnetic specifications. The design methodology
is outlined in section II, while section III reports a wide range
of designs of SyR machines with different number of poles
and maximum speeds sharing the same cooling system and
outer envelope as reported in [30]. In section IV, the optimal
SyR machines are analyzed in detail identifying the roots of
cause of the obtained performance trends. The PM insertion
methodology is reported in section V with the considerations
on how the PM torque contribution change with the number
of poles. Section VI outlines the rationals behind the selection
of the optimal number of pole pair including efficiency and
demagnetization in the full torque-speed range. The design
optimization refinement is described in section VII while the
experimental assessment of the prototype of the optimal design
is shown in section VIII. The adopted design methodology is
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Fig. 1: Flowchart of the proposed approach.

summarized in the flowchart shown in Fig. 1.

II. DESIGN APPROACH OVERVIEW

Torque (7) and the internal power factor (ipf) of syn-
chronous reluctance machines can be always expressed as
function of inductances and stator currents. Their expressions
can be written in the d-q reference frame as:
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where p is the number of pole pairs, ¢4 and i, are the d- and
g-axis currents, A\g and ), are the d- and g-axis fluxes, Lqq4
and Ly, are the d and g-axis self-inductances and L4 is the
cross-coupling one. The torque equation has been written so
to highlight two different terms: the first one is the torque
without considering the cross-coupling effects, whereas the
latter accounts for the cross-saturation phenomenon. The self
inductances Lgqq and Ly, can be seen as the sum between a
magnetizing components (L4, and L,,) and a leakage one
(Lg4s and Lgs) which in turn can be expressed as follows:

Las = Lsiot + Lts 3)
qu = leot + Lts + Lrib (4)

where Ly, and L;s account for the flux leakage in the
stator slots and tooth shoe respectively; differently, the flux
short-circuited via the iron ribs is modelled by the inductance
L.;» which can be computed either via a simplified analytical
formulation as in [25], [26] or by solving the g-axis magnetic
circuit as in [31]. The accuracy of the above calculations is
crucial for the correct estimation of the two main machine
performance indicators, namely 7" and ipf. Both the induc-
tances and the d- and g-axis currents are clearly function of the
machine geometry which can be defined considering a certain



number of design choices and assumptions. In the following,
the adopted design methodology is briefly re-called.

A. Stator and rotor design

The design exercise starts with the definition of two inde-
pendent design variables, namely split ratio sr and magnetic
ratio mr, defined as follows:

_ _ B
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where . and 7 are the rotor and stator outer radii respectively,
B, is the first harmonic of the airgap flux density and By, is
the peak value of the flux density within the stator yoke. For
a given outer envelope (i.e. s and the active axial length [z,
are fixed) and a given magnetic load By., the combination
sr — mr determines the complete stator and rotor geometries
shown in Fig. 2. Indeed, the stator can be described by two
parameters, the tooth width w, and yoke thickness [,,, which
can be easely determined as follows:
2w - 8r-Ts - MY TSr-Tg-mr
Wy = ———————, ly = - —————
6qp 2 p
where ¢ is the number of slots per pole per phase. The tooth
length follows by geometrical considerations since the stator
outer radius r, is fixed:

(6)
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where [;5 is the tooth shoe height that, together with the slot
opening, complete the description of the stator geometry.

The rotor geometry can be also expressed as function of
the above defined independent design variables sr and mr.
Indeed, the identification of the flux barriers height hz and
their surface S? can be performed by imposing a constant
permeance with respect to the rotor layers and the total iron
width equal to [, [32].

Differently, the widths of the structural iron ribs (w;),
necessary to preserve the rotor integrity, are calculated by
adopting a simplified formulation which only accounts for
the steady-state centrifugal force acting on each flux guide
[33]. Although this approach to define the strengthening ribs
is approximate, as it only define the size but not the rib
distribution per barrier, is effective [34] and computationally
inexpensive. The distribution along the barrier of the iron ribs
has to be defined in the final FE-based design refinement stage.
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Fig. 2: Stator (a) and rotor (b) parametrization.

B. Current components calculation

The d-axis current can be computed applying the Ampére
law, as in (8):
_m keg p
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where k. is the Carter’s coefficient, g is the airgap thickness,
ky is the winding factor and N, is the number of turns in
series per phase. When a constant stator losses design scenario
is considered during the design exercise, as in this case, the
g-axis current component is computed knowing the maximum
current I,, which is a function of the cooling system capability
(kcool):
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where ky;; is slot’s filling factor, Agois is the slot area,
Peu 18 the copper resistivity, {f. and [, are the active axial
length and the end-winding length respectively, while Py,
are the stator iron losses, which are frequency dependent
according to the Steinmetz equation. It is worth to underline
that the above calculation considers both Joule and iron losses,
therefore when comparing different geometries, the total stator
losses remain the same as the study is carried out for a fixed
outer envelope (e.g. rs,lf.). This allows a fairer comparison
between different machines as all designs can share the same
cooling system.

(27Trslfekcool - Pfe) (9)

C. Inductances computation

When only the d-axis is supplied, the rotor magnetic poten-
tials are zero therefore L4, may be computed simply as in

(10): ,
T N\ " rslye st
Lagm = =poky | —
am = o (p) ked Ksat

(10)

where k., is a coefficient which accounts for the saturation
of the d-axis magnetic circuit [25]. Differently, a magnetic
equivalent circuital approach has to be adopted for the calcu-
lation of the g-axis inductance since the latter depends on the
permeances of the saturated iron ribs, flux barriers and flux
guides. In the g-axis equivalent circuit (Fig. 3a refers to only
one barrier) R; and R!, are the reluctances of the flux barriers
and the airgap respectively, whereas the ribs influence is taken

Fig. 3: a) SyR g-axis magnetic circuit, b) PMaSyR g-axis magnetic
circuit.
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Fig. 4: Torque and internal power factor contours in the design plane
calculated with the pure analytical approach (a,b) and the proposed
hybrid methodology (c,d) compared to the full FEA.

into account by the parallel between the flux generator ¢ and
R!. The generator F'* accounts for the stator magneto-motive
force, while A® represent the rotor magnetic potentials. The
resolution of this circuit, whose detailed description can be
found in [31], leads to the calculation of the g-axis inductance.

D. FE-adjustment of the analytical estimations

The described analytical procedure allows obtaining an
overall good estimation of both the d-axis and g-axis self
inductances, thus leading to a good match between the an-
alytical calculation of the first member of eq. (1) and its
FE computation. However, both the neglected cross-couplings
effects and the simplified estimation of the iron losses leads
to the torque and ipf mismatches shown in Fig. 4a and
4b when compared with a full-FE approach. Such study
has been performed considering the parameters outlined in
Table 1. These drawbacks can be tackled by adopting an
adjustment procedure which have been first proposed in [25],
[26]. It consists of performing few FE-simulations (i.e. only
4 machines of sr — mr plane) thus obtaining corrections
factors for the inductance terms and the iron losses. Then,
the extension of such factors to the overall design plane using
a linear interpolation allows considering all the disregarded
aspects of the analytical model. A detailed description of the
proposed approach can be found in [26]. For the sake of clarity
4c and 4d show the comparison between adjusted and FE
results, highlighting an excellent agreement.

III. COMPARATIVE DESIGNS EXERCISE

The above described procedure is suitable to be embedded
within a systematic design exercise where SyR machines
featuring different pole numbers and base speeds can be
examinated considering a lightweight traction application. The
assumptions and design choices shown in Table I will be

TABLE I: Unchanging parameters and common assumptions

Parameter ‘ ‘ Value Units
Outer stator radius 123 mm
Stack length 120 mm
Cooling capability 25000 W/m?
n° of flux barriers per pole 3 -
Maximum stator yoke flux density 1.4 T
Maximum stator tooth flux density 1.8 T
Air gap thickness 0.7 mm
Lamination yield strength (M235-35A) 360 MPa

hereafter considered. Furthermore, a single layer distributed
winding featuring a number of slots per pole per phase equal
to 2 is adopted and the maximum speed is assumed to be 3.5
times higher than the base speed for all machines. The first
speed is used for the sizing of the structural iron ribs, whereas
the latter is considered in the calculation of the iron losses at
rated condition.

Fig 5 shows the outcome of this analysis in terms of torque
and internal power factor contours in the sr — mr plane for
different number of poles and design speed. The same figures
also report the location of the maximum torque and maximum
ipf designs, leading to the following considerations.

e The behavior of T and ipf over the sr — mr plane
is different when considering a given pole pairs and
speed scenario, thus leading to different locations of
the maximum torque and power factor solutions. Indeed,
while the ipf depend on both saliency ratio Ly4/L,
and current phase angle, the torque is dependent by the
number of pole pairs, the difference between the d and g-
axis self inductances and the d- and g-axis currents when
neglecting the cross-coupling in eq. (1). It follows that by
analyzing the different distributions in the design plane
of the above quantities, it is possible to infer the reason
behind the torque and power factor different shapes in
the sr — mr plane when varying poles and speed. In
Fig. 6 the trends of the factors affecting the torque and
ipf production when considering a design speed of 10.5
kprm and different pole pairs are reported.

o For a given p — w;,4, combination, the location of the
maximum ¢pf designs is always around the region of
the sr — mr plane where the saliency ratio is higher
(i.e, high sr and low mr) as shown in the contours
reported in the first column of Fig. 6. Differently, the
location of the maximum torque design is given by the
compromise between several aspects which include the
needs of maximizing the inductance difference (high sr),
the d-axis current (low sr and high mr) and the g-axis
one (low sr and mr).

o Furthermore, the trade-off between the above quantities
change as the number of poles increases, moving towards
higher split ratio and lower magnetic ratio. The reason
behind such trend can be inferred by the following con-
siderations: the shape of the p(Lys — L) and iq contours
do not change significantly with the poles number while
14 does change (rotating counterclockwise as p increases)
thus justifying the change of the maximum torque design
location.
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Fig. 5: Torque and internal power factor contour in the sr — mr design plane for p = 2, 3,4, 5,6 and wmas = 3500, 10500, 17500rpm

o Also the cross-coupling has an effect on the location
of the maximum torque design. The last column of
Fig. 6 shows the percentage of torque due to the cross-
coupling (T,,ss)- The torque reduction due to the cross-
coupling decreases as mr increases and it moves towards
higher sr as the pole pair increases (due to the rotation
of i, contour). Such behavior contributes to move the
maximum torque design towards higher magnetic ratio

when considering higher number of poles.

The torque contours also change as the maximum speed
increases but it depends on the considered number of poles.

torque designs moves towards lower sr and higher mr when
considering low p; differently, slightly higher split ratio and
lower magnetic ratio characterized the maximum torque de-
sign as the speed increases when p is higher. Clearly, as
also deeply investigated in [26], these behaviors are hugely
dependent by the considered soft magnetic material and by
the balance between the structural (in terms of iron ribs) and
thermal (in terms of iron losses) requirements as the speed
increases. In general, the speed increment leads to performance
degradations regardless the number of poles. In fact, the rise
of both structural iron ribs and iron losses results in a torque
and power factor drops. The latter is ascribed to the increment

Indeed, as the speed increase the location of the maximum
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of the g-axis inductance caused by the wider iron ribs whereas
the torque drop is also due to the reduction of the maximum
current since a constant stator losses scenario is considered
(i.e. reduction of the copper losses quota as the iron losses
one increases).

Regardless the speed adopted during the design, the ipf
always decreases with the number of poles. The reason behind
this trend can be explained considering the reduction of the
saliency ratio as p increases as shown in the first column of
Fig. 6.

Differently, the design speed influences the torque behavior
as the poles number changes:

« for low maximum speed, the torque tends first to increase
and then to decrease with the pole numbers;

o for high maximum speed, the torque monotonically de-
creases with the poles.

The above behaviour will be better explained in the next sec-
tion where the maximum torque designs will be investigated.

IV. ANALYSIS OF THE OPTIMAL MACHINES

Fig. 7 reports the performance of the maximum torque
design in terms of torque and internal power factor. The latter
decreases with the speed with a rate of almost 30% regardless
the number of pole pairs, whereas the rate of the torque
decrement is dependent by the number of poles. Indeed, higher
p implies higher iron losses which in turn determines a faster
decrement of the torque due to the reduction of the g-axis
current. It is worth noticing that the optimal poles number
(i.e. the poles number maximizing the torque) depends on the
design speed; indeed:

o for low speed designs, the optimal pole number is 6;
« the high speed designs, the optimal pole number is 4;

The rationale behind this behavior can be inferred by
analyzing the trends of the factors which mainly affect the
torque production. The latter are reports in the left column
of Fig 8 when considering a given combination of sr — mr
and two different speeds. The torque is the compromise
between the descending trend of %p(Lmd — Lyyg)iq and the
ascending/descending trend of the g-axis current. The first
trend is due to the fact the L,,, decreases less than 1/ 2,
whereas the latter one can be explained by considering the
trade-off between the increasing available slot area with p
and the rising the iron losses. On one hand, when a higher
speed scenario is considered, the higher iron losses leads to
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Fig. 7: Torque and internal power factor of the maximum torque
design as function of both pole number and base speed.
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a shift of the maximum ¢, toward lower p, since the lower
the number of poles the lower the iron losses. On the other
hand, the iron losses affect less the lower speed designs
therefore p can be increases up to 10 without worsening the
14 current; above 10 poles, the geometrical constraints of the
slot area (which can not be increased indefinitely) leads to a
plateau of the g-axis current. The same variables are shown
in the right column of Fig. 8 while considering the sr — mr
combination providing the maximum torque, confirming the
aforementioned behaviour although the machine geometry
main parameters (sr —mr) change with the pole number and
speed.

V. ADDITION OF PERMANENT MAGNETS

The above analysis have been performed at the rated condi-
tions considering a pure SyR machine without any permanent
magnets within the rotor flux barriers.

The addition of the PMs allows to improve torque, power
factor and constant power speed range. As a consequence, a
design criteria needs to be chosen in order to size the PMs
and maximize a certain performance index. In the following,
the natural compensation [31] approach will be applied so
to maximize the constant power speed range. In particular,
this condition is achieved when the flux produced by the PMs
(Apar) equals the g-axis current one at the rated condition:

Apm = Lol (1)



This PM design criterion may be elegantly implemented by
making the fluxes entering the branches of the stator m.m.f
generators (shown in Fig. 3b with the symbol F) equal to
zero. The iterative resolution of the magnetic circuit to impose
the natural compensation criterion can be found in [31] and it
is not here reported for the sake of brevity.

This method has been applied to design the PMs to be
inserted within the rotor slots of the SyR optimal torque
solutions designed for a maximum speed of 10.5krpm. These
PMaSyR machines have been analyzed using FE simulations
to accurately compute the flux and losses maps in the d-q
plane. Fig. 9 reports the torque and power as function of
the speed of the optimal machines considering the different
number of poles with and without the PMs. Clearly, the natural
compensation approach to design the PM quantities allows to
achieve the desired constant power speed range and reaches the
power at base and max speed of 40kW. Analysing Fig. 9, it can
be noticed that the machine having 6, 8 and 10 poles provide
very similar results in terms of rated power-speed curve. In the
next section, a more in-depth analysis looking at the efficiency
and the worst PM demagnetization in the entire torque-speed
plane will be reported with the aim of identifying the final
machine to be FE-refined and then manufactured and tested.

The torque (73,¢) of the obtained PMaSyR machines can
be obviously seen as the sum of two contributions, i.e. the
reluctance 71..; and the PMs Tp,; ones where:

3 . .
Trer = §p(>\d—rel clg — /\q—rel 'Zd) (12)
and 3
Tpy = zp(Na—par - iqg — Ag—pPM - 1) (13)

2

Fig. 10 reports the trends of the variables affecting the
rated reluctance and PM torque components for the optimal
PMaSyR machines with different pole pairs. In particular, Fig.
10a shows that the reluctance torque remains almost constant
going from 4 to 6 poles and then decreases reaching the
minimum at 12 poles. The same subplot reports an opposite
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Fig. 10: a) Torque components at rated condition of the obtained
PMaSyR hing different pole pairs, b) factors affecting the reluctance
torque c¢) and the PM torque.

trend of the PM torque which increases up to 10 poles and
then remain almost constant. As a consequence, the machines
having 6 and 8 poles shows a slightly higher overall torque
respect to lower or higher pole pairs. As described in Section
V, the reluctance torque trend can be mainly ascribed to the
behaviour of the current components as function of p as both
factors pAg—re; and pAg—re; remains constant with the poles
as evident in Fig. 10b. The same can be stated also for the PM
torque contribution as both factors pAg—par and pA;_pps do
not change significantly as per Fig. 10c (the former being due
to the cross-coupling). The component ¢, slightly increases up

Power [kW]
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S N
—

(d2) Speed [krpm]

(e2) Speed [krpm]

Fig. 9: Cross section and torque and power speed curves of SyR and PMaSyR machines (max speed 10500 rpm) when considering the 2

(a), 3 (b), 4 (c), 5 (d) and 6 (e) pole pairs scenarios.



to 6 poles and then decreases due to the increasing influence
of the iron losses as explained analysing Fig. 8 in the previous
section. Differently, the magnetizing component ¢, increases
with the poles (see eq. 8). Consequentially the reluctance
torque tends to decreases with p due to both reduction of the
term Ag—re; - 4 and increment of the term A;_,¢; - iq. On the
contrary, the PM torque tends to increase with p mainly due
to the ascending trend of .

VI. SELECTION OF THE FINAL DESIGN

In terms of rated power-speed envelope, all the obtained
PMaSyR designs feature very similar performance, with the
best being the 6, 8 and 10 poles as the extreme ones shows
a slightly lower power at maximum speed. With the aim of
selecting the machine to be refined and manufactured the
efficiency in the entire torque-speed range and the worst PM
demagnetization have been analyzed.

The first row of Fig. 11 reports the efficiency contour in the
torque-speed plane for all the PMaSyR machines along with
the torque profiles at half-load, rated load and overload (twice
the rated current). It is clear that the efficiency decreases with
the number of pole pairs; this is an expected result since higher
poles implies higher fundamental frequency and so higher iron
losses.

The PM demagnetization can occur when the g-axis flux
against the permanent magnets is significant (L, - ¢;). The
demagnetization check is usually performed considering a g-
axis current component equal to two or three times the rated

is subject to a three-phase short circuit. The behaviour of the d-
and g-axis currents during the short circuit depends on the pre-
fault conditions, i.e. current components (torque) and speed.
The calculation of the short-circuit current as a function of the
pre-fault operating point can be performed either adopting a
transient FEA or solving the differential equations governing
the short circuit using the flux-current maps identified via
static FEA as suggested in [35]. The latter approach has been
adopted since it allows to accurately compute the short-circuit
current with a negligible computational time if compared to a
full transient FEA. Fig. 12 shows the i4 and 4, short-circuit
currents as function of the time for the 4-poles machine when
the pre-fault condition is the overload one at base speed. The
figure also highlights the maximum positive %, current which
is the worst value to be considered for the PM demagnetization
analysis.

The second row of the Fig. 11 reports the maximum positive
g-axis current during the short-circuit in the torque-speed
plane, i.e. as a function of the pre-fault condition. Regardless
the number of pole pairs, the maximum peak short circuit g-
axis current always occur when the pre-fault condition is the
overload at base speed as also inferred in [35].

With the aim of investigating the state of the PMs, each
PMaSyR has been FE-evaluated imposing the just calculated
worst case short circuit currents. The results of such analysis
are shown in the third row of Fig. 11. The latter shows the
demagnetization proximity DM,,.,, defined as:

one. However, a worse condition can occur when the machine DMprox = Brot — BineePM (14)
=6
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Fig. 12: Dynamic behavior of d-axis and g-axis current during short
circuit of the 4-poles PMaSyR machine when the pre-fault condition
is overload at base speed.

i.e. the difference between the flux density at a given point
in the rotor (B,,;) and the knee value of the PM material
(Bgneepnr)- Analysing these maps, which shows only rotor
regions where B < 1[T1, it is clear that only the 4-poles
machine presents a visible demagnetization of the outermost
PMs. No demagnetization issues are experienced by the other
cases and the minimum of the PM flux density Bp; increases
with the poles. It can be stated that the higher the number of
poles, the lower is the demagnetization risk.

The rationale behind this behavior can be inferred by
analysing Fig. 13 which reports the behaviour with the poles
of the variables affecting the PM demagnetization, i.e. the g-
axis current, flux and inductance.

The first subplot (Fig. 13a) shows that the pre-fault PM flux
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Fig. 13: (a) pre-fault PM flux and the rated current, (b) the maximum
g-axis short circuit current and g-axis inductance at the maximum
short-circuit current and (c) sum between the pre-fault PM flux and
the g-axis short-circuit flux as function of the pole pairs.

(index of the “strength” of the PM before the short-circuit)
decreases with the number of pole pairs. This is due to
the fact that the PMs have been designed with the natural
compensation criterion, i.e. imposing the PM flux linkage
equal to the product between g-axis inductance and rated
current. The latter (/,,) does not change significantly with
the number of poles (as shown in Fig. 13a) while the g-axis
inductance is almost inverse proportional with the square of
the poles. As a consequence, the absolute value of the PM
flux decreases with the poles (because L, decreases).
The maximum short-circuit current against the PMs (i4_s.) is
barely influenced by the pole number, whereas the g-axis in-
ductance in the worst short-circuit condition (L, (g—sc, tg—sc))
decreases with p (Fig. 13b).
It follows that the sum between the pre-fault PM flux and the
g-axis flux due to i4_s. decreases with the poles (Fig. 13c). In
other words, since the sign of the pre-fault PM flux is negative,
the effect of the short-circuit q-axis flux (L (ig—sc, ig—sc) - iq)
will be less impactful on the PMs in terms of demagnetization.
According to the above considerations regarding rated per-
formance, efficiency and worst demagnetization scenario, the
6 poles design has been selected as the solution to be further
refined. Indeed, it shows the same rated performance of the
8 poles machine but with a higher overall efficiency and no
demagnetization issues when compared to the 4 poles one.

VII. DESIGN OPTIMIZATION REFINEMENT

The design procedure outlined in the previous sections
allowed to drastically narrow down the range of the possible
solutions to analyse in detail with a more accurate performance
evaluation method. Indeed, the initial design shown in Fig. 9b1
requires to be refined as both torque ripple and structural
performance have not been accurately considered during the
analytical design stage. For these reasons, in the following
subsections, the design optimization refinement study is de-
scribed first outlining the geometrical variables to identify and
then showing the results of the optimization. It is worth to
underline that the design refinement has been implemented as
a local search around the analytically optimal solution.

A. Parametrization of the PMaSyR Machine

The stator geometry, previously shown in Fig. 2, is
parametrized in per unit, all shown through (15) to (17), where
ki, is the ratio between slot depth and total stator thickness,
k., 1s the ratio between the tooth thickness and tooth pitch and
kso is the ratio between the slot opening (SO) to maximum
available SO (dependent on k).

ly=(rs —rp) ki, (15)
1
wy :2-7",,~sin(i K, ) (16)
27r,
SO =2-kso - (1 - ku,) 17)

N,
The flux barrier profile described by the Joukowski’s flow

equations [36] are used with rectangular magnets in the
middle. The adoption of the above barriers shape allows to



Fig. 14: Parametrization steps of the PMaSyR rotor

increase the machine performance with respect to the easier
to analytically model straight barrier geometry [37].

After the flux barrier angles a are defined (which determine
the central line of each barrier, see dashed black line in
Fig. 14a), the maximum thickness of each barrier can be
calculated considering a minimum iron thicknesses between
barrier-barrier, barrier-shaft and barrier-rotor surface. Once
the maximum barrier thickness is found (on the g¢-axis), the
thicknesses of each barrier can be expressed in per unit (k;).
Actual and maximum barrier thicknesses are shown with red
and blue continuous lines respectively in Fig.14 a). Once
the thickness of a flux barrier is known, dimensions of the
PM for each barrier can be calculated. Thickness (defined
on the g-axis) and length of the PM are determined by a
single parameter kpps. This parameter primarily determines
the length of the PM as a ratio to the length of upper flux line
forming a flux barrier. kpy, is visualized in Fig.14 b). When
kpar is known, thickness of the PM can be found by placing
the rectangular shaped PM on the flux lines shown in red.
By doing so, the PM thickness is controlled by the thickness
of flux barrier and kpjs. The resulting geometry is given in
Fig. 14c). Adding some additional degrees of freedom, the
end point of the barriers might be given a bigger range of
variation which in turn can help enhancing the torque ripple
characteristics [38]. This modification consists in defining an
additional range of variation of end point angle for each
barrier. A point (black dot) is selected in the new range (blue
dots) with a variable (kg) in [-1 1]. Once the variable is
selected and the end point is known, two arc segments are
drawn from the barrier lines and barrier shape drawing is
concluded.

B. Optimization

The above described machine parametrization requires a
total of 12 variables to be considered during the optimization.
These variables and their ranges of variations are given in
Table II. Ranges of the variables are selected to vary around the
respective variables of the initially selected machine. In order
to ensure the mechanical safety, tangential and radial rib thick-

TABLE II: Optimization variables

Name H Range Number of variables
sr [0.5 0.7] 1
ki, [0.4 0.7] 1
kuw, [0.4 0.7] 1
kpnr [0.5 0.9] 3
ka [0.3 0.5][0.1 0.4][0.1 0.4] 3
kq [-11] 3

nesses from the initial design are kept the same. Optimization
objectives are selected as maximization of average torque and
minimization of torque ripple. During the optimization, one
sixth of the electrical period is analyzed with steps of one
degree mechanical and with a constant current phase angle of
559.

The optimization results are shown in Fig.15. The final
design is selected to be in the lower-right corner of the Pareto
front having around 127Nm average torque and below 10%
torque ripple. The location of the design and the design itself
is shown in Fig.15. Compared to the initially selected design,
optimization yielded designs having better torque ripple, as
shown in Fig. 16 which reports the torque, power and torque
ripple curves as function of the speed of both initial and
optimized designs considering the same current. It is worth
underling that, despite the performance in terms of average
torque remain almost identical, the torque ripple is greatly
reduced by the application of the optimization procedure. Prior
the manufacturing of the selected design, the rotor structural
integrity has been verified with a structural FE analysis
which has required a minor modifications of the fillet radius
of the various corners present in the rotor geometry. Such
geometrical modifications does not led to major performance
deterioration.
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Fig. 15: Optimization results

VIII. EXPERIMENTAL ASSESSMENT

A prototype of the final design is built for experimental
validation. The rotor of the prototype is shown in Fig.17a)
after the magnets have been inserted. The control platform
with inverter and the test rig are shown in Fig.17b) and
Fig.17c). The machine prototype is connected to the cooling
system providing a flowrate of 10 litre/minute. A prime mover
is used to drive the PMaSyR under test, while the torque
measurements are accomplished by a torque meter Kistler
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Fig. 16: Comparison between initial and optimized designs in terms
of torque/power (a) and torque ripple (b).

4550A coupled between them. The control algorithm is im-
plemented using a dSPACE MicroLabBox platform (DS1202)
which controls an IGBT-based 2-level inverter via an interface
board with a sampling frequency of 10 kHz and a dead-
time of 4us. The traction application requires working in a
wide range of operating points; therefore, experiments aim
to reveal the electromagnetic characteristics of the machine
in the whole (d-q) current plane. The constant-speed magnetic
model identification method is implemented [39] to obtain flux
linkage and torque characteristics. Flux linkages are estimated
using (d-q) voltage terms at steady-state, while the spatial
harmonics and inverter dead-time effects are eliminated by
averaging the measurements over one mechanical period. The
resistance voltage drops and inverter non-linearities are taken
into account by the average between motoring and generating
modes. The reference speed of the prime mover was set to
500 rpm in order to minimize the influence of iron loss
while providing a good signal-to-noise ratio of the reference
voltages. For each current set-point in the plane, reference
currents are fed to the machine, and measurements are taken
only after the transient behavior is diminished as highlighted

& dSPACE
[MicroLabBox]

Inverter

4

b Intace boards

Fig. 17: Prototype motor: (a) rotor, (b) inverter and control platform,
(c) test rig.
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Fig. 19: Comparison between FE and experimental d (a) and q (b)
axis flux maps and average torque (c).

in Fig. 18. The latter reports the trends of d-q currents, voltage
and torque during the identification of one operating point.

The results of the whole identification procedure are pre-
sented in Fig.19 as torque and flux linkages maps in the d-q
current plane. The same figures also show the FE-calculated
performance; it is clear that there are negligible differences
between the measured and expected torque and flux linkages
maps.

IX. CONCLUSION

This paper has presented an holistic design study of
PMaSyR machines targeting the requirements of a light
traction application. A hybrid analytical-FE design approach
has first been outlined able of considering all the trade-
offs involved when designing such machine topology for a
given outer envelope and cooling system capability. Particular
emphasis has been placed on the influence on the number
of poles which affects electromagnetic, structural and thermal
performance. The study has been carried out considering
several requirements in terms of base and maximum speeds
with the aim of drawing general design considerations. The
main results of the design study can be summarized as follows.



With increasing speed, torque and power factor decreases
for all machines regardless of pole number due to iron
losses and structural rib thickness increments.

The optimal pole pairs from a torque perspective depends
on the considered speed. Indeed, it is defined by the trade-
off between the conflicting consequences of the rise of the
iron losses, available slot area and decreasing anisotropy
(as p increases). Low speed applications might benefit
from the selection of high pole numbers (6 or 8) while
for high speed applications, low number of pole pairs
are preferred. Such conclusion is obviously dependent on
the considered soft magnetic material which affect the
aforementioned compromise.

As the pole pair increase, the design providing the maxi-
mum torque features higher split ratio and lower magnetic
ratio since in this direction the g-axis current moves its
maximum.

The addition of the PMs on the optimal (torque wise)
SyR designs allows to widen the constant power speed
range and make almost identical the rated torque-speed
envelope of the machines having different pole pairs.
The selection of the final machine is the result of the
trade-off between efficiency and PM demagnetization.
It has been shown that the 4-poles design provide the
highest efficiency, but it is the most prone to demagnetize.
Differently, machines with higher poles present lower
efficiency but no demagnetization issues.

The results of the 6-poles design - the best compromise
between all performance indexes - have been experimentally
verified through a comprehensive testing campaign, confirming
the validity of the proposed technique.
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