
 
 
 
 

 
 
This paper is a postprint (author produced version) of a paper published in Proceedings of 
the 2019 International Conference on Electrical Drives & Power Electronics (EDPE) and 
is subject to IEEE copyright. 

 

  
Published paper: 

 
 

B. Ban, S. Stipetić and M. Klanac, "Synchronous Reluctance Machines: Theory, Design and 
the Potential Use in Traction Applications," 2019 International Conference on Electrical Drives 
& Power Electronics (EDPE), 2019, pp. 177-188 

http://dx.doi.org/10.1109/EDPE.2019.8883905 
 

 

http://dx.doi.org/10.1109/EDPE.2019.8883905


2019 International Conference on Electrical Drives & Power Electronics (EDPE) The High Tatras, 24-26 Sept. 2019

Synchronous Reluctance Machines: Theory, Design
and the Potential Use in Traction Applications

Branko Ban
Dept. of El. Machines and Automation

FER; University of Zagreb;
Unska 3, 10000 Zagreb, Croatia

branko.ban@outlook.com

Stjepan Stipetić
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Abstract—The volatilities in the permanent magnet price
have raised interest within the automotive industry for finding
substitute electric machine designs. The proposed alternatives
are synchronous reluctance machines (SyRM) and its derivatives,
assisted synchronous reluctance (PMASR) machines. These so-
lutions rely on high reluctance torque thus theoretically needing
no magnet material in the rotor structure. This paper covers
reluctance machine theoretical background, rotor parametriza-
tion, design alternatives, structural analysis, and optimization.
Commercially available traction reluctance machines applications
have been investigated. Marine and freight traction and com-
mercial vehicle power take-off have been selected as application
niches. Finally, a performance comparison for different saliency
ratios of the ideal SyRM, ferrite and neodymium PMASR has
been conducted.

Keywords—electric machine; traction; permanent magnet; syn-
chronous reluctance; assisted; optimization; comparison; axially
laminated; design; power take-off; commercial vehicles; rare
earth free.

TABLE I. Abbreviation list

Abbreviation: Desciption:

CFD Computational fluid dynamics

DE Differential evolution

FEM Finite element method

FW Field weakening

FOS Factor of safety

IM Induction machine

IPM Interior permanent magnet

NdFeB Neodymium iron boron magnet

PM Permanent magnet

PMASR Permanent magnet assisted synchronous reluctance

PTO Power take-off

SPM Surface permanent magnet

SyRM Synchronous reluctance machine

I. INTRODUCTION

In order to reduce emissions, air pollution, resource waste,
and traffic noise, EU government legislation is pushing to-
wards the increase of electric and hybrid vehicle production
[1]. This has caused a tectonic change in the automotive
industry, both knowledge, and production wise. New traction

components like battery, inverter, and electric machine are
becoming the most important factors in vehicle design in a
matter of cost and packing (component layout within the ve-
hicle) [2], [3]. The battery is usually modular component and
inverter is small in size, which means they can in most cases
be packed efficiently within the vehicle. On the other hand,
the electric machine is usually integrated within some sort of
transmission system, which is inherently space consuming [2].
To reduce the size of the drivetrain, electric machine size must
be minimized, while efficiency and power density must be kept
on the sufficient level.

Currently, due to the inherently high torque and power
density, interior rare earth permanent magnet synchronous
machines (IPM) are predominantly used for automotive trac-
tion (Fig. 2a-b). A notable landmark for IPM machines in
automotive hybrid/electric traction was the adoption by both
Toyota and Honda, for the first generation of Prius and Insight,
respectively [4], [5].

Although the performance benefits are undisputed, the use
of rare earth permanent magnet (PM) materials, such as
neodymium or dysprosium, has raised concerns in a number
of areas. In 2011 and 2012, China reportedly threatened to
cut off international supplies of these materials [6], leading
to dramatic, though short-term, increase in the material price,
increasing as much as 3000% in case of dysprosium [7]. These
volatilities have forced the automotive industry to search for
the alternative electric machine design, which will either use
none or minimal amount of rare earth material.

The alternatives which have not been in recent industry
focus are synchronous reluctance machines (SyRM) and its
derivatives [8]. These solutions rely on high reluctance torque,
thus theoretically needing no PM material in the rotor struc-
ture. They have relatively low material costs, low rotor losses
and are considered as robust [9], [10]. On the other hand, lack
of the permanent magnetic field in the rotor is penalized with
lower torque density, lower power factor, and higher torque
ripple [11], [12]. This paper will present the theory, state of
the art trends in reluctance machine technology and potential
applications in vehicle traction. The survey will be performed
on pure synchronous reluctance machines (SyRM), and its
derivative designs improved by adding permanent magnet
material, assisted synchronous reluctance machines (PMASR).
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II. SYRM AND PMASR THEORY AND DESIGN ASPECTS

A. General facts

The stator of the SyRM or PMASR machines is not different
from other machine types, therefore, to be able to evaluate and
compare different designs, only rotor cross sections will be
discussed. Furthermore, this paper will consider only machines
for traction applications which are coupled to multi-phase
variable frequency drive.

In 1923, Kostko [13] has calculated that if properly designed
and manufactured, SyRM performance is comparable with
induction machine (IM) of the same volume. During the years
SyRM concept evolved from simple squirrel cage, to complex
design implementations (Fig. 2e-h), [14], [15].

All of the concepts rely on rotor anisotropic properties
designed to produce high reluctance torque. Rotor anisotropy
is achieved by large magnetic conductivity differences in d
and q axis caused by several flux barriers, and saturation
effects in different parts of the rotor core. The purpose of
the barriers is to create high resistance path for the flux along
the q axis to achieve high saliency ratio, thus producing a
high reluctance torque component (Fig. 2e-f). However, barrier
bridges and posts are required (at the ends and sometimes
in the middle of each barrier) for sustaining rotor structural
integrity. A portion of flux flows through these bridges causing
a consequent reduction of the torque. Another downside is
limited operation in FW area and inherently low power factor
(Fig. 3), which requires large variable frequency drive.

If permanent magnets are inserted in each rotor flux barrier
(Fig. 2g-h), SyRM is transformed to PMASR. The purpose
of the magnets is to saturate barrier bridges, to increase the
torque and especially the power factor, which reduces the size
of the attached variable frequency drive [11].

Two most commonly used types of PM material are "strong"
neodymium (NdFeB) and "weak" ferrite. PM material proper-
ties are a function of remanent flux density, coercive force (de-
magnetization field proportional to demagnetization current)
and temperature. Fig. 1 demonstrates operational contrast of
NdFeB and ferrite PMs.

At −40 ◦C, NdFeB have remanent flux density around
1,17 T and large coercive force (large current is required
for demagnetization) while ferrites have approx. flux density
of 0,42 T and smallest coercive force [16]. The main ferrite
PM disadvantage is demagnetization at low temperatures [17]
which can be an issue (−40 ◦C is the minimal operational
temperature of most road vehicles). At high temperatures
(> 150 ◦C), similar phenomena happen with NdFeB magnets
where rapid reduction of coercive force makes them vulnerable
to demagnetization (in practice max. operational temperature
of NdFeB magnets is 150 ◦C). Here ferrites demonstrate their
unique advantage, increasing coercive force with temperature
rise, a feature that makes them more resilient to demagnetiza-
tion. Both PM materials remanent flux density decreases with
temperature increase.

Another benefit of ferrite PMs is rotor injection molding,
which allows complete filling of the rotor structure (Fig. 2g).

Fig. 1: Comparison of ferrite and NdFeB PM curves at different
temperatures [16].

This is not the case with NdFeB PMs, which are produced
in specific shapes (Fig. 2h), thus leaving empty space in the
rotor flux barriers [18]. This method can further increase power
output and reduce losses.

A penalty of SyRM is the inability to have a large number
of poles (in practice maximum pole pair number is p = 2).
Obviously, if the number of poles is increased, magnetic
bridges and posts must be reduced to maintain the saliency
ratio. This puts pressure on rotor structural integrity. On the
other hand, PMASR technology is well suited for high pole-
number designs because magnet flux saturates the barrier
bridges and posts (p = 6 in case of Chevrolet Volt [19]). In
this way, bridges can be thicker, which increases structural
robustness of the rotor. As an example, in-wheel 12-pole
PMASR machine with an external rotor is presented in [20],
achieving a 30% reduction of the torque ripple compared with
the reference design. In [21], a 16-pole design with a double
stator and 3D air-gap concept is presented, improving the
efficiency by 5% when compared to a conventional design.

B. Electromagnetic torque

Machines listed in Fig. 2 can be divided in two families.
First is alignment torque component dominant group, which
includes IPM and SPM machines where PM magnetization
direction is aligned with positive d axis (Fig. 2a-d). Second is
reluctance torque component dominant group, which includes
SyRM and PMASR machines. It is important to emphasize
that PMASR PM magnetization direction is opposing positive
q axis (Fig. 2g-h), [11].

In general, there are two different rotor paths for the flux
(Fig. 2). A distinction of the reluctance machines is a switch
of rotor d and q axes in relation to alignment torque dominant
family. High permeability path (high magnetic conductivity,
d-axis path) is parallel to the flux-barriers. Low permeability
path (low magnetic conductivity, q-axis path), is vertical to the
rotor flux barriers [11].
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Fig. 2: Example of four pole machine families with corresponding
dq axes: IPM with a) distributed and b) concentrated winding stator;
SPM with c) distributed and d) concentrated winding stator; e) SyRM;
f) AxLam SyRM; g) "weak" PM material PMASR; and h) "strong"
PM material PMASR. Green arrows indicate PM magnetization
direction.

For both families, torque output consists of alignment and
reluctance component and can be written as (1), (3), where
Ld, Lq are inductances, id, iq currents in d and q axis, p is
the number of pole pairs and λm is magnet flux. In case there
is no PM material (SyRM, λm = 0), the relation between Ld

and Lq will determine the machine torque capability (1). The
inductance ratio is reffered as saliency ratio ξ, whose formula
depends on the machine family (2), (4), [11].

A high number of cavity layers in each pole combined with
a small air-gap typically leads to saliency ratios higher than 3,5
[22]. Lipo and Matsuo report that ξ = 7− 8 can be expected
[23], power densities in the order of 5, 5−7, 5 kW/l can usually
be achieved [24], [25]. Apart from the stator and rotor cross-
section design, lamination steel selection has an impact on
final saliency ratio (∆ξ = ±7%) [26].
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Reluctance

]
(1)

ξ = Ld/Lq (2)

Fig. 3: Voltage phasor diagram of SyRM (green) and PMASR (blue)
for a given stator current (stator resistance is neglected Rs = 0) [11].
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C. Combination of PM and reluctance: IPM design plane

Depending on the amount of the rotor PM material and
rotor cross-section, IPM and PMASR properties can often
overlap and one can argue that IPM is actually PMASR
and vice versa. According to the informal rule, if reluctance
torque component is greater than 50% of maximum torque
at base speed, the machine is considered PMASR. To further
differentiate machine families, Soong [27] introduces "IPM
design plane" (Fig. 5). From left to right, the plane starts with
SyRMs (λm = 0, high saliency, only reluctance torque, Fig.
2e-f) and ends with SPM machines (no saliency ξ = 1, only
magnet torque, Fig. 2c-d). In between, all IPM machines and
PMASR combinations are included.

The optimal IPM design line defines special matches of PM
flux and saliency ratios resulting in optimal field weakening
(FW) capability, indicating infinite constant power speed range
under limited voltage and current constraints (this is valid for
ideal machine [27]).

SyRM is out of the optimal design line, whereas PMASR
fall into the optimal FW area when the appropriate quantity of
magnets is added to a baseline synchronous reluctance design.

D. Rotor laminations assembly

Fig. 4: a) Transversally laminated rotor (TrLam) and b) Axially
laminated rotor (AxLam) [28].
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Fig. 5: IPM design plane [11].

SyRM with transversally (conventially) laminated rotor (Tr-
Lam) has been proposed in early nineties [14], [29], [30],
(Fig. 4a). Machine laminates are produced by punching tool
or laser cutting, which removes extra material. The other, non
standard production technique is rotor lamination mounting
alongside shaft axsis (AxLam, Fig. 4b). Theoretically, this
method increases the saliency ratio above the levels achievable
with TrLam machines (ξ > 10, [19]) using fixed strips of steel
separated by thin layers of insulating material [31].

According to Vagati [30], the better suitability of TrLam
structure for industrial manufacturing is evident from several
aspects: the laminates can be punched with conventional meth-
ods, assembly process is straightforward and either constant
(in case of PM injection molding), or segmental skewing can
be applied on the rotor. In large scale machine manufacturing,
stator skewing is normally avoided in favor of using automatic
winding devices [32].

On the other hand, AxLam structure theoretically enables
high saliency ratio by increasing the number of laminate layers
nl (Fig. 6a). However, this is only true for a two-pole structure
(p = 1) [30], while for p > 1, Bianchi et al. [33] shows
that due to the saturation effects, the ideal structure should
have a variable ratio between the depths of magnetic and
non-magnetic structures where k1 < k2 < k3, which reduces
saliency ratio (Fig. 6b). To summarize, production difficulties
of AxLam rotors are:

• Every laminate segment has different design and size.
• Inter-segment insulation thickness ki has to vary in-

between layers.
• There is no straightforward skewing possibility.
• Rotor circumference needs to be machined after laminate

mounting, which can change the material properties and
increase iron losses [34].

Fig. 6: Sketch of rotor with uniform, and non-uniform distribution of
the AxLam laminations.

Due to the rotor magnetic reaction to stator slot harmonics,
both TrLam and AxLam options face problems with torque
ripple, which makes either rotor or stator skewing a necessity
[35]. As mentioned, TrLam rotor can be easily skewed, which
is not the case for AxLam rotors, leaving stator skewing as
the only option.

Furthermore, when comparing TrLam machine of similar
rotor volume, AxLam machines have increased iron losses
(Tab. II).

TABLE II. TrLam and AxLam iron loss comparison

Variable TrLam [36] AxLam [37] Unit

n 1500 1500 rpm

p 2 2 -

Rotor diameter 140 136 mm

Stack length 134 160 mm

Power at the shaft @ 1500 rpm 3,6 2,5 kW

Power density @ 1500 rpm 1,7 1,1 kW/l

Iron loss 119 665 W

ξ 8,1 12,5 -

These can be explained in different ways, Maronghiu and
Vagati [29] suggest that these losses are due to flux oscillations
in stator teeth. A different explanation is given in [37],
where losses are caused by rotor eddy currents. Anyway,
the additional losses are considerable and represent a further
drawback for the AxLam setup [38].

The above-cited reasons are largely sufficient to choose
the TrLam rotor type. However, interest on the AxLam type
is probably due to the belief that this solution gives a better
saliency. This is not correct as comparable anisotropy values
are obtained from both rotors, with condition that the pole
number is the same. Saliency ratio ξ = 10 is a typical, non
saturated value for four-pole (p = 2) AxLam machine [32].

E. Rotor flux barrier design and number

According to Bianchi [11] and Pellegrino [18], there are
multiple parameters which define basic rotor structure in both
SyRM and PMASR. Also, asymmetric rotor structures are
possible [11], [39], but they are complicated to parametrize
and will not be covered in this paper. To simplify the process,
several terms are defined (Fig. 7): flux barriers (air cavities
in q axis direction), flux carriers (steel guides alternated to
flux barriers), barrier bridges (flux barrier ends, whose angular
positions at the air-gap are key to minimize torque ripple and
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Fig. 7: SyRM/PMASR rotor geometry parameters.

iron losses) and barrier posts (steel reinforcements between
flux carriers).

The fundamental rotor design variable is the number of flux
barriers (nl), which can be calculated from (6), where nr is
the number of stator slots (Ns) per pole pair (p), (5). The
example machine from Fig. 7 has Ns = 24, p = 2 meaning
nl ≤ 24/(4 · 2) ≤ 3. In this case, barrier bridges have been
designed angularly equidistant (e.g. barrier bridge pitches are:
ϑb1 : ϑb2 : ϑb3 = 3 : 2 : 1), barrier bridge pitch (∆ϑr)
is considered regular and can be calculated from eq. (7). In
practice this does not need to be the case [18]. Obata et al.
reports that non uniform pitch distribution can reduce torque
ripple [17].

nr = Ns/p (5)
nl ≤ nr/4 (6)
∆ϑr = 360/nr [el. deg.] (7)

A second important set of parameters is barrier thickness
distribution (tbi) which correlates to rotor saturation [18].
Referring to Fig. 7, Bianchi defines two coefficients for
determining optimal barrier size. kair r is calculated by eq.
(8) where, tbi are the flux barriers thickness, Dr is rotor
diameter and Dsh is the shaft diameter. Too large kair r can
cause saturation of flux carriers, thus reducing torque output
[39]. Second coefficient kair s, is related to the stator geometry
(10), where ps is the stator slot pitch (9) and wt is tooth width.
To keep machine equally saturated coefficients kair r and kair s
should be kept as equal as possible [11], [23].

kair r =

[
nl∑
i=1

tbi

]
/
[
(Dr −Dsh)/2

]
(8)

ps = (πDst)/Ns [rad] (9)
kair s = (ps − wt)/ps (10)

According to [34], the optimal design of a PMASR has
to consider PM demagnetization. To avoid demagnetization,

ferrite PMASR flux barriers thickness are recommended to
be the same along their length. Alternatively, short NdFeB
magnets may be placed on the bottom of rotor flux barriers.

F. Barrier bridges and posts reduction methods

In practice, barrier bridge (Fig. 8c) and post (Fig. 8b)
thickness is minimized to reduce torque ripple and losses,
while keeping the structural integrity of the rotor.

After a preliminary design is done, mechanical structural
finite element method (FEM) and fatigue analysis have to be
performed. If rotor design is angularly symmetrical, only one
rotor pole has to be considered. Rotor material properties are
key inputs for mechanical analysis. In case of SyRMs, only
laminate steel data is required (Fig. 8d). PMASR calculation
requires additional PM mechanical data. PMs are considered to
be a part of the rotor mass without any load-carrying capacity.
To avoid calculation issues, a good practice is to "glue" PMs
to the laminate surface within FEM software.

Static resistance (one operating point, i.e. at 5220 rpm) to
centrifugal load is assessed by using a classic approach based
on the average stress over the reduced section [40]. Vibrations
and shaft dynamical forces are neglected. The analysis result
is often presented in a form of Von Misses stress distribution
(Fig. 8b-c), and maximum material displacement (Fig. 8a).
The common way of determining design quality is the factor
of safety (FOS), which measures how much load will the
designed part actually be able to withstand (Fig. 8e). FOS is
calculated by equation (11), where σmax is maximal simulated
Von Misses stress, and σ0,2 is yield strength at 0,2 strain,
which represents material elastic deformation limit. Typically,
it is required that the maximum rotor stress calculated at
maximum over-speed (1, 2 · nmax [41]) is approximately 2
times lower than the nominal yield strength of the rotor
lamination (FOS ≈ 2).

FOS = σ0,2/σmax (11)

Fatigue analysis is performed to assess the iron bridge
lifetime, resulting from cyclic loading. It requires careful
considerations due to the reduced value of the tip radii at the
corners of the flux barriers and cavities. FEM mesh needs
to be sufficiently dense in these areas for a valid result.
Extreme operating conditions have to be considered, consisting
of repeated start and stop cycles (zero to maximum speed,
[40]).

Apart from barrier bridges and posts minimization through
electromagnetic and mechanical optimization, Reddy et al.
[25], [42] propose a rotor retaining sleeve. The sleeve reduces
laminate stress, allowing smaller bridge dimensions. Another
approach in [24] proposes a magnetic material which allows
the selective introduction of non-magnetic regions in the
barrier bridges and posts. This is achieved by local heat
treatment of laminations.
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Fig. 8: a) Exaggerated pole displacement; b) Barrier post stress detail; c) Barrier bridge stress detail; d) Material properties table; e) FOS
calculation table;

G. Machine design and rotor optimization

The machine design is performed in several steps. Each step
usually requires multiple iterations until satisfying results are
obtained [43], [44].

Fig. 9: Electric machine design algorithm example [43].

If the machine volume envelope is defined, the performance
will be determined by electromagnetic and thermal design
(cooling capability) [45]. There are two approaches to elec-
tromagnetic and thermal design. First is lumped parameter
modeling which allows fast iterative computations with a
precision penalty (especially in case of thermal design). The

second approach is based on FEM where electromagnetic
design can be downsized to a 2D problem, while precise
thermal modeling requires 3D computational fluid dynamics
(CFD) simulations (the penalty is prolonged simulation time).
In practice, a combination of both approaches together with
empiric methods yields acceptable results [45].

This paper concentrates only on SyRM and PMASR elec-
tromagnetic performance which is mostly determined by rotor
topology optimization. According to Pellegrino [18], a golden
rule for a good PMASR is a SyRM baseline which is then
gradually modified towards optimal design.

As previously stated, there are many parameters (Fig. 7)
which define the rotor cross section and machine performance.
In example, Liu et al. in [46] reports that PMASR efficiency
can be improved by 6% with optimal magnet placement.
Finding the optimal parameters is a classic Pareto multi-
objective optimization problem [47].

Some of the optimization methods are genetic algorithms,
differential evolution (DE), and simulated annealing [48]. DE
is stochastic evolutionary optimization algorithm [49], [50],
[51], which gives the best results in terms of convergence
time and repeatability [48]. Together with the machine pa-
rameters, the optimization algorithm requires one or several
goal functions, which provide a parameter selection boundary
(i.e. maximize torque [52], minimize torque ripple, minimize
material cost, etc.).

In comparison to other machine types, SyRM and PMASR
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can have a large number of rotor parameters. Reduction
of parameter numbers will simplify the design and reduce
computational time. The recommended compromise between
output performance and computational time is to limit the
number of degrees of freedom for two [53], or three [54] per
rotor barrier.

III. COMMERCIAL APPLICATIONS

A. Industry
The first notable modern industrial commercialization of

the SyRM was done by ABB in 2012. As an example,
90 kW machine measured nominal efficiency of 96,1% @
cosϕ = 0, 73, illustrating both the strengths and challenges of
this technology [55], [11]. Today, in addition to ABB, various
manufacturers such as Kaiser Motoren, REEL, SIEMENS,
and Končar MES provide solutions in the 0, 55 − 315 kW
range [9], [56]. The main reason SyRM designs came in
to spotlight is the introduction of the new IEC 60034-30-1
standard with harsher efficiency constraints. Introduction of
IE4 super-premium efficiency class [57], and better efficiency
in comparison to IMs, makes SyRM attractive for industrial
use.

B. Automotive traction
Up to today, SyRM has not been commercialized in large

scale automotive traction. One of the rare examples adapted
for the electric vehicle is Ricardo 85 kW 6ph SyRM [58].
MotorBrain project [59] has investigated an inverter power
module integration with SyRM stator for automotive appli-
cation. The project resulted in 97,6% efficiency inverter and
93,6% efficiency 6ph 60 kW SyRM (overall system 91,6%).

The conclusion is that the current low volume production of
electric/hybrid in comparison to internal combustion vehicles
still favors the use of IPM machines.

On the other hand, PMASR machines are a direct competi-
tor to IPM machines and have already been commercialized
in the automotive industry. The example is second generation
Chevrolet Volt which uses ferrite [19] and BMW i3 which
mounts NdFeB magnets [60], [61], [8]. Second-generation
Toyota Prius machine [62] is slightly on the side of the IPM
family (alignment torque component at base speed is slightly
above 50% of maximum torque).

C. Ship propulsion and freight traction
SyRM is considered to be a direct competitor of IMs

which are often used in railway and ship propulsion. This has
been confirmed by [63], concluding that both IM and SyRM
have similar electric, magnetic, and thermal performance,
with SyRM having lower rotor losses. Germishuizen et al.
emphasize that SyRM compared to IM have lower stator
winding temperature rise, which allows an increase of the
power rating by 5 - 10% [64]. All authors agree that the main
drawbacks of the SyRM solution is low torque in FW range
and inherently large variable frequency drive.

Although SyRM in relation to PMASR has a lower power
factor, its main benefit is high overload capability, without any
demagnetization problems [65].

D. Commercial vehicles

To power the special equipment (cranes, refuse system,
refrigerators, etc.), the commercial vehicle must be fitted with
an extra means of a power supply, a power take-off (PTO).
One or more PTOs transfer power from the engine to drive
attachments or load handling equipment. The PTO provides a
mechanical link (output shaft) towards load (usually some sort
of hydraulic system) with most of the systems having power
demand < 80 kW [66]. Historically, the PTO output shaft has
been a part of the combustion engine or transmission (Fig.
10a-d). With recent commertial vehicle electrification trends
[67], [68], PTO will most likely be an extra electric machine
mounted on the vehicle chassis (Fig. 10e-h). The PTO machine
will be powered via inverter attached to the traction battery.

Fig. 10: a) Diesel engine rear PTO mount; b) diesel engine with
mounted hydraulic pump; c) Transmission with direct PTO mount; d)
transmission with geared PTO [69]; geared PTO propelling hydraulic
pump e) and universal joint shaft f); direct PTO propelling hydraulic
pump g) and universal joint shaft h).

IV. THEORETICAL SYRM AND PMASR PERFORMANCE

This section examines theoretical limitations of the SyRM,
and ferrite and NdFeB PMASR for different saliency ratios
(ξ = 4 − 10). The calculations are assuming lossless linear
machine (Rs = 0), driven from inverter with limited voltage
and current [16], [70], [71]. All machines have the same
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cross section for the given saliency ratio (Ld is fixed and
Lq = Ld/ξ). In case of SyRM, magnet flux is zero, in
ferrite PMASR λm = 0, 095 [11], and NdFeB PMASR
λm = 2, 5 · 0, 095 = 0, 2375 [65]. Theoretical maximum
performance has been calculated using Matlab based MTPA
optimization method described in [72]. All inputs variables are
listed in Table III in normalized form.
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Fig. 12: Current amplitude and angle comparison of SyRM, ferrite
and NdFeB PMASR at fixed saliency ratio.
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Fig. 13: Voltage amplitude and power factor comparison of SyRM,
ferrite and NdFeB PMASR at fixed saliency ratio.

A. Comparison at fixed saliency

If saliency ratio is kept constant at ξ = 4, by adding
PM material, base torque increases from 0,5 to 0,6 (ferrite
PMASR) and 0,7 (NdFeB PMASR) (Fig. 11). There is a large
power difference in FW operation. SyRM and ferrite PMASR
power rapidly drops, while NdFeb PMASR remains constant
up to the maximum speed. Such NdFeb PMASR behavior is
due to the fact that the λm has been chosen to achieve the
characteristic current Ic close to the maximum inverter current
Is max. The characteristic current (also known as short circuit
current) is defined as Ic = λm/Lq [11].

Fig. 12 confirms that inverter is operating on the current
limit (current amplitude is always 1 in case of NdFeb PMASR)
and voltage limit is not reached. Prior to FW, SyRM current
angle is fixed to 45◦ which follows constant torque hyperbola
vertex. Adding the PMs reduces the angle which is always
< 45◦ in case of PMASRs. As SyRM and ferrite PMASR
reach voltage limit, the current amplitude reduces and angle
becomes constant.

Fig. 13 shows another important effect of adding PMs, the
increase of the power factor in the whole operating region.
The power factor increases with PM strength and it is always
higher than in the case of SyRM machine. The power factor
improvement is more beneficial as the speed increases. In the
case of PMASR solution, it means that the size of the inverter
could be decreased for the same performance requirement.

TABLE III. Parameters of SyRM and ferrite/NdFeB PMASR

Variable [SyRM; Fe PMASR; NeFeB PMASR] Unit

ξ [4 6 8 10] -

λm [0; 0,095; 0,2375;] -

Ld 1,379 -

Lq Ld/ξ -

p 2 -

ωel base 1 -

Us max 1 -

Is max 1 -

nbase ωel base · 30/(πp) p.u.

Ubase Us max p.u.

Ibase Is max p.u.

Sbase 3/2 · Ibase · Ubase p.u.

Zbase Ubase/Ibase p.u.

Lbase Zbase/ωel base p.u.

Tbase Sbase/(p · ωel base) p.u.

ψbase Ubase/ωel base p.u.

B. Saliency ratio variation effects to maximum performance

Higher saliency ratio by large margin improves SyRM (Fig.
14) and ferrite PMASR (Fig. 15) performance in FW range.
NdFeB PMASR (Fig. 16) has satisfactory performance trough
whole FW range. Table IV summarizes the performance at
n = 1, 5.



2019 International Conference on Electrical Drives & Power Electronics (EDPE) The High Tatras, 24-26 Sept. 2019

0 0.5 1 1.5 2 2.5 3
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

n [p.u.]

T
or
q
u
e
[p
.u
.]

SyRM peak performance curves

0 0.5 1 1.5 2 2.5 3
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

P
ow

er
[p
.u
.]

ξ = 4
ξ = 6
ξ = 8
ξ = 10

Fig. 14: Performance curves of SyRM for ξ = 4− 10
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PMASR ferrite peak performance curves
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Fig. 15: Performance curves of ferrite PMASR for ξ = 4− 10
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PMASR NdFeB peak performance curves
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Fig. 16: Performance curves of NdFeB PMASR for ξ = 4− 10

TABLE IV. Comparison of peak performance values of SyRM, ferrite
and NdFeB PMASR at n = 1, 5 and ξ = 4− 10.

ξ n TSyRM TFe TNdFeB PSyRM PFe PNdFeB

4 1,5 0,40 0,46 0,55 0,60 0,70 0,83

6 1,5 0,47 0,52 0,60 0,71 0,79 0,90

8 1,5 0,50 0,55 0,62 0,75 0,83 0,93

10 1,5 0,52 0,57 0,63 0,78 0,86 0,95

V. CONCLUSION

The paper has covered the SyRM and PMASR theory, de-
sign aspects, and prospective commercial applications. Special
attention has been addressed to differentiate reluctance and
alignment torque component dominant families, and to list all
PM machine theory equations and principles in one paper.

In comparison to the alignment torque component dominant
machine family, reluctance machines have a large number
of rotor parameters, which increases the duration of the
electromagnetic design process and create issues for rotor
mechanical analysis. Nevertheless, when properly designed,
reluctance machines can be robust and contain no rare earth
PM material, making them attractive from the cost point of
view.

Replacing high-performance IPMs with rare-earth-free ma-
chines poses difficult challenges above all in terms of power
density. A number of drawbacks, such as the demagnetization
risk of the ferrite magnets at low temperatures, and reduced
rotor mechanical strength, should be taken into account for the
successful introduction of the technology.

Considering all available information, reluctance machine
technology seems promising. However, each particular appli-
cation has to be analyzed to find out which design variant
(SyRM or PMASR, etc.) should be used.
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APPENDIX A
SUMMARY OF FIGURES AND EQUATIONS TO

DIFFERENTIATE RELUCTANCE AND ALIGNMENT TORQUE
COMPONENT DOMINANT FAMILIES

A detailed review of the literature has confirmed that
reluctance and alignment torque component machine families
are still not strictly separated in the scientific community.
Depending on the author, different dq reference frame ap-
proaches can be used, leading to PMASRs being described
with IPM equations. This is mathematically correct, but differs
from dq frame convention described in section II-A. This
appendix summarizes the approaches used for different ma-
chine families. Equations valid for both families are listed in
(12-14), while current and voltage constraint, constant torque
hyperbolas, torque and saliency ratio equations are listed in
Fig. 17. ud
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Fig. 17: Voltage and current constrains, voltage vector diagrams and equations for dominant reluctance torque component family (left) and
dominant alignment torque component family (right).
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