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Abstract— This paper examines the influence of the lamination 

material and rotor pole geometry on the steady-state performance 

of a wound field synchronous machine operated in the generating 

mode. The investigations are carried out through 2D finite element 

analyses using a commercial software package. Non-Oriented 

silicon-iron alloys of various grades are selected to recognize the 

impact of their magnetic properties on the machine performance. 

Different methods for the extrapolation of BH curves from low-

medium field levels to saturation are reviewed and compared.  

The effect of using different materials on both the rotor and the 

stator core is assessed in terms of variation of the air gap power, 

the torque ripple and the core losses. The performance of a new 

machine featuring a higher-grade lamination material and a 

refined rotor pole geometry are compared at constant air gap 

power with those of the reference machine.  

The results show that, depending on the adopted strategy, it is 

possible to almost halve the torque ripple and slightly decrease the 

mass of the rotor core.  

Keywords— Electrical machines, wound field synchronous 

machines, magnetic materials, electrical steel sheets, silicon-iron, 

core losses, refinement of machine dimensions, machine design.  

I. INTRODUCTION 

Wound Field Synchronous Machines (WFSMs) have been 
employed as power generators since the late 19th century and 
their use in electric vehicle applications has also received much 
interest in recent times. WFSMs do not require the use of rare-
earth permanent magnet materials, exhibit good flux weakening 
capabilities and allow to improve the system efficiency [1], [2].  

The electromagnetic sizing of electrical machines is usually 
carried out with analytical equations first, then the obtained 
layout is usually refined and optimized through numerical 
analyses. Nonlinear simulations based on the finite-element 
method (FEM) currently represent a consolidated solution for 
the computer-aided design of electrical machines. Common 
numerical investigations on the machine normally include 
studies of its behavior in various operating conditions, and 
evaluations of the impact of different materials and/or 
refinements of the initial geometry.  

The impact of the core material grade on the performance of 
induction motors, permanent-magnet synchronous generators 
and synchronous reluctance motors was already assessed in 
different studies [3]–[5]. The results showed that the use of a 
different material grade for the core can affect the efficiency, the 
average torque, and the torque ripple of the machine [3], [5].  

Insights on how to optimize the machine geometry can be also 
obtained from such investigations [4].  

Different strategies for optimizing and refining the rotor 
geometry of WFSMs have been proposed in the literature so far. 
The modification of the rotor pole surface, considering both 
symmetrical and asymmetrical geometries, and the use of slits 
or barriers were investigated in [6]–[8]. The studies were mainly 
focused on decreasing the torque ripple, reducing the core losses 
and improving the saliency of the machine.  

Accurate investigations on the influence of different core 
materials and core geometries on the machine performance 
require a meticulous characterization and modeling of the 
materials for electrical machines. Soft magnetic materials can be 
characterized complying with standard methodologies, such as 
the Epstein frame method [9]. However, their behavior at high 
field levels and in saturated conditions is seldom evaluated in 
practice. This may represent an issue, especially when carrying 
out numerical analyses of electrical machines that present local 
saturation of the magnetic core. The study reported in [10] 
highlighted that the incorrect extrapolation to saturation of the 
measured BH curves may lead to substantial simulation errors.  

The analysis of the points mentioned above leads to two 
conclusions. First, the evaluation of the impact of both the 
material grade and the rotor geometry on the performance of 
WFSMs must be improved. Second, awareness must be raised 
within the research community on the importance of the accurate 
modeling of material properties in numerical simulations.  

This paper explores the influence of different lamination 
materials and rotor pole geometries on the steady-state 
performance of a 1.16 MW, three-phase, four-pole, 50 Hz 
WFSM operated in the generating mode. The machine is 
analyzed in rated conditions by means of 2D time-stepping FEM 
simulations. The analysis of several non-oriented (NO) silicon-
iron (SiFe) alloys highlights the capital importance of a proper 
modeling of their BH curves at medium-high field levels in 
numerical simulations. The influence of different rotor and 
stator lamination materials on the machine performance is 
investigated afterwards. The impact of a different rotor pole 
geometry on the performance is assessed by changing the d-axis 
air gap size, the dimensions of the rotor pole neck and the design 
of the rotor pole shoe. The results show that, depending on the 
adopted strategy, the modification of the rotor pole geometry 
and the use of a high-grade lamination material can contribute 
to substantially reduce the torque ripple and slightly decrease the 
rotor mass. This at the expense of an increase of the core losses.   
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Fig. 1. The magnetic properties of four samples of the M400-50A material grade. 
(a) Relative permeability vs. magnetic flux density and (b) the specific power 

losses vs. magnetic flux density. The materials with the highest and the lowest 

relative permeability in the range 1-1.5 T were selected (M400a and M400b).  

II. SELECTION OF THE LAMINATION MATERIALS FOR THE CORE 

The laminated iron core of electrical machines is typically 
manufactured using electrical steel sheets with thicknesses of 

0.21 mm. This work focuses on NO SiFe laminated steels, and 
the investigated grades are M270-50A, M330-35A, M400-50A, 
M700-50A and M600-65A; they were provided by different 
manufacturers. The materials were characterized experimentally 
in the form of strips using a commercial Epstein frame tester, 
and performing the measurements following the IEC 60404-2 
standard under sinusoidal flux density excitation [9].  

The properties of the strips from different manufacturers 
were compared for each grade; due to the relevant number of 
available samples, only some of them were selected for the 
investigations in the machine. The following illustrates the 
selection process for the strips belonging to the grade M400-
50A, but all the other grades were treated in the same manner.  

The strips were selected evaluating the value of the relative 
permeability µr; the chosen ones were those exhibiting the 
highest and the lowest value for µr in the range of the magnetic 
flux density B = 1-1.5 T. The choice of this range for the flux 
density is related to its common values in the core of well-
designed conventional electrical machines.  

Figure 1 shows the relative permeability µr and the specific 
losses PFe versus B of four different M400-50A samples from 
different manufacturers. The materials with the highest and 
lowest µr in the chosen range of B (see the gray box of Fig. 1a)  
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Fig. 2. The magnetic characteristics of the investigated materials. (a), (b) The BH 

(magnetization) curves; (c), (d) the specific power losses. The BH curves were 
characterized at low field levels and far from saturation. Proper extrapolation 

strategies must be therefore considered.  

are identified as M400a and M400b, respectively.  
Figure 2 depicts the measured magnetic properties of all the 

chosen materials belonging to the different grades investigated 
in this study. The effect of their magnetic properties on the 
machine performance is carefully analyzed in Section IV. The 
nomenclature is the same used for the materials shown in Fig. 1. 
The BH curves illustrated in Fig. 2a and Fig. 2b highlight that 
the experimental characterizations were limited to low field 
levels. The measurements were indeed performed up to a 
magnetic field intensity H = 4-7 kA/m. To recognize how far 
from saturation the materials were characterized during the 



experiments, it is possible to evaluate their p.u. differential 
permeability D (1).  
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µ0 is the permeability of vacuum, 4π·10-7 H/m. For all the 
materials represented in Fig. 2, the value for the differential 
permeability at the last data point n is in the range Dn = 23-35. 
Such values indicate that the materials were characterized too 
far from saturation. In case such material curves would be 
inputted in FEM software routines, errors in the numerical 
simulation may occur [10]. This can be avoided if a proper 
extrapolation of the BH curves to saturation is considered.  

III. METHODS TO EXTRAPOLATE THE MAGNETIZATION CURVES 

The commercial FEM software used in the study was Altair 
FLUX 2D, 2019 version. The software extends by default a user-
defined BH curve using a linear extrapolation method, which 
considers the differential permeability of the last point Dn. This 
method assumes that above the measurement range, whatever 
the field level, the differential permeability (1) is a constant. 
When experiments are performed far from the magnetic 
saturation, such extrapolation completely ignores its physics, 
thus causing simulation errors.  

The following provides a comparison between different 
extrapolation methods available in the literature. The aim is to 
find a suitable strategy for the purposes of the research presented 
in this paper.  

A reference magnetization curve characterized up to 
saturation (D = 1) was chosen to validate the extrapolation 
results. The curve belongs to an M36 steel grade, it is available 
in the software FEMM, and it is pictured in Fig. 3. The curve 
was purposely truncated at suitable low and medium field values 
to evaluate two conditions: Dn = 34.6 and Dn = 8.9.  

A. Linear Extrapolation method (LE) 

This method for extrapolation is the one used by default by 
the FEM software Altair FLUX 2D, 2019 version. By naming 
the last two data points (n) and (n – 1), the value for Dn 
corresponds to the slope of a linear function (2).  
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In (2), (n): (Bn, Hn) and (n – 1): (Bn-1, Hn-1). Any BH curve is 
extended to higher field levels using a linear function, slope Dn.  

B. Law of Approch to Saturation method (LAS) 

The LAS extrapolation relies on an experimental law widely 
treated in the scientific literature on magnetism. Its simplified 
form is reported in (3) [11].  
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M and MS represent the magnetization and the saturation 
magnetization in A/m, respectively. The coefficient b can be 
calculated analytically.  

 

Fig. 3. The reference magnetization curve of an M36 steel used to validate the 
results of different extrapolation methods. The reference curve is truncated at 

suitable low (Dn = 34.6) and medium (Dn = 8.9) field levels to validate the 

extrapolation results in two different cases. D =1 indicates the saturation.  

The magnetization M in (3) depends on two unknowns, MS and 
b. This means that their value can be calculated by solving a 
system of two equations in two unknowns, i.e., (1) and (3). This 
analytical procedure imposes the continuity of D and B at the 
last data point n. Equation (3) must be expressed in terms of 
magnetic flux density B = µ0·(H + M).  

C. Simultaneous Exponential Extrapolation method (SEE) 

The SEE methodology was presented in [10] and its 
expression can be written in terms of B(H) as in (4).  

 ( ) 01 vH

SB J ue H−=  − +   (4) 

JS is the saturation induction in T. The coefficients u, v can be 
calculated analytically solving simultaneously (1) and (4) by 
imposing the continuity of D and B at the last data point n. JS 
can be estimated empirically from the resistivity ρ of the 
material in µΩ·cm (5) [10].  

 2.2041 0.003726SJ = −   (5) 

The value for ρ of the reference M36 steel is provided in FEMM. 
The resistivity of the strips analyzed in this work was measured 
experimentally following the procedure suggested by the 
international standards [12].  

D. Quadratic Extrapolation method (QE) 

The quadratic extrapolation method QE was proposed in 
[13] and analyzed in [14]. The magnetic field intensity H is 
considered as a quadratic function of B for Dn < D < 1, and a 
linear function of B in saturated conditions, i.e., when D = 1 (6).  
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JS can be estimated using (5). The parameters a0, a1 and a2 can 
be calculated using an analytical approach. It is necessary to 
impose the continuity of the function 1/D = µ0·dH/dB and of the 
functions H(B) defined in (6). This must be done at both the last 
data point n and at the saturation point [14].  

Figure 4 − Fig. 6 illustrate and compare the results of the 
presented extrapolation methodologies, including the relative 
extrapolation error ε, when considering Dn = 34.6 and Dn = 8.9.  

Dn = 34.6

D = 1
Dn = 8.9
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Fig. 4. The extrapolation of the reference curve (M36 steel) from low field levels 
(Dn = 34.6) to saturation using different strategies. (a) Detailed view and (b) full 

view. The SEE method provides the best extrapolation results.  

 
(a) 

 
(b) 

Fig. 5. The extrapolation of the reference curve (M36 steel) from medium field 

levels (Dn = 8.9) to saturation using different strategies. (a) Detailed view and 

(b) zoom-in. The LAS and SEE methods are the most accurate ones. The QE 
method misestimates the value of the field in saturated conditions (point P). 

 
(a) 

 
(b) 

Fig. 6. The relative extrapolation error of the discussed methods. (a) Error in 

extrapolating the reference curve from the low fields (Hn = 3.26 kA/m, Dn = 34.6) 

and (b) error in extrapolating the reference curve from the medium field levels 
(Hn = 19.4 kA/m, Dn = 8.9).  

The extrapolated values for B, in both the LAS and SEE 
approaches, were calculated up to H = 2.15·105 A/m; such value 
comes from the saturation point of the reference curve (Fig. 3). 
For the QE method, the values for B and H were calculated 
analytically by solving (6). A preliminary check was carried out 
to validate the accuracy of (5). The value for JS of the reference 
curve is 2.0295 T, and the predicted value with (5) is 2.0178 T. 
An error lower than 1% was considered totally acceptable.  

Figure 4 depicts the extrapolation results when the data are 
available at low field levels. The last point features Bn = 1.65 T, 
Hn = 3.26 kA/m and Dn = 34.6. The results show that the QE and 
the LAS approaches fail to correctly extrapolate the reference 
curve to saturation. The QE method also overestimates the 
saturation point at field levels ~3·105 A/m, as it can be seen in 
Fig. 4b. The SEE method provides the most accurate results, 
exhibiting an extrapolation error lower than 2.5% over the whole 
field range. Special attention must be paid to the linear 
extrapolation approach (LE), which ignores the physics of 
saturation, and provides, in this case, unrealistic results. The 
extrapolation results from the data at medium field levels are 
illustrated in Fig. 5. The last data point now features Bn = 1.95 T, 
Hn = 19.4 kA/m and Dn = 8.9. The LE method still provides 
unrealistic results, while all the others, LAS, SEE and QE, 
provide accurate results in extrapolating the reference curve to 
saturation. The LAS extrapolation, which physically describes 
the saturation of soft magnetic materials, and the SEE method 
can be considered equivalent in this case (Fig. 5b). Despite its 
good accuracy, the QE method misestimates the saturation 
point: the material is considered to saturate at point P in Fig. 5, 
which is well below the actual saturation of the reference curve.  
Figure 6 compares the relative extrapolation error ε of the 
discussed methods in the two cases, Dn = 34.6 and Dn = 8.9. Such 
error is computed as in (7).  

 ( )% 1 100extr refB B = −   (7) 

Dn = 34.6

Dn = 34.6

P

Dn = 8.9

P

Dn = 8.9

Hn = 3.26·103A/m

P

Hn = 19.4·103A/m



Bextr refers to the values of B computed by the extrapolation 
methods, while Bref are taken from the reference curve. The 
comparison was carried out at imposed field intensity levels. 

The analysis of Fig. 6 allows to draw some conclusion about 
the extrapolation of BH curves. When only measured data at low 
field levels, i.e., H ~ 3 kA/m in this case, are available (much 
common in practice), the SEE method can be successfully used 
with a very low error to extrapolate the BH curves to saturation. 
Instead, when data up to medium field levels, i.e., H ~ 20 kA/m 
in this case, are available, both the LAS and SEE can provide 
good extrapolation results, keeping in mind that LAS physically 
describes the physics of saturation in soft magnetic materials. 
QE can be also used in this case, but a misestimation of the 
saturation point (label P in both Fig. 5 and Fig. 6b), at least in 
this case, may be expected.  

The experimental BH curves in Fig. 2 belonging to the 
investigated materials were extrapolated to saturation using the 
SEE approach. In this way, they were ready to be inputted in the 
FEM software used in this study.  

IV. IMPACT OF THE CORE MATERIAL 

ON MACHINE PERFORMANCE 

After extrapolating the measured BH curves to saturation, it 
was possible to run FEM simulations to evaluate the machine 
performance. In this Section, the reference machine is discussed 
first. The impact of different rotor and stator steel grades on the 
performance of the machine is discussed afterwards, comparing 
the variation of the air gap power and the core losses.  

A. The reference WFSM investigated in the study 

The geometry of the reference WFSM is pictured in Fig. 7. 
It features a three-phase distributed winding on the stator and 
field windings mounted on the salient-pole rotor (Fig. 7a). To 
simplify the analyses, damper windings on the rotor were not 
included in the study. The stator core, the pole shoe and the pole 
neck were modeled as laminated regions, and the material is 
M400b, see Fig. 2. The rotor yoke was modeled as solid steel 
with an assigned BH curve that was not modified throughout the 
whole study. In the simulations, the electrical conductivity of all 
the magnetic parts was set to zero, thus disregarding the reaction 
field due to the eddy currents in the core. The shaft was assumed 
to be nonmagnetic. The FEM model was solved by running 2D 
time-dependent studies, and the machine was supplied injecting 
current in both the stator and the rotor windings. No external 
circuit was coupled to the FEM domain, thus disregarding the 
end effects. The main specifications of the machine are listed in 
Table I; it operates in the generating mode, at the rated power, 
and in overexcited conditions, as highlighted by the power factor 

cos. The mesh of the domain is illustrated in Fig. 7b: it was 
carefully refined in the proximity of the air gap to accurately 
compute the electromagnetic torque. The flux diagram of the 
loaded machine in Fig. 7c clearly shows the distortion of the 
field due to the armature reaction. The magnetic flux density plot 
in Fig. 7d shows how the generator is magnetically loaded. The 
local saturation occurring at the point Q is the main responsible 
for the torque ripple of the machine [7]. At point Q, B reaches a 
reasonable value of 2.56 T.  

During preliminary simulations it was verified that the use 
of a linear extrapolation for the BH curve of the material M400b 
led to an unrealistic value of B of ~4.7 T at point Q. 

TABLE I. MAIN SPECIFICATIONS OF THE REFERENCE MACHINE. 

Parameter Value 

Rated power Pout 1.16 MW 

Number of phases 3 

Number of pole pairs 2 
Number of stator slots 84 

Rated frequency 50 Hz 

Rated stator current IS 902 A 
Rated field current density Jf 6 A/mm2 

Power factor cosφ 0.8 leading 

 

 

Fig. 7. The reference WFSM investigated in the study. From the top right in 

counterclockwise direction: (a) the geometry of the machine; (b) the finite-

element mesh of the domain, highlighting the fine mesh of the air gap regions; 
(c) the flux diagram at load (vector potential isolines), and (d) the plot of the 

magnetic flux density distribution at load. The label Q indicates the point at 

which the maximum value of B occurs (2.56 T).  

The fundamental air gap flux density (normal component) was 
overestimated by ~13% at no-load and by ~8% at load, 
respectively. The electromagnetic torque at the rated load was 
overestimated by ~18%. It is logical to expect an overestimation 
of the core losses as well. These results revealed once again the 
importance of a proper extrapolation of the measured BH curves 
to saturation to avoid simulation errors.  

The core losses were calculated at the postprocessing stage 
using the model (8), which is implemented in the FEM software 
used for the investigations [15].  

 

322 2
2

0 0
12

T T

exc

Fe hyst m p

kd dB dB
P k f B dt dt

T dt T dt

  
=   +  +  

 
   (8) 

This three-term model separates the measured power losses in 
soft magnetic materials in the hysteresis, classical and excess 
loss components. PFe represents the total specific losses of the 
steels in W/kg, fm is the supply frequency, T = 1/ fm is the 
electrical period of the supply currents, Bp is the peak value of 
the magnetic flux density, σ represents the conductivity of the 
sheets, and d stands for their thickness. The classical and excess 
losses are determined starting from the time derivative of B in 
the core over one electrical period, while the hysteresis losses 
depend on the peak value of B. The coefficients khyst and kexc 
were determined to fit the experimental power loss versus B 
curves shown in Fig. 2, Section II.   

Shaft

Q

(a)(b)

(c) (d)
~ 2 T

~ 1.3 T



B. Influence of the rotor and the stator lamination material on 

the machine performance 

The influence of different rotor lamination materials on the 
machine performance was investigated first. Table II reports 
which parts of the rotor core were modeled using the materials 
presented in Section II. The name of the various investigated 
machine models is the same used for the material employed on 
the rotor.  

The evaluation of the performance was carried out 
considering the change in the air gap power. The machine 
models were compared at the same supply conditions, meaning 
that the stator current and the rotor current density of the 
reference machine reported in Table I were imposed to all the 
machine models. This allowed to disregard the impact of the 
Joule losses. The mechanical losses were considered unchanged.  

Before comparing to each other the machines with different 
rotor lamination materials, it was necessary to assess the impact 
of the core losses on the air gap power. If the core losses 
represent a small portion of the airgap power, it is possible to 
directly compare the machines observing the change in the air 
gap power itself. It was verified that the core losses account for 
less than 1% of the air gap power for all the machines, and this 
allowed to validate the preliminary assumption discussed above.  

Figure 8 compares the p.u. core losses and the p.u. air gap 
power of the analyzed machines with different rotor lamination 
materials. The illustrated quantities are displayed here in p.u. for 
convenience. For clarity, the considered air gap power of the 
reference machine was the rated one (1.16 MW) and the value 
for its core losses is about 6.2 kW. Those losses were calculated 
in the laminated regions of the core, i.e., the stator core, the rotor 
pole shoe and the rotor pole neck. The simulations showed that 
most of the core losses occur in the stator and a minor part on 
the surface of the pole shoe. The latter are mainly eddy-current 
losses due to the spatial harmonics and the slotting effect. The 
variation of the core losses in Fig. 8a can be considered 
reasonable, despite the operation of the machines at a slightly 
different flux per pole, and consequently a slightly different air 
gap power, as shown in Fig. 8b. A different rotor lamination 
material causes a slight change in the core losses. The greatest 
increment is about 14% and occurs when using the material 
M600. This result is not unexpected since the M600 steels are 
0.65 mm thick, and therefore they may exhibit larger eddy-
current losses. The opposite applies for the M330 steels that are 
0.35 mm thick, thus exhibiting lower eddy-current losses; in this 
case the decrement of the core losses is about 5%.  
The analysis of Fig. 8b shows that the use of the M330a steel on 
the rotor led to a 1.1% decrement of the air gap power, while the 
use of the M700a steel resulted in a 1.6% increment.  

To recognize the actual difference in terms of performance 
of the machines with different steel sheets, it was necessary to 
compare them to the reference at the same air gap power. It was 
decided to restrict the further analyses presented in this paper on 
the machine M700a, which was the one providing the highest 
increase in the air gap power, as seen in Fig. 8b. In particular, it 
was decided to investigate a machine with an M700a steel on 
both the stator and the rotor, identified as M700S in Table II.  

Figure 9 provides the comparison among the reference 
machine and the machines M700a and M700S, showing the 
change in both the air gap power and the core losses. The use of  

TABLE II. MATERIALS FOR THE IRON CORE TO ASSESS THE IMPACT OF 

DIFFERENT ROTOR AND STATOR LAMINATIONS ON MACHINE PERFORMANCE. 

Machine model 
Core material 

Stator core Rotor pole Rotor yoke 

REF (reference) 

M400b 

M400b 

Solid steel 

with an 

assigned 
BH curve 

M270a M270a 

M270b M270b 

M330a M330a 

M330b M330b 

M400a M400a 

M700a M700a 

M700b M700b 

M600 M600 

M700S M700a 

 

 
(a) 

 
(b) 

Fig. 8. The influence of different rotor lamination materials on the machine 
performance. (a) p.u. core losses and (b) p.u. air gap power. The red dashed lines 

were plotted to indicate the 1 p.u. The machines were supplied with the same 

stator current and rotor current density. The highest improvement in the air gap 

power was 1.6% and this was obtained for the machine M700a.  

 
 (a) (b)  

Fig. 9. The impact of a different grade of the rotor and the stator steel sheets on 

the machine performance. (a) p.u. air gap power and (b) p.u. core losses. The red 

dashed lines were plotted to indicate the 1 p.u. The use of the M700a material in 
the whole core allowed to obtain a 3.8% increase in the air gap power. The core 

losses increased by 73%, but at different air gap power, i.e., air gap flux.  

the M700a steel sheets on both the rotor and the stator resulted 
in a 3.8% increase in the air gap power. Such improvement was 
considered quite relevant, also giving the fact that the machines 
were compared at the same supply conditions. The expected 
increase in the core losses was remarkable, about 73%.  
The comparisons shown in Figs. 8-9 do not provide a full 
picture of the differences between the machines REF and 
M700S. Therefore, another strategy is used in the next Section, 
allowing for a comparison at constant air gap power.   

+ 1.6%

− 1.1%

+ 3.8%

+ 1.6%

+ 73%



 
 (a) (b) (c)  

Fig. 10. The proposed geometrical modifications of the rotor pole geometry.  

(a) Change in the curvature radius of the pole surface; (b) adjustment of the width 

of the pole neck and (c) modification of the air gap size under the d axis. Such 
modifications of the rotor geometry allowed to compare the machines REF and 

M700S at the same air gap power.  

V. INFLUENCE OF THE ROTOR POLE GEOMETRY 

ON MACHINE PERFORMANCE 

The most relevant comparison approach of the machine 
models REF and M700S requires to evaluate their performance 
at the same supply conditions as well as at the same air gap 
power. The chosen strategy involved different modifications of 
the rotor pole geometry of the machine M700S with the aim to 
reach the reference air gap power. Three different geometrical 
strategies were selected, as shown in Fig. 10.  

A. Strategy 1: pole arc radius 

The first geometrical strategy is illustrated in Fig. 10a, and it 
involved a modification of the pole arc surface. Here, the air gap 
size under the d axis was kept unchanged, while the air gap size 
towards the q axis was enhanced with respect to the reference 
rotor pole geometry. The white arrows in Fig. 10a help 
understanding the proposed geometrical modification. Such 
method can be considered as an alternative to the well-known 
inverse-cosine approach for the design of the air gap of WFSMs. 
A similar strategy was also proposed in [16], for permanent 
magnet machines. Using such strategy, improvements in the 
torque ripple were expected.  

B. Strategy 2: rotor neck width 

The second geometrical strategy proposed a modification of 
the pole neck width, as depicted in Fig. 10b, and highlighted 
using the white arrows. Such strategy can help to reduce the flux 
per pole and therefore to bring the air gap power to the reference 
level. Mechanical advantages were expected from this strategy 
since it can help to reduce the mass of the rotor iron.  

C. Strategy 3: d-axis air gap size 

The last considered strategy was to alter the height of the 
rotor neck, i.e., an increase of the air gap size under the d axis. 
It is illustrated in Fig. 10c, with the help of the white arrows. 
Benefits in terms of torque ripple reduction were expected using 
this strategy.  

A sensitivity analysis was carried out considering all the 
three geometrical strategies, and to find out for which variations 
of the rotor dimensions it was possible to reach the reference air 
gap power. The results revealed that the use of strategy 1 alone 
did not allow to reach the reference air gap power. The permitted 
modifications of the curvature of the rotor pole surface were 
limited because of practical reasons related to both the 
manufacturing and the assembly processes of the machine. A 
maximum 7% reduction of the curvature radius was imposed.  

TABLE III. THE EFFECT OF THE ROTOR GEOMETRY MODIFICATION  
ON MACHINE PERFORMANCE USING STRATEGY 1 AND STRATEGY 2.  

Performance 

parameter 

Machine model 

REF M700S 

Torque ripple ΔT % 7.94% 3.12% 
Core losses Pcore (kW) 6.2 8.8 

Rotor core mass mrot (kg) 112.5 108.2 

TABLE IV. THE EFFECT OF THE ROTOR GEOMETRY MODIFICATION  
ON MACHINE PERFORMANCE USING STRATEGY 2.  

Performance 

parameter 

Machine model 

REF M700S 

Torque ripple ΔT % 7.94% 8.03% 

Core losses Pcore (kW) 6.2 10.2 
Rotor core mass mrot (kg) 112.5 107.9 

TABLE V. THE EFFECT OF THE ROTOR GEOMETRY MODIFICATION  
ON MACHINE PERFORMANCE USING STRATEGY 3. 

Performance 

parameter 

Machine model 

REF M700S 

Torque ripple ΔT % 7.94% 6.77% 
Core losses Pcore (kW) 6.2 9.3 

Rotor core mass mrot (kg) 112.5 113 

 

 
(a) 

 
(b) 

Fig. 11. The effect of combining strategy 1 and strategy 2 on the performance of 
the machine M700S. (a) Comparison between the air gap torque of the reference 

machine (REF) and of the machine M700S. (b) Comparison between the radial 

component of the air gap flux density of the reference machine (REF) and of the 
machine M700S. The reduction of the torque ripple can be attributed to a more 

sinusoidally-shaped air gap flux density.  

Strategy 1 was therefore investigated together with strategy 2.  

Table III – Table V and Fig. 11 report the results of the 
geometrical modifications applied to the rotor pole geometry of 
machine M700S. The machines REF and M700S are now 
compared at the same air gap power, and this allowed for a fair 
evaluation of the influence of both the lamination material and 
the rotor pole geometry on the machine performance.  

Table III presents the results combining strategy 1 and 2.  



The pole arc radius was reduced by its maximum allowed value, 
that is, 7%, while the rotor neck width was reduced by 5%. This 
combination allowed to reach the reference air gap power. The 
torque ripple was more than halved, passing from 7.94% for the 
reference machine to 3.12% for the M700S machine with a 
modified rotor pole geometry. This can be observed in Fig. 11, 
where both the air gap torque (Fig. 11a) and the air gap flux 
density (Fig. 11b) of machine REF and M700S are compared. 
The use of strategy 1 mainly contributed to such improvement. 
An almost 42% increase of the core losses for the M700S 
machine with regard to the REF machine was expected because 
of the use of a higher-grade steel for the rotor and stator 
laminations. A 4% decrease of the mass of the rotor iron can be 
beneficial from the mechanical point of view.  

Table IV reports the results of using strategy 2, reducing the 
rotor neck width by 7.3%. The main advantage is an almost 4% 
reduction of the mass of the rotor iron. The torque ripple 
slightly increased compared to the reference machine, and a 
further increase of the core losses was observed with respect to 
the results reported in Table III.  

Table V summarizes the results in applying strategy 3, with 
which the d-axis air gap size was increased by 34%. The larger 
air gap size slightly reduced the impact of the higher order 
spatial harmonics in the air gap due to the slotting effect and the 
winding distribution. This resulted in a slight decrease of the 
torque ripple. The core losses are in between those obtained 
with strategy 2 and those combining strategy 1 and 2. The mass 
of the rotor iron was basically the same, with an almost 
imperceptible variation due to the higher mass density of the 
M700 steels compared to the M400 (reference machine).  

Based on the obtained results, it can be concluded that, at 
least for the present investigations, the best compromise can be 
achieved using strategy 1 and 2 together (Table III).  

VI. CONCLUSION 

The present paper investigated the influence of the core 
material and of the rotor pole geometry on the steady-state 
performance of a wound field synchronous generator. The 
results are based on FEM analyses.  

The studies on the laminated materials concentrated on NO 
SiFe steel sheets of various grades, and from different suppliers. 
Their experimental characterizations at low field levels revealed 
the need for a proper extrapolation method of their BH curves to 
saturation. Among different strategies, the SEE method was 
selected, since it provided an extrapolation error lower than 
2.5% over the whole field range. 

The impact of various rotor lamination materials on machine 
performance was assessed first. The use of a high-grade steel 
provided the highest improvement in the air gap power, and a 
further enhancement was obtained using the same steel sheets 
also on the stator side. The comparisons were carried out with 
respect to the reference machine in the same supply conditions.  

To assess the actual performance improvement, different 
machines must be compared at the same air gap power. To do 
so, the rotor pole geometry was modified using different 
geometrical strategies with the aim to reach the reference air gap 
power. The results showed that a combined modification of the 
pole arc radius and of the rotor neck provided the best results. 
Compared to the reference machine, the new machine featured 

a significantly reduced torque ripple and a slightly reduced mass 
of the rotor iron. An increase in the core losses was observed, 
mainly because of using the high-grade steel sheets for the core.  

Future research activities may include the investigation of 
different combinations of materials for the stator and the rotor 
laminations. Additional modifications of the rotor geometry can 
be also assessed, i.e., the use of asymmetric configurations for 
the pole shoe. Lastly, the studies should take into consideration 
the influence of the manufacturing process on the magnetic 
properties of the laminations.  
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