
 

Abstract— This paper presents a novel parametrization for the 

flux barrier profiles of synchronous reluctance and permanent 

magnet assisted reluctance machines. In literature there are several 

methods used to design rotor flux barriers of various types, however 

the vast majority use only a few parameters to characterize their 

shape. These approaches are proven to be effective in terms of 

simplicity and computational burden required to achieve an optimal 

design. However, simplified parametrizations certainly decrease the 

degrees of freedom when designing the whole barrier shape. In this 

paper, an attempt to increase the degrees of freedom, introducing a 

novel rotor flux barrier parametrization, is presented. The method 

proposed uses natural splines, defined by the positions of a set of 

control points, to form the shape of the flux barriers. The spline and 

state-of-the-art barrier profiles are compared from both 

electromagnetic and mechanical perspectives. The results of this 

investigation show that by increasing the degrees of freedom it is 

possible to obtain better performance characteristics. The proposed 

parametrization is applied to a 6-pole synchronous reluctance motor 

and its permanent magnet assisted variant, optimized for a traction 

application. A prototype has been manufactured and tested to 

experimentally validate the design methodology. 

 
Index Terms—Synchronous reluctance, permanent magnet 

assisted synchronous reluctance, rotor parametrization, flux barriers 

optimization, spline flux barriers 

I.  INTRODUCTION 

YNCHRONOUS reluctance (SynRel) machines are one of the 

promising electrical machine topologies with potential for a 

more efficient and cost effective energy conversion. Thanks to the 

absence of permanent magnets, SynRel motors present an 

attractive solution that have found place in both industrial and 

traction applications. 

Since they were first introduced [1], their operating principles 

and design have been studied in detail by many authors [2-6]. In 

the last two decades, research on SynRel machines has focused on 

the rotor design to improve its reluctance features, minimize the 

torque oscillations and enhance the power factor. 

There are mainly three flux barrier profiles used in the literature 

as they are shown in Fig. 1: circular, straight segmented and 

barriers shaped based on natural flux lines (will be referred as  

 
(a) (b) (c) 

Fig. 1. Different flux barrier profiles: (a) circular, (b) straight segmented 

and (c) fluid shape. 

fluid). 

Circular shaped barriers are one of the most used structures 

thanks to their simple parametrization. In [6], this barrier type is 

analytically investigated by using conformal mapping and 

analytical derivation of the air gap flux density is obtained. Other 

examples of this barrier type are studied in [7-9] where the effect 

of barrier’s parameters on optimization results are investigated. 

Flux barriers composed by joining straight segments (also called 

U-shape) are extensively studied in [10] where the parameters 

defining the barriers are linked to torque ripple and average torque. 

One of the most significant features of this barrier type is, they can 

easily accommodate permanent magnets into the rotor slots 

transforming SynRel machines into their PM assisted variant. The 

third flux barrier type is the one parametrized according to 

Joukowski’s flow equations, as reported in [11]. Each of these 

barrier types have their own advantages and disadvantages in 

terms of performance and time required to achieve an optimal 

design. In fact, as discussed in [12] with increased number of 

parameters it is possible to obtain better designs at the cost of 

increased computational time.  

Another type of barrier profile is described in [13] where second 

order polynomials are used for shaping the flux barriers. In the 

study, both symmetrical and asymmetrical pole versions are 

characterized and analyzed.  Alternatively, in [14] hyperbolic flux 

barriers are modelled analytically by using conformal mapping 

and magnetic equivalent circuits. 

In addition to the barrier types mentioned above, some hybrid 

configurations have also been presented in the literature. Curved 
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and straight flux barriers are adopted in [15] for a permanent 

magnet assisted SynRel machine claiming the achievement of a 

better average torque. In [16] asymmetrical configurations are 

analytically investigated with different barrier shapes mainly for 

torque ripple reduction. This configuration is further studied in 

[17] with a sensitivity analysis, showing how the geometric 

parameters are affecting torque ripple. In another study [18], the 

decrease in average torque due to an asymmetrical barrier 

configuration is compensated by using hybrid magnetic core in the 

stator. 

Apart from the studies focusing on different barrier shapes and 

their effect on performance, analytical methods are being 

developed to enhance initial sizing of the machine and to decrease 

the total time required to obtain a fairly good design. An analytical 

method is developed in [19] dedicated to sizing of SynRel 

machines, capable of accurately calculating motor performance. In 

[20], another semi-analytical method is proposed, defining some 

parameters obtained by minimum FE simulations. Similarly, in 

[21] a hybrid design procedure bringing analytical and FE method 

is presented focusing on SynRel machines operating at high 

speeds. 

Although the barrier shapes might differ from each other, there 

are some specific macro parameters characterizing the shape of a 

barrier that have major effects on the machine performance. 

Indeed, regardless of the barrier profile, optimizing the barrier 

thicknesses increases the saliency and so the torque production 

capability (for a given rotor diameter) while optimizing the 

distribution of barriers’ end-points on the rotor surface decreases 

the torque oscillations. These aspects are investigated in [22] and 

[23] where design rules are analytically derived for determining 

the thickness of barriers and iron segments along with the barriers’ 

end-positions to achieve an optimal saliency ratio and minimum 

torque ripple. Effect of these main parameters on the 

electromagnetic characteristics are investigated by means of 

sensitivity analysis and optimizations in [8]-[12] and [17] 

including different flux barrier profiles. 

Adopting any of the flux barrier parametrizations presented in 

the literature and mentioned above, it is not possible to fully 

control the shape of the whole barrier. Two main philosophy can 

be adopted to enrich the design possibilities of the SynRel flux 

barrier profiles. One is to increase the degrees of freedom of a 

barrier shape which can be parametrized and optimized acting on 

a given number of variables. The second option is to adopt a 

topology optimization where the flux barrier profile is not defined 

by a closed form equation.  This work pursues the first option, in 

fact a richer parametrization is proposed featuring additional 

degrees of freedom in order to fully investigate the effect of flux 

barriers’ shape on the machine performance. The main idea is to 

explore if a different rotor core electromagnetic exploitation can 

lead to improved performance and at what cost. 

The proposed parametrization makes use of splines, allowing to 

define the barrier profile via a set of control points. Using splines 

to connect these points is advantageous as the resulting shape is 

always unique, naturally smooth and with high degrees of freedom 

over the whole barrier. In addition, the introduction of more 

control points allows to customize the flux barrier shape 

generation.  

A pure SynRel and a permanent magnet assisted synchronous 

reluctance (PMaSynRel) machine for a medium power traction 

application are considered to evaluate benefits and drawbacks of 

adopting this new parametrization. The objective is to investigate 

the tradeoff between performance, geometric complexity and 

computational time from electromagnetic and structural point of 

view. In the first section of the paper, classical and spline 

parametrizations are explained in detail. Two optimizations are 

then performed, and results are shown in Section III. The same 

study is carried out on the PMaSynRel and reported in Section IV. 

The findings of this work are then experimentally validated on a 

6-pole SynRel prototype reported in Section V. 

II.  FLUX BARRIERS PARAMETRIZATION 

In this section the most performing state of the art flux barrier 

parametrization, hereafter called fluid, is presented along with the 

proposed new variant. 

A.  Classical Parametrization: Fluid Shaped Barriers 

The derivation of the fluid barriers’ profile is based on 

Joukowski’s flow equation first reported in [11]. Indeed, the flux 

lines in a solid rotor when supplying a distributed three phase 

winding placed in the stator can be expressed via (1) and (2).  
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Equation (1) is used to determine the parameter C, which is a 

constant related to a flux line passing through any polar coordinate 

(r, θ), where p is the number of pole pairs and Rshaft is the shaft 

radius. If the parameters (r, θ) are selected on the rotor surface then 

C can be easily calculated and then (2) can be used to find all points 

defining the flux line specified by the constant C using θ in the 

range [0, π/p]. 

Each barrier can be therefore defined by two parameters: end-

point angle (will be referred as EPA from now on) and thickness 

of the barriers in per unit of the maximum available space. In 

particular, the following procedure is here adopted to obtain a three 

flux barrier rotor but can be extended to any number of barriers: 

 

1) Once the EPA for the outermost barrier is selected, the other 

barriers’ EPAs are calculated with (3) where a coefficient 

(EPA_C) is used in per units to represent them. EPA_C for 

remaining barriers can have a maximum value of 1/(#barriers-

1) in per units, where the minimum value should be greater 

than 0. By doing so, the EPA of the innermost barrier is 
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constrained to a desired maximum value. Fig. 2 shows the EPA 

with red dots and the corresponding flux profiles with dashed 

lines. 

 𝐸𝑃𝐴(𝑛) = 𝐸𝑃𝐴(1) + (
𝜋

𝑝
− 𝐸𝑃𝐴(1)) ∑ 𝐸𝑃𝐴_𝐶(𝑛)

#𝑏𝑎𝑟𝑟𝑖𝑒𝑟𝑠

𝑛=2
 (3) 

 
Fig. 2. SynRel machine sketch: rotor flux barriers parametrization with 

fluid shape. 

2) Maximum thickness available (will be referred as MTA) for 

the upper and lower part of the barrier can be calculated by 

finding the middle point of the field line at (r, θ=π/2𝑝) by 

using (2) then by using (4) where n=2 to (#barriers-1). MTA 

for the outermost barrier’s upper side and the innermost 

barrier’s lower side can be similarly calculated by using rotor 

radius and shaft radius. Additional safety terms might be used 

to further prevent any overlap and guarantee a minimum iron 

thickness. Flux lines passing through the maximum 

thicknesses are shown with blue lines in Fig. 2. 

 

3) Once the MTA is found for all barriers, thickness coefficients 

can be used in per unit system in the range of (0,1] to 

parametrize the thickness of each barrier. Thickness coefficient 

being equal to 1 corresponds to maximum thickness that a 

barrier can have. Lower and upper flux lines forming the 

barriers are shown with black lines in Fig. 2. 

4) For the end-shape of the barriers: two arcs are calculated and 

joined being tangent to the neighboring flux line and end-point. 

This way end-shapes are always made to be round as seen in 

Fig. 2. 

 

The parametrization of fluid shape barriers consisting of three 

barriers are defined and explained with 6 parameters. The number 

of parameters defining the barrier’s shape can be decreased or 

increased by slightly modifying this basic parameterization. For 

example, it can be increased to 9 by defining an additional shifting 

parameter making the middle line of the barrier not centered 

respect to its upper and lower side as mentioned in [8] and [12] or 

can be decreased to 4 by using only one thickness parameter for 

controlling thicknesses of all barriers. 

B.  Spline Parametrization 

Natural cubic spline is a set of piecewise third-order 

polynomials curve defined by the position of control points. It is 

selected due to its smooth resultant curve always passing through 

the defined control points which makes it easy to control the 

barrier shape within a defined space. The proposed spline 

parametrization is built by defining the position of m control points 

for each barrier. To do so, first a classical parametrization has to 

be defined so that it can be used as a base. The following steps are 

describing in detail the spline parametrization for a single barrier: 

 

1) The classical parametrization is described by 2 parameters per 

barrier, EPA and thickness. These parameters will also be used 

to describe the new parametrization. In Fig. 3 (a), flux barrier 

profiles are shown where black lines are the actual barrier lines, 

blue lines are the thickness limits and the red line is the middle 

line. 

 

  
(a) (b) 

Fig. 3. Steps by step description to form the spline parametrization 

proposed. 

2) In order to maintain convex nature of the flux barriers, the 

position of the control points is determined by the intersection 

of straight lines drawn from 𝑃1 (middle point of the rotor 

surface) and the flux lines. Straight lines are generated to 

intersect red flux line, therefore the end-point of the line and 

the point in the middle are two extreme points. For each 

straight line, two control points are identified, on lower and 

upper black colored flux lines which are representing the flux 

lines of a classical fluid shape barrier profile. This means that 

for 𝑚 number of control points, where 𝑚 is always an even 

number, there are 𝑚/2 pairs of control points that lay on the 

same straight line drawn from 𝑃1. These control points are 

shown with red dots in Fig. 3 (b). In order to form the spline 

barrier profile, these control points (red dots) have the 

flexibility to move between adjacent blue dots that are on the 

blue flux lines. The latter represent each barrier’s maximum 

limits for upper and lower side of the barrier. 

3) ∠𝑃2𝑃1𝑃3 is known since it is related to the EPA and middle 

point angle of the red flux line and it can be represented as  

90𝑜 −
𝐸𝑃𝐴

4
 in degrees. To form 𝑚 control points, 𝑚/2 number 
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of straight lines have to be defined starting from 𝑃1 making an 

angle of 𝜃𝑐 =
∠𝑃2𝑃1𝑃3

𝑚/2
=

90−
𝐸𝑃𝐴

4

𝑚/2
 with each other. Straight lines 

can be expressed in the form of (5) with the gradient (6) and 

constant (7) where 𝑖 = 1 …
𝑚

2
 is the integer index of the straight 

lines. For the constant  𝑐𝑖, 𝑃1(𝑥) and 𝑃1(𝑦) are x and y 

coordinates of the 𝑃1 respectively. 

 
𝑦𝑖(𝑥) = 𝑚𝑖 ∗ 𝑥 + 𝑐𝑖 (5) 

 

𝑚𝑖 = tan (
180

𝑝
− 𝜃𝑐 ∗ (𝑖 − 1)) 

(6) 

𝑐𝑖 = 𝑃1(𝑦) − 𝑚𝑖 ∗ 𝑃1(𝑥) (7) 

 

4) As described in section-II A, flux lines are represented by a 

constant C by using (1) and (2). In order to determine the 

intersection of a flux line and a straight line (8) has to be 

solved. However, there is no analytical solution to this 

equation, because a flux line defined by C exhibits 

trigonometric and exponential behaviour between its x and y 

coordinates. For this reason (8) is solved numerically. 

 
C(x,y)= 𝑚𝑖 ∗ 𝑥 + 𝑐𝑖 (8) 

 

5) After the position of control points are identified, next step is 

to generate piecewise cubic splines. For 𝑚 number of control 

points there are (
𝑚

2
+ 1) points for upper and lower part of the 

flux barrier, where the additional term stands for the end-point. 

By using these points, two sets of piecewise cubic splines are 

realized for upper and lower parts of flux barrier and the joined 

together. Each set of splines have (
𝑚

2
) number of piecewise 

cubic polynomials. Curve fitting of the splines is done by using 

the spline function of MATLAB. 

6) As discussed earlier, control points (red dots) have the freedom 

to move between adjacent blue dots creating a straight path on 

the lines characterized by (5). The movement of the control 

points is parametrized based on the path they can move. Each 

control point can have a value in the range [-1 1]. Three 

important positions of the control points are when they take a 

value -1, 1 and 0. If the control point takes the value 0, then it 

will not move and stay at the original position it is defined. 

When it takes a value of -1 and 1, it becomes exactly on the 

lower and upper blue dots respectively. In general, control 

points move towards lower and upper blue dots based on its 

negative or positive value. 

 

As an example, ten control points are defined by the intersection 

of five straight lines and flux lines and are shown in Fig. 3. Value 

of the control points are randomized in the range [-1 1] for 

demonstration purposes.  

With the intention of discussing the impact of different number 

of control points, various spline barrier profiles are generated with 

6, 10, 20 and 30 control points per barrier. This is shown in Fig. 4, 

through (a) and (b) with increasing number of control points. Fluid 

shape barriers are also shown for comparison. The values of the 

control points are randomly generated, and EPAs of the same order 

barriers are same. It is important to notice as the number of control 

points increases as the complexity of the barrier profiles increase. 

Another point of consideration is that, increased number of control 

points does not have the same effect on each barrier’s profile. 

Therefore, it would be beneficial in terms of controlling the 

complexity of the barrier shapes, to select the number of control 

points separately for each barrier. 

   

 
 

  
(a) (b) 

  
(c) (d)  

Fig. 4. Spline barrier profiles examples formed with different control 

points number per barrier: (a) m = 6, (b) m = 10, (c) m=20, (d) m=30 

III.  MACHINE SPECIFICATIONS AND OPTIMIZATION SETTINGS 

A summary of the machine specifications considered in this 

case study are based on requirements for light traction applications 

as reported in TABLE 1. The overall housing and stator 

dimensions of the machine are based on an existing permanent 

magnet motor designed to fulfil the application requirements. A 

maximum current density of 10A/mm2 is considered with a 

distributed, single layer winding. Cooling is provided by a water 

jacket with a flow rate of 3 L/min. Both stator and rotor 

laminations are using an M290-50A steel. The stator dimensions 

are kept constant throughout the optimizations, where only the 

rotor is modified. The optimizations focus on the design of the flux 

barrier profiles and their effect on torque production capability and 

torque ripple.  

Optimization of electric machines generally involves more than 

one objective function, most of the time in conflict with each other 

in a non-linear behavior. Therefore, there is not a unique solution 

to the problem but rather a set of Pareto-optimal solutions.  

For this reason, a multi-objective stochastic optimization 

algorithm (MOGA) has been used and embedded in a commercial 
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suit (ModeFrontier) [24].  Adopting this approach, it is possible to 

determine a set of non-dominated design solutions without making 

any preliminary assumption on the relative importance of the 

considered objectives. 

The optimization parameters are summarized in TABLE II: 

• For the optimization considering fluid shape flux barrier 

profiles, 6 parameters are used: EPA_C and thickness for three 

barriers. EPA_C for the outermost barrier is limited to have a 

range of [0.3 0.8] and EPA_C for the other barriers are limited 

in the range [0.1 0.5] whereas thicknesses of each barrier is in 

the limits [0.1 0.9]. 

• For the spline flux barrier profiles: 4, 6 and 8 control points are 

used for outermost, middle and innermost barriers respectively, 

where they can take a value in the range [-0.9 0.9]. In addition, 

the EPA_C and thicknesses for three barriers are also 

optimization variables making a total of 24 parameters. The 

number of control points is selected such that the shape of the 

proposed barrier profile does not get over complicated to cause 

any problems in the mesh or lead to local optima during the 

optimization given the high research space dimension. 

• Both optimizations have the same target functions:  

maximization of average torque and minimization of torque 

ripple. For the maximization of average torque, a minimum of 

98Nm has been imposed as a constraint in order to determine 

machine designs with higher torque values. Similarly, a 

maximum torque ripple constraint of 20% has been considered.  

The total number of designs to be evaluated is determined 

according to the number of optimization variables. For the 

optimization of classical fluid shape barrier profile, a total of 3600 

designs are to be evaluated through 60 generations and 60 

individuals. Since there are higher number of variables for the 

proposed spline barrier profile a higher number of total designs are 

considered. 21875 total designs are selected to be evaluated 

through 125 generations each having 175 individuals. Initial 

population for both parametrizations is generated via Sobol 

Sequences [25] in order to uniformly distributed optimization 

variables. 

 A 2D FEA analysis is done for each design, considering one 

sixth of the motor to make use of periodicity and 1o mechanical 

angle steps in order to properly capture the torque harmonics. 

 Another important point of consideration is the selection of 

current phase angle related to the maximum torque for a given 

current (MTPA). This can be evaluated by doing multiple FE-

analysis for each design within a range of current phase angles. 

Alternatively, the current phase angle can be included within the 

optimization variable to be identified by the algorithm as reported 

in [7] and [9]. The former method would clearly increase the 

computation time while the latter increases the number of 

optimization variables. In the presented study, the current phase 

angle is kept constant at 60o electrical degrees during the 

optimization. For different rotor geometries the MTPA phase 

angle will vary between 56o and 63o electrical degrees, and as a 

consequence also the average torque can change. However, it has 

been verified that machines with lower torque ripple and highest 

average torque have an MTPA phase angle in a range of ±1o 

electrical degree. 

TABLE I. DESIGN SPECIFICATIONS 

Parameter Value Unit 

Rated Speed [RPM] 2500 rpm 

Maximum Speed [RPM] 10000 rpm 

DC Bus Voltage [V] 610 V 

Stator diameter [mm] 245 mm 

Rotor diameter [mm] 160 mm 

Air gap length [mm] 0.7 mm 

Stack kength [mm] 120 mm 

Number of slots 36 - 

Number of poles 6 - 

 
TABLE II. OPTIMIZATION PARAMETERS 

 

Parameter 
Classical Fluid Shape 

Parametrization 
Spline Parametrization 

Number of 

Parameters 
6 

24 ( 6 + 18) 
4,6 and 8 control points 

from outermost barrier to 

inner barrier 

Objective 

Functions 

• Maximisation of 

average torque 

• Minimisation of 

torque ripple 

• Maximisation of 

average torque 

• Minimisation of 

torque ripple 

Objective 

Constraints 

• torque ripple <20%. 

• average torque >98 

Nm 
 

• torque ripple <20%. 

• average torque >98 

Nm 
 

EPA_C 

(End-Point Angle 

Coefficient) 

• EPA_C(1) [0.3 0.8] 

• EPA_C(2-3) [0.1 0.5] 

 

• EPA_C(1) [0.3 0.8] 

• EPA_C(2-3) [0.1 0.5] 

 

Thickness [0.1 0.9] [0.1 0.9] 

Control Points - [-0.9 0.9] 

IV.  SYNREL ROTOR OPTIMIZATION AND FURTHER ANALYSIS 

A.  Optimization Results 

The results of the optimizations are shown in Fig. 5, where the 

Pareto fronts are reported. Torque ripple and average torque, 

which are the main objective functions are represented for both 

optimizations. It is seen that the evaluated designs are comparable 

to each other in terms of average torque and torque ripple. It can 

be inferred that the spline parametrization provides higher average 

torque for medium high torque ripple design. On the other hand, 

classical fluid shape geometry can offer better designs in terms of 

torque ripple.  

Two designs are selected from each Pareto front as marked in Fig. 

5 (star marked). They have almost the same torque ripple with 

9.8% but different average torques, 100.5 Nm for the classical and 

101.2 Nm for the spline parametrization, respectively. The shapes 

of the two geometries are shown in Fig. 6. It can be noticed that 

the barriers formed with splines have more air compared to 

classical fluid shaped barriers. This is the main reason that spline 

parametrization offers better average torque as it has the capability 

to increase the saliency ratio, enhancing the reluctance along the 
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q-axis, but without obstructing the d-axis iron path, as it would 

happen with the classical parametrization. 

 

 

 
Fig. 5. Pareto fronts of the classical and spline parametrization. 

 
Fig. 6. Pareto front designs of classical fluid shape and spline 

parametrization 

The end-points for both parametrizations are located in the same 

region of the rotor periphery. Even if the end-barriers are slightly 

different, these sets of end-points give the same torque ripple. This 

is reasonable and justified by the fact that both fluid and sharp end- 

profiles are saturating, as described in detail in [26]. 

B.  Analysis of the Optimal Machines  

The selected designs are further analyzed in terms of 

electromagnetic and mechanical performance. Electromagnetic 

analysis (2D FEA) is undertaken with a finer mesh over two 

electrical periods with a mechanical step of 1o. Amplitude of the 

peak current is varied between 10A and 160A with 10A steps. In 

order to evaluate the MTPA condition, current phase angle is 

analyzed in the range 45o and 75o, divided to 30 equally spaced 

points for each current amplitude. After that, MTPA point for each 

current amplitude is calculated.  Average of iron losses are 

evaluated over the second electrical period of the analysis. Torque 

versus mechanical position for both designs at nominal condition 

(82Apeak) are shown in Fig. 7. At this condition current phase angle 

for MTPA operation is found to be 57.4o for both designs. Average 

torque is 101.1 Nm and 101.6 Nm, and torque ripple is 10.5% and 

10.8% for classical and spline designs, respectively. 

Regarding the magnetic characteristics of the selected designs, 

average torque, torque ripple, flux linkages, inductances, iron 

losses and power factor are shown in Fig. 8 at MTPA conditions. 

Fig. 8 (a) shows the average torque versus increasing peak current 

where difference between two designs is also included. Average 

torque for spline parametrization is around 0.4% higher than 

classical parametrization at around nominal conditions, however 

due to different saturation characteristics of the machines this 

value increases towards higher currents. A similar effect is also 

spotted for torque ripple as shown in Fig. 8 (b). Although the 

torque ripples are very close at nominal conditions, classical 

design exhibits higher torque ripple with increasing current. Flux 

linkages and inductances are presented in Fig. 8 (c) and (d). It is 

seen that both d-axis and q-axis flux linkages and inductances of 

the classical design are higher than spline design, however 

difference of inductances (Ld-Lq) for spline design is higher than 

that of classical design, resulting in higher average torque. Another 

point of consideration is the iron losses which are shown in Fig. 8 

(e). Except low current amplitudes, classical design, starting from 

60Apeak have higher iron losses than spline design. An additional 

noticeable difference of the two designs is seen in Fig. 8 (f) where 

spline design has higher power factor than classical design at every 

current amplitude. 

 
Fig. 7. Torque versus position for selected classical and spline machines. 

The magnetic field distribution of the designs is shown in Fig. 

9. It is seen that there are some local differences in the saturation 

levels especially in the end-point parts of the barriers. Classical 

and spline design have a maximum flux density of 2.4T and 2.6T 

respectively in the ribs region as shown with black circles in Fig. 

9 (a) and (b). Average flux densities of classical and spline design 

are 0.97T and 1.21T for the rotor, whereas average flux density of 

the stator is 1.07T and 1.11T, respectively. This is mainly caused 

by different end-shapes of two barrier profiles as well as the 

different iron thicknesses between the flux barriers. This is mostly 

evident in the iron part between shaft and innermost barrier, where 

the classical fluid profile has lower flux density. The spline profile 

instead allows to make the best use of the iron leading to a more 

distributed saturation in that region. 

To validate mechanical robustness of the rotor, 2D structural 

analysis have been carried out by means of FEA at the maximum 

speed of 10000 rpm. A set of iron bridges have been added to the 

rotor structure and their thicknesses have been preliminary 
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identified for each flux barrier based on the mass of each rotor 

island as described in [27]. Considered rib distribution is shown in 

Fig. 10, where the bridges have 2mm, 1mm and 1mm thicknesses 

for innermost, middle and outermost barriers, respectively. 

Considering the 465MPa yield stress of laminated steel, classical 

geometry satisfies this limit with 1.35 safety factor whereas spline 

geometry cannot with a safety factor of 0.75. The difference 

between the maximum stress levels is located at the end-parts of 

the barrier profiles. Both designs have a tangential rib thickness of 

0.5mm, however due to the end-shapes of two parametrizations, 

stress values critically change, confirming the results discussed in 

[26]. 

 

  
(a) (b) 

  

(c) (d) 

  
(e) (f) 

Fig. 8. Performance characteristics of two selected designs for classical 

and spline parametrizations: (a) Average torque, (b) Torque ripple, (c) 

D-Q axis flux linkages, (d) D-Q axis inductances, (e) Iron loss and (f) 

Power factor 

In the end-region of the fluid barrier profile, forces acting to the 

end-parts are uniformly distributed. In contrast, the sharp end of 

the spline profile design causes the force distribution to act on a 

smaller area causing the stress to be higher than fluid profile 

design. When other critical parts are examined, such as the radial 

iron bridges, the stress distributions are mainly the same. This has 

particular importance because although there is less iron in spline 

profile design, similar stress levels are obtained other than the end- 

regions. 

 

  
(a) (b) 

  
Fig. 9. Magnetic field distributions of selected classical and spline 

machines. 

  
(a) (b) 

Fig. 10. Von Mises stress distribution results: (a) classical 

parametrization, (b) spline parametrization 

V.  PMASYNREL ROTOR OPTIMIZATION 

     This section explains the procedure for building the flux guides 

of a PMaSynRel machine with splines. Rectangular magnets are 

considered with flux guides having both classical fluid profiles and 

spline profiles.  

A.  Parametrizations for PMaSynRel 

The details of classical and spline flux barrier profiles are 

explained in Section II. In case the design requires PMs to improve 

performance with respect to the SynRel version, some minor 

changes are required. 

Apart from the inclusion of rotor slots where to insert the PMs, 

the flux guides with fluid profile can be built by following the 

same procedure as explained in Section II. Once the flux barrier 

profile is known by using EPAs and thicknesses, rectangular 

magnet dimensions can be identified. Thickness of the magnet is 

the thickness of the barrier and length of the magnet is determined 

by introducing a coefficient as a ratio between the magnet length 

and fluid line length. After the magnet is drawn depending on the 

maximum speed of the application the iron bridges can be 

computed considering the center of mass of each rotor island as in 

[27]. Later, fluid lines are redrawn from the end of the bridge 

towards the end-points. 

As for the flux guides with spline profiles, first fluid shape flux 

guides with magnets are formed. After that, as described in Section 

II, control points are added, and the spline guide profile is formed. 

In Fig. 11 two example rotor structures embedding rectangular 

rotor slots to host the PMs are shown. Fig. 11 b shows how the 
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spline guide profiles are formed with 4 control points per barrier 

as highlighted with blue dots.  

 

  
(a) (b) 

Fig. 11. Sample rotors obtained: (a) classical parametrization (b) spline 

parametrization. 

B.  PMaSynRel Motors Optimization 

Two optimizations utilizing fluid and spline guides are carried 

out to analyse and understand the effect of modifying the barrier 

shapes in case of PMaSynRel motors. Specifications of the 

machine are the same as that given in Section-III. A low-grade 

ferrite magnets (Y30 grade) are used. Three additional parameters 

accounting for magnet length are added to each parametrization 

having a per unit range of [0.2 0.6]. For the spline parametrization 

2, 3 and 4 control points are used respectively for the outermost, 

middle and innermost barriers. Less control points are used when 

compared to the previous optimizations as the spline profiles are 

distributed over a smaller area. 

With the modifications made, 9 variables are used for 

optimizing the classical fluid parametrization and 18 variables are 

used for spline parametrization. Consequently, 9000 and 18000 

designs are evaluated for two optimizations. As the optimization 

is focusing on the effect of rotor design on torque characteristics, 

two target functions are considered aiming to improve average 

torque and reduce torque ripple. 

Optimization results are presented in Fig. 12, showing the 

average torque and corresponding torque ripple values of two 

optimizations. Parametrization governing spline profile flux 

guides has achieved better average torque (4%) and slightly better 

torque ripple when compared to the parametrization with fluid 

shaped flux guides. 

One of the designs, on the Pareto front of spline parametrization 

is selected for further analysis as shown in Fig. 13. Selected 

machine is analyzed with and without magnets and resulting 

waveforms are reported in Fig. 14. Average torque of the machine 

with ferrite magnets is higher as expected due to the increased q-

axis flux. However due to the change in the saturation levels in 

some critical parts which dominantly affect torque ripple such as 

ribs and bridges, machine with no magnets exhibit higher torque 

ripple. 

VI.  EXPERIMENTAL VALIDATION 

For verification of the analysis results, selected design shown in 

Fig. 13 is manufactured and tested without magnets. A picture of 

the rotor manufactured, before inserted into the stator and housing 

is shown in Fig. 15, where the flux barriers are clearly identified. 

In order to further decrease the torque ripple in the machine, a 

discrete skewing of the rotor is evaluated with a set of parametric 

FE analysis and the final machine is built with 4o skew angle in 3 

step pieces.  

A picture of the test rig used to characterize the prototype is 

shown in Fig. 16. The magnetic characteristics are identified in the 

first quadrant of the d-q current plane, using the test methodology 

described in [28]. 

 
Fig. 12. Optimization results of classical and spline parametrization with 

magnets. 

 
Fig. 13. Selected design obtained by spline parametrization. 

 

 
Fig. 14. Torque versus position for different cases. 

The prototype speed is set by a load motor in speed control 

mode at 1000 rpm. Sets of Id, Iq currents, with steps of 8A, are set 

through the converter controlling the prototype up to a maximum 

current vector of 82Apeak. During the measurements, the torque 

at the shaft is measured and acquired by the torquemeter interface. 
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 9 

 
Fig. 15. Prototype of the selected design. 

Experimental measurements are shown in Fig. 17 with the 

corresponding FEA results. In the Fig. 17 (a), motor characteristics 

are shown in the first quadrant of the plane. Constant torque curves 

are shown until 100Nm, where the machine produces about 90Nm 

when the supplied current is 82Apeak.  

It is seen that, especially towards higher current levels the 

prototyped machine provides less torque than expected. This 

discrepancy is less than 5% when considering the same current 

amplitude. Torque characteristics as function of the current phase 

angle is shown in Fig. 17 (b). Here, both FEA and experimental 

tests curves show very similar characteristics. At about 60o (closer 

to the q-axis), both machines operate at MTPA point providing an 

output torque being the maximum torque point. Consequently, 

88.5 Nm and 84.5 Nm average torques (4.5% difference) values 

are obtained from FEA and test results, respectively.  

 
Fig. 16. Test rig: load motor (left hand side), SynRel prototype (right hand 

side). 

VII.  CONCLUSION 

In this paper a new geometrical parametrization for designing 

flux barriers of SynRel and PMaSynRel machines is presented. 

The proposed parametrization, based on spline curve, is explained 

in detail and optimizations are performed for both SynRel and 

PMaSynRel rotors.  

 

 
(a) 

 
(b) 

Fig. 17. Analysis and test results of the prototype machine: (a) torque 

isolines in DQ current plane, (b) current phase angle versus torque. 

For the SynRel case, slightly better average torque is obtained 

with spline shaped barriers with a drawback of slightly higher 

torque ripple when compared to the state of art fluid shaped 

barriers. From mechanical point of view, fluid shaped barriers are 

superior to spline shaped barriers only because of the adopted 

rounded end-barrier shapes. 

For the PMaSynRel case, using spline flux guides provide 

better average torque and slightly better torque ripple.  

The comparative design optimization exercise reveals the 

potential of adopting a more complex flux barrier parametrization. 

Indeed, comparing the optimal geometries of the proposed flux 

barrier with the state of art solution, the former allows further 

decreasing the q-axis inductance without compromising the d-axis. 

This incremental improvement is due to the additional degrees of 

freedom of the spline flux barrier leading to a wider thickness of 

the innermost barrier. Clearly, the obtained improvement comes at 

the cost of a considerable higher computational burden of the 

design optimization. 

A prototype of the optimal SynRel machine has been built and 

tested with different current modules and phase angles. The 

comparison between the test and FEA results reveals an acceptable 

matching of the performance characteristics. 
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