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Electromagnetic and Mechanical Stress Analysis of

Wind-Driven Synchronous Reluctance Generator
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Abstract— The investigation explores the mechanical stress and
electromagnetic performance for a wind-driven synchronous
reluctance generator (SRG). The change in the mechanical stress
due to the presence of centripetal force, wind speed, and rotor
speed are evaluated for different thickness of tangential and
radial ribs. Moreover, the variation in the electromagnetic feature
such as the ¢g— and d —axes flux, reactance ratio, inductance,
torque and torque ripple are discussed for different thickness of
tangential and radial ribs. Increasing both tangential and radial
ribs thickness has an effect on the electromagnetic performance,
but it is observed that effect is significantly more with the
variation of tangential rib thickness. Similarly, the mechanical
stress analysis for rotor design has been explored in this paper. It
is observed that high concentration of peak stress on the rotor ribs,
which limits the range of rotor speed.

Index  Terms—Electromagnetic,  mechanical integrity,
synchronous reluctance generator, stress and safety factor, wind
speed.

NOMENCLATURE
R; Wind turbine radius.
Q Blade tip speed.
Ra d-axis reluctance.
Ry g-axis reluctance.

Ly Stator leakage inductance.
Q Rotor rated speed.

S Saliency ratio.

Gr Gear ratio.

1 Tip speed ratio.

J Current density.

D, Stator air gap diameter.

D, Stator yoke diameter.

D, Rotor outer diameter.
R, Phase resistance.

Phase induced.

d-axis current.

g-axis current.

d-axis reactance.

g-axis reactance.

Number of poles.

Number of conductor turns per phase.
RMS phase current.
Air gap length.
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M, Flux line lamination mass.
L Stack length.

Prated Machine rated power.
Trated Machine rated torque.
Ag g-axis flux.

Ad d-axis flux.

L, g-axis inductance.

Ly d-axis inductance.

SF Stress intensity factor.
f Centripetal force.

Tave Average torque.

Trip Torque ripple.

I. INTRODUCTION

HE mechanical stress analysis and electromagnetic

performance of wind-driven rotor of synchronous
reluctance generator (SRG), plays an important role towards
validating the rotor design. The topology associated with the
design of SRG rotors are either transversely laminated variant
(TLV) or axially laminated variant (ALV) [1] types, but the
TLYV design is more commonly used over ALV [2]. Hence, the
paper investigates the rotor of the TLV type. Significant
literature is available in the design of flux barriers number and
their shape insulation ratio [3], [4]. Park et al. [5], Mohammadi
et al. [6] and Di Nardo et al. [7] has investigated different
computational and analytical barriers optimization methods.

Similarly, significant work has been done towards the
selection of material grade used in wind-driven of SRG design
[8]-[10]. But, a very few and rare studies have been carried out
on the analysis and design of mechanical stress and
electromagnetic performance with respect to radial and
tangential ribs that links the flux lines. This paper full fill the
literature gap in this area.

An SRG design base on a high power factor and high
reactance ratio i.e., high Xqxy for better performance is
achieved through the high-quality design of rotor. The design
evolves the number of barriers, shape, and the number of poles
along with the design of tangential and radial ribs to ensure
good performances. The SRG coupled with the wind turbine
experiences a wide variation of centripetal or centrifugal force
acting on the rotor, and hence, requires the electromagnetic and
mechanical stress analysis of the SRG. For low wind speed
centripetal load is less, but to have better electromagnetic
performance, the design of rotor should be such that the g —uxis
inductance reduces and the d -axis inductance increase [1], but
this is achieved by a decrease in the thickness of radial and
tangential ribs. The design based on the reduced thickness of
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axial and tangential ribs leads towards high stress on the ribs,
and hence, is not suitable for high speed. Hence, a trade-off
between mechanical and electromagnetic performances with
the variation of wind speed is required to validate the design.
It is observed from the literature review that the
electromagnetic-mechanical analysis of SRG rotor design with
the variation of wind speed in self-excited mode is not covered
in the available literature. Therefore, this paper focuses on the
trade-off between mechanical and electromagnetic
performances with the variation of wind speed and thickness of
tangential and radial ribs. The finite element analysis (FEA) is
used for both mechanical stress analysis and electromagnetic
analysis in this paper. The considered SRG have been designed
for producing 12:7 Nm of torque at 1500 rpm equal to 2:1 kW
with the efficiency of 82%, with stator fill factor of 50%, is
shown in Fig. 1. The major contributions of this paper are:

* Electromagnetic-mechanical analysis of wind-driven
synchronous reluctance generator using FEA.

* By varying the rotor design parameters such as radial and
tangential ribs thickness, how the electromagnetic-mechanical
performances vary.

This paper is organized as follows: The second Section
present problem statements. The third Section provides the
electromagnetic performance and its result analysis.
Mechanical performance and its results are discussed in Section
4, and finally, the conclusions are given in Section 5.

II. MACHINE DESIGN PARAMETERS AND
PROBLEM STAEEMENT

A. Design Specification And Parameters

The geometrical dimension and specifications of the SRG
are summarized in Table I. The air gap length is fixed to the
range, as allowed by the manufacturer (Ig = 0.35 mm). It is
important to note that as the air gap length increases, the torque
and power factor decreases [1], [10]. While designing the
machine, it is common to use distributed winding, to reduce
harmonic content of the stator EMF, which negatively impacts
the reluctance torque and the core loses [11]. The present
design has four numbers of poles, and the design can be
extended for more number of poles. For a better design, in
terms of iron losses, torque ripple, and mechanical strength,
typically the number of flux barriers are approximately half of
the number of slots per pole. Hence, the present design uses
five flux barriers per pole with 36 stator slots as shown in Fig.1.

Flux barrier

252
Radial Ribs,
widths=W

Tangential Ribs ,widths=H
Fig. 1. Structural, cross-section and dg—axes rotor reference frame of SRG.

The detailed sizing and design procedure of the SRG start by
assigning the initial key parameters of the wind turbine such as
speed, maximum torque, and thermal analysis of the machine,
and the designed machine with its parameters is summarized in
Table I. The present work, does the mechanical stress analysis
of the designed machine, with varying the rotor speed and study
its influence on the rotor design of SRG. Here, the stator is
assumed to be fixed at all case.

TABLE I
MACHINE SPECIFICATION AND DESIGN PARAMETERS OF 2:1 KW
GENERATOR
Parameters ~ Values Parameters Values
A 8 rad Gr 2.2
Rt 1.34m Q 72 rad/s
Lms 89.4 mH Do 180 mm
Dr 104 mm mlg 290 A. turns
Din 104.7 mm P 4
Orated 1500 rpm mld 81 A.turns
Rs 1.176 2 Lls 3.57 mH
Ig 0.35 mm Trated 12.7Nm
Ld 90 mH Im 14.14 A
Lg 7.15mH J <9 A/ mm?
Eph 150 v L 65 mm
Iph 104 Prated 2.1 km

B. Rotor Parametirizations

In the surveys, different kind of rotor flux barrier
parameterizations have been given [12]-[14]. All the findings
show that the flux barrier and tangential barrier structure play
the main role on torque ripple minimization and torque
maximization [15]. Mostly, it is observed that the performances
could be improved by using complex design, i.e., increasing the
number of bridges etc, but the complex design significantly
increases the cost of production, difficult to manufacture, and
also involves a high cost for its design [14], [16]. Hence the
present work has used only four number of poles, and shown in
Fig. 1. Every flux barrier is consists of trapezoid shape
segments and identified by the tangential thickness H, radial
thickness # and the end point angle at the air gap, o that have
to assures the structural integrity at high-speed as shown in Fig.
2(b). The expression for maximum rotor tips mechanical end
point angle am, in terms of number of barriers (i), poles pair (p)
and floating angle (B) as (1) [17]:.

(=/2p)-p)
“ -1 M

Here, the floating angle B assumed to be in between 0 to 10
When compared to other generators such as ac generator and IG,
the SRG has the following advantages:

* There is no copper winding in the rotor. Thus, the SRG is less
in cost and no copper losses in the rotor.

* It reduces the risk of frequency and phase voltage variation in
case of load change/ fault.

* It has high torque density and efficiency.

In spite of these advantages, care must be taken while
designing rotor of SRG for high wind speed application, to
insure that the machine is mechanically stable, and produces
more electromagnetic torque with minimal ripples
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GENERATOR

III. ANALYSIS OF ELECTROMAGNETIC PERFORMANCE

The electromagnetic performance of SRG rotor improves by
minimizing the reluctance of the d—uxis, Rd and maximizing
the reluctance of the ¢ — axis, Mg. The ratio of d - axis
inductance to the ¢—uxis inductance (saliency ratio) is usually
defined using the orthogonal axis inductances, Lq a 1/Rd and
Lg o 1/Rq [13]. This inductance ratio is denoted as &, as given
below

Ld

L

or 2)
Xd

"X,

For better electromagnetic performance, this ratio needs to
be large. It is observed that by reducing the thickness of ribs
(i.e., for both radial and tangential ribs), as shown in Figs. 4, 5,
the inductance ratio ( §) tends to increase, but mechanical stress
tends to increase, hence, a design choice need to be made
between these conflicting objectives. Fig. 2(a) and 2(b) shows
the variation of d and g—uxes inductances with respect to the

change of ¢ and d—uxes currents. This plot is associated with
the rotor cross-section, with the radial rib thickness (W =1 mm)
and tangential ribs thickness (H = 1:2 mm), respectively. The
curves obtained from curve fit, and FEA can be distinguished
by the smoothed and dotted lines as presented in Fig. 2(a). The
Ly of the SRG keeps increasing for low values of current.
However, as the current becomes approximately more than 5 4,
the value of Ly starts decreasing and attains a constant value
because of the magnetic saturation.

While the Lg of SRG is high for the low value of current due
to the presence of bridge in g —uxis, it decreases gradually with
the increase of current and subsequently becomes constant. The
important point to note that in the designed SRG, the thickness
of tangential and radial ribs (See Fig 3) plays an important role
in controlling the ¢g— and d —axis fluxes, hence, control the
associated inductances. Fig. 4, shows the effect of variation in
tangential rib thickness on d— axis fluxes, the ratio of d and ¢
axis inductances and reactants while keeping the thickness of
radial ribs to a value of Wmax = 1 mm. From Fig. 4(a), it is
observed that as the thickness of tangential rib is reduced, the
value of Ad increases, whereas, the value of Aq decrease till the
ratio of (X#/X;) is maximum, as given in Fig. 4(b). Similarly, the
plot of d and ¢ axis inductances is shown in Fig. 4(c). It is also
observed that as the core start getting saturated, there is a
decrease in (X#/X,) ratio. Fig. 5, shows the effect of variation in
radial rib thickness on d— axis fluxes, the ratio of d and ¢ axis
inductances and reactants while keeping the thickness of
tangential ribs to a value of Hmax = 1:2 mm. From Fig. 5(a), it
i1s observed that as the thickness of radial rib is reduced, the
value of A4 slightly increases, whereas, the value of A, decrease
till the ratio of (X#/Xy) is maximum, as given in Fig. 5(b).
Similarly, the plot of d and q axis inductances is shown in Fig.
5(c). It is also observed from Figs. 4, 5, that the effect of

variation on inductance is more with the change in thickness of
tangential ribs, as compared with the variation in thickness of
radial ribs.
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Fig. 2. (a) d and g-axes magnetizing characteristic of SRG. (b) Rotor cross
section view: radial and tangential ribs thickness.
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Fig. 3. Magnetic field density and flux lines plot showing ribs saturation.
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Fig. 5. (a) d- and g-axes flux linkages magnetizing curve with radial rib widths.
(b) d-and g-reactance ratio with radial rib widths. (c) d-and g-inductances with
radial rib widths.

In summary, the tangential and radial ribs should be small
enough to produce good electromagnetic performance, i.e., to
reduce the g—axis inductance and maximize the d —axis
inductance (increasing reluctance torque), but the mechanical
stress in the ribs should be below the centripetal loading. Fig.
6(a) shows that the performance of machines in motoring and
generating mode. Fig. 6(a), the effect of reducing tangential rib
1.e., with rib thickness 1:2 mm, 1 mm, 0:5 mm and 0.1 mm is
shown while keeping the thickness of radial ribs to a value of
Wmax =1 mm. It is observed that as the thickness of tangential
rib reduces, the torque increase in motoring or generating
modes, as shown in Fig. 6(a), mainly because the magnetic flux
flowing outward from the rotor g-axis reduces, hence, reducing
the value of Lg. Similarly, in Fig. 6(b), the effect of
reducingradial rib width i.e., with rib thickness 1.2 mm, 1 mm,
0:5 mm and 0:1 mm is shown while keeping the thickness of
tangential ribs to a value of Hmax = 1:2 mm.

It is observed that as the thickness of the radial rib reduces,
the torque slightly increase in motoring or generating modes, as
shown in Fig. 6(b), mainly due to the reduction of magnetic
flux in g—uxis. However, it is observed that the effect of radial
ribs width variations on torque is not much as compared with
the variation of tangential rib widths. From Fig. 6(a) and Fig.
6(b), it is observed that the average torque is as a function of
square of stator current till the current of the machine is 54.
However, after 54 the difference between (Ls —L,) is
approximately constant as seen from Fig. 2(a), hence, the
variation of average torque is observed to be linear.The
influences of the tangential rib width on torque ripple while
keeping the thickness of radial ribs to a value of Wmax =1 mm
are shown in Fig. 7(a). From Fig.7(a) it can be observed that the
torque ripple increases by reducing the tangential rib thickness.
Similarly, the effect on torque ripple for the variation of
radialrib thickness while keeping the thickness of tangential
ribs to a value of Hmax = 1.2 mm is shown in Fig. 7(b). It is
observed, that the torque ripple decrease by reducing the radial
rib thickness. When the radial rib width is reduced, both the
magnetic and air reluctancelayers increase for g-axis flux, that
causes L, to reduce, while L; almost remains constant.
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IV. ANALYSIS OF MECHANICAL PERFORMANCE

From the analysis of electromagnetic performance, as
discussed in the previous section, we observed that for better
electromagnetic performance, the thickness of ribs need to be
reduced, but as these ribs also provide mechanical strength to
the rotor, it is important to know the stress in these ribs, under
the influence of centripetal force, and check whether the stress
is within the permissible limit.

A. Centripetal Force of Flux Barriers

It can be seen from Fig. 1, that mainly the radial ribs, support
the flux barriers together under influence of centripetal force
while operating at variable speed. The flux guides lamination
has a mass of [10]:

M;:pL”d4 3)

Where, L is the stack length, ” dA is the cross-section area

of the flux barriers, which has a complex shape, and p is the
density of lamination material. When the generator is operating
with the rotational speed of ®, the centripetal force acting
towards the centre of the rotor (i.e., normally) with radius R at
the surface of the rotor is given as:

f=MRe’ “4)

The yield strength Jy, is the stress above which the material
become plastic, and hence, the stress on a rotor must be below
the yield strength of the material used in the design of rotor.
From, equation (4), it can be observed that the stress on the
rotor is a function of 2. Usually, the stress must be less than
yield strength with an acceptable safety factor while designing
and/or sizing the tangential and radial ribs.

The lamination material (50C350-AP) is used in the design
of the rotor for SRG, which has average yield strength is 310
Mpa, and the lamination density of 7874 kg/m3. The commonly
used safety factor Sf'is given as per the equation below:

S, =0,l0, )

Where, Oy is the average yield strength of the material, op is the
stress on the rotor. Fig. 8 shows the distribution of mechanical
stress at different parts of SRG rotating at 1500 rpm using finite
element analysis (FEA). The peak stress observed at the critical
points of the rotor are reported as in Fig.8, and can be observed
that the ribs are highly stressed. To provide the quantitative
analysis, Table II, and III provides the details about peak stress
observed inribs i.e., in tangential ribs indexed as 1,2,3 and 4 i.e.,
TR 34 and radial ribs index as 1,2, and 3 i.e., RRi23. The
results shown in Table II corresponds to the rotor rotating at
1500 rpm, with the simultaneous variation in thickness of both
tangential ribs (TR) and radial ribs (RR) by same thickness i.e.,
the thickness of both (TR/RR ) are same and varies from 1,2
mm to 0:1 mm. The table also provides a stress factor (SF),
centripetal force at the surface of the rotor (f), average torque
(Tw), and percentage torque ripple (T vip). Similarly, Table III
provides the similar analysis for rotor rotating at 2500 rpm, i.c.,
60% over the rated speed of 1500 rpm.
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TABLE 11
MECHANICAL PERFORMANCE (VON MISES STRESS, CENTRIPETAL FORCE,
STRESS FACTOR) OF PEAK STRESS AND ELECTROMAGNETIC PERFORMANCE
(TORQUE AND RIPPLE) OF THE DESIGNED ROTOR SPEED OF 1500 RPM

Thickness (TR/RR) —1.2 mm Ilmm
Parameters Peak stress Peak Stress Unit
TR1.2,3,4 38 57 Mpa
RR; 23 23 34 M pa
SF 1515 1406 M pa
f 908 902 N
Tov 12.28 12.63 Nm
Trip (%) 11 16 -
Thickness (TR/RR) —0.5 mm 0.1 mm
Parameters Peak stress Peak Stress Unit
TR; 234 72 172 M pa
RR; 23 65 245 M pa
SF 1253 313 M pa
f 980 880 N
Tav 13.41 14.08 Nm
Tip (%) 26 36 -
TABLE III

MECHANICAL PERFORMANCE (VON MISES STRESS, CENTRIPETAL FORCE,
STRESS FACTOR) OF PEAK STRESS AND ELECTROMAGNETIC PERFORMANCE
(TORQUE AND RIPPLE) OF THE DESIGNED ROTOR SPEED OF 2500 RPM

Thickness (TR/RR) —1.2 mm Imm

Parameters Peak stress Peak Stress Unit
]Y?Ll3ﬂ 98 146 hd}na
RRI1,2,3 69 88 M pa
SF 1137 888 M pa
f 2323 2310 N
Tov 12.23 12.50 Nm
Ty (%) 9 13 -
Thickness (TR/RR) —0.5 mm 0.1 mm

Parameters Peak stress Peak Stress Unit
TRL134 184 440 Nlpa
RR1'2'3 168 565 Mpa
SF 496 1719 M pa
f 2277 2270 N
Tav 13.40 14.05 Nm
Tip (%) 27 37 -

B. TANGENTIAL AND RADIAL RIB THICKNESS
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Fig. 8. Von Mises stress distributions (Mpa) of designed rotor with ribs widths
variation (minimum=0.1 mm to maximum=1.2 mm)

Similarly, Fig. 9(b), shows that the stress observed at the
radial rib. From the results, it can be observed that the stress
reduced with increasing ribs width. It is also observed that the
variation of stress with an increase in centripetal force is
approximately linear. Fig. 10 (a) provides the plot associated
with the stress in tangential ribs of thickness varying from 0:1
mm to 1:2 mm. It is observed that as the ribs thickness decrease,
the stress in tangential rib increase, and increases with the
increase of rotor speed. It is also observed that the increase in
stress on tangential ribs is approximately quadric to the
variation of rotor speed. Fig. 10(b), provides a plot of safety
factor in the tangential rib with different widths vs rotor speed.
The zoomed version of the plot shows the yield strength line
corresponding to the safety factor of 1, but it is common to take
a safety factor of 2:5 for most of the design, hence, the present
work also use a safety factor of 2:5, as shown by a dashed line
in the plot. It can also be observed that a thickness of 1:2 mm or
more is required to provide mechanical stability of the
tangential rib. Similarly, Fig. 11 (a) provides the plot associated
with the stress in radial ribs of thickness varying from 0:1 mm
to 1.2 mm. It is observed that as the ribs thickness decrease, the
stress in radial rib increase, and increases with the increase of
rotor speed.

It is also observed that the increase in stress on radial ribs is
approximately quadric to the variation of rotor speed. Fig. 11(b),
provides a plot of safety factor in the radial rib with different
widths vs rotor speed. It can also be observed that a thickness of
radial rib should be more or equal to 1:0 mm for ensuring
mechanical stability of the ribs.

This section analysis the effect on stresses estimated for SRG
with simultaneous variation in thickness of both tangential ribs
(TR) and radial ribs (RR) by same thickness. For the estimation
of stress, the present work uses finite element analysis (FEA).
From Fig. 8, it could be observed that ribs i.e., tangential or
radial are the one which is associated with high stress as
compared with other parts of the rotor. Hence, this section
analysis the stress at tangential and radial ribs in details. Fig.
9(a), show the stress experienced by the tangential rib of
different widths with the variation of centripetal force.
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Fig. 10. (a) Stress at tangential rib with different widths vs rotor speed. (b)
Safety factor of tangential rib with different widths vs rotor speed.
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Fig. 11. (a) Stress at radial rib with different widths vs rotor speed. (b) Safety
factor of radial rib with different widths vs rotor speed.

V. CONCLUSION

The present paper has presented the mechanical stress and
electromagnetic analysis of SRG for a rotor with transverse
lamination. The first part of the paper mainly discuss how the
thickness of ribs affect the electromagnetic performances of the
machine i.e., it is observed that with decrease in the thickness of
both radial or tangential ribs, there is an increase in the
inductance ratio, which reaches to its peak value near to its
rated current, and then there is a decrease in this ratio due to the
effect of saturation in the core. Further, the mechanical stress
analysis is done to find the minimum thickness of the ribs
which could ensure mechanical stability. It is also observed that
the maximum stress is either at tangential ribs or radial rib of
the SRG rotor. To ensure the mechanical stability, a safety
factor of 2:5 is used in the present work while suggesting the
minimum thickness of the ribs.
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