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Abstract. The aim of this paper is to optimize the design of multiple flux
barriers Synchronous reluctance motor in order to smooth the torque pro-
tile without rotor skewing. A new strategy is proposed by modelling the
particular optimal design problem as mixed integer constrained minimiza-
tion of a suitable objective function. The procedure has allowed to optimize
the rotor shape for minimum torque ripple starting from an existing stator
core.
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1 Introduction

Synchronous Reluctance Motors (SRM) could be considered as alternative
to its counterparts, namely permanent magnet and induction motors and
have advantages such as low cost and high efficiency. The transversally
laminated rotor is preferable and exhibits a reduced inertia due to air-flux
barriers (Fig.1).

The torque generated by SRM depends on the magnetic saliency of the
rotor: no windings, brush or permanent magnets (PM) are used which
makes the SRM a simple and robust electric machine.

Compared with permanent magnet machines, the SRM can operate at
high speed because of the easier field weakening capability and the rugged
rotor. If compared with induction motors it has theoretically no rotor
losses and a comparable torque density depending on the design of the ma-
chine; moreover, the SRM has lower temperature rise in the rotor and shaft
and consequently good efticiency and higher reliability.

On the other hand, synchronous reluctance machines usually present
some additional issues like lower power factor but above all higher torque
ripple that is intolerable in most of applications [1,2,3]: it is due to the in-
teraction between the spatial harmonics of electrical loading and the rotor
anisotropy and gives rise to noise and vibrations.

The easiest and commonly adopted solution for the torque ripple reduc-
tion is the skewing of the rotor stack (Fig.2). It could appear as a simple and
cheap measure to actuate but gives rise some drawbacks. Particularly, a
slight reduction of the output torque and then a difficulty in the insertion
of permanent magnets inside the rotor core for the low cost PM-assisted
SRM [4]. In this case, the continuous rotor skewing cannot be adopted and
the alternative solution is a multi-stack rotor core where the rotor is split
into two or more parts, each of them is skewed with respect to the others:
this solution could be too expensive and not convenient to adopt from the
industrialization point of view.

e

Fig. 1. Cross section of SRM with transversally laminated rotor (half machine).



Fig. 2. SRM: 3D view of skewed rotor.

The design of the SRM requires a fine analysis and an accurate predic-
tion of machine parameters and performances [5]. The reduction of torque
ripple represents one of the most relevant constraints during the design
step and the aim is to find a solution that allows to satisfy the requirements
and simplify the motor assembling avoiding the skewing. This can be
achieved by an appropriate combination of design parameters and a right
choice of the number of flux barriers with respect to the stator slots.

This paper presents a novelty strategy to reduce the torque ripple of the
synchronous reluctance motor by an innovative optimization algorithm.
The focus is to smooth the torque profile by varying the dimensions of the
rotor shape only without any change in the stator core and winding and
above all without rotor skewing. For this, a commercial three-phase induc-
tion motor has been chosen substituting the squirrel cage rotor with a mul-
tiple flux-barriers one. The new rotor has been designed and then refined
by the optimization algorithm in order to reduce the torque ripple.

2  The preliminary design of the SRM

In this step, the preliminary design of the SRM has been carried out start-
ing from a commercial three-phase induction motor (3kW, 4 pole, 400V, 50
Hz, TEFC, IEC size 100): Table 1 presents the motor requirements.

The same stator core and housing has been adopted, substituting the
squirrel cage rotor with a flux-barriers one: this approach allows to mini-
mize the investment costs in new tooling using existent components.

The design of SRM is mainly focused on the rotor creation and, more
specifically, the type of flux barrier topology. For this, a sizing procedure
has been used for the design of the rotor shape: it allows to determine the
rotor dimensions (Fig.3) by adopting simplified relationships between geo-
metrical and physical motor data in order to meet the specifications. These
data allow to calculate the motor performance i.e. the axis fluxes, the mag-
netic potential differences, the flux densities, the axis currents, the power



factor and the torque. A detailed description of the sizing procedure is
given in [6] and [7].

The sizing of rotor is not easy to carry out due to presence of the flux
barriers whose number and dimensions affect heavily the saliency ratio, that
is the ratio between d and ¢-axzs inductances. For this reason, the authors
have introduced several relationships among the rotor dimensions (Fig.3)
and the rotor diameter (D), by means of suitable coefficients (£).

These relations and the coefficients have been refined and tested analyz-
ing several SRMs, of difterent size, by the Finite

Element analysis. Therefore, these relations represent a guideline for the
designer and should orient him towards the search of a good solution. For
a rotor with two flux barriers they are (Fig. 3):

ki D <tb1<k Dy

ks D <a1d< ks D,

ks D < b, < ke D- (1)
k7 Dy < bo < kg Dr

tb2 > kotbl and fb3 > ko D:

Fig. 3. Rotor dimensions.

This approach will be very useful for the next optimization step. In fact,
the coefficients k; are imposed in the Input data and these values define a
range within each variable should vary according to the imposed values on
Dr. The sizing process starts considering, for each variable, the average
value and this choice allows to obtain a preliminary rotor design that cer-
tainly does not represent the final design. The design refinement is reached
by the optimization algorithm (Section IV).



The number of flux barriers (Np.rr) has been calculated according to the
number of stator slots (Nsot) and the following relationship:

(N barr )TOT =N pole Ks ! (2)
where Nj. is the number of poles and

Ks + N slot . (3)
N pole

[t is import to underline that increasing the number of flux—barriers, the
torque tends to increase whereas the torque ripple decreases.

Since the chosen stator core presents 36 slots, 24 barriers have been cho-
sen according to the (2) and particularly 6 barriers per pole: this choice has
also been conditioned by the constraint on the outer rotor diameter.

The cross section of the preliminary design is shown in Fig.4. This con-
figuration is a quite conventional reluctance geometry, characterized by
three flux barriers that share the same width, tilt angle and distance be-
tween them. Also the barrier fillet radius at the external rib is the same.
An external channel located along the g-axis has been considered, in order
to simplify the welding procedure of the rotor stack.

About the thickness of ribs (Fig.3) they should be chosen according to
the improvement of saliency ratio and the mechanical strength. From a
preliminary analysis a minimum value of 1 mm has been imposed: this
value is consistent with the maximum speed and mechanical stress.

The preliminary design has been analyzed by the Finite Element (FE)
software, since the SRM presents notable non-linear characteristics due to
the effects of the saturation and cross-coupling phenomena. An accurate
bi-dimensional FE model has been developed introducing a parametric
model in order to modify any geometric dimensions of the rotor shape.

A transient analysis has been carried out and one pole has been simu-
lated thanks you the motor symmetry.

Table 1. Motor requirements

Rated power kW 3.0
Rated speed rpm 1500
Rated torque Nm 19
Number of poles 4
Number of slots 36
Outer stator diameter mm 150
Inner stator diameter mm 90
Stack length mm 150
Airgap length mm 0.50
Electrical steel M470-50A

Cooling air cooled




The behavior of the electromagnetic torque, as a function of the rotor
position, has been calculated by a series of time-based simulations: then its
average value along the entire electrical period has been evaluated. More
in the detail, it can be proved that for the considered combination
Nslot/Nbarr, the electrical period of the torque is equal to 60 el.deg. (30
mech.deg.). In turn, each transient analysis consist of 80 computational
steps, which means that the electromagnetic torque is represented with an
accuracy of 0.75 el.deg.

We performed the time stepping FE simulations (at 1500 rpm) by impos-
ing the axis currents in order to maximize the torque-current ratio: more-
over, a conventional temperature of 75°C has been chosen for the stator
winding. Table 2 presents the main data and performance of the prelimi-
nary design and Fig.5 the torque profile. The torque ripple, defined like as
the ratio between the difference of the maximum and minimum values of
torque and the average one is about 20% for the no-skewed rotor. Moreo-
ver, a further analysis has been carried out with a skewed rotor in order to
verify the effect on the torque behavior: a continuous rotor skewing has
been simulated with the skewing angle equal to the stator slot angle. Fig.6
presents the new torque profile: in this case, the average torque is 18.3 Nm
and the ripple 8.1% with a reduction of about 60% respect to the no-skewed
rotor.

Fig. 4. Cross-section of the preliminary design (1 pole).
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Fig. 6. Preliminary design: torque behavior (skewed rotor).




Table 2. Main data and performance of the preliminary design

Outer stator diameter mm 150
Inner stator diameter mm 90
Stack length mm 150
N.turns per phase 180
Wire size mm? 1.135
N.barriers per pole 6
Width of the rotor tooth along d-axis (ald) mm 6
Thickness of rotor ribs mm 1
Width of barrier_1 (b1) mm 3
Width of barrier_2 (b2) mm 3
Width of barrier_3 (b3) mm 3
Performance

Phase voltage Vrms 220
Phase currents Arms 6.5
Average torque Nm 19.3
Base speed rpm 1500
Phase resistance @ 75°C Q 1.78
Joule losses W 226
Iron losses W 81
Efficiency % 90.1
Torque ripple (no-skewed) % 20.1

3  Design Optimization of the SRM

The demand of high-performance motors requires the definition of more
efficient designs. This aim can be achieved by interfacing the Finite Ele-
ment software with automatic optimization procedures [8].

In particular the FE analysis can be used to evaluate the motor perfor-
mance, namely to compute the objective function value and some of the
constraints. The optimization procedure can use the information obtained
by the FE program to iteratively update the set of motor parameters and
try to identify an “optimal” motor by making a trade-oft between the dif-
terent parameters of the machine.

The set of parameters X used in the optimization procedure of the SRM
concern the rotor shape only and are listed in Table 3. Fig. 7 shows in de-
tails the 26 design variables (dimensions of flux barriers, tilt angles, fillet
radii): they have been varied according to practical limits existing in cut-
ting the rotor shape.

Moreover, several constraints have been introduced to guarantee the
reliability and feasibility of the final design (Table 4). They are: the average
torque, the maximum flux densities in the stator and rotor core and the
percentage of torque ripple.

The aim of the optimization was to refine the rotor shape, without skew-
ing, in order to smooth the torque profile in the electrical period. This ap-
proach has required many FE calls for each optimization step and high



computation time, but represents a powertful tool for an accurate design of
the machine.
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Fig. 7. Rotor independent variables.

Table 3. Minimum and Maximum Ranges of Design Variables

Variables min max
X1. Width of rotor tooth along d-axis (mm) ald 4 8
X2. Width of barrier_1 bl 2 4.5
X3. Width of barrier_2 b2 2 4.5
X4. Width of barrier_3 b3 2 4.5
Xs. Distance between shaft and barrier_1 tbl 2 3
Xe. Distance between barriers 1-2 tb2 3 5
X7. Distance between barriers 2-3 tb3 3 5
Xs. Distance between barriers 3-ext.channel th4 3 5
X9+ X10 Tilt angles barrier_1 a, B 0° 5°
X11+ X12 Tilt angles barrier_2 o B2 0° 5°
X13+ X14 Tilt angles barrier_3 o, Bs 0° 5°
X15+ X16 Fillet radii (mm) ri,re 05 3
Table 4. Constraints

Constraints Limits
cl. Max flux density in the stator tooth T <1.60
c2. Max flux density in the stator yoke T <1.45
c3. Max flux density in the rotor tooth T <1.50
c4. Torque ripple % <10.0

c5. Average torque @ 1500 rpm Nm >19.0




4 The Optimization Algorithm

The above described design problem can be modeled by an optimization
problem, where the functions describing the motor behavior with respect
to its parameters are unknown and they can be only computed by complex
simulation programs. So, the derivatives of these functions are unknown
as well, and then, a derivative-free algorithm must be employed.

A turther difficulty arising in our context is the high computational bur-
den needed to evaluate the motor behavior in the entire electrical period.

Moreover, the aim of the minimization procedure is twofold: on the one
hand, the torque profile must be smoothed, and, on the other hand, its av-
erage value must be maximized. So, a multiobjective problem could be in
principle introduced.

Several multiobjective derivative-free methods have been proposed in
the literature (see e.g. [9, 10, 11] and references therein for further details).
Some of those methods take into account preferences of the decision maker
(i.e. the person that can give preference information concerning the solu-
tions) relating the objectives.

As we said, in the considered context there is usually the need for a
trade-oft between a high expected value of the torque profile and a small
torque profile variance.

For any motor parameter vector x, we indicate with a(x) and o(x) the
expected value and the standard deviation of the torque profile in the elec-
trical period, respectively. One way we have to properly take standard de-
viation into account is to minimize a proper combination of the two objec-
tives, that is,

fx) = —a(x) + yo(x),

thus obtaining a "risk-sensitive" objective function.

The parameter y > 0 is called risk-aversion parameter, since it sets the
relative values of torque profile standard deviation and expected value (for
y > 0, we are willing to trade off a decrease in the expected value of the
torque profile for a sufficiently large decrease in the torque profile standard
deviation). In our case, we set the risk-aversion parameter y = 10*VN,
where N is the number of measures in the electrical period (i.e.,, N = 61).

In particular, we deal with the following mixed integer non-linear min-
imization problem:

min f(x)
gx)<o0
l<x<u (4)
X EZ, iEIZ
x;€R, i€l ={1,..,n}\ 1,

where f:R®" > R, g:R" > R™ x € R",l € R" ,u € R™, I, is the index set
of the integer variables and I, is the index set of the continuous variables.

In problem (4), x is the motor parameter vector and the constraints are
those described in the previous section.



Recalling the considerations made above on the computational burden
needed to evaluate the objective function, using a global optimization al-
gorithm (e.g. [12, 13]) can be prohibitive.

So, we employ a local derivative-free algorithm to solve problem (4). In
particular, we use Algorithm DFL, recently proposed in [14], which is based
on a sequential penalty approach. Namely, the non-linear constrained
problem (4) is approximated by a sequence of box-constrained problems of
the form:

min P(x; €;) = f(x) + 6—12 max{0, g; (x)}"
i=1

I<x<u ()
X;€Z 1€,
X €ER, i€,

where €, > 0andp > 1.

Algorithm DFL generates a sequence {€;} such that, for any given €,
function P(x; ;) is reduced (with respect to x) by means of suitable deriv-
ative-free line searches along all coordinate directions. Afterwards, if the
constraint violation at the new point is not sufficiently decreased, then the
penalty parameter €, is updated.

We report in Figure 8 a scheme of Algorithm DFL, highlighting the
main steps of the method.
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Fig. 8. Algorithm DFL.



A more detailed description of the algorithm and the analysis of'its the-
oretical properties can be found in [13]. Moreover, a Fortran 90 code of
Algorithm DFL is freely available for download from the web page
http://www.dis.uniromal.it/~luctdi/DFL.

As we can see by taking a look at the scheme, the method is based on a
suitable sampling strategy along a specific set of search directions
D = {+e;}. It means that, by exploring a given direction, we move in a
component-wise fashion.

Hence, we can use a specific search strategy (Continuous/Discrete) de-
pending on the direction (component) we choose. When moving a contin-
uous variable, the goal is guaranteeing both a sufficiently large movement
along the search direction and a sufficient decrease in the objective func-
tion. When dealing with discrete variables, we further want to sample the
objective function in such a way that integrality is always satisfied. At each
iteration, after all directions have been explored, we check if an updating
of the penalty parameter is timely and, finally, we update the iterate.

The sampling strategy is able to get, in the limit, sufficient knowledge
of the problem functions (by using the Continuous and Discrete search) to
recover both first order information for the continuous variables and some
sort of local optimality for the discrete ones.

For what concerns the termination criterion, we arrested the algorithm
when it produced a trial stepsize a® = 107,

Now, we show the numerical results achieved by Algorithm DFL. The
number of iterations and function evaluations required to solve the prob-
lem are equal to 1000 and 1697, respectively. The final value of the torque
is 20.00 with a standard deviation 0.30 and a constraint violation of 4 - 1072,

In Figure 9, 10 and 11, we focus on its computational behavior by re-
porting the value of the average torque, the standard deviation of the
torque profile and the constraint violation (i.e., ¥,/%; max{0, g;(x*)}) ver-
sus iteration k, respectively.

More in detail, the figures show that after 120 iterations (corresponding
to 208 function evaluations) the algorithm is able to find an efficient solu-
tion, with an average torque equal to 19.89, a standard deviation of torque
profile equal to 0.38 and a constraint violation equal to 0.32.

Average Torque [Nm]
24 -

20 ~\_‘lr_f
16

0 100 200 300 400 500 600 700 800 900 1000
Iteration

Fig. 9. Behavior of the average torque during the minimization by Algorithm
DFL.
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Fig. 10. Behavior of the standard deviation of torque profile during the mini-
mization by Algorithm DFL.
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Fig. 11. Behavior of the constraint violation during the minimization by Al-
gorithm DFL.

Finally, to evaluate the possible limits and drawbacks of using a local al-
gorithm, we also tried a global algorithm. In particular, we considered an
extension of CMA-ES Algorithm for mixed integer problems [15, 16],
downloaded from https://www.Iri.fr/~hansen/cmaes_inmatlab.html. De-
fault parameters were used and the algorithm was stopped after 10000
function evaluations. The inequality constraints g;(x) < 0 were handled
as in Algorithm DFL, that is, they were added to the objective function as
a penalty term weighted by a parameter €, updated as described above for
Algorithm DFL.

In Table 5, we report the final results achieved by CMA-ES, compared with
those obtained by DFL.



Table 5. Comparison between DFL and CMA-ES

AVERAGE TORQUE STANDARD DEVIATION CONSTRAINT VIOLATION
DFL 20 0.30 4e-2
CMA-ES 5.33 0.13 14.74

Table 5 seems to indicate that the global strategy implemented in CMA-
ES needs a large number of function evaluations to locate a satistying so-
lution, especially for what concerns feasibility. Moreover, the results re-
ported in the table show that, even with a limited budget of evaluations,
the DFL method is able to get good points both in terms of objective func-
tion values and feasibility. The comparison with CMA-ES further indicates
that the way DFL handles constraints and integer variables is efficient and,
in this specific context, guarantees much better performances.

5 Results

The main data of the optimized design are shown in Table 6: it includes
some of the key machine dimensions and performance at 1500 rpm. The
same phase current of previous analysis has been imposed. This design
tully satisfies the constraints.

The cross-section of the new rotor is shown in Fig. 12. The comparison
with the preliminary design (Fig.4) points out a difterence on the flux bar-
riers dimensions and a slight weight reduction of rotor core (about 7%):
this allows to reduce the inertia of the machine that could be very useful if
high dynamic performance are required.

The torque profile (no-skewed rotor) is shown in Fig. 13 and the ripple
is 6.67%: this behavior can be compared with the curve shown in Fig. 6
(skewed rotor). Moreover, the axis inductances have been determined and
in Fig. 14 are shown the profiles: from these curve the average saliency
ratio has been evaluated and it is about 6.4.

Fig. 15 presents the flux density distribution where the maximum values
in the stator teeth and yoke are fully consistent with the imposed con-
straints (Table 6).

In Table 7 are compared the main performance of the proposed solu-
tions. The torque ripple of the optimized design is lower than the prelimi-
nary design one with skewed rotor, and the average torque is slightly
higher. Respect to the preliminary design without skewing, the new motor
presents a significant ripple reduction of about 67%.

A further analysis has been carried out to determine the flux weakening
capability of the optimized design. Fig. 16 shows the torque versus speed
of the machine.

All these results are quite satisfactory and confirm the goodness of the
optimization procedure and the effectiveness of the proposed approach.

The aim was to smooth the torque profile by varying the dimensions of
the rotor shape only without any change in the stator core and winding
and above all without rotor skewing.

The results have demonstrated that this aim has been fully reached. The
new design is a simple and cheap solution to industrialize and it is suitable



for the insertion of proper amount of permanent magnets in the flux barri-
ers for the low cost PM-assisted SRMs.

Nevertheless, the study can be extended to consider also independent
variables for the stator core, resulting in a whole motor optimization.

Table 6. Main data and performance of the optimized design

Outer stator diameter mm 150
Inner stator diameter mm 90
Stack length mm 150
N. barriers per pole 6
Width of the rotor tooth along d-axis (ald) mm 5.78
Thickness of rotor ribs mm 1
Width of barrier_1 (b1) mm 3.06
Width of barrier_2 (b2) mm 3.16
Width of barrier_3 (b3) mm 4.46
Distance between shaft and barrier_1 (tbl) mm 2.19
Distance between barriers 1-2 (tb2) mm 4.16
Distance between barriers 2-3 (tb3) mm 4.08
Performance

Phase voltage Vrms 220
Phase currents Arms 6.5
Current angle ° 65
Average torque Nm 20
Rated speed rpm 1500
Phase resistance @ 75°C Q 1.78
Joule losses \% 226
Iron losses \% 78
Efficiency % 90.0
Power factor 0.81
Torque ripple (no-skewed) % 6.67

Table 7. Performance of the proposed solutions

Preliminary Optimized
no-skewed skewed no-skewed
Phase current Arms 6.5 6.5 6.5
Average torque ~ Nm 19.3 18.3 20

Torque ripple % 20.1 8.1 6.67
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Fig. 12. Optimized design: torque vs. speed.

6 Conclusions

A novelty strategy to reduce the torque ripple of the synchronous reluc-
tance motor has been presented. The focus was to smooth the torque profile
by varying the dimensions of the rotor shape only without any change in
the stator core and winding and above all without rotor skewing. For this,
a commercial three-phase induction motor has been chosen substituting
the squirrel cage rotor with a multiple flux-barriers one. The new rotor
has been designed and then refined by an optimization algorithm. A new
strategy has been proposed by modelling the particular optimal design
problem as mixed integer constrained minimization of a suitable objective
function.
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