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1. Introduction

As Guest Editors of this Special Issue, it was our responsibility to ensure that the
contributions to the issue related to the extensive field of electromechanical energy con-
version, with a special focus on the design, materials, and modeling of electrical machines.
This way, electromechanical energy conversion was addressed in the context of electrical
motors, generators, and actuators. One fundamental aspect related to this conversion
process is that its efficiency and effectiveness depend on device design and the materials
used. In this context, several aspects should be considered. One is the design process
of the referred devices, which is usually carried out through extensive numerical field
computations. Nevertheless, to ensure the accuracy of these computations, the quality of
the material models that are adopted must be taken into consideration. Another aspect that
requires attention is the modeling of properties such as hysteresis, alternating and rotating
losses, and demagnetization. The characterization of the materials and their dependency
on mechanical qualities such as stresses and temperature must also be considered. Finally,
the design of the drives associated with electrical machines, when required, is another
aspect that needs to be considered for the development of the optimal global system. The
Special Issue addresses these aspects, contributing to a greater optimization of these kinds
of systems.

A brief description of the published papers in this Special Issue is presented in the
next section as a concise overview of their content.

2. A Short Review of the Contributions in This Issue

A comparison of seven different methods for determining effective magnetization
curves is presented by Tomasz Garbiec and Mariusz Jagiela [1] concerning the use of a
field-circuit multi-harmonic model of an induction machine. The accuracy of each method
was evaluated by calculating the performance characteristics of a solid-rotor induction
machine. The analyses showed that the best practical approach, even for the multi-harmonic
case, is to express the effective magnetic permeability as the ratio of the amplitudes of
the fundamental harmonics of the magnetic flux density and the magnetic field strength,
assuming a sinusoidal variation in the latter.

A new surrogate optimization routine for the design of a direct online (DOL) squirrel
cage induction motor is proposed by Aswin Balasubramanian et al. [2]. The motor geometry
is optimized to maximize its electromagnetic efficiency while respecting its constraints,
such as the output power and the power factor. This novel, efficient, and reliable surrogate
optimization routine can be applied to multiple design problems. The proposed cluster-
ing technique used in the routine allows for surrogate model accuracy while exploring
promising subsets of the design variables range.

Jordi Garcia-Amorós et al. proposed [3] a novel two-phase linear hybrid reluctance
actuator with a double-sided segmented stator using laminated U cores and an internal
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mover with permanent magnets. The permanent magnets are arranged to increase the
thrust force of a double-sided linear switched reluctance actuator of the same size, this
being the main objective together with achieving a low detente force. A comparative study
between the proposed linear hybrid reluctance actuator and a linear permanent magnet
actuator of the same size is also presented.

A novel 6/17 E-shaped stator tooth flux switching permanent magnet machine with an
added magnet in the upper apex of each dummy slot was proposed by J. Cao et al. [4]. This
proposal was derived from the conventional 6/17 E-shaped stator tooth FSPM machine.
This structure exhibits several advantages, such as lower torque ripple and lower THD of
phase back-EMF.

The importance of electrical machines and their selection in the context of renewable
energy applications associated with important infrastructures, such as the case of a water
pump, was addressed by Pires et al. [5]. Thus, an 8/6 SRM machine associated with
a multilevel converter with fault-tolerant capability was proposed. This converter was
designed with the purpose of reducing the cost of these systems and, at the same time,
improving their reliability.

Another aspect of the machine addressed in this Special Issue was the problem of
torque pulsations. In this ambit, A. Anuchin et al. proposed [6] a continuous control set
model predictive control to control the power converter using pulse-width modulation.
The solution requires small computation efforts and operates utilizing the assumption
that optimal current reference profiles for each torque reference and angular position
can be evaluated offline from the magnetization surface of the electrical machine. Thus,
knowing the current reference and magnetization surface, the voltage commands for the
PWM-driven inverter can be evaluated using simple lookup tables.

One aspect also addressed in this issue was the materials used in the electrical ma-
chines. Thus, H. Tiismus et al. presented [7] an additively manufactured soft magnetic
transformer core. This was the first time that an electromagnetic device with a fully
3D-printed magnetic core was evaluated in terms of efficiency and performance.

An algorithm to remove the DC drift from the B-H curve of an additively manufactured
soft ferromagnetic material, based on the sliding mean value subtraction from each cycle of
calculated magnetic flux density (B) signal, is presented by Bilal Asad et al. in [8]. This is
crucial for the accurate estimation of iron losses, and the measurements taken at different
flux density values show the effectiveness of the proposed method, whose benefits are
presented in the paper.

M. Sato et al. [9] propose a motor in which a composite ring made from a resin material
mixed with magnetic powder is mounted on the stator to suppress spatial harmonics. This
is a significant method to improve the efficiency of the motor at high speed.

3. Future Developments

Considerable research and investment have been focused on this area. However,
despite all of the completed work, there are still many challenges to be faced. One important
challenge that needs significant research, development, and investment is related to the
integration of electrical machines into existing systems and the new ones that are constantly
emerging. The appearance of new materials allows contributions to a greater optimization
of this process, which is permanent, and it is expected that it will be continuously developed.
This is a fundamental area for the development of more efficient machines. Another
fundamental aspect has been the modeling of electrical machines. Nevertheless, there is
still much work that needs to be undertaken in this context. Finally, the optimal design of
electrical machines in the context of a special application is another aspect that requires
further research and study.

4. Conclusions

The articles presented in this Special Issue cover important aspects of electrical machine
design and optimization. There are many topics related to electrical machines, but this
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Special Issue intends to provide a contribution to the magnetic material modeling of
electrical machines to stimulate the community and develop current research, furthering
its progress. Therefore, from our perspective, the presented papers will have practical
importance for the forthcoming developments in the field of electrical machines.
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Abstract: Computations of quasi-dynamic electromagnetic field of induction machines using the
complex magnetic vector potential require the use of the so-called effective magnetization curves,
i.e., such in which the magnetic permeability is proportional to the amplitudes of magnetic flux
density B or magnetic field strength H, not their instantaneous values. There are several definitions of
that parameter mentioned in the literature provided for the case when B or H are monoharmonic.
In this paper, seven different methods of determining the effective magnetization curves are compared
in relation to the use of a field-circuit multi-harmonic model of an induction machine. The accuracy
of each method was assessed by computing the performance characteristics of a solid-rotor induction
machine. One new definition of the effective permeability was also introduced, being a function
of multiple variables dependent on amplitudes of all the harmonics considered. The analyses
demonstrated that the best practical approach, even for the multi-harmonic case, is to express the
effective magnetic permeability as the ratio of the amplitudes of the fundamental harmonics of the
magnetic flux density and the magnetic field strength, and assuming the sinusoidal variation of
the latter.

Keywords: magnetic permeability; effective parameters; induction motor; finite element method

1. Introduction

Numerical models based on the use of the finite element method have become an indispensable
tool in the design of electrical machines. As is well known, the most accurate approach for overall
consideration of physical phenomena in an analyzed converter is the use of time-domain models.
Unfortunately, this approach usually involves significant computational cost, sometimes making its
practical application impossible. For that reason, it is justified to explore methods which allow,
particularly in the analysis of steady states, to achieve similar results, but in a much shorter
time. While analyzing induction machines, one of such methods is the use of the multi-harmonic
field-circuit model [1–9]. The results presented in [1,2,9] prove that this type of the field-circuit model
can be particularly useful when analyzing steady states of the special constructions of induction
machines (single-phase machines, high-speed solid-rotor machines). As demonstrated by Garbiec
et al., with an appropriate modification of the coupling scheme between individual sub-models, the
multi-harmonic field-circuit model makes it possible to achieve comparable calculation results with
those obtained using the time-domain model, at a calculation cost comparable to the monoharmonic
model. The multi-harmonic model in this case is understood as the De-Gersem type model formulated
using the magnetic vector potential, where permeance slot harmonics of the magnetic field distribution
in the air gap are extracted via Fourier transform of an air-gap magnetic field. These harmonics
can affect the power losses in the rotor and the electromagnetic torque developed by the machine.

Energies 2020, 13, 4670; doi:10.3390/en13184670 www.mdpi.com/journal/energies
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The magnetic field in the stator in these models is considered as a function of the fundamental time
harmonic only.

The application of the above-mentioned approach essentially involves the problem of modeling
the nonlinearity of the magnetic materials. Taking this into account in the monoharmonic field models
based on the use of the complex magnetic vector potential method is not a new task and it has been
described to date in several works, including [10–16]. They propose several different methods of
defining the so-called effective magnetic permeability based, among others, on the development of
nonlinear waveforms in the Fourier series [14,16], averaging the magnetic reluctivity [10,15,16] or
equivalence of energy stored in ferromagnetic components [10–13]. However, analyzing the conclusions
drawn in the mentioned works, it is not possible to clearly state which method of defining the effective
magnetic permeability will be most appropriate when using the multi-harmonic model with a strong
coupling, as proposed by Garbiec et al. Some of them assume the sinusoidal variation of the magnetic
flux density in calculating the effective magnetic permeability (which facilitates the calculations using
the magnetic vector potential) [12–15], while others assume that it should be determined assuming
sinusoidal variation of the magnetic field strength, or that it is insignificant for the accuracy of the
calculations [10,11,14]. The latter approach was adopted in the authors’ previous work, and satisfactory
results were achieved [9]. It was based on the results of the earlier work of the authors, where the
effective magnetic permeability defined with the assumption of the sinusoidal variation of the magnetic
field strength provided correct results, modeling a solid-rotor induction machine with the use of the
multi-harmonic field-circuit model with a weak coupling [17]. To the best of authors’ knowledge,
the research providing an analysis of the accuracy of definitions of the effective magnetic permeability
on the results of computations using multi-harmonic field-circuit models was not reported.

This paper is a continuation of works by Garbiec et al. that aim at an in-depth verification
of the De-Gersem type multi-harmonic complex model of induction machines from the point of
view of their application in designing and optimization of real machines. The authors focus on the
analysis of the impact of formulating the effective magnetic permeability. For that purpose, the basic
operating characteristics of an exemplary machine were calculated for seven different methods of
formulating the effective magnetic permeability. The first six methods use existing definitions derived
in literature. The available formulas use averaging of magnetic reluctivity in terms of mean or RMS
value. Also, the Fourier series truncated to the fundamental component and assuming sinusoidal
variation of the magnetic flux density or magnetic field strength is used [14–16]. The seventh method
considered in this paper is a new approach proposed by the authors that relies upon formulating the
so-called multidimensional effective magnetic permeability. The results of calculations were compared
with those obtained with the time-domain model and with the results of measurements performed on
the physical model under one of the previous works where the efficient computational method for fast
determination of the performance characteristics of solid-rotor induction machines was presented [17].

2. Mathematical Model

2.1. Effective Magnetic Permeability

Definition of the effective magnetic permeability, as used in the previous works of the
authors [9,14,16,17], is the reference point for the considerations presented herein:

μI
(
Hpk

)
=

2
πHpk

∫ π

0

(
μDC

(
Hpk sinα

)
Hpksinα

)
sinαdα, (1)

where Hpk—amplitude of the sinusoidal magnetic field strength H, andμDC—DC magnetic permeability.
The above definition corresponds to the ratio of the fundamental harmonic amplitude of the magnetic
flux density waveform (obtained on the assumption of the sinusoidal variation of the magnetic
field strength) and Hpk. This approach requires a successive determination of the magnetic field
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strength in a given iteration of the algorithm based on the knowledge of its value determined in the
previous iteration.

Assuming the sinusoidal variation of the magnetic field strength, two further definitions can be
introduced [16]:

μII
(
Hpk

)
=

π∫ π
0 νDC

(
Hpk sinα

)
dα

, (2)

μIII
(
Hpk

)
=

1√
1
π

∫ π
0 ν

2
DC

(
Hpk sinα

)
dα

, (3)

where νDC = 1
μDC

. The expressions (2) and (3) correspond to the inverse of the mean value and the
inverse of the RMS value of the magnetic reluctivity obtained for the half of the period.

Similarly, the definitions of the effective magnetic permeability can be derived, assuming the
sinusoidal variation of the magnetic flux density B with the amplitude Bpk [15,16]:

μIV
(
Bpk

)
=

πBpk

2
∫ π

0

(
νDC

(
Bpk sinα

)
Bpk sinα

)
sinαdα

, (4)

μV
(
Bpk

)
=

π∫ π
0 νDC

(
Bpk sinα

)
dα

, (5)

μVI

(
Bpk

)
=

1√
1
π

∫ π
0 ν

2
DC

(
Bpk sinα

)
dα

. (6)

Each of those definitions assumes that the magnetic saturation coefficient of the ferromagnetic
material is a function of the fundamental harmonic of the magnetic field only, expressed by B or H. The
definitions (1), (3), (5) and (6) are taken from the literature, whereas (2) and (4) are the equivalents of (5)
and (1), respectively.

2.2. Analyzed Machine

In this work, the effect of how the effective permeability is taken into account was examined on
the example of a high-speed induction machine with a uniform solid rotor analyzed previously by
Garbiec et al. The basic data of the considered motor is presented in Figure 1 and Table 1.

 

(a) (b) 

Figure 1. Solid-rotor induction machine taken into consideration: (a) dimensions of the stator package
(cross section area), (b) dimensions of the rotor.
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Table 1. Basic specifications of tested induction motor.

Parameter Value

Operation frequency (ω) 2000π rad/s
Number of pole pairs (p) 2

RMS phase voltage 50 V
Phase resistance 0.62 Ω

End-winding leakage 98 μH
Rotor conductivity 5.2 MS/m
Machine length (lz) 32 mm

Number of stator slots 24

A field-circuit multi-harmonic model with a strong coupling was developed for the analyzed
machine. Based on the results of the analysis presented in by Garbiec et al., it was decided to reduce
the number of the rotor models to three, i.e., those related to the fundamental harmonic of the magnetic
field in the air gap and two most influential higher slot harmonics with ordinal numbers—11 and 13.
Neglecting the rotor-end effects the system of equations describing the model takes the form [9]:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
M11

(
μe f f

)
M12 M13

M21 M22 0
M31 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ϕ
_

I
_

λ
_

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0
E
_

0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (7)

where: M11—matrix describing the magnetic and electrical properties of materials, M12 =

−MT
21/(jωlz)—matrix describing the distribution and connection method of the stator winding,

M13 = MT
31—matrices describing coupling between the rotor models and the stator model, M22—stator

winding impedance matrix, ϕ
_

—vector of the nodal values of the complex magnetic vector potential,

I
_
—vector of the amplitudes of the loop currents in the stator winding, λ

_
—vector of complex circulations

of the magnetic field strength vector, E
_
—vector of the complex voltage amplitudes in the loops in the

stator winding circuit.
For a comparison, in this paper, calculations were also carried out using a developed

complementary time-domain model which uses the DC magnetization curves. The equations for such
a model after discretization via Galerkin procedure and the implicit Euler method take the form:

⎡⎢⎢⎢⎢⎣ S(μDC) + GΔt−1 −DTKT

lzKDΔt−1 K
(
R + LΔt−1

)
KT

⎤⎥⎥⎥⎥⎦
n[

ϕ

i

]n
=

[
GΔt−1 0

lzKDΔt−1 KLΔt−1KT

]n−1[
ϕ

i

]n−1

+

[
0

Ke

]n−1

, (8)

where: S—reluctivity matrix, G—conductivity matrix, D—matrix describing the winding, K—matrix
describing the winding connection method, R—winding resistance matrix, L—winding leakage
inductivity matrix, Δt—integration step, ϕ—vector of nodal values of the vector magnetic potential,
i—vector of instantaneous values of the stator currents, e—vector of the instantaneous supply voltages
values. The rotational movement was modeled using the moving band technique. The computing cost
for the multi-harmonic model (when choosing an appropriate coupling scheme) is of the order of a per
cent compared to that using the time-domain model [9]. This is the main reason for developing the
model described by the Equation (7), however, in this paper the authors focus on the accuracy rather
than on the computing cost. The nonlinearity in both above formulated computational problems is
solved iteratively by updating, respectively μe f f and μDC from iteration to iteration unless the relative
change of solution is below a prescribed value.

Based on the DC magnetization curves for the stator and rotor materials, the effective magnetization
curves were determined according to (1)–(6) (Figure 2). For saturated material, each effective
magnetization curve is noticeably characterized by higher magnetic flux density values compared to
the characteristic for the direct current. At a low level of magnetic saturation, the effective curves ale

8



Energies 2020, 13, 4670

very close to the DC curve. Furthermore, a relatively small difference is found for different curves
determined assuming the sinusoidal variation of the magnetic flux density for the rotor material.
Moreover, the curves calculated with the assumption of a sinusoidal variation of the magnetic flux
density are closer to the DC curve than the case with the assumption of a sinusoidal variation of the
magnetic field strength. Additionally, curves (4)–(6) are closer to each other than (1)–(3). This is due to
the completely different shape of the magnetic flux density waveforms (magnetic field strength) in the
case when the magnetic field strength (magnetic flux density) is sinusoidal.

(a) 

(b) 

Figure 2. Effective magnetization curves determined from the expressions (1)–(6): (a) stator, (b) rotor.

3. Calculation Results

The magnetization curves shown in Figure 2 were used to determine three basic operational
characteristics of the machine (electromagnetic torque, RMS phase current, power losses in the rotor)
vs. rotational speed at two different supply voltages (phase voltages), i.e., 50 V (rated) and 75 V
(150% of the rated value) without changing the frequency of power supply. Note that the effective
magnetic permeability for the rotor models is determined in each iteration based on the knowledge of
the magnetic field strength distribution (expressions (1)–(3)) or magnetic flux density ((4)–(6)) only
for the rotor model associated with the fundamental harmonic of the magnetic field distribution.
The characteristics calculated were compared with the results of calculations using time-domain model,
as described in Section 2. It should be kept in mind that the considered multi-harmonic model, despite
the associated mathematical burden, is a simplified approach. This simplification can be observed in
e.g., the obtained steady-state distributions of the magnetic flux over the machine cross-section shown
in (Figure 3). Based on the results of that comparison, two groups of characteristics were created
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(Figure 4) showing the total relative percentage calculation error for the three determined quantities
(electromagnetic torque, RMS phase current, power loss in the rotor) in relation to the calculation
results obtained from the model (8):

ε =
εT+εI+εP

3
× 100%, (9)

where: εT =
∣∣∣∣Tt−Tp

Tt

∣∣∣∣, εI =
∣∣∣∣ It−Ip

It

∣∣∣∣, εP =
∣∣∣∣Pt−Pp

Pt

∣∣∣∣, Tt, It, Pt—respectively, electromagnetic torque, stator
RMS phase current, power loss in the rotor calculated with the model formulated in the time domain,
Tp, Ip, Pp—respectively, electromagnetic torque, stator RMS phase current, and power loss in the rotor
calculated using the multi-harmonic model. Table 2 shows the averaged values of that indicator against
the entire speed range considered.

 
(a) (b) 

Figure 3. Comparison of sample distributions of magnetic flux over cross section of the motor at rotor
slip equal to 10%: (a) time-domain model, (b) multi-harmonic model with all harmonics considered
(the magnetic field in the rotor area is a sum of the complex magnetic vector potential distributions
obtained from solution of (7) for the individual rotor submodels).

(a) 

(b) 

Figure 4. Variation of relative error (9) vs. rotational speed using various methods of calculating the
effective magnetic permeability for the RMS phase supply equal to: 50 V (a), and 75 V (b).
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Table 2. Averages percent value of the relative error for N = 11 considered points of the curves.

Parameter μI μII μIII μIV μV μVI∑N
i=1 εi
N for 50 V 7.75 12.57 10.54 8.72 8.03 8.64∑N

i=1 εi
N for 75 V 9.75 15.17 12.18 10.46 10.04 10.49

Out of the definitions of the effective magnetic permeability considered, noticeably the best results
were achieved using μI (originally used in calculations). Slightly worse results (except for the locked
rotor state) can be obtained with the definitions assuming the sinusoidal variation of the magnetic
flux density. On the other hand, an interesting conclusion is that the method how the nonlinearities
are taken into account has practically no impact on the results of calculations for near-synchronous
rotational speeds. It is caused by a much lower saturation of the rotor surface, crucial from the point of
view of the machine properties, and consequently use by the time-harmonic model (7) similar values
of effective permeability (see Figure 2). An increased error in the range of nominal operation point
(21–27 krpm) is an adverse trend observed. However, note that the waveforms of the global error
indicator shown in Figure 4 provide information on the discrepancy in the results of calculations
of power losses in the rotor (εP). The results of those calculations are distinguished by the greatest

discrepancy (for μI and N = 11 considered points of the curve
∑N

i=1 εPi
N = 15.42% at 50 V and 19.32% at

75 V), thus overestimate the global error indicator. In the rotational speed range from 21,000 rpm to
27,000 rpm, the average electromagnetic torque error and the RMS current error is 7.56% and 1.43% at
50 V, 10.93% and 1.67% at 75 V, respectively.

Calculating the effective magnetic permeability based on the distribution of the magnetic field
strength or magnetic flux density, determined only for the model associated with the fundamental
field harmonic in the machine air gap, can raise doubts. To take into account the impact of the higher
harmonics and to assess the error related to this assumption, a new definition of the multidimensional
effective magnetic permeability was proposed:

μVII
(
H1pk, H11pk, H13pk

)
=

√
B2

1pk + B2
11pk + B2

13pk√
H2

1pk + H2
11pk + H2

13pk

, (10)

where H1pk, H11pk, H13pk are the magnetic field strength amplitudes related to the fundamental, eleventh
and thirteenth harmonics of the field and

Bnpk =
2
π

∫ π
0 μDC

(
H1pk sinα+ H11pk sin 11α+ H13pk sin 13α

)
(
H1pk sinα+ H11pk sin 11α++H13pk sin 13α

)
sin nαdαforn = 1, 11, 13

(11)

For zero values of the higher harmonics, the definition (10) is equivalent to (1). This approach
only slightly complicates the model implementation (in each algorithm iteration the distribution of
the magnetic field strength in all considered rotor models needs to be obtained). An advantage of
this expression, however, is the fact that effective permeability can be expressed before starting the
calculations, without knowing the individual amplitudes. For the expression (10), it is possible since
Bnpk does not depend on the phase angles of individual harmonics. In general, this occurs when the
frequencies of the higher harmonics are the multiples of the fundamental harmonic. The value of the
multidimensional effective permeability is determined only once as a multidimensional table for the
assumed variability ranges of individual harmonics of the magnetic field strength. Figure 5 shows
the determined distribution of this quantity assuming that H13pk = 0 A/m. The multidimensional
permeability determined was used again for calculations and compared with the results obtained
for (1). The result of that comparison is shown in Table 3. As can be seen, the application of the
multidimensional effective permeability brings only slight improvement to the accuracy of calculation
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results. This is due to relatively low magnetic field strength values in the areas of the models associated
with the slot harmonics, as illustrated in Figure 6.

Figure 5. Relative multidimensional effective permeability calculated for the DC magnetization curve
of the rotor, assuming zero value of the magnetic field strength of the thirteenth harmonic.

Table 3. Averages percent value of the relative error for N = 11 considered points of the curves.

Parameter μI μVII∑N
i=1 εi
N for 50 V 7.75 7.62∑N

i=1 εi
N for 75 V 9.75 9.59

(a) 

(b) 

Figure 6. Comparison of the magnetic field strength values in the individual elements creating FE rotor
mesh for the rotor models associated with the considered harmonics for a 20% slip: (a) at 50 V, (b) at
75 V.
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4. Physical Validation

The analysis demonstrated that, from a practical point of view, it is sufficient to assume the first
definition of the effective magnetic permeability, both due to the accuracy of calculations, and ease of
implementation. It should be mentioned that, when adopting the sinusoidal variation of the magnetic
field strength in determining the effective magnetic permeability, the fixed point method is applied in
the multi-harmonic model to solve the nonlinearity problem, which is easy to implement, and it is
distinguished by good convergence quality in case of time-harmonic magnetic fields. In the latter case,
it is recommended to use the Newton–Raphson method [16].

The model developed, together with the first definition of the effective magnetic permeability,
was applied to calculate the RMS current of a real machine (supplied via a quasi-square wave voltage
inverter, fundamental frequency of supplying voltage equal to 500 Hz) with three different solid rotors
tested by Garbiec and to compare the results with the calculations performed using a model with a
weak coupling the same definition of the effective magnetic permeability applied (see Figure 7).

μ μ

 

 

(a) (b) 

Figure 7. Comparison of the ideas of the different multi-harmonic model: (a) model with the weak
coupling, (b) model with the strong coupling.

As it can be seen in the figure the idea of using the model with the strong coupling is to
simultaneously solve the problem composed of a few submodels (the stator model and rotor models
associated with the considered harmonics) coupled by appropriate boundary conditions imposed
on the interface boundary in the air gap. This formulation results in one system of equations and
determination of the magnetic vector potential distribution for all models via single solution of (7).
The interface conditions in the air-gap are formulated with the use of matrix operators of the Fourier
transform and the inverse Fourier transform, as shown in Garbiec at. al, enforce the propagation of only
the selected harmonics of the air-gap field distribution between the stator model and the considered
rotor models. All rotor models act via the same constraint on the stator model. In the considered
model with the weak coupling, the monoharmonic field-circuit model is used. The power loss due to
slot harmonics is estimated by means of extraction of these harmonics from the calculated distribution
of the magnetic vector potential. In this way it is possible to solve the field problem limited to only
the area of rotor. In this approach the power factor, torque and stator current can be appropriately
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corrected, although there is no backward relationship, i.e., the air-gap field remains unaffected by these
effects. To this end, it was also necessary to take into account the rotor-end effect [18].

The physical test-stand and result of the comparison of computed and measured data for the
machine with different rotors is shown in Figure 8. With the application of the multi-harmonic model
with the strong coupling and with the modified sub-model coupling scheme, it was possible to achieve
practically identical calculation results, yet in a shorter time by approx. 30%. The errors found result
mainly from supplying the physical model via a quasi-square wave voltage inverter (in numerical
models, the pure sine-wave voltage supply with an RMS value equal to the RMS value of the measured
voltage is assumed).

(a) 

(b) 

Figure 8. Cont.
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(c) 

(d) 

Figure 8. Comparison of calculation results with the multi-harmonic model with the weak coupling to
those of calculations with the multi-harmonic model with the strong coupling, with the measurement
results [17]. (a) Physical test-stand, (b) RMS current vs. rotor speed for the machine equipped with
an uniform rotor, (c) RMS current vs. rotor speed for the machine equipped with a slitted rotor with
uniform end regions, (d) RMS current vs. rotor for a machine equipped with a slitted rotor with slits
through the whole length.

5. Conclusions

The comparison of various methods for calculating the effective magnetic permeability for a
multi-harmonic model of a solid-rotor induction machine carried out in the study proved that, from a
practical point of view, the best results are obtained using the basic definition, described by Equation
(1). Determining the effective magnetic permeability as the ratio of the magnitudes of the fundamental
harmonics of the magnetic flux density and the magnetic field strength calculated assuming the
sinusoidal variation of the latter allows for an easy implementation of the algorithm which is important
from practical point of view. Furthermore, it was demonstrated that, in the studied case, the most
influential magnetic saturation effects come from the fundamental harmonic of the magnetic field
which means that the slot harmonics of the air-gap magnetic flux density do not have to be computed
in that process. For the same definition of the effective magnetic permeability and an appropriate
modification of the coupling scheme, it is possible to obtain practically the same results as in the case
of the multi-harmonic model with the weak coupling, but yet in a shorter time. Another step to take
will be to conduct detailed research using the developed model to analyze the magnetic saturation
effects in the squirrel cage induction machines with both three- and single-phase windings.
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Abstract: This paper proposes a new surrogate optimization routine for optimal design of a direct
on line (DOL) squirrel cage induction motor. The geometry of the motor is optimized to maximize
its electromagnetic efficiency while respecting the constraints, such as output power and power
factor. The routine uses the methodologies of Latin-hypercube sampling, a clustering technique and a
Box–Behnken design for improving the accuracy of the surrogate model while efficiently utilizing the
computational resources. The global search-based particle swarm optimization (PSO) algorithm is
used for optimizing the surrogate model and the pattern search algorithm is used for fine-tuning the
surrogate optimal solution. The proposed surrogate optimization routine achieved an optimal design
with an electromagnetic efficiency of 93.90%, for a 7.5 kW motor. To benchmark the performance of
the surrogate optimization routine, a comparative analysis was carried out with a direct optimization
routine that uses a finite element method (FEM)-based machine model as a cost function.

Keywords: induction motors; surrogate optimization; Box–Behnken design; Latin-hypercube sam-
pling; clustering; particle swarm optimization; pattern search

1. Introduction

Electrical machines have a wide range of use cases, from household utilities to indus-
trial applications, which consume a huge share of all the generated electrical energy [1]. To
reduce the global greenhouse gas emissions, it is important to design electrical machines
with high energy efficiency. The characteristics of the electrical machines are usually an-
alyzed with a finite element method (FEM)-based electromagnetic simulation for better
accuracy. The output characteristics of the electrical machine are highly sensitive to the
design variables and the global search optimization algorithms, such as particle swarm
optimization (PSO) or genetic algorithm (GA), require many model evaluations to reach
the desired optimal solution [2,3]. This causes the optimization process with a FEM-based
machine model as a cost function to be computationally expensive [4]. To utilize the time
and computational resources efficiently, surrogate optimization techniques are used to
optimize the electrical machines, which requires only a few FEM simulations for evaluation.

Response surface methodology (RSM) is a technique used to develop a polynomial
function for a complex FEM-based multi-physics model, which defines the relationship
between design variables and the output response of an electrical machine [5–9]. This
polynomial model can be used with an optimization algorithm to search for the optimal
solution. The Box–Behnken design, one of the popular response surface approaches, is used
in conjunction with the FEM-based machine model to generate second-order polynomial
functions for objective and constraints of the electrical machine [10–14]. The range of the
boundaries of the design variables affect the accuracy of the polynomial function and in
turn the optimal solution of the electrical machine.

In this article, a novel surrogate optimization routine is proposed for optimizing a
three-phase direct on line (DOL) squirrel cage induction motor. The rotor bars of the
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induction machine are not skewed for the sake of the demonstration of the surrogate
optimization routine. The aim of the new routine is to discretize the problem domain into
a number of subdomains for improving the accuracy of the polynomial models for a better
search of the optimal solution, while efficiently using the computational resources with
a smaller number of FEM simulations. To utilize the full capacity of the computational
resource, the routine is programmed in such a way as to handle 15 FEM simulations in
parallel. The methodologies used in the optimization process are Latin-hypercube sampling
for design of the experiments, a clustering algorithm for dividing the problem domain and
a Box–Behnken design as a response surface approach. The particle swarm optimization
(PSO) algorithm is used for optimizing the polynomial functions of the response surfaces,
while a pattern search algorithm is used for fine-tuning the surrogate optimal solution
from the PSO. For the purpose of visualization, the proposed surrogate optimization
routine is demonstrated with a simplification of the design problem, leaving three design
variables. Validation of the results from the proposed surrogate optimization routine for
a multivariate design problem is performed by comparing it to the direct optimization
routine, which uses FEM simulation as a cost function.

2. Optimization Problem

The electrical machine analyzed in the optimization problem is a three-phase squirrel
cage induction motor for a direct online industrial application. The electrical steel core
material used in the motor is M400-50A and the rotor cage is made of aluminum. The goal
of the optimization problem is to maximize the electromagnetic efficiency, η, satisfying
the constraints of the output power, Pout, and power factor, PF, for a given volume of the
machine. The outer diameter of the stator, Dse, and axial length of the machine, l, are
fixed so that the volume of the machine remains constant throughout the optimization
process. The rotor end-ring overhang length, loh, is kept constant so that the cross-section
area of the end ring depends only on the height of the rotor slot. The specifications
and fixed parameters of the induction motor for the optimization problem are shown
in Table 1. The objective and constraints of the optimization problem are specified in
Table 2. The optimization variables and their ranges for the induction motor are shown
in Figure 1 and Table 3. The analysis of the machine design is done with timestepping
simulation of a 2D finite element solver software, FCSMEK, developed by the research
group of electromechanics at Aalto university [15]. The simulation of the timestepping
analysis computes the electromagnetic characteristics of electrical machines by solving the
circuit and field equations with the Crank–Nicholson timestepping method. The time is
discretized at short time intervals and the magnetic field, currents, and potentials of the
windings are solved at successive instants of time. The rotation of the rotor is accomplished
by changing the finite element mesh in the air gap. The non-linear system of equations
obtained at each timestep is solved using the Newton–Raphson method. The core losses
are evaluated using the modified Jordan loss equation with a two-component loss model,
namely with eddy current loss and hysteresis loss. The excess losses are included in the
dynamic eddy current loss computation [15]. For simplicity, the mechanical losses and
other manufacturing losses are not considered for comparing the results of the optimal
solutions. Hence, the electromagnetic efficiency η is computed as shown in Equation (1).

η =
Pin − Pelec

Pin
× 100% (1)

where Pin is the input power of the induction motor and Pelec is the electromagnetic loss of
the induction machine, which is comprised of iron losses and copper losses of the stator
and rotor. The steady state temperature of the stator and rotor are considered as 80 ◦C and
100 ◦C, respectively, for the simulation.
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Figure 1. Optimization variables of the induction motor.

Table 1. Specifications and fixed parameters of the induction motor.

Parameter Value

Output power, Pout [W] 7500

Line voltage, Ul [V] 400

Frequency, f [Hz] 50

Number of poles, p 4

Filling factor-stator slot, KCu 0.6

Number of conductors-stator slots, ZQs 28

Number of parallel paths-stator windings, a 2

Number of stator slots, Ns 48

Number of rotor slots, Nr 44

Axial length of the machine, l (mm) 220

Stator outer diameter, Dse (mm) 227.7

Rotor inner (shaft) diameter, Dye (mm) 48.98

End-ring overhang length, loh (mm) 40

Conductivity—aluminum (20 ◦C), σAl [S/m] 35.5 × 106

Conductivity—copper (20 ◦C), σCu [S/m] 57 × 106

Table 2. Objective and constraints of the optimization problem.

Objective Goal

Electromagnetic efficiency, η (%) To maximize the electromagnetic efficiency, η

Constraints Range

Output power, Pout [W] 7500 ≤ Pout ≤ 7600

Power factor, PF PF ≥ 0.78
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Table 3. Optimization variables and their range.

Optimization Variables Range

Stator inner diameter, Ds (mm) 120 ≤ Ds ≤ 150

Stator tooth width, bds (mm) 2 ≤ bds ≤ 4

Stator yoke width, hys (mm) 10 ≤ hys ≤ 30

Slip, s (%) 1 ≤ s ≤ 2.1

Air gap width, δ (mm) 0.4 ≤ δ ≤ 0.7

Rotor slot upper width, b4r (mm) 3 ≤ b4r ≤ 6

Rotor slot lower width, b5r (mm) 0.5 ≤ b5r ≤ 2

Rotor yoke width, hyr (mm) 2 ≤ hyr ≤ 15

3. Response Surface Methodology Optimization with Box–Behnken Design

Response surface methodology (RSM) is a set of mathematical and statistical tech-
niques used to draw a relationship between control variables (inputs) and output response.
This relationship can be approximated into a polynomial model, which can be useful in
predicting the response of the control variables, hypothesis testing and finding the optimal
condition of the variable settings [16]. In practice, the response surface methodology can
be applied to simulate experimental results or for constructing a surrogate function of a
computationally expensive multi-physics model. Optimizing the geometric variables of
the induction motor directly with the finite element model is computationally expensive.
In this article, for boundary-constrained input variables the RSM is used for approximating
the electrical quantities of an induction machine into a second-order polynomial model.
The second-order polynomial model that describes the functional relationship of the RSM
between the control variables and the output response is as shown in Equation (2) [17].

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i +

k−1

∑
i=1

k

∑
j=i+1

βijxixj (2)

where y is the output response, xi and xj are the input control variables, β0, βi, βii, andβij
are the coefficients of the input control variable terms, and k is the number of control
variables. The coefficients are estimated as shown in Equation (3).

β = [XTX]
−1

XTY (3)

where X is the matrix of input control variables sampled at multiple points and Y is the
corresponding output response vector. The surrogate function shown in Equation (2) works
well for interpolation of design variables to predict the output response, but prediction
of output response by extrapolation of design variables can be inaccurate. One of the
commonly used designs for determining the response surface, as shown in Equation (2),
is the Box–Behnken design codeveloped by Box and Behnken in 1960 [18]. If the control
variable space is defined as a cube, then the sample points are taken at the geometric center
of the cube and at the middle points of the edges of the cube. The Box–Behnken design
sample points represented for a three-dimensional control variable space are shown in
Figure 2. Positioning sample points in this way preserves a uniform variance within the
definition of the hyper-cube [18]. The number of sample points, N, for a given number of
control variables is shown in Equation (4) [19].

N = 2k(k − 1) + C0 (4)

where k is the number of design variables and C0 is the number of center points.
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Figure 2. Box–Behnken design represented for a 3-dimensional variable space.

The Box–Behnken design was applied to the problem of an induction machine as
described in Section 2 for performing the surrogate optimization. The process flow of
optimization with the Box–Behnken design is presented in Figure 3. For easier represen-
tation, the optimization variables presented in Table 3 are assumed as x1, x2, x3. . . , x8 in
their respective order. Based on the optimization variable boundaries from Table 3, the
Box–Behnken design sample points were created for the variables as an eight-dimensional
hypercube. These samples were simulated with FCSMEK finite element software for calcu-
lating their corresponding response characteristics, such as efficiency, η, output power, Pout,
and power factor, PF. The relationship between the optimization variables and the output
response was established as a second-order polynomial function as shown in Equation (2).
The coefficients of the polynomial terms were calculated from the predetermined out-
put responses by FEM simulations sampled at Box–Behnken sample points as shown in
Equation (3). The polynomial response functions for the surrogate optimization problem
are presented in Appendix A. These surrogate functions were used as the cost function
of the PSO algorithm. A population of 1000 particles of the PSO was initialized with the
Latin-hypercube sampling method.

Figure 3. Flow chart: optimization with Box–Behnken design.

The objective and constraints of the problem are as shown in Table 2. The optimal
motor design from Box–Behnken design is validated with FEM simulation as shown in
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Table 4. It is observed that a difference in the result of the objective electromagnetic
efficiency, η, between the surrogate optima and its FEM validation is considerably high.
Moreover, the optimal solution does not respect the constraints of the output power,
Pout, and the power factor, PF, coupled with a high margin of error. The accuracy of
the surrogate functions is impacted by the application of the Box–Behnken design to a
large design variable space. Hence, a new optimization routine is proposed in this article
(Section 6) for improving the accuracy of the surrogate functions resulting in an improved
optimal solution.

Table 4. FEM validation of the optimal solution from Box–Behnken design

Output Response Box–Behnken Design FEM Validation Difference

Electromagnetic efficiency, η 95.30% 93.31% 2.13%

Output power, Pout 7500.28 W 7131.98 W 5.18%

Power factor, PF 0.7860 0.7267 8.16%

4. Latin-Hypercube Sampling

Latin-hypercube sampling is a statistical method for selecting near-random samples
from the input variable space, proposed by McKay, Beckman, and Conover [20]. It uses
a sampling scheme of stratification to improve the distribution of samples in the input
variable space. To select n Latin-hypercube samples for a sampling function with xi =
(x1, x2) as input variables, the range of each of the xi is stratified into n equiprobable
intervals. One observation is selected at random from each of the n intervals. These
observations corresponding to x1 and x2 are matched at random to form n Latin-hypercube
samples. A set of five samples generated with the Latin-hypercube sampling method for
the input variables of xi = (x1, x2) is shown in Figure 4. The Latin-hypercube sampling
method is widely used in the design of experiments for various applications of computer
modeling [21–23]. In this article, the Latin-hypercube sampling method is used in the
proposed optimization routine for selecting samples that satisfy a set of criteria and for
initializing the first swarm of the PSO algorithm.

Figure 4. Latin-hypercube sampling.

22



Energies 2021, 14, 5042

5. Clustering

Clustering is a method involved in partitioning a given dataset into different groups
or clusters. The data that are mapped to a particular cluster tend to have similar charac-
teristics and follow a similar pattern [24]. Clustering helps in classifying and analyzing
large datasets, which can be applied in fields of machine learning, data science, pattern
recognition, image processing, and bioinformatics [25–27]. The k-means is one of the oldest
computational techniques used in solving clustering problems, based on the algorithm
proposed by Lloyd [28]. If an integer k is chosen for partitioning a dataset into k clusters
and n is the number of data points of the dataset, the goal of Lloyd’s (k-means) algorithm
is to find k centroids so as to minimize the potential function, γ. The potential function γ is
a measure of the total squared Euclidean distance between each data point and its closest
centroid, as shown in Equation (5).

γ =
k

∑
j=1

m

∑
i=1

∥∥xi + cj
∥∥2

(5)

where m is the number of data points in the jth cluster, xi and cj are the data points
and centroid of the jth cluster. Since Lloyd’s (k-means) algorithm involves selecting the
initial k centroids uniformly at random from the dataset, it suffers from inconsistency and
accuracy issues. Arthur and Vassilvitskii proposed a randomized seeding technique for
selecting the initial centroids of the k-means and combined it with the original k-means
algorithm to call it the k-means++ algorithm with improved speed and accuracy [29]. A
set of randomly generated samples clustered with the k-means++ algorithm is shown in
Figure 5. In the proposed surrogate optimization routine, the k-means++ algorithm is
used in partitioning the samples created from design variables into different clusters. In
a multi-variable clustering problem, the variables can have varying scales of magnitude
and incomparable units. Thus, it is required to apply the feature scaling technique to
normalize the data for standardization. Z-score transformation is one of the successful
standardization techniques utilized before applying the k-means clustering method to a
dataset [30]. Equation (6) is used to estimate the Z-score,

x′ = x − x
σx

(6)

where x is the variable vector that needs to be standardized, x and σx are the mean and
standard deviation of the vector x, and x′ is the transformed variable vector that implies
the z-score.

Figure 5. A set of randomly generated samples clustered with the k-means++ algorithm.
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6. The Proposed Surrogate Optimization Routine

To overcome the issue in the accuracy of the surrogate model as shown in Section 3, a
new surrogate optimization routine is proposed for the induction machine problem. The
concepts of Latin-hypercube sampling, clustering, and Box–Behnken design are used in the
proposed optimization routine, and algorithms such as PSO and pattern search are used
for optimizing the control variables of the problem statement. The proposed optimization
routine is divided into two parts, namely a surrogate optimization part and a pattern search
part, which are presented as flow charts in Figures 6 and 7, respectively. The implementa-
tion of the surrogate optimization routine was carried out with MATLAB programming.

Figure 6. Flow chart: proposed optimization routine—part 1 (surrogate optimization).

Figure 7. Flow chart: proposed optimization routine—part 2 (pattern search).

The surrogate optimization part begins with the design of experiments using the
Latin-hypercube sampling method. The design variables shown in Table 3 were sampled
for 500 Latin-hypercube samples within the boundaries of the variable design space. These
samples were simulated with FCSMEK finite element software for calculating their output
responses, including electromagnetic efficiency, η, output power, Pout, and power factor,
PF. A set of criteria (satisfying the threshold values of the output responses) was devised
to select a set of samples from the design of experiment. The design variables of the
selected samples were standardized as shown in Equation (6), and clustered with the
k-means ++ algorithm into different groups or clusters. The optimality of the number
of clusters was evaluated by the MATLAB built-in function evalclusters using the gap
statistics criterion [31,32]. The domain of the optimization problem was divided into n
clusters and within those clusters, new boundaries of the design variables were established.
The surrogate optimization process with Box–Behnken design as explained in Section 3
was applied to each cluster. At the end of the surrogate optimization, n surrogate optimal
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solutions were obtained. The accuracy of the surrogate optimal solutions was validated
with timestepping FEM simulation.

The surrogate optimal solutions were used for initializing the pattern search opti-
mization algorithm. The goal of the pattern search algorithm is to search for an optimal
solution in the vicinity of the surrogate optimal solution, which improves the objective of
the optimization problem while respecting the constraints. The FEM simulation was used
as a cost function for the pattern search algorithm. The final improved optimal solution
was obtained at the end of the pattern search optimization process.

7. Results

7.1. Visualization of a 3-Variable Optimization

A three-variable optimization problem for an induction machine is demonstrated to
visualize the flow of the proposed surrogate optimization routine as shown in Figure 8.
The stator inner diameter, Ds, stator yoke width, hys, and slip, s, from Table 3 were chosen
as the design variables and the remaining variables were fixed to constant values. The
objective and constraints of the optimization problem are presented in Table 2. A set
of 500 samples of the optimization variables were generated using the Latin-hypercube
sampling method as shown in Figure 8a. These samples were simulated with FCSMEK
finite element software to calculate the respective output responses. Selection criteria
based on the output response of the samples as presented in Table 5 were applied to the
Latin-hypercube samples to pick the samples of interest, as shown in Figure 8b. These
samples were clustered into different groups as shown in Figure 8c. The Box–Behnken
domain of each of the groups was as shown in Figure 8d. The surrogate optimal solution
was computed and validated with FEM simulation for each of the clusters. The best
solution of the surrogate optimization from one of the clusters is presented in Table 6. It
is seen that the difference in the computation of the surrogate optimal solution has been
reduced considerably when compared with the results from Table 4, but the constraint of
the output power Pout is not respected. The pattern search algorithm with FEM simulation as
the cost function was applied to the surrogate optimal solution to search for a better solution
in its vicinity. The objective and design variables of the optimal solution from the surrogate
optimization part and pattern search part are compared in Tables 7 and 8. It can be seen that
the pattern search algorithm found a marginally better solution in the neighborhood of the
surrogate optimal solution, while respecting the constraints of the optimization problem. The
electromagnetic efficiency, power factor and electromagnetic losses are compared for various
load points in Tables 9 and 10.

Table 5. Sample selection criteria from the Latin-hypercube sampling method.

Output Response Sample Selection Criteria

Electromagnetic efficiency, η (%) η ≥ 91

Output power, Pout [W] 7000 ≤ Pout ≤ 8000

Power factor, PF PF ≥ 0.75

Table 6. Validation of surrogate optimal solution of the proposed optimization routine (part 1—surrogate optimization)
with FEM simulation 3-variable optimization problem.

Output Response Surrogate Optima FEM Validation Difference

Electromagnetic efficiency, η 93.63% 93.64% 0.01%

Output power, Pout 7599.97 W 7614.76 W 0.19%

Power factor, PF 0.7800 0.7825 0.32%
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Table 7. Surrogate optimal solution compared with the improved optimal solution (part 1—surrogate optimization vs. part
2—pattern search) of the proposed optimization routine 3-variable optimization problem.

Output Response Optimal Solution (Part 1) Optimal Solution (Part 2) % Increase

Electromagnetic efficiency, η 93.64% 93.66% 0.021%

Output power, Pout 7614.76 W 7572.32 W −0.56%

Power factor, PF 0.7825 0.7801 −0.31%

(a) Latin-hypercube sampling (b) Selection of samples respecting the set criteria

(c) Clustering (d) Box–Behnken domain of the clustered samples

Figure 8. Visualization of the process involved in the proposed surrogate optimization routine.

Table 8. Comparison of design variables of the optimal solution (part 1—surrogate optimization
vs. part 2—pattern search) from the proposed surrogate optimization routine 3-variable optimiza-
tion problem.

Design Variables Optimal Solution (Part 1) Optimal Solution (Part 2)

Stator inner diameter, Ds (mm) 147.54 146.65

Stator yoke width, hys (mm) 17.01 17.27

Slip, s (%) 1.12 1.12
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Table 9. Comparison of electromagnetic efficiency and power factor for various load points of the
optimal design 3-variable optimization problem.

Output Response Load (100%) Load (75%) Load (50%)

Electromagnetic efficiency, η 93.66% 93.74% 92.97%

Power factor, PF 0.7801 0.7122 0.5888

Table 10. Comparison of losses for various load points of the optimal design 3-variable optimiza-
tion problem.

Losses Load (100%) Load (75%) Load (50%)

Stator losses, Pstator 335.81 W 251.63 W 195.66 W

Rotor losses, Protor 177.18 W 124.02 W 88.06 W

Total electromagnetic losses, Pelec 512.99 W 375.65 W 283.72 W

7.2. Multivariate Optimization

The proposed surrogate optimization routine was applied to a multivariate optimiza-
tion problem as specified in Section 2. The selection criteria of the samples based on its
output response for the clustering process were as shown in Table 5. The output response of
the surrogate optimal solution from one of the clusters was validated with FEM simulation
as presented in Table 11. It was found that difference in the output responses has been
reduced considerably when compared with the solution presented in Table 4. The decrease
in difference of the output response leads to the surrogate optimal solution respecting the
set of constraints of the optimization problem. The pattern search algorithm improves the
objective of the surrogate optimal solution by searching in the vicinity of the surrogate
design. The objective and design variables at the end of both the surrogate optimal part
and the pattern search part are compared in Tables 12 and 13. It can be noted from Table 13
that to improve the electromagnetic efficiency, η, of the surrogate optimal solution, the
values of the design variables, such as air gap width, δ, stator tooth width, bds, and stator
yoke width, hys, have changed by a small margin. The electromagnetic efficiency, power
factor, and electromagnetic losses are compared for various load points in Tables 14 and 15.
The flux density distribution of the optimal solution (quadrant of the optimal induction
machine) at the end of pattern search algorithm is shown in Figure 9.

Table 11. Validation of surrogate optimal solution of the proposed optimization routine (part 1—surrogate optimization)
with FEM simulationdesign–multivariate optimization problem.

Output Response Surrogate Optima FEM Validation Difference

Electromagnetic efficiency, η 93.48% 93.54% 0.064%

Output power, Pout 7500.16 W 7514.74 W 0.194%

Power factor, PF 0.7964 0.7970 0.075%

Table 12. Surrogate optimal solution compared with the improved optimal solution (part 1—surrogate optimization vs.
part 2—pattern search) of the proposed optimization routine–multivariate optimization problem.

Output Response Optimal Solution (Part 1) Optimal Solution (Part 2) % Increase

Electromagnetic efficiency, η 93.54% 93.90% 0.385%

Output power, Pout 7514.74 W 7502.62 W −0.161%

Power factor, PF 0.7970 0.7803 −2.095%
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Table 13. Comparison of design variables of the optimal solution (part 1—surrogate optimization vs. part 2—pattern search)
from the the proposed surrogate optimization routine–multivariate optimization problem.

Design Variables Optimal Solution (Part 1) Optimal Solution (Part 2)

Stator inner diameter, Ds (mm) 142.77 142.77

Stator tooth width, bds (mm) 3.28 3.30

Stator yoke width, hys (mm) 19.65 15.80

Slip, s (%) 1.26 1.26

Air gap width, δ (mm) 0.68 0.70

Rotor slot upper width, b4r (mm) 5.78 5.78

Rotor slot lower width, b5r (mm) 0.88 0.88

Rotor yoke width, hyr (mm) 6.81 6.81

Table 14. Comparison of electromagnetic efficiency and power factor for various load points of the
optimal design–multivariate optimization problem.

Output Response Load (100%) Load (75%) Load (50%)

Electromagnetic efficiency, η 93.90% 93.95% 93.19%

Power factor, PF 0.7803 0.7164 0.5944

Table 15. Comparison of losses for various load points of the optimal design 3-variable optimiza-
tion problem.

Losses Load (100%) Load (75%) Load (50%)

Stator losses, Pstator 305.44 W 234.83 W 185.66 W

Rotor losses, Protor 181.89 W 127.15 W 88.77 W

Total electromagnetic losses, Pelec 487.33 W 361.98 W 274.43 W

Figure 9. Flux density distribution of the optimal solution from the proposed surrogate optimization
routine–multivariate optimization problem.
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7.3. Comparison: Proposed Surrogate Optimization Routine vs. Direct Optimization Routine

In this section, the result from the proposed surrogate optimization routine is com-
pared with the direct optimization routine, which uses FEM simulation as the cost function.
The flow chart of the direct optimization routine is presented in Figure 10. The computa-
tional cost of the direct optimization routine is high since it uses FEM simulation as the cost
function. The PSO algorithm and pattern search algorithm were used in the direct optimiza-
tion routine with the same configuration as that of the proposed surrogate optimization
routine. Due to the high computational cost of the FEM simulation and limitation in the
computational capabilities of the research workstation, the size of the population was fixed
to 30 particles for the PSO algorithm in the direct optimization routine. The optimal solution
from the PSO algorithm was used to initialize the pattern search algorithm, which searches
for a better solution in the vicinity. The objective and design variables of the optimal
solution from the proposed surrogate optimization routine are compared with the optimal
solution from the direct optimization routine in Tables 16 and 17. The electromagnetic effi-
ciency, η, of the optimal solution from the proposed surrogate optimization routine reached
closer to that of the direct optimization routine. The marginal difference in the design
variables slip, s, rotor slot lower width, b5r, and rotor yoke width, hyr, between the routines
impacts the electromagnetic efficiency, η, of the optimal solutions. The electromagnetic
efficiency, power factor, and electromagnetic losses are compared for various load points in
Tables 18 and 19. The advantage of using the proposed surrogate optimization routine
is that it requires far fewer FEM simulations than the direct optimization routine, while
maintaining an accurate evaluation of the optimal design. The optimization routines
were performed in the computer with dual processors of Intel Xeon Silver 4114 CPU at
a clock-rate of 2.2 GHz, which can handle parallel computations of 15 FEM simulations.
The comparison of the number of FEM simulations in the proposed surrogate optimization
routine and direct optimization routine is presented in Table 20.

Figure 10. Flow chart: direct optimization routine with FEM as the cost function.
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Table 16. Optimal design from the proposed surrogate optimization routine compared with the direct optimization routine.

Output Response Proposed Surrogate Optimization Routine Direct Optimization Routine

Electromagnetic efficiency, η 93.90% 93.89%

Output power, Pout 7502.62 W 7505.29 W

Power factor, PF 0.7803 0.7801

Table 17. Design variables of the optimal solution from the the proposed surrogate optimization routine compared with
direct optimization routine.

Design Variables Proposed Surrogate Optimization Routine Direct Optimization Routine

Stator inner diameter, Ds (mm) 142.77 142.09

Stator tooth width, bds (mm) 3.30 3.40

Stator yoke width, hys (mm) 15.80 15.28

Slip, s (%) 1.26 1.30

Air gap width, δ (mm) 0.70 0.70

Rotor slot upper width, b4r (mm) 5.78 5.80

Rotor slot lower width, b5r (mm) 0.88 1.34

Rotor yoke width, hyr (mm) 6.81 9.50

Table 18. Comparison of electromagnetic efficiency and power factor for various load points of the optimal design—
proposed surrogate optimization routine vs. direct optimization routine.

Load Output Response Proposed Surrogate Optimization Routine Direct Optimization Routine

100% Electromagnetic efficiency, η 93.90% 93.89%

100% Power factor, PF 0.7803 0.7801

75% Electromagnetic efficiency, η 93.95% 93.94%

75% Power factor, PF 0.7164 0.7159

50% Electromagnetic efficiency, η 93.19% 93.16%

50% Power factor, PF 0.5944 0.5926

Table 19. Comparison of losses for various load points of the optimal design-proposed surrogate optimization routine vs.
direct optimization routine.

Load Losses Proposed Surrogate Optimization Routine Direct Optimization Routine

100% Stator losses, Pstator 305.44 W 302.42 W

100% Rotor losses, Protor 181.89 W 185.6 W

100% Total electromagnetic losses, Pelec 487.33 W 488.01 W

75% Stator losses, Pstator 234.83 W 233.65 W

75% Rotor losses, Protor 127.15 W 129.37 W

75% Total electromagnetic losses, Pelec 361.98 W 363.03 W

50% Stator losses, Pstator 185.66 W 185.60 W

50% Rotor losses, Protor 88.77 W 89.78 W

50% Total electromagnetic losses, Pelec 274.43 W 275.38 W
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Table 20. Comparison of the number of FEM simulations in proposed surrogate optimization routine and direct optimiza-
tion routine.

Parameter Proposed Surrogate Optimization Routine Direct Optimization Routine

Number of FEM simulations 1364 75,208

The reliability of the proposed surrogate optimization routine for the induction ma-
chine problem was assessed with 20 continuous runs. The electromagnetic efficiency, η,
output power, Pout, and power factor, PF, of the optimal solution from each run were
analyzed to provide the probability distribution as presented in Figure 11. It can be seen
that all of the optimal solutions from the proposed surrogate optimization routine respect
the constraints specified in the optimization problem and that the range of the objective,
electromagnetic efficiency, η, varies between 93.75% and 93.95%.

(a) Objective–electromagnetic efficiency (b) Constraint–output power

(c) Constraint–power factor

Figure 11. Probability distribution of the objective and constraints from 20 runs of the proposed surrogate optimization routine.

8. Conclusions

This paper proposes a novel, efficient, and reliable surrogate optimization routine
that can be applied to multiple design problems. The proposed clustering technique used
in the routine enables improving the accuracy of the surrogate model while exploring
promising subsets of the design variable range. The surrogate optimization routine was
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applied to design an optimal three-phase induction motor, maximizing its efficiency for a
given volume. The surrogate functions of the electromagnetic efficiency, output power, and
power factor were constructed as a function of eight design variables and these functions
acted as the objective and constraints of the optimization problem. A precision of 0.01 mm
was considered for the optimization process, which is possible only with laser cutting of
the electrical sheets at the prototyping level. A three-variable optimization problem was
performed to demonstrate the discretization of the optimization problem into a few sub-
domains with the clustering algorithm for searching for the optimal solution. The results
of the proposed surrogate optimization routine applied to the multivariate optimization
problem show an improved optimal solution when compared with optimization with a
simple Box–Behnken design. This proves the improvement of the accuracy of the surrogate
functions by the application of the proposed surrogate optimization routine. To benchmark
the proposed surrogate optimization routine, a direct optimization routine was applied
to the induction motor problem, which uses FEM simulation as a cost function. Upon
comparing the results of both routines, the optimal solution from the proposed surrogate
optimization routine was shown to reach closer to that from the direct optimization routine.
Additionally, the proposed surrogate optimization routine used 1364 FEM simulations
compared with 75,208 FEM simulations of the direct optimization routine, thus greatly
improving the computational efficiency. Future work on the proposed surrogate optimiza-
tion routine will focus on performance evaluations on different types of machines and its
application for multi-objective optimization problems with several constraints.
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Appendix A

Table A1. Quadratic closed form equation of Box–Behnken design—constant and first order terms.

Efficiency, η Output Power, Pout Power Factor, PF Terms

−2.13 −17,793.93 −7.21 constant

19.70 181,583.20 45.91 x1

49.97 412,548.73 91.53 x2

33.81 −253,121.70 114.90 x3

−66.36 −1,451,699.89 −1295.93 x4

54.17 −2,003,197.88 11.83 x5

56.87 −1,835,156.76 176.28 x6

−14.46 −1749.63 −47.77 x7

543.42 3,068,544.76 1640.46 x8

Table A2. Quadratic closed form equation of Box–Behnken design—second-order squared terms.

Efficiency, η Output Power, Pout Power Factor, PF Terms

−145.04 −13,854,715.08 −10,487.18 x2
1

14092.83 203,636,581.33 −49,000.00 x2
2

−2056.07 −71,109,777.78 −14,800.00 x2
3

316.60 −27,247,703.79 1164.10 x2
4

−6796.98 −26,223,650.13 −14,116.67 x2
5

1444.97 54,209,095.30 12,323.08 x2
6

−4837.02 300,328.53 −17,066.67 x2
7

919.65 −492,073.97 3357.69 x2
8

Table A3. Quadratic closed form equation of Box–Behnken design—second-order product terms.

Efficiency, η Output Power, Pout Power Factor, PF Terms

−41.93 −745,736.39 −135.53 x1.x2

−325.50 −2,094,333.11 −1541.78 x1.x3

−144.03 −2,518,297.47 −937.01 x1.x4

−8885.96 358,926,619.68 −172,724.87 x1.x5

−2609.85 −23,720,999.82 −16,790.21 x1.x6

−1773.84 −96,582,265.11 −35,390.48 x1.x7

−81.98 −3,469,143.73 −878.47 x1.x8

−35253.62 −115,771,295.06 −143,252.98 x2.x3

−169.52 −1,850,886.93 −4.83 x2.x4

−101.87 4,251,893.60 −400.60 x2.x5

250.33 7,026,589.33 7777.78 x2.x6

80.11 20,428,872.87 1755.56 x2.x7

−212.22 14,168,262.83 −473.33 x2.x8

51.70 964,692.96 219.99 x3.x4
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Table A3. Cont.

Efficiency, η Output Power, Pout Power Factor, PF Terms

−1369.82 −12,319,740.72 −3271.67 x3.x5

−246.48 −1,619,519.09 −318.64 x3.x6

397.42 −2,404,587.73 −5716.67 x3.x7

−550.39 3,492,065.36 −505.00 x3.x8

−377.48 9,293,965.01 −603.33 x4.x5

89.05 −1,249,662.46 175.38 x4.x6

−2335.66 −22,764,991.96 −215.00 x4.x7

536.32 −1,139,470.06 19757.58 x4.x8

−575.70 63,834,896.15 −2057.58 x5.x6

−431.04 48,765,232.48 −1333.33 x5.x7

83.45 −10,184,611.42 237.06 x5.x8

−2747.19 −20,314,075.20 −4236.36 x6.x7

846.01 −91,722,135.11 45,777.77 x6.x8

1596.02 −106,614,524.44 46,888.89 x7.x8
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Abstract: In this paper, a novel two-phase linear hybrid reluctance actuator with the double-sided
segmented stator, made of laminated U cores, and an interior mover with permanent magnets is
proposed. The permanent magnets are disposed of in a way that increases the thrust force of a
double-sided linear switched reluctance actuator of the same size. To achieve this objective, each phase
of the actuator is powered by a single H-bridge inverter. To reduce the detent force, the upper and
the lower stator were shifted. Finite element analysis was used to demonstrate that the proposed
actuator has a high force density with low detent force. In addition, a comparative study between the
proposed linear hybrid reluctance actuator, linear switched reluctance, and linear permanent magnet
actuators of the same size was performed. Finally, experimental tests carried out in a prototype
confirmed the goals of the proposed actuator.

Keywords: linear electric actuators; linear switched reluctance actuators; permanent magnets; linear
hybrid reluctance actuators; machine design; finite element analysis; detent force reduction

1. Introduction

Nowadays, many applications that use hydraulic or pneumatic drives or even electric drives
combined with mechanical transmission systems are being substituted by linear electric actuators in
industrial and aerospace applications. These actuators convert electric energy directly into a linear
controlled movement with low cost and simple control. They are constituted of a fixed part or stator
(primary) and a moving part or mover (secondary), both parts can contain coils, permanent magnets
(PM) or bars. There are different kinds of linear electric actuators but linear switched reluctance motors
(LSRM) are an attractive option due to their simple construction, robustness, and good fault capability
despite their low force/mass ratio [1,2]. This disadvantage can be relieved by inserting permanent
magnets (PM) in its magnetic structure, giving rise to the linear hybrid reluctance actuators. In some
of these actuators, due to the disposition of the permanent magnets, the detent force is negligible [3].
Unfortunately, in most of these types of machines when the phases are not energized a detent force
appears because of the interaction between the permanent magnets and the poles or teeth in which
the windings are disposed of. Different techniques have been proposed for the reduction in detent
force, the most usual are aside PM skewing and PM length/width adjustment [4,5], an asymmetric
arrangement of PM, use of semi-closed slots [6], and utilization of auxiliary teeth or teeth notching [7].
Some other techniques use specific control strategies [8], in some cases, a combination of control and
structural design (e.g., skewing PM, Halbach array) are employed [9,10], and others are based on the
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shift of the permanent magnets, poles and slots, the slots or poles and the distance between the magnet
segments of each pole [11–14].

During the work cycle (ascent or horizontal for linear machine), the propulsion force and direction
of motion are in the same direction, and during descent, the propulsion force is acting in the direction
opposite to that of the motion [15,16]. Propulsion force is a key concept for this type of machine,
this defines the application in each type of machine configuration, and therefore defines a profile of
force (FX) and displacement (x) with peaks and minimums of propulsion force, which are necessary to
adapt to the different applications [16]. Regarding the detent force importance, the main constraint of
the slotted iron core type in magnet linear motors is the detent force that is caused by the interaction
between the permanent magnet (PM) and the slotted iron core. This detent force will generate the
pulsations of the propulsion force, and it will deteriorate the smoothness of motion drive, one of the
main goals of the design of this type of electrical machine is to minimize this detent force. In general,
the amplitude of the detent force is dependent on some major factors, such as pole-arc to a pole-pitch
ratio of a magnet, air-gap length, slot opening length, skew of either stator teeth or magnet poles,
and other key design factors [17,18].

Reluctance machines present good environmental behavior due to their high efficiency and
inherent ease of assembly and dismantling [19]. For these reasons, among others, several studies
have focused on new magnetic structures [20,21] in order to enhance their force performance [22]
and increase force density by adding permanent magnets, some examples of electrical machines
using permanent magnets have been developed recently in many research works [22–27]. As an
example, linear switched reluctance motors (LSRM) and linear permanent magnet synchronous motors
(LPMSMs) have been proposed for propelling a ropeless elevator [28], for an automotive suspension
system [29], and for a linear generator in direct drive wave-power converter [30]. Despite their
advantages, the permanent magnets linear (PML) motors exhibit some drawbacks: one of them is the
presence of a cogging force, which can introduce a disturbance in positioning precision. The cogging
force, in PML motors, is caused by two phenomena. The first one arises from the interaction between
the PMs and the finite length of the armature core and is often called “end-effect”. It can be minimized
by adopting a suitable stator length [31] or modifying the extremity shape of the shorter part [32].
On the other hand, the U-core or U-channel air-core permanent magnet linear synchronous motors are
widely applied in direct-drive linear motion servo systems, as they could offer significant advantages in
terms of high efficiency, high positioning accuracy, rapid dynamic response, simple structure, and long
service lifetime [33–36].

In this paper, a two-phase double-sided segmented stator, using laminated U cores, with an
interior PM mover is proposed. Its main goal is to have high propulsion or thrust force and a low
detente force.

The former concept-design of this two-phase linear hybrid reluctance motor comes from the
optimized LSRM presented in [1], from which mover and stator dimensions are kept. That magnetic
structure was hybridized by inserting Neodymium Iron Boron NdFeB magnets and was analyzed
in [37].

The proposed two-phase actuator differs from the linear hybrid reluctance motor presented in [37]
in the number of phases and in that the segmented stator is built with magnetically and mechanically
decoupled U cores. This fact allows the relative displacement of the lower stator to respect the upper
stator for reducing the detent force

After this introduction, the paper is organized as follows. In Section 2, a description of the
proposed actuator is provided. The simulation of the actuator is performed with a 2D finite element
analysis in Section 3. The reduction in the detent force is addressed in Section 4. A comparative
study regarding switched reluctance and linear permanent actuators of the same size is performed in
Section 5. The verification results obtained by 3D finite element analysis and experimental tests are
shown in Section 6. Finally, in Section 7, conclusions from this research are drawn.
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2. Description of the Proposed Actuator

In order to enhance the propulsion force of a conventional two-phase LSRM, a new two-phase
double-sided linear hybrid reluctance actuator (PM-LHRM) is proposed. Figure 1 is a drawing of
the PM-LHRM arrangement, wherein light grey shows the two symmetrical primary structures that
contains the two phases, in blue and red, respectively, for the two phases B and C, whose magnetic
circuit is made of two U laminated cores per phase. The secondary, depicted in grey, has disposed
of the permanent magnets (NdFeB-N32) (in black/white) between their poles with the direction of
magnetization shown in Figure 1 (S-N-S-N-S . . . in both sides). Each phase is energized through an
H-bridge inverter that allows switching the phase current to a positive value +I to a negative value –I
in the period of conduction of the corresponding phase. The goal is to double the total average force of
a linear switched reluctance actuator of the same geometry. The actuator is intended for short-time
duty cycle (S2) applications with an average total thrust of 100 N at a speed of 0.15 m/s, which not
require a very precise positioning such as automatic door opener systems.

Figure 1. View of the proposed two-phase double-sided linear hybrid reluctance actuator (PM-LHRM)
and operation principle when exciting phase B+ at x = 0 mm.

The operating principle is shown in Figure 1, which sketches a field line when exciting phase
B with a positive current, called B+, and the resulting propulsion force (FX,B+) in the right direction
(positive). Without PMs in the mover, the structure is a conventional LSRM, in which feeding the same
phase B+ the propulsion force is zero at x = 0 mm, and the same would happen by feeding phase C.
The existence of these zero-force positions disables the two-phase LSRM as a propulsion actuator.

In order to assess the PM-LHRM, it will be compared with a pure reluctance motor, demoted by
LSRM (see Figure 2a), and with a permanent magnet linear motor without iron poles in the mover,
denoted by PM-LM (see Figure 2b). The LSRM and PM-LM actuators have the same stator structure of
Figure 1, but their respective movers are different as shown in Figure 2.

Figure 2. Mover structures (a) linear switched reluctance motor (LSRM) (b) PM-LM.

Some relevant details about the design of the proposed machine are given in the Appendix A.

3. Simulation of the Actuator

The PM-LHRM, LSRM, and PM-LM actuators were simulated using 2D finite element analysis [38]
and Matlab, for a current density of 10 A/mm2. This current density value is chosen because the
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actuator is conceived for short intermittent duty cycles. It is important to point out that there is only
one flux-path per phase, and the phases are magnetically uncoupled, that is, the flux created by coil
phase B does not link coil phase C. The simulation model has more than 185k elements and nearly
93k nodes, and a simulation solver precision of 10 nano. Figure 3a shows the comparison between
the force profiles of the three structures, in which it can be seen a prominent force peak (>150 N)
for the PM-LHRM, which doubles the force peak (Fpeak) of the LSRM. Moreover, the force becomes
anti-symmetric for the PM-LHRM when the phase-current is inverted, that means zero-force positions
can be overlapped when phases are fed with the appropriate sequence (e.g., B+C+ B- C-), as can be seen
in Figure 3b. Therefore, adding the PMs to the two-phase LSRM magnetic circuit allows the elimination
of zero-force positions, which position this PM-LHRM configuration as a good solution for high-density
thrust actuators. The relevant values shown in Figure 3 are Fpeak = 162.8 N for the PM-LHRM, Fpeak =

128.8 N for PM-LM, Fpeak = 75.8 N for LSRM, and the average force values Fave = 91.4 N, Fave = 78.1 N,
Fave = 46.6 N, respectively, being the average force values computed over a semi-period.

Figure 3. Propulsion force (N) vs. position (mm) simulation results at J = 10 A/mm2 and shift = 0 mm.
(a) Comparison of the 3 structures. (b) Comparison for the PM-LHRM and LSRM structure feeding
phases B+, C+, B-, C-.

The detent force that appears when currents are zero, due to the presence of PMs, is represented
in Figure 4. The detent force values are 28.2 N of peak, (17.3% of peak force) and a root mean square
(rms) value 18.9 N-rms for the PM-LHRM structure, and 22.9 N of peak (17.8% of peak force) and
14.6 N-rms for PM-LM. These values are far from negligible and therefore they are a significant
drawback, despite the better performance of PM-LHRM and PM-LM in respect to the LSRM.

Figure 4. Detent force or cogging force for PM-LM and PM-LHRM at shift = 0 mm.
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4. Reduction in Detent Force

The PM linear motors and by extension the hybrid magnetic structures exhibit the so-called
detent force, which means the existence of a threshold force under which the motor cannot operate.
This force is due to the PM flux lines that sew stator and rotor at given positions due to the slotted
structures, called “slotting effect”. This causes error in positioning, vibrations, and noise. Reference [12]
classifies linear motors according to X configuration, where the secondary is longer than primary, and Y
configuration, where secondary is shorter than primary. Both configurations suffer the “slotting effect”,
additionally X configuration also has the “end-effect”, which has less relevance than the “slotting
effect”, as shown in Section 6.

After considering the different alternatives exposed in Section 1 for the reduction in detent force,
the option based on the technique of pole shifting [12] was selected because it was the easiest to
implement given the modular arrangement of the proposed actuator built with independent U cores.
This was implemented maintaining the U cores of the upper stator—B1 and C1—in the same position
(see Figure 1), and displacing the U cores of the lower stator—B2 and C2—a certain distance, called
shift, into the right direction.

To analytically approach the analysis, several methodologies are presented in [9,10,14]. In this
case, a simplified magnetic equivalent circuit based on Figure 1 is proposed (see Figure 5). In this
approach, the iron reluctances are neglected as well as the leakage fluxes. In Figure 5, FI stands for the
phase-coil magneto-motive force (mmf ) and FM for the magnet’s mmf, being FM= HM·lm. A sinusoidal
flux variation is also assumed in respect to position x, see Equations (1) and (2) for phase B and
Equations (3) and (4) for phase C. It is also considered a variable accounting for the displacement s
between the upper and lower phase-stators to reduce the detent force. The numerical values for the
variables Ts, LW and Cm are given in the Appendix A Table A1.
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The reluctances, R(x,s), of each U core, with regards to the value of x and s are obtained in the
following Equations (5)–(8):
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The reluctance value Rmax corresponds to the unaligned position (see phase C in Figure 1) and
Rmin to the aligned position (see phase B in Figure 1), these two reluctance values can be obtained
analytically by computing and adding the permeance flux-tubes set obtained at the given positions.
The detent force (Fd) is then obtained by Equation (9).

Fd(x, s) =
1
2
·

2∑
i=1

φBi(x, s)2·δRBi(x, s)
δx

+
1
2
·

2∑
i=1

φCi(x, s)2·δRCi(x, s)
δx

(9)

Thus, Fd is minimized regarding the shift variable, s, reaching a minimum value of detent force at
s = 4 mm for the given values.

Figure 5. Simplified phase-B magnetic equivalent circuit for PM-LHRM.

In order to provide an expression involving the phase-current (I) and the number of turns (N),
it can be obtained by applying the second Kirchoff law to either of the loops (see Figure 5), resulting:

FI = 2·RB1·φB1 + 2·FM → I =
2
N
·(RB1·φB1 + HM·lM) (10)

The detent force is computed numerically using 2DFEM solver [39] by using Maxwell stress tensor
and analytically by the set of Equations (1)–(9). Figure 6a shows the flux line distribution for a given
position considering only phase B. Figure 6b shows the flux distribution of the whole PM-LHRM for
a given shift. To assess the goodness of the analytical approach, 2DFEM simulations are computed
over a one phase (B), and it is considered the detent force of other phase (C) out of phase (i.e., 180◦),
regarding to phase B. The detent force comparison of each phase (phase B in red and phase C in blue)
and the total force (in black) is depicted in Figure 7, for both analytical and 2DFEM results. As can be
seen, both models match quite well at s = 4 mm when both, FEM and analytical, predict a minimum
detent force. The differences with other shift values are due to the analytical model’s accuracy, few flux
tubes are considered, since the goal is not to present an accurate analytical model but rather to give an
analytical vision on the effects of the shift displacement on the detent force.
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Figure 6. Field line distribution for PM-LHRM, IB = IC = 0 and position x = 0 mm. (a) B-phase s = 0
mm. (b) whole PM-LHRM s = 4 mm.

Figure 7. Detent force comparison results. (a) s = 1 mm. (b) s = 2 mm. (c) s = 3 mm. (d) s = 4 mm.

Figure 8 shows the simulation results of the detent force versus the shift for the whole PM-LHRM.
The detent force results are minimal s = 4 mm as predicted by the analytical model, see Figure 7d.
The detent force is computed for the whole PM-LHRM for ranges of shift (s) and mover positions (x),
which are: s ε [0 ÷ 6 mm, Δs = 1 mm] and x ε [0 ÷ 32 mm, Δx = 0.5 mm]. The mover runs to the left,
being the initial position, x = 0, the position shown in Figure 1. The distance covered by the mover,
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from x = 0 mm (see Figure 1) to the position in which stator U core B1 reaches the same relative position
of C1 at x = 0 mm, is the period of detent force (τ), which for this actuator is τ = 8 mm. The results
corroborate the analytical results obtained from (9), and the minimum detent force is obtained for
a shift of s = 4 mm (see Figure 7). Repeating the simulations for the PM-LM structure also finds a
minimum in the detent force at the same shift of 4 mm.

Figure 8. Detent force simulation results of the whole PM-LHRM.

5. Comparative Study for Shifted Structures

A comparison between the proposed PM-LHRM and the PM-LM simulation results is presented.
Both motors are of the same size and have the same shift of s = 4 mm. Figure 9a shows the detent force
comparison of the two structures, in which the PM-LHRM present a significant lower detent force,
meanwhile PM-LM has a wide cycle of the force of 16 mm, with peaks points over 2.5 N and −3 N.
Figure 9b shows the propulsion force comparison results of the PM-LM and PM-LHRM structures,
and also the LSRM. As can be seen, the force distributions obtained after shifting are significantly
different in both PM motors. The peak forces are 130.4 N for PM-LHRM and 105.7 N for PM-LM,
and the average forces are 60 N and 69 N, respectively. From the simulation results presented in
Figure 9a,b, PM-LHRM exhibits a lower detent force and a higher force peak in comparison with
PM-LM. The LSRM shows the lowest propulsion force peak at 75 N.

Figure 9. (a) Detent force comparison results at s = 4 mm. (b) Phase force comparison results for a
current density of 10 A/mm2 and shift = 4 mm.
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In order to assess the goodness of the proposed actuator versus its PM-LM counterpart, Figure 10a,b
compare their propulsion force profiles, obtained by feeding the phases with a flat current waveform in
switched reluctance mode, that is without overlapping phase currents. The phases are fed for obtaining
a positive trust in the sequence B+ C- B- C+. The total trust obtained is the enveloping of the force
profiles in the red line.

Figure 10. Phase force profiles and total force. (a) PM-LM at shift = 4 mm. (b) PM-LHRM at shift = 4 mm.

Figure 11 shows the comparison results of the total propulsion force of the three motors analyzed.
The main values are summarized in Table 1, where to complete the study ripple factor is included
(see Equation (11)), having been obtained through the following expression:

Fripple =
Fx,max − Fx,min

Fx,ave
(11)

Figure 11. Total force simulation comparison results for the PM-LHRM and PM-LM, s = 4 mm, and the
LSRM at 10 A/mm2.

Table 1. Main comparison simulation results from PM-LHRM, PM-LM, and LSRM.

Structure Total Force Phase Force Detent Force

Fpeak Fave Fripple Fpeak Fave Fpeak Frms
PM-LHRM 130.7 N 100.8 N 0.81 130.7 N 60 N 1.3 N 0.67 N

PM-LM 109.8 N 97.1 N 0.33 105.7 N 69.7 N 2.66 N 1.54 N
LSRM 75.8 N 46.2 N 1.64 75.8 N 46.5 N 0 0
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In Figure 11, the work cycle of propulsion force shows a maximum for PM-LHRM, 130 N.
For PM-LM shows a propulsion force with a displacement cycle of 8 mm, with a lower maximum of
force than the LHRM configuration (109.8 N), and minimum at 80 N. Finally, LSRM shows the lowest
propulsion force than the three configurations (75.8 N), and a displacement cycle of 8 mm.

Table 1 collects the three parameters (peak force, average force, and ripple force) obtained from
Figure 11, as well as the detent force peak and rms values obtained from Figure 9a. PM-LHRM shows
the highest force peak, on the other hand, LSRM presents the lowest peak force, similarly, the Fave,
presents the same trend as the Fpeak profiles. Detent forces present higher values for PM-LM (2.66 N)
than PM-LHRM (1.3 N), but in very low percent values from Fpeak analyzed: 2.4% to 1%, for PM-LM
and PM-LHRM configurations, respectively.

6. Verification Results

A prototype of the proposed PM-LHRM actuator was built. In Figure 12a, a lamination of stator
U-cores and the mover are shown. A picture of one of the U-core wounded is depicted in Figure 12b.
The complete actuator can be seen in Figure 12c. The design specifications of the linear hybrid
reluctance actuator are those given in the appendix.

Figure 12. (a) Lamination of U-cores and mover. (b) Detail of one U-core with the stator coils. (c) View
of the complete actuator.

The force measurements were done with a load cell, UTILCELL CR200. On the other hand,
the magnetic field of all the permanent magnets were measured on the airgap surface with a gaussmeter
model Tenmars TM-197 AC/DC, giving values ranging from ± 0.47 to ± 0.51, giving an acceptable
magnetic field symmetry.

To validate the FEM simulations, a 3D finite element analysis using Altair Flux™ [40] was
performed to account for end-effects. An experimental test set-up (see Figure 12c) was used to obtain
the curve force profile for each phase of the prototype (see Figures 13 and 14), feeding one current at a
time: IB+ IB- IC+ IC-, which for J = 10 A/mm2 results from a value of 3.12 A. These results are presented
in Figures 13 and 14 along with the 2DFEM simulation results for each phase for a shift displacement
of 0 and 4 mm, respectively. The test system positioning consisted of a calibrated screw (1 mm per
revolution) with a range of 28 mm. From these figures, it can be seen a good agreement between
simulation and experimental results. It is appreciated there is a slight shift of the experimental values
in respect to the simulation, this is due to a positioning error of the screw system.

Figure 15 shows comparison results of the detent force for the two-shift considered. As can be
seen, the experimental values of detent force for s = 4 mm reveals a significant difference between the
2DFEM results.

To shed some light on this discrepancy, a 3DFEM [41] simulation was performed. For s = 0 mm,
there is an acceptable concordance between the results 2DFEM, 3DFEM, and experimental
(see Figure 16a). In contrast, for s = 4 mm the differences persist (see Figure 16a), which leads
to the belief that end-effects are not relevant enough to produce such difference.
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Figure 13. Propulsion force comparison results for J = 10 A/mm2, shift = 0 mm (a). Phase IB = 3.12A.
(b) Phase IC = 3.12A. (c) Phase IB = −3.12A. (d) Phase IC = −3.12A.

Figure 14. Propulsion force comparison results for J = 10 A/mm2, shift = 4 mm (a). Phase IB = 3.12A.
(b) Phase IC = 3.12A. (c) Phase IB = −3.12A. (d) Phase IC = −3.12A.
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Figure 15. 2DFEM vs. experimental detent force comparison results. (a) s = 0 mm. (b) s = 4 mm.

Figure 16. Detent force comparison results. (a) s = 0 mm. (b) s = 4 mm.

Such deviation in detent force for s = 4 mm can be due to the combination of three main causes.
The first one is due to static friction, which is not accounted for in FEM simulations. The second
cause is due to the mechanical assembly tolerances of the prototype. This affects two crucial aspects:
(a) different airgap lengths due to constructive defects, and (b) the lower stator shift tolerance. A FEM
sensitivity analysis has been carried out for the airgap tolerances (lengths), that is, the upper airgap
g1 = 0.5 ± Δg, the lower airgap g2 = 0.5 ± Δg, and by taking a tolerance range of Δg ∈ [−0.4, 0.4]
mm. The curve patterns of detent force obtained from sensitivity analysis fit with the experimental
measurement detent force pattern when g1 � g2 (see Figure 15b blue line), which indicates the probable
existence of this kind of asymmetry, since only for g1 = g2 the detent force is minimum (s = 4 mm) and
follows the pattern shown in Figure 8 (black line). The influence of the tolerance of the shift of lower
semi stator can be seen in Figure 8. For instance, for s = 3 mm (see Figure 8) the detent force pattern
matches the experimental detent force (see Figure 15b). These two observations, different airgap lengths
and shift tolerances, lead to the conclusion of the existence of some mechanical asymmetry, not easy
to quantify, which affects these highly sensitive parameters (g1, g2, s) and produces this significant
difference between FEM (2D and 3D) and experimental measures. The third cause of perturbation can
be assigned to the end-effects phenomena, which produces a magnetic force at the stator edges [38,41].

Despite this deviation in the experimental and FEM results, it is important to point out the
relevant reduction (>50%) in the detent force when one stator is shifted from s = 0 to s = 4 mm
(see Figure 15), which validates the methodology and the PM-LHRM as an interesting choice in
high-density force applications.
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7. Conclusions

In this paper, a novel type of two-phase hybrid reluctance actuator (PM-LHRM) is presented.
The stator is double-sided and consists of four laminated U cores, two of them are placed on the upper
side and the two others on the lower side. The permanent magnets are placed into the mover between
their poles and have been disposed of with a determined magnetization. Each phase is energized
by its H-bridge to allow the switching of the phase current to a positive value (+I) and to a negative
value (–I) in the period of conduction of each phase. The U cores of the lower stator are shifted in
respect to the U cores of the upper stator for reducing the detent force. Simulations demonstrate that
this actuator doubles the total thrust of an LSRM actuator of the same size, with a reduced detent
force. The PM-LHRM was compared with a PM-LM (no poles in the mover), resulting in a lower
detent force for s = 4 mm in the PM-LHRM structure and a higher peak and average force, 19% and
3.8%, respectively.

From the results obtained, it can be drawn that the PM-LHRM structure has a better performance
since applying a convenient force control (i.e., feeding with an appropriate current waveform), the force
the ripple factor can be minimized, and the average propulsion force fit to its maximum value. It has
also been revealed that the detent force of this actuator is highly sensitive to constructive defects,
especially the airgaps length and the stator shift displacement.
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Nomenclature

bp Stator pole width (m)
bs Mover pole width (m)
cm Permanent magnet width (m)
cp Stator slot width (m)
cs Mover slot width (m)
Fx Propulsion force or thrust (N)
Fd Detent force (N)
g Air gap length (m)
Hc Permanent magnet coercivity (kA/m)
hy Stator yoke height (m)
lm Permanent magnet length (m)
lp Stator pole length (m)
ls Mover pole length (m)
m Number of phases
Nph Number of coils per phase
ψ Flux linkage (Wb)
s Shift (m)
τ Period of detent torque (m)
x Mover position (m)

Appendix A

The number of wires per pole are 38, the wire diameter is 1.4 mm, the number of coils per phase are four,
and the material type of linear machine is specific magnetic steel type: M 270-50A, finally, the permanent magnets
(PM) used in the linear switched machine are of neodymium material type, with specific denomination NdFeB-32.
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Figure A1. PM-LHRM main dimensions.

Table A1. PM-LHRM main dimension values.

Mover pole width bs 7 mm

Mover slot width cs 9 mm

Mover slot height ls 7 mm

Permanent magnet length lm 6.5 mm

Permanent magnet width cm 8.5 mm

Stator pole width bp 6 mm

Stator slot width cp 10 mm

Stator pole length lp 30 mm

Number of wires per pole N 38

Wire diameter d 1.4 mm

Number of coils per phase Nph 4

Magnetic steel M 270-50A

Permanent magnet NdFeB-32

References

1. Amoros, J.G.; Andrada, P. Sensitivity Analysis of Geometrical Parameters on a Double-Sided Linear Switched
Reluctance Motor. IEEE Trans. Ind. Electron. 2010, 57, 311–319.

2. García, A.J.; Andrada, P.; Blanque, B.; Marin-Genesca, M. Influence of Design Parameters in the Optimization
of Linear Switched Reluctance Motor under Thermal Constraints. IEEE Trans. Ind. Electron. 2018, 65,
1875–1883.

3. Szabó, L.; Viorel, I.A. On a high force modular surface motor. In Proceedings of the 10th International Power
Electronics and Motion Control Conference (EPE-PEMC), Dubrovnik, Croatia, 9–11 September 2002.

4. Lim, K.C.; Woo, J.K.; Kang, G.H.; Hong, J.P.; Kim, G.T. Detent Force Minimization Techniques in Permanent
Magnet Linear Synchronous Motors. IEEE Trans. Magn. 2002, 38, 1157–1160. [CrossRef]

5. Jang, S.; Lee, S.; Yoon, I. Design Criteria for Detent Force Reduction of Permanent-Magnet Linear Synchronous
Motors with Halbach Array. IEEE Trans. Magn. 2002, 38, 3261–3263. [CrossRef]

6. Sung, W.S.; Gang, H.J.; Min, M.K.; Jang, Y.C. Characteristic Analysis of the Influence of Auxiliary Teeth
and Notching on the Reduction of the Detent Force of a Permanent Magnet Linear Synchronous Machine.
IEEE Trans. Appl. Supercond. 2018, 28, 1–5. [CrossRef]

7. Bascetta, L.; Rocco, P.; Magnani, G. Force Ripple Compensation in Linear Motors Based on Closed-Loop
Position-Dependent Identification. IEEE/ASME Trans. Mechatron. 2010, 15, 3. [CrossRef]

8. Yu-Wu, Z.; Yun-Huyn, C. Thrust Ripples Suppression of Permanent Magnet Linear Synchronous Motor.
IEEE Trans. Magn. 2007, 43, 2537–2539. [CrossRef]

9. Nevaranta, N.; Huikuri, M.; Niemelä, M.; Pyrhönen, J. Cogging force compensation of a discontinuous
permanent magnet track linear motor drive. In Proceedings of the European Conference on Power Electronics
and Applications (EPE’17 ECCE Europe), Warsaw, Poland, 11–14 September 2017. [CrossRef]

50



Energies 2020, 13, 5162

10. Wang, Q.; Zhao, B.; Zou, J.; Li, Y. Minimization of Cogging Force in Fractional-Slot Permanent Magnet Linear
Motors with Double-Layer Concentrated Windings. Energies 2016, 9, 918. [CrossRef]

11. Wang, M.; Li, L.; Pan, D. Detent Force Compensation for PMLSM Systems Based on Structural Design and
Control Method Combination. IEEE Trans. Ind. Electron. 2015, 62, 11. [CrossRef]

12. Bianchi, N.; Bolognani, S.; Cappello, A.D.F. Reduction of cogging force in PM linear motors by pole-shifting.
IEEE Proc. Electr. Power Appl. 2005, 152, 703–709. [CrossRef]

13. Kwon, Y.; Kim, W. Steady-State Modeling and Analysis of a Double-Sided Interior Permanent-Magnet Flat
Linear Brushless Motor with Slot-Phase Shift and Alternate Teeth Windings. IEEE Trans. Magn. 2016, 52, 11.
[CrossRef]

14. Setiabudy, R.; Herlina; Putra, Y.S. Reduction of cogging torque on brushless direct current motor with
segmentation of magnet permanent. In Proceedings of the International Conference on Information
Technology, Computer, and Electrical Engineering (ICITACEE), Semarang, Indonesia, 18–19 October 2017;
pp. 81–86. [CrossRef]

15. Lim, H.S.; Krishnan, R.; Lobo, N.S. Design and control of a linear propulsion system for an elevator using
linear switched reluctance motors. IEEE Trans. Ind. Electron. 2005, 55, 1584–1591.

16. Bae, H.-K.; Lee, B.-S.; Vijayraghavan, P.; Krishnan, R. A linear switched reluctance motor: Converter and
control. IEEE Trans. Ind. Appl. 2000, 36, 1351–1359.

17. Lee, S.; Kim, S.; Saha, S.; Zhu, Y.; Cho, Y. Optimal Structure Design for Minimizing Detent Force of PMLSM
for a Ropeless Elevator. IEEE Trans. Magn. 2014, 50, 1–4. [CrossRef]

18. Jahns, T.M.; Soong, W.L. Pulsating torque minimization techniques for permanent magnet AC motor
drives—A review. IEEE Trans. Ind. Electron. 1996, 43, 321–330. [CrossRef]

19. Andrada, P.; Blanque, B.; Martinez, E.; Perat, J.I.; Sanchez, J.A.; Torrent, M. Environmental and life cycle cost
analysis of one switched reluctance motor drive and two inverter-fed induction motor drives. IET Electr.
Power Appl. 2012, 6, 390–398. [CrossRef]

20. Chen, H.; Nie, R.; Yan, W.A. Novel Structure Single-Phase Tubular Switched Reluctance Linear Motor. IEEE
Trans. Magn. 2017, 53, 1–4. [CrossRef]

21. Zhao, W.; Zheng, J.; Wang, J.; Liu, G.; Zhao, J.; Fang, Z. Design and Analysis of a Linear Permanent- Magnet
Vernier Machine with Improved Force Density. IEEE Trans. Ind. Electr. 2016, 63, 2072–2082. [CrossRef]

22. Enrici, P.; Dumas, F.; Ziegler, N.; Matt, D. Design of a High-Performance Multi-Air Gap Linear Actuator for
Aeronautical Applications. IEEE Trans. Energy Convers. 2016, 31, 896–905. [CrossRef]

23. Pan, J.F.; Wang, W.; Zhang, B.; Cheng, E.; Yuan, J.; Qiu, L.; Wu, X. Complimentary Force Allocation Control
for a Dual-Mover Linear Switched Reluctance Machine. Energies 2018, 11, 23. [CrossRef]

24. Andrada, P.; Blanqué, B.; Martínez, E.; Torrent, M.; Garcia-Amorós, J.; Perat, J.I. New Linear Hybrid Reluctance
Actuator. In Proceedings of the International Conference on Electrical Machines (ICEM), Berlin, Germany,
1–4 September 2014.

25. Andrada, P.; Blanque, B.; Martinez, E.; Torrent, M. A Novel Type of Hybrid Reluctance Motor Drive. IEEE
Trans. Ind. Electr. 2014, 61, 4337–4345. [CrossRef]

26. Ullah, S.; McDonald, S.; Martin, R.; Atkinson, G.J. A Permanent Magnet Assisted Switched Reluctance
Machine for More Electric Aircraft. In Proceedings of the International Conference on Electrical Machines
(ICEM), Lausanne, Switzerland, 4–7 September 2016.

27. Hwang, H.; Hur, J.; Lee, C. Novel permanent-magnet-assisted switched reluctance motor (I): Concept, design,
and analysis. In Proceedings of the International Conference on Electrical Machines and Systems (ICEMS),
Busan, Korea, 23–29 October 2013.

28. Lobo, N.S.; Lim, H.S.; Krishnan, R. Comparison of Linear Switched Reluctance Machines for Vertical
Propulsion Application: Analysis, Design, and Experimental Correlation. IEEE Trans. Ind. Appl. 2008, 44,
1134–1142. [CrossRef]

29. Lin, J.; Cheng, K.W.E.; Zhang, Z.; Cheung, N.C.; Xue, X. Adaptive sliding mode technique-based
electromagnetic suspension system with linear switched reluctance actuator. IET Electr. Power Appl.
2015, 9, 50–59. [CrossRef]

30. Chen, Y.; Cao, M.; Ma, C.; Feng, Z. Design and Research of Double-Sided Linear Switched Reluctance
Generator for Wave Energy Conversion. Appl. Sci. 2018, 8, 1700. [CrossRef]

31. Hor, P.J.; Zhu, Z.Q.; Howe, D.; Rees-Jones, J. Minimization of cogging force in a linear permanent magnet
motor. IEEE Trans. Magn. 1998, 34, 3544–3547. [CrossRef]

51



Energies 2020, 13, 5162

32. Zhu, Z.Q.; Hor, P.J.; Howe, D.; Rees-Jones, J. Calculation of cogging force in novel slotted linear tubular
brushless permanent magnet motor. IEEE Trans. Magn. 1997, 33, 4098–4100. [CrossRef]

33. Jung, S.Y.; Jung, H.K. Reduction of force ripples in permanent magnet linear synchronous motor. In
Proceedings of the International Conference on Electric Machines (ICEM), Bruges, Belgium, 26 August 2002.

34. Kang, G.-H.; Hong, J.-P.; Kim, G.-T. A novel design of an air-core type permanent magnet linear brushless
motor by space harmonics field analysis. IEEE Trans. Magn. 2001, 37, 3732–3736. [CrossRef]

35. Fujii, N.; Okinaga, K. X-Y linear synchronous motors without force ripple and core loss for precision
two-dimensional drives. IEEE Trans. Magn. 2002, 38, 3273–3275. [CrossRef]

36. Liu, X.; Gao, J.; Huang, S.; Lu, K. Magnetic Field and Thrust Analysis of the U-Channel Air-Core Permanent
Magnet Linear Synchronous Motor. IEEE Trans. Magn. 2017, 53, 1–4. [CrossRef]

37. Garcia-Amorós, J. Linear hybrid reluctance motor with high-density force. Energies 2018, 11, 2805. [CrossRef]
38. Inoue, M.; Sato, K. An approach to a suitable stator length for minimizing the detent force of permanent

magnet linear synchronous motors. IEEE Trans. Magn. 2000, 36, 1890–1893. [CrossRef]
39. Meeker, D.C. Finite Element Method Magnetics, Version 4.2 (28 February 2018 Build). Available online:

http://www.femm.info (accessed on 16 October 2018).
40. Altair Flux 3D. Altair 2019. Available online: http://www.altair.com/flux (accessed on 1 October 2020).
41. Zhu, Y.; Lee, S.; Chung, K.; Cho, Y. Investigation of Auxiliary Poles Design Criteria on Reduction of End

Effect of Detent Force for PMLSM. IEEE Trans. Magn. 2009, 45, 2863–2866. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

52



energies

Article

A Method to Improve Torque Density in a
Flux-Switching Permanent Magnet Machine

Junshuai Cao 1, Xinhua Guo 1,*, Weinong Fu 2, Rongkun Wang 1, Yulong Liu 1 and Liaoyuan Lin 1

1 College of Information Science and Engineering, Huaqiao University, Xiamen 361021, China;
caojunshuai1995@126.com (J.C.); wangrongkun@hqu.edu.cn (R.W.); yulongliu@hqu.edu.cn (Y.L.);
linliaoyuan@hqu.edu.cn (L.L.)

2 Department of Electrical Engineering, The Hong Kong Polytechnic University, Hong Kong 999077, China;
eewnfu@polyu.edu.hk

* Correspondence: guoxinhua@hqu.edu.cn

Received: 9 August 2020; Accepted: 10 October 2020; Published: 13 October 2020

Abstract: With the continuous development of machines, various structures emerge endlessly. In this
paper, a novel 6-stator-coils/17-rotor-teeth (6/17) E-shaped stator tooth flux switching permanent
magnet (FSPM) machine is introduced, which has magnets added in the dummy slots of the
stator teeth. This proposed machine is parametrically designed and then compared with the
conventional 6/17 E-shaped stator tooth FSPM machine through finite element method (FEM) analysis.
Then, combined with the results of FEM, the performance of two machines is evaluated, such as
electromagnetic torque, efficiency, back electromotive force (back-EMF). The final results show that
this novel 6/17 FSPM machine has greater output torque and smaller torque ripple.

Keywords: flux switching; performance comparison; torque density; permanent magnet (PM)

1. Introduction

Flux switching permanent magnet (FSPM) machines have gained wide application from aerospace
to automobile industries since they offer several key advantages, such as a simple and robust rotor,
short end winding, high torque density, high efficiency, and excellent flux-weakening capability.
The flux switching permanent magnet machine has characteristics of a permanent magnet synchronous
machine and a switched reluctance machine, which combines the merits of both. These advantages are
particularly important for applications such as electric vehicles, wind power technologies, and flywheel
systems. However, compared with the traditional motor, the torque density of a FSPM is low. In this
paper, the existing structure is improved to enhance the torque density of a FSPM. After putting forward
the operation principle of the FSPM machine, many kinds of its topologies have been studied [1–6].
Among them, the E-shaped stator tooth FSPM machine has a unique structure with two magnets
mounted in each stator tooth, which makes it exhibit higher torque/magnetic ratio and larger torque [7].

In this paper, a novel 6/17 E-shaped stator tooth FSPM machine is studied for further improving
the torque density. Compared with the conventional 6/17 E-shaped stator tooth FSPM machine,
the proposed machine adds permanent magnets in the dummy slot of the stator teeth. In Section 3,
the electromagnetic performance of the two machines is analyzed using the finite element method
(FEM). Afterwards, the performance of the two machines is compared, according to back-EMF,
electromagnetic torque, torque ripple, etc. Finally, the conclusions are drawn in Section 4.

2. Model of Machines

The structure of the conventional 6/17 E-shaped stator tooth FSPM machine can be seen in Figure 1.
A dummy slot is inserted between two magnets that are embedded at the upper apex of a stator tooth,
which can increase the torque of this machine and reduce torque ripple. However, it is worth noting

Energies 2020, 13, 5308; doi:10.3390/en13205308 www.mdpi.com/journal/energies
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that for the machine shown in Figure 1, dummy slots are empty. If permanent magnets are added into
the dummy slots, the torque will be further improved. In addition, the armature coils of this structure
are arranged in the form of A1–B1–C1–A2–B2–C2, and a phase winding is formed by every two coils
connected in series, that is, A1 and A2 represent phase A [7]. Moreover, these coils are distributed
radially along the space. At the same time, the magnetic polarities formed by magnets near the air gap
maintain N–S–S–N.

(a) (b)

Figure 1. Conventional 6/17 E-shaped stator tooth flux switching permanent magnet (FSPM) machine:
(a) conventional 6/17 FSPM machine; (b) partial enlarged.

As seen in Figure 2, a permanent magnet (PM) is added to each dummy slot of the stator tooth in
the proposed structure, so that its effective PM volume increases. Therefore, compared with the initial
structure, the output torque of this novel 6/17 E-shaped stator tooth machine is greater.

(a) (b)

Figure 2. Proposed 6/17 E-shaped stator tooth FSPM machine: (a) proposed 6/17 FSPM machine;
(b) partial enlarged.

For further contrasting the performance of the machine, the motor structure proposed in [7] is
reproduced in this paper. Through ANSYS software modeling and parametric analysis, the conventional
6/17 E-shaped stator tooth FSPM machine with the same structure and performance as the machine
proposed in [7] is obtained.
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This parametric design process mainly focuses on the shape and size of initial permanent magnets,
the width and depth of the opening of dummy slots, and the shape of rotor teeth; the optimization
results are acquired by using ANSYS software. Then, their maximum average output torque is obtained
under the same copper loss (69 w). If the end winding is neglected, copper loss will satisfied the
following equation [8]:

PCu = 3I2
aRa =

6I2
aN2

aρCuLa

Sakpf
(1)

where Na is the number of coil turns per phase, Ra is the phase resistance, La is the stack length, Sa is
the stator slot area, kpf is the winding packing factor, Ia is the RMS phase current, and ρCu is the
electrical resistivity of copper at 20 ◦C.

To analyze the performance of the two 6/17 E-shaped stator tooth FSPM machines, FEM is
carried out by using ANSYS software. Based on the initial structure, permanent magnets with radial
magnetization are added in the dummy slot. The thickness of the newly added permanent magnet,
h in Figure 2, is parametrically designed and simulated.

As shown in Figure 3, when the current density is 5 A/mm2, average torque and torque ripple of
the proposed machine vary with the thickness of the permanent magnet. Figure 3a shows that the
torque of the proposed machine is positively proportional to h, and the inflection point is around
3 mm. After 3 mm, the thickness of permanent magnet increases, but the average torque almost
does not change. It can be observed from Figure 3a that torque ripple is inversely proportional to
h, basically. Meanwhile, the inflection point is at 4 mm, and the torque ripple does not change after
4 mm; thus, the final value of h is 4 mm. In this case, the average torque is the largest and torque
ripple is the smallest, while the amount of permanent magnets is the least. Excessive use of permanent
magnets will increase the cost of manufacture and the iron loss. Table 1 shows their main specifications
and parameters.
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Figure 3. The results of parameterization: (a) relationship between average torque and h; (b) relationship
between torque ripple and h.
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Table 1. Design parameters of two FSPM machines.

Items Initial Novel

Stator coils number 6 6
Rotor teeth number 17 17
Stack length (mm) 75 75

Stator outer diameter (mm) 130 130
Stator inner diameter (mm) 70 70

Air-gap length (mm) 0.35 0.35
Slot package factor (kpf) 0.45 0.45
Machine volume (m3) 9.95 × 10−4 9.95 × 10−4

Rated speed (r/min) 1500 1500
Rated current density (A/mm2) 5 5

PM type N35SH N35SH
PM volume (mm3) 63,900 77,400

Remnant Br (T) 1.2 1.2
Coercivity Hc (kA/m) 909 909
Stator slot area (mm2) 408 408

Coil turns 73 73
Coil number per phase 2 2

3. Performance Comparisons

3.1. No-Load Performance

Meanwhile, it can be distinguished from Figure 4 that the no-load magnetic field distributions of
the novel structure are different from the initial structure. Additionally, in the structure of the proposed
machine, the magnetic flux density of its stator is somewhat greater than that of the conventional
structure. In Figure 4, from the circled part, nine magnetic lines on Figure 4a and 10 lines on Figure 4b
can be seen. It can be observed that the flux density in Figure 4b is higher. As shown in Figure 4a,
there is no flux distribution in the dummy slot, but, magnetic lines of magnetization direction are
added in the dummy slot for Figure 4b. This is because permanent magnets are increased in the
dummy slots of the proposed structure. It can be observed from Figure 4 that the distortion of the
magnetic lines of force is also reduced with the increased permanent magnet. The higher the magnetic
density at the stator, the greater the torque that can be produced under the same current.

(a) (b)

Figure 4. No-load magnetic flux distributions of two FSPM machines: (a) conventional 6/17 FSPM
machine; (b) proposed 6/17 FSPM machine.
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The distribution of no-load air-gap flux density in two E-shaped stator tooth FSPM machines is
implied by Figure 5. It can be observed that the proposed machine has a larger air-gap flux density,
which indicates the proposed structure can produce a much larger output torque than the initial one.
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Figure 5. No-load air-gap flux density distributions for the two FSPM machines.

At the same time, peak-to-peak value of cogging torque of the proposed machine (0.54 Nm) is
higher than that of the initial machine (0.33 Nm), as shown in Figure 6. Additionally, the energy in
the air gap is related to cogging torque, so the formula for calculating the cogging torque [9] can be
written as:

Tcog = −∂W
∂θr

= − ∂
∂θr

(
1

2μ0

∫
B2dV) (2)

where W is the energy in the air gap, B is the air-gap flux density, μ0 is the magnetic permeability of
the free space, and V is the volume of air gap. Meanwhile, this novel 6/17 E-shaped stator tooth FSPM
has both a higher air-gap flux density and a larger cogging torque due to the magnets in the dummy
slots of the stator tooth.
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Figure 6. Cogging torque waveforms of the two FSPM machines.

Next, Figure 7 shows the no-load back-EMF waveforms of the two machines at 1500 r/min
that were computed by finite element method (FEM). Results indicate that the two waveforms are
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symmetrical; in addition, with respect to the amplitude back-EMF, the proposed E-shaped stator
tooth machine shows a larger amplitude back-EMF because of larger fluxes flowing through the coil.
Meanwhile, Figure 8 indicates the fast Fourier transform (FFT) results of back-EMF waveforms.
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Figure 7. No-load back-EMFs of the two FSPM machines.
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Figure 8. Fast Fourier transform (FFT) results of back-EMFs of the two FSPM machines.

After adding magnets in the dummy slots of the stator teeth, the amplitude of fundamental
back-EMFs is enhanced. It can be observed from Figure 8 that the third, fifth, and seventh components
harmonics of on-load back-EMF are reduced greatly after adding magnets. Then, with magnets located
in the dummy slots, the fundamental harmonic of on-load back-EMF is enhanced from 176.1 to 200.6 V.
The total harmonic distribution (THD) of initial and proposed E-shaped stator tooth machines is
5.7% and 4.7%, respectively, and there is no additional extra harmonic introduced into the targeted
on-load back-EMF.

3.2. Torque Performance

Figures 9 and 10 indicate that the two machines are controlled by id = 0 mode, where the current
density ranges from 1 to 10 A/mm2, while the stator coil turns and the slot packing factor is 73 and 0.45,
respectively [8]. Results imply that under 10 A/mm2, the average torque of the proposed structure is
significantly greater than that of the initial structure. As far as torque ripple is concerned, the proposed
machine is also somewhat smaller than the E-shaped stator tooth structure above 2 A/mm2, after adding
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the magnets in the dummy slots of stator teeth. The average torque of the proposed machine (15.38 Nm)
is greater than that of the conventional one (13.04 Nm) at the rated current density (5 A/mm2).
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Figure 9. Average torque waveforms versus the current density.

1 2 3 4 5 6 7 8 9 10
0

4

8

12

16

20

R
ip
pl
e
(%

)

Current density (A/mm2)

Initial Structure
Novel Structure

Figure 10. Torque ripple waveforms versus the current density.

The torque ripple of the novel machine (5.7%), however, is a little lower. Under the condition
of low torque ripple, the proposed machine needs to be further optimized through adopting some
strategies to make the torque ripple smaller [5,10,11]; at the same time, the average torque will also be
reduced. Figure 11 indicates the electromagnetic torque waveforms of these two machines.
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Figure 11. Electromagnetic torque waveforms under J = 5 A/mm2.
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Table 2 shows comparative results of the two E-shaped stator tooth FSPM machines. It can be
found that they both have the same machine volume, but the ratio of torque to the volume of the
proposed machine is larger. More importantly, the average torque of the machines is 13.04 Nm and
15.38 Nm, respectively; thus, the average torque of the proposed machine is 20% higher. In other
words, torque density is hugely enhanced for the proposed machine. Meanwhile, the torque ripple of
the two machines is 5.7% and 8.8%, respectively, and that of the proposed machine is reduced by 3.1%.
This is because the new structure increases the radial permanent magnet and enhances flux density
distribution in the air gap, so the cogging torque and torque ripple are reduced. Besides, when the two
machines both work under 1500 r/min and 5 A/mm2, their efficiency is approximately equal, 0.877 and
0.897. The amount of permanent magnets increases by 21%, which improves the performance of the
motor, and the cost of permanent magnet is only a small part of the manufacturing cost of the motor.
Therefore, it is worthwhile to increase the permanent magnets.

Table 2. Comparative results of the two FSPM machines.

Items Initial Novel

Amplitude of fundamental phase back-EMF (V) 176.1 200.6
Total harmonic distribution (THD) of phase back-EMF 5.7% 4.7%

Average torque (Nm) 13.04 15.38
Torque ripple 8.8% 5.7%

Ratio of torque to machine volume (Nm/m3) 13,169 15,530
Efficiency at 5 A/mm2 and 1500 r/min 0.877 0.897

4. Conclusions

In summary, this paper introduces a novel 6/17 E-shaped stator tooth FSPM machine with an
added magnet in the upper apex of each dummy slot, which is derived from the conventional 6/17
E-shaped stator tooth FSPM machine. Then, two kinds of 6/17 E-shaped stator tooth FSPM machine
topologies with the same rotor tooth are compared by FEM. Finally, the electromagnetic performance
of the two kinds of E-shaped stator tooth machine is compared, while final results indicate that the
proposed E-shaped stator tooth machine has higher torque, back-EMF, and efficiency than the initial
machine. In addition, the proposed structure has a lower torque ripple and lower THD of phase
back-EMF. Therefore, this proposed E-shaped stator tooth machine has a better performance.
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Abstract: This paper presents a pumping system supplied by a PV generator that is based on a
switched reluctance machine (SRM). Water pumping systems are fundamental in many applications.
Most of them can be used only during the day; therefore, they are highly recommended for use with
PV generators. For the interface between the PV panels and the motor, a new multilevel converter is
proposed. This converter is designed in order to ensure fault-tolerant capability for open switch faults.
The converter is based on two three-level inverters, with some extra switches. Moreover, to reduce
the number of switches, the converter is designed to provide inverse currents in the motor windings.
Due to the characteristics of this motor, the inverse currents do not change the torque direction. In
this way, it was possible to obtain an SRM drive with fault-tolerant capability for transistor faults; it
is also a low-cost solution, due to the reduced number of switches and drives. These characteristics of
fault-tolerant capability and low cost are important in applications such as water pumping systems
supplied by PV generators. The proposed system was verified by several tests that were carried out
by a simulation program. The experimental results, obtained from a laboratory prototype, are also
presented, with the purpose of validating the simulation tests.

Keywords: SRM; PV panels; water pumping system; multilevel converter; fault-tolerant

1. Introduction

One of the applications for which PV generators are considered highly adequate is
water pumping systems [1–4]. In many of these systems the operation is compatible with
the intermittency of the electrical energy supplied by the generators. Therefore, it is possible
to implement a completely renewable and clean solution that does not produce greenhouse
gases. On the other hand, it is extremely important and appropriate to implement it in
rural and remote areas [4–6]. Taking these factors into consideration, the development of a
reliable and economical pumping system is fundamental.

One of the aspects that must be considered in a pumping system is the choice of the
electric motor. Several types of motor can be used in this type of application [6]. However,
one of the motors that is considered the most interesting is the switching reluctance ma-
chine (SRM). When compared to other industrial motors, this motor is considered simple
in design [7]. As a consequence, several applications and research studies have been per-
formed [8–12]. From these applications and studies, it was possible to verify that in fact,
the SRM showed excellent characteristics for this kind of application.

One fundamental aspect of the application of an SRM is the electronic power converter
that must be used to operate the motor; several topologies can be adopted. The classic
solution is the asymmetrical half-bridge topology [13–15]. However, many other two-level
topologies have been presented and proposed. Most of those topologies are characterized
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to reduce the number of electronic power components [16–20]. However, electronic power
converters are prone to faults in their switches [21]. Thus, in order to consider this aspect,
several topologies have been developed with the purpose of providing fault-tolerant
capability for this type of faults. The approach to developing these converters is based on
the introduction of extra switches and/or relays. An example in which an extra leg and
relays to connect it to the faulty phase are introduced can be seen in [22]. Another topology
that introduces new switches and relays was also proposed in [23]. In this topology,
instead of using a leg with a switch and a diode, a classical leg with two switches and
two diodes is used. One interesting concept that is used in the context of this topology is
that in fault-tolerant mode, changes in the current excitation are also considered. Another
topology in which extra switches were introduced, but with the purpose of minimizing
them, is presented in [24]. A fault-tolerant system with extra switches and windings (dual-
channel switched reluctance motor) was also proposed by [25]. It is characterized by two
operational models. The first operational model works like a three-phase conventional SRM
delivered by an H-bridge inverter, driven by square-wave currents. The second operational
model involves two SRMs, mutually coupled, being supplied by sine-wave currents. These
operational models are used to solve various faults, and the corresponding remedial current
strategies are proposed to perform fault-tolerant operation. In [26], another topology was
proposed with extra switches that can be arranged to work in the usual and modular
driving modes so that the advantages of both driving methods can be applied. A topology
with two additional switches and six thyristors, complementing the classical AHB, was
also proposed [27]. In [28], a topology that uses a standby single-phase full bridge in
combination with an extra group of mechanical switches replacing up to four faulty active
switches was presented. However, this solution is not capable of isolating short-circuit
failures in controlled-power semiconductors. The fault-tolerant solution presented in [29]
combines a classical AHB topology with a classical redundant VSI topology applied to a
three-phase SRM. The redundant three-phase VSI is linked to every central-tapped winding
phase. In [30], a fault-tolerant topology with an additional classical single-phase full-bridge
joined with six mechanical relays applied to a three-phase SRM was presented. Each phase
of the converter is divided into three windings to connect additional controlled power
semiconductors in fault-tolerant operation. In [31], the use of two inverter legs for each
phase for a special six-phase 12/8 SRM was proposed to increase drive system reliability,
based on the concept of increasing the number of legs per phase of the inverter. This
proposal uses a mutually coupled dual three-phase SRM.

Solutions in which only relays are used were also proposed [32,33]. The first solution
benefits from the independence between SRM phases and demands static switches linked
between phases that are not in sequence. The second solution uses the same principle
presented in [32] with some enhancements regarding fault-tolerant operation. This solu-
tion uses healthy legs to control two phases that are not in a sequence; for example, in
a four-phase SRM, phases ‘A’ and ‘C’ or phases ‘B’ and ‘D’. It uses various changeover
solid-state relays (SSRs) to link the faulty legs to other healthy phases, so as to replace and
isolate the faulty devices. This solution offers the advantage of isolating faulty controlled
power semiconductors regardless of the failure mode. Another category of power converter
topology that can be used with the SRM features the ability to generate multilevel voltages.
Consequently, it is possible to improve the performance of the machine and reduce the
power semiconductors’ switching frequency [34]. Another important aspect of multilevel
topologies is that they can provide fault-tolerant capability. In this way, T-type and neutral
point clamped asymmetric half-bridge (NPC) topologies have been studied [34–38]. How-
ever, these topologies present some limitations regarding their fault-tolerant capability for
all types of faults. Topologies based on the modular multilevel converter (MMC) were also
proposed. One of the solutions is the classical asymmetric MMC [34]. In this solution, the
MMC’s structure is linked to the asymmetric bridge converter [39]. In [40], an NPC-AHB
converter with intrinsic dc-link voltage boosting capacitors was presented. This topology
was developed for an 8/6 SRM and characterized by two NPC-AHB converters, one of
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which was connected to phases A and C and the other to phases B and D. This converter
was proposed for applications involving high-speed electric vehicles. In [41], a modular
structure based on an asymmetric half-bridge converter topology, with a central-tapped
winding node, for an 8/6 SRM, was proposed. This solution was specifically developed
for electric and hybrid electric vehicles. Another proposed topology [42] also offers boost
capability, but with symmetrical legs and a common point for the machine windings. This
topology features a high number of power switches and requires complex control to balance
the floating capacitor.

Topologies based on these classical forms, but with reduced numbers of switches,
were also proposed [43–46]. However, they become severely affected regarding their fault
tolerance capability. In this way, an NPC topology, modified by adding active switches
to the inverter’s clamping diodes, combined with another group of power switches and
diodes linked to each branch of the converter, was also proposed [47]. However, the
number of switches of the converter is very high. Thus, to provide a complete fault
tolerance capability regarding all types of power semiconductors faults, and even multiple
faults with a reduced number of switches, a four-quadrant NPC topology for an SRM was
proposed [48]. This topology also uses the concept that in fault-tolerant mode, the change
in the current excitation is also considered. However, this solution is still characterized by
a high number of controlled-power semiconductors.

With the objective of providing multilevel operation, as well as fault-tolerant capa-
bility for open-switch faults, a new topology is proposed in this work. Few studies have
addressed multilevel converters to SRMs with fault-tolerant capability. Thus, the proposed
solution provides multilevel characteristics, but contrary to the solutions described pre-
viously, this topology is characterized by a reduced number of power semiconductors.
This results in an SRM with fault-tolerant capability for open-switch faults. Thus, with
the reduction in the number of switches and transistor drives, it is possible to reduce
the cost of the solution. These aspects of fault-tolerant capability and reduced costs are
extremely important in several applications in water pumping systems supplied by PV
generators. In reality, these applications are often used in poor countries and in remote
regions. Furthermore, in fault-tolerant mode, the change in the current excitation is also
considered. The characteristics and fault-tolerant capability of the proposed topology are
verified through several tests using a simulation platform and a laboratory prototype.

2. Torque Characteristic of the SRM

In an SRM, the reluctance of the magnetic circuit depends on the position of the
rotor. The reluctance circuit is influenced by the geometry of the machine and some of
its constructive parameters, such as the type, thickness, and lamination factor of the used
ferromagnetic material. To apply a (reluctance) torque in this machine, a variation of the
reluctance is fundamental, and controlling the time of energizing and deenergizing of the
stator phases is necessary to adequately control it. The mathematical model of an SRM
is considered complex, with nonlinearities in the magnetic circuit. The SRM electrical
equation can be expressed as Equation (1), for each phase. Usually, the mutual inductance
is neglected, which means that the magnetic influence among phases is not considered:

uj = Rjij +
dψj

(
θr, ij

)
dt

(1)

where uj is the phase voltage, ij the phase current, Rj the phase resistance, θr the rotor
position, j is the considered phase, and ψj (θr, ij) is the phase linkage flux. Equation (1) can
be rewritten as:

uj = Rjij +
∂ψj

(
θr, ij

)
∂ij

dij

dt
+

∂ψj
(
θr, ij

)
∂θr

ωr (2)

In Equation (2), the last term corresponds to the back EMF, which depends on the speed
of the rotor, ωr, meaning that the back EMF of the motor will present high values during
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high-speed operation. Consequently, the input voltage should be even higher to guarantee
the phase current. For this situation, a multilevel converter could be the adequate solution,
imposing a high value of DC voltage. Particularly during periods of phase energizing and
deenergizing, high voltage values are required to minimize the commutation time between
phases and the possibility of negative values for phase torque. The multilevel converter
could also be advantageous at lower speeds, using lower voltage values, improving the
efficiency level by diminishing the switching frequency.

To complete the mathematical model of the SRM, an equation for the torque developed
by each phase (Tj) should be written. To obtain the total torque, the torque developed
by each phase should be added for each time instant. Each phase torque is obtained by
calculating the variation of the magnetic co-energy (WC) related to the variation of the rotor
position, as in Equation (3):

Tj
(
θr, ij

)
=

∂WC
(
θr, ij

)
∂θr

∣∣∣∣∣
ij=const

(3)

where the magnetic co-energy is defined in Equation (4):

WC
(
θr, ij

)
=

∫ ij

0
ψj(θr, i)di (4)

The linkage flux of each phase can be expressed as in Equation (5):

ψj
(
θr, ij

)
= Lj(θr)ij (5)

where the magnetic self-inductance coefficient (Lj) is introduced, not depending on the
phase current, ij. However, it could be considered non-linear, depending on the position of
the rotor [48].

Using Equation (5), the torque developed by each phase and represented in Equation (3)
can be rewritten as:

Tj
(
θr, ij

)
=

1
2

dLj(θr)

dθr
i2j (6)

Which leads to the main conclusion, that the torque value is independent of the phase
current signal. This conclusion is relevant to sustain the methodology proposed here.

3. Proposed Fault Tolerant Multilevel Converter for a SRM

As mentioned in the first section, SRMs are highly recommended for application to
pumping systems. However, these motors require a power converter. On the other hand,
if the system is supplied by PV panels, a DC–DC converter between those panels and
the SRM power converter is usually required. This typical structure is shown in Figure 1,
where it is possible to see the three main parts, the PV generators, the power converter,
and the SRM.

Figure 1. Typical structure of a pumping system with a PV generator and a SRM.

SRMs are typically supplied by two-level power converters. However, as mentioned
previously, multilevel converters present several advantages, due to which they are an
increasingly interesting alternative. However, these converters do not provide fault-tolerant
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operation or require a high number of switches. Therefore, a multilevel converter with
fault-tolerant operation and a reduced number of switches is proposed in this work. The
proposed solution, which is adapted for a 8/6 SRM, is presented in Figure 2. As can be
seen, this topology consists of two three-phase two-level voltage source inverters and extra
switches. These extra switches are used to connect both positive buses of the three-phase
voltage source inverters (bidirectional switch) and, in turn, to connect these to the upper
capacitor. The PV generator is connected to the lower capacitor; accordingly, the voltage of
the upper capacitor should be controlled.

Figure 2. Proposed multilevel fault tolerant converter for the 8/6 SRM.

When the converter operates in healthy mode, the bidirectional switch SB is always
off. This converter allows multilevel operation, since it allows the application of four
voltage levels to each motor winding four voltage level, namely, +VDC1 + VDC2, +VDC1,
0 and –VDC1–VDC2. Therefore, there are four possible topological arrangements, as shown
in Figure 3 for the case of phase A. The application of the maximum positive voltage
(+VDC1 + VDC2) is obtained when the power semiconductors T1U, T1L, and T5L are ON
(Figure 3a). The intermediate positive voltage (+VDC1) is obtained with the two power
semiconductors T1L and T5L in ON state (Figure 3b). Regarding the state associated with
the 0 voltage, it is obtained when diode D4L and transistor T5L are ON (Figure 3c). This
last state can also be achieved with the diode D2L and transistor T1L in the ON condition.
Finally, for the last state (the application of the negative voltage –VDC1–VDC2), the diodes
D2L and D4L are ON (Figure 3d).

Figure 3. Cont.

67



Energies 2022, 15, 720

Figure 3. Topological arrangements of the multilevel converter associated to phase A in healthy
condition: (a) voltage level +VC1 + VC2; (b) voltage level +VC1; (c) voltage level 0; (d) voltage level
–VC1–VC2.

One important characteristic of the proposed topology is that during an open switch
fault, it can provide fault-tolerant capability. This fault-tolerant capability is achieved by
changing the switches that are controlled under the concept of the bidirectional current
excitation. Let us consider the example of a fault in the transistor T1L. During this kind of
fault, it is not possible to apply a positive voltage to the motor winding phase A. Thus, to
settle this problem, instead of using transistors T1L and T5L, transistors S2L and T4L are used.
Consequently, the current in the motor winding phase A flows in the opposite direction
when compared with the healthy condition. In Figure 4, it is possible to analyze the new
circuits for this fault-tolerant mode. If the fault is in the upper switch, such as T1U, then
when the maximum voltage applied to the motor windings A or C is needed, instead of this
transistor, transistor T2U and the bidirectional switch SB should be used. The new circuits
for this fault condition can be observed in Figure 5. It should be noted that for this kind of
fault, the change in direction of the current excitation is not needed.

Through the analysis that was performed for the proposed topology, it was possible to
confirm the system’s fault-tolerant capability. As verified, this capability was achieved by
changing the transistors that were being used by other ones and in some conditions by the
inversion of the current excitation in the winding affected by the fault.

Figure 4. Cont.
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Figure 4. Topological arrangements of the multilevel converter associated to phase A in S1L open tran-
sistor fault and fault-tolerant mode: (a) voltage level +VC1 + VC2; (b) voltage level +VC1; (c) voltage
level 0; (d) voltage level –VC1−VC2.

Figure 5. Topological arrangements of the multilevel converter associated to phase A in S1U open tran-
sistor fault and fault-tolerant mode: (a) voltage level +VC1 + VC2; (b) voltage level +VC1; (c) voltage
level 0; (d) voltage level –VC1−VC2.

Since the developed topology was designed with the purpose of reducing the number
of switches and drives for the transistors, there is a consequence regarding the power
switches’ balanced losses. In fact, this is the disadvantage of this topology, since the two
upper switches, T1U and T2U, will experience greater power losses, since each of them are
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common to two phases. However, this fact is true for higher motor speeds, since it is in
these operational modes that the maximum positive voltage is required. For lower speeds,
it is the contrary. In this last case, the maximum voltages are practically not required;
accordingly, the upper switches are not operated.

4. Control of the Proposed Converter

To control the proposed multilevel fault-tolerant converter, from the point of view of
the motor, several approaches can be used. For this work, a current controller for the motor
windings was used. The adopted approach can be seen in Figure 6, where the full scheme
is presented. As shown in this figure, the current controller is associated with a modulator
that is specially developed for this fault-tolerant converter.

Figure 6. Full scheme of the adopted control approach for the proposed multilevel fault-tolerant converter.

The current controller is responsible for the regulation of the motor winding currents.
For this purpose, a current hysteresis controller was used, but designed to allow the
generation of the four voltage levels (generating at their output four different values that
are associated with the switch combination to generate the required voltage). In this way,
the controller followed the conditions presented in Equation (7). The generation of the four
different values can also be seen in Figure 7.
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

i f ire f − i ≥ +2Δi ⇒ λ = 4 ⇒ Vphase = +VC1 + VC2
i f + Δi ≤ ire f − i < +2Δi ⇒ λ = 3 or 4 ⇒ Vphase = +VC1 or + VC1 + VC2
i f 0 ≤ ire f − i < +Δi ⇒ λ = 2 or 3 ⇒ Vphase = 0 or + VC1
i f − Δi ≤ ire f − i < 0 ⇒ λ = 1 or 2 ⇒ Vphase = 0 or − VC1 − VC2
i f ire f − i < −Δi ⇒ λ = 1 ⇒ Vphase = −VC1 − VC2

(7)

A modulator is developed to generate the switch combination as a result of the current
controller. Therefore, considering the four values at the output of the current controller
(λ), the switches that must be turned ON and OFF, associated to phase A, are given by in
Table 1. In this table, several possible conditions are presented, being the negative signal of
the current the representation of the inversion of the current excitation in the winding.

Another aspect that must be considered is the control of the capacitor voltage. The
capacitor voltage VC1 is controlled by an outer loop that gives the current reference. For
this loop, a PI controller is adopted. The scheme of this outer loop can be seen in Figure 8.
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Figure 7. Multilevel hysteresis comparator associated with the current controller.

Table 1. Condition of the switches associated to phase A function of the output of the current controller.

λ T1U T2U T1L T2L T3L T4L T5L T6L SB
Current

Direction
Voltage Level

4 1 0 1 0 0 0 1 0 0 + +VC1 + VC2
4 1 0 0 1 0 1 0 0 0 − +VC1 + VC2
4 0 1 1 0 0 0 1 0 1 + +VC1 + VC2
4 0 1 0 1 0 1 0 0 1 − +VC1 + VC2
3 0 0 1 0 0 0 1 0 0 + +VC1
3 0 0 0 1 0 1 0 0 0 − +VC1
2 0 0 1 0 0 0 0 0 0 + 0
2 0 0 0 0 0 0 1 0 0 + 0
2 0 0 0 1 0 0 0 0 0 − 0
2 0 0 0 0 0 1 0 0 0 − 0
1 0 0 0 0 0 0 0 0 0 + −VC1−VC2
1 0 0 0 0 0 0 0 0 0 − −VC1−VC2

Figure 8. Control of the voltage capacitor VC1.

Another aspect that needs to be considered is the balance of the floating capacitor
voltage VC2. This balance is ensured by the definition of a voltage reference for that
capacitor and control of the switches T1U and T2U as a function of this reference. In this
way, the gating signals of these switches are inhibited when the voltage of the capacitor
C2 is higher than the reference value.

5. Reliability Evaluation

This section presents a brief study about the theoretical probability of failure expected
from the classic NPC-AHB [38] and the proposed fault-tolerant topology presented in
Figure 2, after a failure in the IGBTs of one phase (winding A). In this analysis, the open-
circuit failure mode and the ability to reach the desired voltage level were considered.
Reliability measures the probability of a system failing within a given time interval (0, t),
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i.e., reliability is a function of time, R(t) [49]. With a constant failure rate component, λ,
reliability is determined by an exponential distribution (8):

R(t) = e−λt (8)

The reliability of stand-by systems with redundancy, featuring ideal switching with-
out repair and constant and identical failure rates, can be described by the Poisson
distribution (9) [50].

R(t) =
n−1

∑
k=0

(λt)2

k!
e−λt (9)

The probability of failure is then calculated by (10):

Q(t) = 1 − R(t) (10)

Tables 2 and 3, below, present the estimated probability of failure after five years
(5 × 8760 = 43800 h) of operation and with a constant failure rate of λ = 1.6577 × 10−6 h−1

(failure rate according to Coffin–Manson method [51]) for the NPC-AHB and the proposed
topology after the first failure regarding different power devices and desired voltage levels.

Table 2. Estimated probability of failure within 5 years after the first failure (NPC-AHB).

Open-Circuit Failures

Device Failure +2 V +V 0 V

T1A Fail 1 0.1957 0.070
T2A Fail 1 Fail 1 0.1351
T3A Fail 1 Fail 1 0.1351
T4A Fail 1 0.1957 0.070

1 Fail—The converter fails immediately to achieve the desired voltage when the failure occurs in the specified
power device.

Table 3. Estimated probability of failure within 5 years after the first failure considering the
proposed topology.

Open-Circuit Failures

Device Failure +2 V +V 0 V

T1U 1.82 × 10−2 2.33 × 10−5 2.40 × 10−5

T1L 4.93 × 10−2 0.1351 3.43 × 10−4

T5L 4.93 × 10−2 0.1351 3.43 × 10−4

T2U 9.46 × 10−3 1.82 × 10−2 2.40 × 10−5

SB 9.46 × 10−3 1.82 × 10−2 2.40 × 10−5

From this analysis, it is possible to conclude that the proposed solution is much more
reliable regarding the open circuit failure mode than the classic NPC-AHB, independently
of the device under failure and desired voltage level.

6. Simulation Results

The proposed PV generator feeding a water pumping system based on an SRM
with a multilevel fault-tolerant converter was first tested by computer simulations. The
simulation of this test system was performed through the use of MATLAB 2017a with
Simulink version 8.9. Associated with this program, the Simulink Library, namely the Sim-
scape/PowerSystems blockset, was also used. A discrete simulation type with a sampling
time of 1 microsecond was also used. The model of the SRM was the model present in
the examples of the Simulink. For the power semiconductors, the models present in the
simscape/power systems/specialized technology/fundamental blocks/power electronics
library were used. For these computer simulation tests, the capacitor C1 was connected to a
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PV generator that consisted of a PV panel and a classical DC–DC Boost converter. The PV
panel allows the generation of a maximum power of 320 W. For the Boost and the proposed
multilevel converter, an inductor of 0.4 mH and capacitors of 470 μF were considered.

The pumping system with the proposed multilevel power converter was initially
tested under normal conditions. An irradiance of 1000 W/m2 and a temperature of 25 ◦C
were considered. For this test, a torque of 2.5 Nm and a speed of around 800 rpm were
considered. The results of this test can be seen in Figure 9. This figure presents the
voltage applied to the motor winding A, as well as the motor winding currents. Analyzing
Figure 9a, it is possible to confirm the multilevel operation of the converter. Initially, when
the motor winding A was excited, the maximum voltage was applied. Regarding the motor
winding currents, it is possible to observe in Figure 9b that they were controlled and the
reference value was around 4 A. Another aspect that was analyzed was the efficiency of the
power electronic converter. Taking into consideration this operating mode, the efficiency
was 92.8%. Regarding the power losses of the transistors, it is also possible to see that the
lower transistors (T1L, T2L, T5L, T6L, T7U, T8L, T11L and T12L) were in the ON condition for
much more time than the upper transistors (T1U and T2U). However, each of the upper
transistors was common to two phases. Therefore, in this mode of operation, the power
losses of the upper transistors were similar to the losses in the lower transistors. For the
upper transistors, the power losses were around 46.2% of the total losses, while for the
lower transistors, they were 53.8%.

 
(a)  

(b) 

Figure 9. Simulation test with the converter operating in normal mode performed for an irradiance
of 1000 W/m2 and with a temperature of 25 ◦C: (a) winding voltage of phase A; (b) winding currents.

Another test in which the system was initially disconnected (capacitors discharged)
and that turned ON when t = 0 s under the same irradiance and temperature conditions
as the previous test, was performed to analyze the behavior of the proposed pumping
system with the proposed converter and controllers. The result of the voltage across both
capacitors can be seen in Figure 10. Through this figure, it is possible to confirm that
initially, the capacitors were discharged and that, after connecting the system, they changed
until they achieved the reference value. It is also possible to confirm that although, during
the transient time, the voltages across the capacitors were different, they both stabilized
with the same value (reference). In this way, it is possible to confirm that the controller
ensured the balance between the capacitors.
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Figure 10. Voltages across the capacitors C1 and C2 during the connection period.

Tests with the proposed converter in healthy, faulty, and fault-tolerant conditions were
also performed. A test in which, initially, the converter operated in healthy mode, following
after t = 0.5 s with a fault in transistor T1U and after t = 0.52 s in fault-tolerant mode, can be
seen in Figure 11. This figure shows that after the switch fault, it was no longer possible
to apply the maximum voltage (VC1 + VC2). However, this limitation disappeared after
the reconfiguration of the circuit (fault-tolerant mode). In fact, analyzing the winding
currents, it is possible to verify that between 0.5 s and 0.52 s (during the fault) they were
affected and began to decrease their values. However, after the reconfiguration of the
circuit, the winding currents started to recover. Another test, with a different fault, was also
performed. In this case, the fault was in one of the switches of the three-phase modules,
namely transistor T1L. The consequences of this fault and operation in fault-tolerant mode
can be seen in Figure 12. After the fault (t = 0.5 s), it was not possible to apply a voltage to
the SRM winding of phase A. Therefore, the current in this phase was zero. To overcome
this problem, the fault-tolerant mode was applied at t = 0.52 s. In this last mode, the voltage
was applied again to the SRM winding of phase A. However, as shown by the results of
this last test, for this transistor fault, inverse voltages and negative currents to the SRM
windings began to apply.

 
(a) 

 
(b) 

Figure 11. Simulation test with the converter operating in normal mode, fault in transistor T1U, and
fault-tolerant mode: (a) winding voltage of phase A; (b) winding currents.
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(a) 

 
(b) 

Figure 12. Simulation test with the converter operating in normal mode, fault in transistor T1L, and
fault tolerant mode: (a) winding voltage of phase A; (b) winding currents.

7. Experimental Results

The verification of the simulation tests and theoretical considerations was also con-
firmed by some experimental tests using a laboratorial prototype. For the Boost and
proposed multilevel converter similar components used in the simulation tests, an inductor
of 0.4 mH and two capacitors of 470 μF were considered. To provide the DC voltage to
the system, a controlled EA PS8360-30 2U (up to 360 VDC, 30 A) power supply, adjusted to
200 VDC, was used. This power supply makes it possible to emulate the PV generator (PV
panels + DC–DC converter) in different weather conditions. The system was connected to a
four-phase 8/6 SRM, the new proposed inverter, circuit drives, and sensors. The pumping
system was emulated through a DC machine operating as a generator connected to the
shaft of the four-phase 8/6 SRM. The control algorithm of the SRM drive was performed
on a DSPACE tool. For the power semiconductors, IXGN72N60C3H1 and CM600DY-13T
IGBTs and MUR1540 diodes were selected. The waveform signals were acquired by a
TDS3014C oscilloscope.

The first experimental test was performed in normal conditions (without failures)
considering a stationary voltage and current from the power supply. In this situation, the
PV generator (PV panels + DC–DC converter) presented 200 VDC, which corresponds to
an irradiance of 1000 W/m2, and the PV panels exhibited a temperature of 25 ◦C, boosted
by the DC–DC converter. The first experimental result can be seen in Figure 13, showing
the multilevel voltage applied to the motor winding A (Figure 13a) and the SRM winding
currents (Figure 13b). Analyzing Figure 13, it is possible to confirm the desired multilevel
operation of the converter and the controlled winding currents around the reference value
(around 6 A). In this case, the current was slightly higher than the current presented in
the simulations. However, this increase was due to the fact that the power supplied to the
motor was adjusted to ensure the same speed, of 800 rpm. The efficiency of the power
electronic converter in this operating mode was around 91.2%. This value was lower than
the value obtained for the simulation, but it can be considered similar. Regarding the power
losses of the transistors, they were also similar to the those obtained by simulation. In this
case, the power losses of the upper transistors were around 43.8% of the total losses, while
for the lower transistors, they were 56.2%.
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(a) (b) 

Figure 13. Experimental results with the converter operating in normal mode (without failures)
considering a stable voltage from the PV generator (200 VDC): (a) multilevel voltage of winding
phase A; (b) winding currents of the four-phase 8/6 SRM.

Another experimental test was performed to analyze the behavior of the proposed
system considering the initial conditions. In this experimental test, the power supply was
initially disconnected and then switched on to evaluate the transient voltage in the input
capacitors of the multilevel converter. The experimental results of the voltage across both
capacitors considering these initial conditions can be seen in Figure 14. Analyzing this
figure, it is possible to observe that, initially, the capacitors were fully discharged and
after switching ON the power source, the transient voltage increased until achieving the
reference value. It can be seen that the adopted control strategy was able to stabilize and
balance the voltages of both capacitors. The duration of this transient depended on the
dynamics of several components and imposed load.

 

Figure 14. Experimental results of the voltages across the capacitors C1 and C2 during the initial
transient after connecting the PV generator.

Another set of experimental tests was dedicated to analyzing the behavior of the
system regarding the introduction of open-circuit failures in the power devices of the
converter, making it possible to explore the features of the fault-tolerant operation. The
first experimental result regarding the fault-tolerant operation can be seen in Figure 15.
In this test, an open-circuit failure in the transistor T1U at a certain moment in time was
introduced, showing the change from healthy to fault operation during a couple of periods.
After the fault detection and circuit reconfiguration, the converter started the fault-tolerant
operation. Notably, that the open-circuit failure in the transistor T1U generated the loss of
the maximum voltage level (+VDC), since this device is an outer device connected to this
voltage level. As a consequence, as demonstrated by the experimental results in Figure 15a,
after the open-circuit failure of this device, the converter only operated with +VDC/2,
which created difficulties for controlling the winding currents (Figure 15b). After the
introduction of the fault-tolerant operation, the voltages and currents returned to normal
operation. Notably, this failure mode did not require the inversion of the winding currents.
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(a) 

 
(b) 

Figure 15. Experimental results with the converter operating in normal mode, followed by an open-
circuit failure in the transistor the T1U and finally fault-tolerant mode: (a) winding voltage of phase A;
(b) winding currents.

A second experimental test of this kind was performed considering an open-circuit
failure in one of the switches of the three-phase modules, the transistor T1L. The experi-
mental results of this test can be seen in Figure 16. In Figure 16a, it is possible to observe
that this faut was introduced when the converter operated normally, creating a complete
voltage loss in the winding of phase A. As a consequence of this fault, the voltage and
current (Figure 16b) of phase A are missing. After fault detection and reconfiguration of the
circuit, it was possible to observe that the multilevel voltages and current returned to the
reference values. Nevertheless, the fault in this device (and other devices in the three-phase
modules) required winding voltage and current inversion. This was possible to perform
thanks to the design adopted for the topology, allowing the creation of alternative paths to
recover voltage levels regardless of the polarity, exploiting the characteristics of the SRM to
achieve the desired fault tolerance.

 
(a) 

 
(b) 

Figure 16. Experimental results with the converter operating in normal mode, followed by an open-
circuit failure in the transistor the T1L and, finally, fault-tolerant mode: (a) winding voltage of phase A;
(b) winding currents.

Comparing these experimental results with those obtained by simulation, it is possible
to verify that they are not precisely equal. However, it can be concluded that they are
very similar. The small differences were expected, since in the simulation model, several
components, such as the SRM, the power semiconductors, and the passive components,
were simplified compared with the real components.
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8. Discussion

As described above, a topology was designed to provide fault-tolerant capability but
with a reduction of the power semiconductors and transistor drives in order to reduce the
cost of the system. In Table 4, a comparison with equivalent topologies with fault-tolerant
capability is presented. In fact, this new topology only requires sixteen switches and two
extra diodes. The topology presented in [48] requires twenty-six switches and eight extra
diodes. Furthermore, this topology also requires eight additional relays. Due to the number
of switches and the requirement of additional relays, the cost of this converter is high. The
topology presented in [49] requires 32 switches and 16 extra diodes. It does not require
extra relays, but the number of switches is very high; accordingly, the cost is also high. A
topology that also presents multilevel characteristics and a reduced number of switches
is presented in [35]. This topology requires the same number of switches as the proposed
topology, but a higher number of diodes. On the other hand, it does not provide full
fault-tolerant operation, since for some faults, it does not offer the ability to restore the
initial operation. Another aspect is the modularity, for which the topologies [35,47] present
low abilities. On the other hand, the topology of [48] presents a high capability regarding
the modularity, since it uses NPC legs that are also used in the drives. Regarding the
proposed topology, it can be considered as medium, since in part of the circuit, it is possible
to use classical three-phase two-level inverter modules.

Table 4. Comparison with equivalent multilevel topologies with fault-tolerant capability.

Topology

Characteristics [47] [48] [35] Proposed

Number of switches 32 26 16 16
Extra diodes 16 8 8 2

Additional relays Yes No No No
Converter modularity Low High Low Medium
Fault tolerant ability Full Full Partial Full

Cost High Medium Low Low

9. Conclusions

This work presented a PV generator that feeds a water pumping system based on
an SRM. Associated with the SRM, a new multilevel converter is used. The topology
was developed with the purpose of providing five voltage levels to the SRM windings.
Besides the multilevel operation, this converter is also characterized by its ability to provide
fault-tolerant operation during an open-switch fault. The converter was also developed
with the purpose of reducing the number of power semiconductors and avoiding relays.
To ensure this, the concept that in fault-tolerant mode, the change of the current excitation
is also used was considered. On the other hand, the converter was based on two classical
three-phase voltage source inverters, in which the four windings of the SRM are connected.
All these aspects make it possible to reduce the cost of the fault-tolerant power converter
for the SRM drive. The converter was also compared with other solutions. Furthermore, a
study about the theoretical probability of failure expected from the SRM drive was also
performed. The operation of the proposed converter in healthy and faulty mode was also
analyzed. In addition, a control system and modulator for this converter were developed
and presented. This system also ensures that the voltage across the two capacitors that is
part of the converter is balanced. This paper also presents several test results performed
with the proposed PV generator that feeds a water pumping system based on an SRM.
The results confirm the ability of the proposed converter to operate with fault tolerance.
These results also show the ability of the converter to control the currents in the SRM
windings in both directions. This aspect proved to be essential in reducing the number of
converter switches.
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Abstract: A problem of the switched reluctance drive is its natural torque pulsations, which are
partially solved with finite control set model predictive control strategies. However, the continuous
control set model predictive control, required for precise torque stabilization and predictable power
converter behavior, needs sufficient computation resources, thus limiting its practical implementation.
The proposed model predictive control strategy utilizes offline processing of the magnetization
surface of the switched reluctance motor. This helps to obtain precalculated current references for
each torque command and rotor angular position in the offline mode. In online mode, the model
predictive control strategy implements the current commands using the magnetization surface for fast
evaluation of the required voltage command for the power converter. The proposed strategy needs
only two lookup table operations requiring very small computation time, making instant execution of
the whole control system possible and thereby minimizing the control delay. The proposed solution
was examined using a simulation model, which showed precise and rapid torque stabilization below
rated speed.

Keywords: switched reluctance motor drive; model predictive control; continuous control set;
pulse-width modulation; magnetization surface; electrical drive

1. Introduction

Switched reluctance drives (SRDs) have attracted a significant amount of attention in recent
decades as the most promising type of electric drive. With the spread of 3D-printing technologies,
this drive is one of the best candidates to become the first commercial 3D-printed machine [1] and
modular designed machine [2]. Being very simple, the machine requires a sophisticated control
strategy, which currently has no general approach, unlike the field-oriented control (FOC) or direct
torque control (DTC) used in AC electric drives. Many papers have considered the mitigation of torque
ripple by adjustment of the commutation angles [3–5] and current profiles [6,7], or optimization of
the motor magnetic geometry [8]. However, solutions suggested in [3–5] help in the limited range
of speeds as the current slope varies with the speed also affecting the produced torque. Current
profiling suggested in [6,7] cannot be applied to each particular motor without hand tuning in all
operation modes. In addition, optimization of the magnetic geometry for torque ripple minimization [8]
contradicts the goal of efficiency optimization of the electrical machine.
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The approach with model predictive control using a finite control set (FCS) was suggested
in [9] to help decrease torque ripple and make the control strategy applicable for any motor. It was
improved in [10] by decreasing the losses in the motor and in [11] by achieving equal distribution of
the temperatures of the power converter’s IGBT-modules. These approaches utilize the magnetization
surface of the switched reluctance motor for torque estimation while selecting the best control command.
These systems stabilize the output torque by profiling the phase current shape, not only with respect
to the commanded torque, but also minimizing ohmic losses. The disadvantage of the finite control
set model predictive control is the random switching rate and the error in the commanded torque or
speed if a short prediction horizon is used. Continuous control set (CCS) model predictive control
solves the voltage equations to obtain the references to the inverter, but this approach is problematic
for a switched reluctance machine (SRM) due to the high nonlinearity of the controlled plant as the
motor inductance varies with current and the power converter frequently saturates.

During analysis of the model predictive control (MPC) operation it was noticed that, for each
electrical revolution for the same torque command, the current references repeat. The cost function,
which considers the difference between the commanded and predicted torque, and minimizes ohmic
losses, gives the predefined shape of the current references with respect to the rotor position. Together
with the magnetization surface of each phase, this can be used to evaluate the desired voltage command,
which adjusts the state variables of the drive to follow the references. Compared to the existing
methods, the proposed solution uses information about the magnetization map of the machine to
obtain the current references for the demanded torque, and then evaluates voltage references using the
magnetization surface. The control strategy uses only lookup table operations, which allows evaluation
of the voltage command nearly instantly, thus requiring very small computation efforts.

2. Switched Reluctance Drive Model

2.1. Drive Topology

The switched reluctance drive can have a varying number of phases and its power converter
topology can vary. The most common configuration of the drive is shown in Figure 1. The stator of
the motor contains three phases with concentrated windings located at six stator teeth. The rotor has
four teeth, and the electromechanical reduction ratio is 4. The power converter is represented by three
asymmetrical H-bridges, which feed the motor phases with unipolar current.

Figure 1. Switched reluctance drive topology.
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2.2. Motor Equations

Each phase has its voltage balance equation [10]:

dψ
dt

= v− iR, (1)

where v is the applied voltage, i is the flowing current, R is the phase resistance, and ψ is the flux
linkage of the winding.

The magnetic system of an SRM is highly non-linear, which is usually defined by means of
a magnetization surface/map or flux linkage map. For AC machines these maps can be identified online
using a testbench that consists of the motor under test and a prime mover motor [12]. This testbench
can realize all possible operation conditions and uses high-frequency injection to estimate differential
inductance maps in order to build flux linkage maps. Such a method is applicable for SRMs; however,
other methods are more popular due to the specific nature of this machine.

The motor phases of an SRM are usually considered to be independent without, or with very little,
magnetic coupling between them [11]. Therefore, the magnetization surface of each phase depends
on its flowing current and current rotor angular position as shown in Figure 2. The magnetization
map of an SRM can be obtained experimentally [12,13]. Paper [12] provides a thorough description
of experimental setups for making flux linkage maps. In [13], authors represent two methods of flux
linkage map measurement based on the example of a four-phase SRM. The first method utilized a
testbench with a mechanical rotor locking device and measured current and voltage. The flux linkage
was calculated offline using experimental data. The second method was an online method. It did not
require a rotor locking device, and online data from current and voltages sensors were used to evaluate
the magnetization map when the SRM was running in a normal operation mode. For the considered
solution, the offline method is preferable, as the online method provides an incomplete data set limited
by the operation conditions of the drive, which makes estimation of the torque surface impossible.

Figure 2. Magnetization surface of the switched reluctance motor (SRM).
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The torque of the phase at the electrical speed can be defined as a function of the phase energy:

T = −
∂
ψ∫
0

i(ψ, θ)dψ

∂θ
, (2)

or co-energy:

T =

∂
i∫

0
ψ(i, θ)di

∂θ
, (3)

where θ is the electrical rotor angular position.
The total torque of the machine is the sum of the torques produced by each phase. For a considered

motor with number of phases N equal to 3, the torque equation can be written as follows:

T =
N∑

n=1

Tn = T1 + T2 + T3. (4)

2.3. Power Converter

Each phase of the motor is connected to the asymmetrical bridge as shown in Figure 1. The phase
current can only flow in one direction, which is considered to be the positive direction. It is possible to
apply a positive voltage of the DC link by switching on both switches in the bridge, zero voltage by
switching on only one of the switches, and negative voltage by switching off both switches. In the last
case the phase current flows through freewheeling diodes, and the negative voltage is applied only
while the flowing current is bigger than zero.

3. Continuous Control Set Model Predictive Control for SRD

The FCS MPC, which is taken as the reference, was proposed in [10]. The MPC algorithm checked
27 possible states of the power converter and estimated the behaviors of the phase currents and
torque for each case. The cost function was developed to keep total torque closer to the reference with
minimum ohmic losses in the phase windings.

As a result, for the infinite switching rate, the current shape was profiled to achieve nearly constant
torque as shown in Figure 3a. The waveform of the phase current contains the period of growing
current, when the phase operates together with the previously on phase, which is reaching the point of
maximum inductance (aligned position). When the previous phase reaches the aligned position, it is
not desirable to keep current in it anymore as it does not produce positive torque. So, the previously on
phase turns off, and all the torque, produced by the motor, is delivered to the shaft by a single phase at
its second time interval. The current is regulated according to the magnetization surface of the motor
to produce the commanded torque. Then, the inductance of this phase reaches its maximum value.
Its current is reduced, and the next phase is switched on.

This current waveform is repeated each revolution; therefore, it is possible to evaluate it in advance
(offline) for each torque reference.

Having variable rotor angular positions and torque references, the solution for each phase current
can be represented as a function of these two variables. This function is easy to implement using a
lookup table. An example of the current reference surface for phase A is shown in Figure 3b.

The current regulation can be performed using the magnetization surface of the motor phase.
With the rotation of the machine and change of the current reference, the system should move from
one point of the surface to another.

At the end of the pulse-width modulation (PWM) cycle, the current is to be measured and the
control system should be executed. The control system has information about the measured current
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i[k] (see Figure 4) and current rotor electrical position θ[k]. Knowing the motor speed ω, the rotor
position in the end of the next PWM cycle can be evaluated by:

θ̂[k + 1] = θ[k] +ω · TPWM, (5)

where TPWM is the duration of the PWM cycle.
Knowing the torque reference Tref, the current reference for the next PWM cycle can be evaluated

from the lookup table as:
ire f [k + 1] = fcurrent reference

(
θ̂[k + 1], Tre f

)
. (6)

Thus, the control system knows the phase currents and current rotor position, and current
references and predicted rotor position for the next PWM cycle. The system moves along the
magnetization surface of the motor phase from point k to point k + 1 as shown in Figure 4.

Figure 3. Current waveform for constant torque operation (a) and the phase A current reference surface
example (b).
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Figure 4. Transient during a single pulse-width modulation (PWM) cycle.

For both points the flux linkage can be estimated as:

ψ̂[k] = fmagnetization surface(θ[k], i[k]);
ψ̂[k + 1] = fmagnetization surface

(
θ̂[k + 1], ire f

)
.

⎫⎪⎪⎬⎪⎪⎭ (7)

These data can now be used to solve Equation (1) in order to find the voltage command:

vre f =
ψ̂[k + 1] − ψ̂[k] − i[k]+ire f

2 R · TPWM

TPWM
, (8)

which depends on the difference between the next and current flux linkage estimations taking into
account the voltage drop across the phase resistance by the average current that will flow in the
winding during the next PWM cycle.

The duty cycle for the asymmetrical bridge control can be evaluated using the voltage command
and the current DC link voltage vDC:

γ =
vre f

vDC
, (9)

which should be limited in the range of [−1;+1], where +1 corresponds to fully on switches and −1
corresponds to fully off.

4. Control System Implementation

4.1. Evaluation of the Magnetization Surface and Torque Surface as the Functions of Phase Current and Rotor
Angular Position

The surface from Figure 2 should be represented by an array of N·N points. As the resulting array
lies in the memory of the control system (microcontroller or field-programmable gate array (FPGA),
the number of points N should be selected taking into account this constraint as well as the accuracy
of the surface representation. If the number of points is sufficiently large, it is possible to use simple
bilinear interpolation or fetch the nearest value for fast evaluation of the control Equation (7). The array
of 100 points in both dimensions requires 10,000 words of memory for surface representation, which is
suitable for most modern microcontroller devices. This representation is convenient if the online
estimation of the flux linkages is running in parallel with the control system adjusting the reference
points in the magnetization map [14].

Having a magnetization surface representation, it is possible to obtain the torque surface, which can
be also represented as an array of N·N points. The torque can be evaluated as the derivative of the
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co-energy with respect to the angle. The co-energy integral can be expressed with series for numerical
evaluation using Tustin’s method as:

ΔW′
(
iNi , θNθ

)
=

iNi∫
0

ψ
(
i, θNθ

)
di ≈

Ni∑
ni=2

(
ψ[ni − 1, Nθ] +ψ[ni, Nθ]

2

)
, (10)

where iNi and θNθ are the current and angle of Ni- and Nθ-points in the magnetization surface table,
respectively. Each point on the surface can be evaluated as a difference between co-energies in a
one-step clockwise direction from the current rotor angular position and a one-step counterclockwise
direction divided by the angle difference using the following equation:

T[Ni, Nθ] =
ΔW′(i,θ)

Δθ

=

Ni∑
ni=2

((
ψ[ni−1,Nθ+1]+ψ[ni ,Nθ+1]

2

)
· Imax

N

)
−

Ni∑
ni=1

((
ψ[ni−1,Nθ−1]+ψ[ni ,Nθ−1]

2

)
· Imax

N

)

(2· 2πN )
,

(11)

which can be simplified as:

T[Ni, Nθ] =
Imax

8π
·

Ni∑
ni=2

(ψ[ni − 1, Nθ + 1] +ψ[ni, Nθ + 1] −ψ[ni − 1, Nθ − 1] −ψ[ni, Nθ − 1]). (12)

4.2. Evaluation of the Current Reference Surface

The referenced torque can be produced by an infinite number of combinations of the phase
currents. If minimum ohmic losses are desired, then there is a single solution for a given torque
reference and angular position. Thus, the goal is to evaluate the current reference for each phase as a
function of the torque reference and the rotor angular position.

For the three-phase SRM, there are angular positions when only one phase can produce a positive
torque, or positions when two phases can produce it. Consider the situation for two phases generating
positive torque.

For the used linear model of the motor, it is possible to find an analytical solution for the optimal
current references, but this model is used only to simplify the simulation model. In the general case,
the magnetization surface has high nonlinearity, and cannot be represented as a Fourier or Taylor series
with a reasonable number of coefficients for desired accuracy [15]. Thus, the best option is to use a
lookup table for the current reference surface as well as for the torque and flux linkage surfaces.

Consider some small positive angle (point O in Figure 3a) where the positive torque can be
produced by phases A and C. Set the initial phase A and C currents to zero. The phase C current can
be adjusted by integral torque controller, which has some gain k as shown in Figure 5a. The integral
torque controller regulates the phase C current until the error in the torque reaches the permitted
tolerance. Thereafter, the phase A current starts to increase (see Figure 5b). The torque controller
maintains its operation, continuously time varying the phase C current and keeping the total torque
from both phases A and C close to the reference.

From the moment when the phase A current starts to grow, the system begins to track the minimum
total current as it determines the ohmic losses in the motor windings. In the end of the transient from
Figure 5b, the outputs hold the most efficient references of the phase currents ia ref and ic ref, which can
be used as points on the current reference surfaces for each phase as shown in Figure 3b.

A similar approach can be used for the angles when the positive torque is generated by one phase
only. The only difference is that the search for minimal loss points is no longer needed due to the fact
that total torque is produced by a single phase, and there is no extra degree of freedom.
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Figure 5. Evaluation of the current references for the given torque command: (a) block diagram,
(b) transient during optimal reference evaluation.

4.3. Control System Flowchart

The control system is divided into an offline time-consuming algorithm placed into the initialization
stage, as shown in Figure 6a, and a real-time control interrupt (see Figure 6b), which implements the
proposed model predictive control strategy.

First, for the given representation of the magnetization surface, the initialization procedure
evaluates the flux linkage surface for the desired resolution of the two-dimensional array, for example,
100·100 points. Next, these data are used to evaluate the torque surface using Equation (12). Finally,
the most time-consuming algorithm is executed, which evaluates current references with respect to the
range of all possible torque commands and angles using the iterative algorithm shown in Figure 5.
Thereafter, the control system can start operation and rotate the machine.
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The interrupt routine, which is shown in Figure 6b, should be executed at the end of the PWM
cycle. The control system reads the feedback from the current, voltage, and position sensors inside
this interrupt. At first, it uses the current reference surface to obtain current references for the next
computed rotor angular position using Equation (5). Then, it obtains flux linkages for the current and
next referenced steps from the magnetization surface. Finally, the voltage command and the duty
cycles are evaluated and applied as the references to the PWM generator just before the new PWM
cycle starts.

Figure 6. Flowchart of the control system: (a) initialization procedure and background loop, (b) interrupt
with MPC strategy.

5. Simulation Results

There are various approaches to building a model of SRM. One of the most convenient options is
to use a linearized magnetization profile [16], as shown in Figure 7, which allows fast simulation with
simple equations for torque estimation to be undertaken. Phase inductance below the saturation knee
was found from the following equation:

L = Lav − ΔL cos θ, (13)

where Lav is the average inductance, ΔL is the half-sum of maximum and minimum inductances,
and θ is the rotor electrical angular position. When operating above saturation current isat the phase
differential inductance becomes equal to the minimal inductance of the motor for a misaligned position
as assumed in Figure 7.
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Figure 7. Linearized magnetization profile of SRM model.

The Euler integration method was used to obtain flux linkage in each phase and the resulting
equation is given below:

ψ[m] = ψ[m− 1] + (v− iR)h, (14)

where ψ[m] and ψ[m− 1] are the new and previous flux linkages of the motor model, respectively,
and h is the integration step size.

The power converter, which contains an asymmetrical H-bridge, is depicted in Figure 1. It can
only produce a positive current in any phase, which should be taken into account in the model when
zero or negative voltage is applied to the winding. If the numerically integrated flux linkage value in
the model becomes negative, then it should be set to zero:

ψ[m] =

{
ψ[m], ψ[m] ≥ 0;
0, ψ[m] < 0.

(15)

The value of the current in the phase winding was calculated in accordance with the estimated
flux linkage and the inductance value found from Equation (13):

i =
ψ

L
. (16)

If the evaluated current lies above the saturation knee, which can be checked by comparing it with
the saturation current, then Equation (13) is not applicable and the phase current should be evaluated
taking into account the differential inductance of the phase using the following equation:

i = isat +
ψ− L · isat

Lmin
(17)

instead of Equation (16), where Lmin is the minimum or differential inductance of the winding. If the
actual current is smaller than the saturation current value, then the torque of a single phase was
calculated using:

T =
i2

2
dL(θ)

dθ
=

i2

2
d(Lav − ΔL cos θ)

dθ
=

ΔL
2

i2 sin θ. (18)
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The torque in the operation point above the saturation knee, in addition, was evaluated using
co-energy, which can be expressed as:

W′(i, θ) = (Lav − ΔL cos θ)

⎛⎜⎜⎜⎜⎝ i2sat
2

+ isat(i− isat)

⎞⎟⎟⎟⎟⎠+ Lminisat(i− isat). (19)

Then torque was found using:

T =
∂W′(i, θ)
∂θ

∣∣∣∣∣∣
i
=

⎛⎜⎜⎜⎜⎝isati−
i2sat
2

⎞⎟⎟⎟⎟⎠ΔL sin θ. (20)

In this research, simulation was performed using C++ Builder. This tool was utilized in order
to produce code for a control system suitable for further implementation using a microcontroller.
The simulation was performed with the integration step size equal to 0.1 us. The parameters of the
drive are listed in Table 1. As the control strategy contains only lookup table operation, it was supposed
that the computation time is close to zero and that it is possible to evaluate the voltage commands for
the next PWM cycle immediately at the end of the current PWM period.

Table 1. Switched reluctance drive (SRD) parameters.

Parameter Value Units

Minimal inductance 10.0 mH

Maximum inductance 100.0 mH

Saturation current 20 A

Phase resistance 0.05 Ohm

Pole pairs 4 -

Maximum phase current limit 100 A

DC link voltage 600 V

PWM frequency 2.0 kHz

The motor was running at 80 rad/s. The torque reference was changed during simulation as shown
in Figure 8a. Initially it was set to 30 Nm, then after 30 PWM cycles it was set to 10 Nm, and finally
to 45 Nm after 60 PWM cycles. The torque response transient time was strongly dependent on the
current inductance of the winding. For example, at the beginning of the simulation, the torque slope
was limited by the high unsaturated inductance of phase C. As the current reached the saturation knee,
the torque on the shaft started to grow more quickly. Then, inside the saturated region, the phase
currents and output torque were regulated more rapidly. At the end of commutation cycle of the phase,
the current reference varied faster than the minimum possible current slope due to the voltage limit.

The torque stabilization is sufficiently precise over the entire range of the loads. It has visible
deviations due to the PWM nature of the inverter, which can be minimized by increasing the PWM
frequency. The same load profile was applied to the motor operating at a higher speed equal to
480 rad/s (see Figure 8b). With the growth of the electrical speed, the voltage limit made stabilization
of the commanded current impossible. Therefore, torque pulsation appears. This behavior is natural
for switched reluctance drives [17,18] and can be slightly improved by adjusting the current reference
profile with respect to the voltage limit.
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Figure 8. Operation at constant electrical speed: (a) 80 rad/s—mostly absent of voltage constraints;
(b) 480 rad/s—operation with regular voltage constraints.
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6. Conclusions

Although the problem of precise torque control in switched reluctance motor drives was partially
solved by means of finite control set model predictive control, the drive still suffers from an unpredictable
switching rate and acoustic noise. The proposed solution implements a continuous control set MPC
controlling power converter using pulse-width modulation and requires small computation efforts.
It operates utilizing the assumption that optimal current reference profiles for each torque reference
and angular position can be evaluated offline from the magnetization surface of the electrical machine.
By knowing the current reference and magnetization surface, the voltage commands for the PWM-driven
inverter can be evaluated using simple lookup tables, which has the advantage of practically zero
computation delay and allows the calculation of the control law immediately at the end of each PWM
cycle before applying the new duty cycles for the next PWM period.

The proposed CCS MPC can be implemented using modern microcontrollers. It was verified by
a simulation model where accurate torque stabilization was achieved from zero to the rated speed.
The settling time was limited by the supply voltage and the phase inductance.

Future work will be devoted to the practical implementation and verification of the proposed
control strategy. In addition, it will address several questions that arose during this research.

Due to the current and torque slope limit when operating below the saturation knee, the proposed
current reference profile is not optimal in terms of settling time. Nonetheless, it provides good efficiency
of the motor and drive. Similar optimization of the current reference profiles is possible for operation
at high speeds considering the voltage limit.

The sensitivity of the method to the inaccuracies of the model should be investigated, as well
as the ability to use the current tracking error for identification of the rotor angular position for
encoderless control.
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Nomenclature

AC Alternating Current
ADC Analog-to-Digital Converter
CCS Continuous Control Set
CMPR Compare Period Register
DTC Direct Torque Control
FCS Finite Control Set
FOC Field-oriented Control
FPGA Field-Programmable Gate Array
IGBT Insulated-Gate Bipolar Transistor
MPC Model Predictive Control
PWM Pulse-Width Modulation
QEP Quadrature Encoded Pulses
SRD Switched Reluctance Drive
SRM Switched Reluctance Machine
TPR Timer Period Register
VS Voltage Sensor
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Abstract: Additive manufacturing of ferromagnetic materials for electrical machine applications is
maturing. In this work, a full E-type transformer core is printed, characterized, and compared in
terms of performance with a conventional Goss textured core. For facilitating a modular winding
and eddy current loss reduction, the 3D printed core is assembled from four novel interlocking
components, which structurally imitate the E-type core laminations. Both cores are compared at
approximately their respective optimal working conditions, at identical magnetizing currents. Due
to the superior magnetic properties of the Goss sheet conventional transformer core, 10% reduced
efficiency (from 80.5% to 70.1%) and 34% lower power density (from 59 VA/kg to 39 VA/kg) of the
printed transformer are identified at operating temperature. The first prototype transformer core
demonstrates the state of the art and initial optimization step for further development of additively
manufactured soft ferromagnetic components. Further optimization of both the 3D printed material
and core design are proposed for obtaining higher electrical performance for AC applications.

Keywords: additive manufacturing; soft magnetic materials; selective laser melting; iron losses;
magnetic properties; transformer

1. Introduction

Metal additive manufacturing (AM) is maturing, enabling previously unavailable
production possibilities in terms of feasible product complexity and personalization. As
currently, the cost per part of AM is still relatively high, it has been most applicable for
parts for high tech industries: producing specialized parts benefiting the most from the
topology optimization possibilities of AM. For example, 3D printing has been utilized for
the production of more efficient and long-lasting inductor coils [1], stronger, cheaper and
lighter aircraft fuel nozzles [2], and high performance heat exchangers [3].

In parallel to the printing of structural, thermal, and electrical components, research
interest in printed soft magnetic materials and topology optimized electromechanical
components has spiked drastically over recent years. It has been proposed that with the
easily available computational power and free-form printing capabilities of AM systems,
next generation electrical machine designs could be modelled and constructed by the
research community. These topology optimized designs (with reduced weight, integrated
cooling channels, reduced inertia, increased heat exchange etc.) could be prototyped
in-house, significantly reducing the lead time, cost, and machinery involved [4].

State of the art additive manufacturing of electromagnetic devices involves selective
laser melting (SLM) printing of conductive and soft magnetic materials with air gaps
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partitioning the material structure for separating individual turns in coils and reducing
the induced eddy currents in soft magnetic cores [5,6]. The air gaps are printed due to the
current lack of multi-material printing capacity of SLM systems, limiting the parallel print-
ing of conductive, core, and insulation materials. The introduction of airgaps considerably
reduces the power density of the components, however, as gapped printed component fill
factor is typically relatively low (in the range of 60%) [6,7].

Despite extensive material optimization of different soft magnetic alloys, relatively
few functional components or devices have actually been printed and characterized. For
this reason, in this work, a full small-scale transformer core is printed, characterized, and
compared with a commercial transformer. The simplistic design of an E-type transformer
makes it ideal for the next step of testing additively manufactured magnetic material capac-
ity and performance for electrical machine applications (succeeding the characterization of
small-scale toroidal samples). In this paper, a novel interlocking core design is employed
for eddy current reduction, which exhibits a competitive component fill factor. The paper
is divided into two larger sections. The first part describes the 3D printed core design and
its fabrication process, and the second the characterization and comparison of the printed
core with conventional cores.

2. Transformer Core Design

2.1. Commercial Transformer

The 3D printed core design investigated in this paper was based on the commercially
available 30 VA single phase isolation transformer provided by MS Balti Transformers
Ltd (Tallinn, Estonia). The transformer was chosen based on its suitable size, type, and
availability. Its shell-type transformer core is constructed from E-type stampings of grain-
oriented M 165-35S silicon steel. The conventional transformer design with its dimensions
are detailed on Figure 1.

a b 

Figure 1. Investigated conventional transformer: (a) Core dimensions, (b) E-type stamping dimen-
sions in detail.

The fully encapsulated modular windings of the transformer are utilized in both the
conventional and 3D printed core designs. The modular windings are incorporated in
both designs in order to improve the comparability of the transformer core performance
and to demonstrate the compatibility of 3D printed and conventional parts. The nominal
parameters of the windings are characterized in Table 1.

2.2. 3D Printed Design

Next, an SLM printing system was utilized for the 3D printing of the full transformer
core. The 3D printed core design was required to exhibit compatibility with the modular
windings, incorporate the segregated structure for classical eddy current loss reduction with
high filling factor, and adhere to the printing system requirements. Lamination thickness of
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0.95 mm was chosen to obtain high fill factor and mechanical strength of the first prototype.
For all segregated designs considered, it was critical to achieve continuous geometries
(with minimal air gaps dividing the flux paths) with maximal flux path cross sectional
area (high fill factor). Furthermore, since the printed transformer must be comprised of at
least two parts (to accommodate the modular winding), optimization of the inter-part air
gap must be considered. In conventional transformers, the influence of the inter-stamping
airgaps is typically reduced by overlapping stamping layers: which facilitates the flux
paths through the adjoining stampings. Similar overlap between the flux-guides can be
realized in printed designs.

Table 1. Nominal parameters of the modular transformer coil.

Winding Turns
Resistance

(Ω)
Nominal

Voltage (V)
Nominal

Current (A)
Insulation

Class

Primary 1370 98 230 0.17 H
Secondary 1 151 1.35 25.1 1.3 F
Secondary 2 56 2.7 9.3 0.25 F

For simplicity, in this paper, only conventional stamping inspired designs were consid-
ered for 3D printing. In Figure 2, three considered transformer core designs are illustrated:
(a) a laterally laminated interlocking design from four parts, (b) an axially laminated
gapped design from two parts, and (c) an axially laminated interlocking design from
four parts. The axially laminated interlocking design was chosen for printing due to its
simplicity and similarity to the conventional design, its high achievable fill factor and its
post-processing possibilities: all of the unmelted powder can be removed between the
laminations post-printing and, if needed, all of the surfaces can be cleaned and oxidized or
varnished for enhanced inter-lamination electrical resistance.

Figure 2. Considered lamination strategies: (a) Laterally laminated interlocking design, (b) Axially
laminated design with air-gapped core structure, (c) Exploded view of the 3D printed transformer
core design with interlocking axial laminations comprising four individual components.

3. Methods

3.1. Powder Characteristics

Transformer parts were printed with identical powder, processing, and annealing
parameters to the previous study characterizing the AC and DC losses of the printed
material [6]. Pre-alloyed, gas-atomized Fe-Si provided by Sandvik group was utilized for
printing. The powder exhibited roughly spherical particle shape with a median diameter
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of 38 μm, and its chemical composition is described in Table 2. The powder size, shape,
and chemical composition were verified to verify the manufacturer declaration.

Table 2. Chemical composition of the employed Fe-Si powder.

Elements Fe Si Mn Cr Ni C

Wt% Balance 3.7 0.2 0.16 0.020 0.01

3.2. SLM Printing of the Transformer Core

Transformer core parts were printed on the SLM Solutions GmbH Realizer SLM-280.
The printing system provides a 280 × 280 × 350 maximum build envelope and a single
1070 nm yttrium scanning laser (1 × 700 W). Custom smaller build platform (D100 mm)
and re-coater were used for printing of the transformer core, designed for streamlining the
powder substitution between projects for different raw powders.

Laser re-melting strategy was used to prevent the powder balling related uneven
growth of the relatively large transformer parts during printing, which can result in rough
porous material structure or the termination of the print job due to re-coater jamming.
The phenomenon is related to an oxide film on the preceding layer impeding interlayer
bonding and leading to balling, due to insufficient wetting of the molten metal on the oxide
layer [8]. The balling phenomenon can be reduced in a higher purity environment (oxygen
level below 0.1%), applying a combination of high laser powder and low scanning rate or
applying re-melting scanning on the part [9].

Stripe (10mm wide) scan pattern was utilized with 30◦ rotation between layers. All of
the printing was conducted in a nitrogen inert gas environment because of its relatively
low cost. Platform pre-heating was not utilized as the custom reduced platform is not
equipped for it. A summary of the main laser printing parameters is presented in Table 3.

Table 3. Summary of the printing parameters.

Parameter Value

Layer thickness 50 μm
Hatch distance 120 μm

Laser Power 250 W (primary)/100 W (secondary)
Scanning velocity 0.5 m/s (primary)/0.5 m/s (secondary)

Scan strategy Stripes
Environment Nitrogen

Oxygen content ~0.1%

Transformer printing was completed in three parts in a total of 16 h: interlocking
E-profiles separately (2 × 6 h) and the I-profiles in the same build (1 × 4 h). The printed
components are illustrated in Figure 3: showing the surface finish, support structure, and
the powder bed post-printing. Some concave warpage of the E-profiles was observed
after separation from the build platform due to internal part stress, which obstructed the
transformer assembly. Its causality can be traced to the relatively high internal stresses
induced in part by the micro-welding process of SLM, and it can be resolved through the
annealing of the printed parts at moderate temperature, pre-cutting from the platform for
stress relief. Next, the support surfaces were polished and the inter-lamination air-gaps
were lightly sanded for improved surface finish and fitting of the components.
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Figure 3. SLM printed transformer components: (a) E-profile component post-printing, (b) I-profile component welded on
the baseplate.

3.3. Annealing

After mechanical post-processing, the printed transformer parts were annealed at
1200 ◦C in a low vacuum environment (~0.1 mBar) with a heating rate of 300 K/h, main-
tained at the target temperature for 1 h and then slowly furnace-cooled to room temperature.

3.4. Material Properties

The additively manufactured 3.7% silicon steel shows comparable magnetic perfor-
mance to non-oriented conventional silicon steels after thermal treatment. Magnetization of
1.5 T is achieved at 1800 A/m, exhibiting electrical resistivity of 56.9 μΩ·cm and hysteresis
losses of 0.61 (W10,50) and 1.7 (W15,50) W/kg [6]. In comparison, a typical non-oriented steel
M235-35A used for electrical machine fabrication exhibits total core losses of 0.92 (W10,50)
and 2.35 W/kg (W16,50), resistivity of 59 μΩ·cm, and magnetization of 1.53 T at 2500 A/m.
In this paper, we are comparing the additively manufactured core with a conventional
Goss textured silicon steel M165-35S (equivalent to M111-35N) core, which shows superior
magnetic properties to the non-oriented materials for transformer applications, as pre-
sented on Figure 4. The grain-oriented transformer steel shows approximately 0.3 T greater
saturation magnetization than both of the non-oriented steels.

 
Figure 4. Magnetization curves of the studied materials: grain-oriented silicon steel M165-35S [10,11],
non-oriented silicon steel M235-35A [12], printed annealed 3.7% silicon steel, and printed unannealed
3.7% silicon steel [6].
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The grade designation of M165-35S of the Goss textured steel specifies 1.65 W/kg
losses at 1.7 T (W17,50), and a lamination thickness of 0.35 mm. The materials’ exact
silicon content, resistivity, and other typical properties are unspecified and depend on the
manufacturer (manufacturing freedom in the range of grade specifications).

3.5. Transformer Characterization

The nominal performances of both the 3D printed and the conventional magnetic core
transformers were characterized through open circuit and full load testing. The nominal
parameters of the conventional transformer were obtained from the manufacturer’s dec-
laration. A drop in the nominal voltage is expected for the printed transformer due to
its reduced fill factor, possible fitting defects (air-gaps between laminations), and lower
saturation magnetization of the printed material. Its nominal voltage and iron losses were
determined from the open circuit tests of the conventional transformer. To determine the
transformer efficiencies, a load test was performed, where the transformer was energized
up to nominal power. For thermal performance assessment, steady-state thermal images of
the fully loaded transformers were captured with a Fluke Ti10 Thermal Camera.

The open circuit test setup is described in Figure 5, consisting of an autotransformer
for variable voltage input and digital multimeters for measuring the voltage, current, and
active power consumed in the transformer coil. In the open circuit test, the current drawn
by the transformer establishes the magnetic field in the core. The active power consumed
by the transformer signifies its total power loss, consisting mainly of magnetizing, and
some ohmic, losses. The magnetizing losses summarize the energy lost from each magne-
tizing cycle, which are classically segregated into the hysteresis, classical, and excess eddy
current loss.

Figure 5. Open circuit transformer: test setup (a) and its schematic (b).

The ohmic losses are induced from joule heating of the coils due to the magnetizing
current drawn. The total specific transformer core losses can be calculated from (1), where
W is the active power loss measured in the open circuit test, I is the magnetizing current, R
is the magnetizing coil resistance, and m is the weight of the core.

P =

(
W − IR2)

m
(1)

Traditionally, the magnetic material loss behaviour is discussed in terms of cycle
peak polarization (Bmax) of the core. Unlike in the toroidal cores for magnetic material
characterization [6,13], however, the flux density in the investigated transformer core can
only be evaluated as an approximation, due to its uneven flux distribution. The analytical
expression for calculating the peak polarization in a transformer can be derived from the
differential form of Faraday’s law (2), where E is the induced electromotive force by the
switching magnetic field, N is the number of turns on the primary coil (1370), f is the
excitation frequency of the magnetic field (50 Hz), Bmax is the peak material polarization, S
is the core cross sectional area, F is the core filling factor, U is the applied voltage on the
primary coil, and Ur is the voltage drop over the primary coil.
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E = N
dΦ
dt

→ Emax = N2π f SFBmax → Bmax =
Emax

N2π f SF
=

U − Ur

N2π f SF
(2)

Alternatively, the approximate material polarization can be evaluated from the mate-
rial B-H curve (as presented on Figure 4) or by the finite element method (FEM) simulation.
In both methods, the actual B-H curve of the transformer core can differ from the previously
characterized material, most prominently due to air-gap related curve shearing. For Bmax
evaluation, the magnetic field strength in the transformer is calculated from (3), where N
is the number of turns on the primary coil, i is the peak magnetizing current and l is the
length of the mean magnetic flux path of the core. All FEM simulations are performed in
open source finite element analysis software package Finite Element Method Magnetics
(FEMM). The model accounts for the transformer cross sectional geometry, magnetized up
to the peak magnetizing current measured from the open circuit test, including the material
magnetization curve and fill factor, but excluding any gaps in the core internal structure.

H =
Ni
l

(3)

4. Results

4.1. Assembled Transformer

The conventional and finished assembled printed transformer cores are presented
in Figure 6. The overall transformer core dimensions correlated well, with the printed
transformer exhibiting a slightly thinner and lighter core. The fill factor of the 3D printed
core was measured from the axial centerline of the interlocking E-cores. For the conven-
tional transformer, the fill factor was adopted from the stamping datasheets. The physical
comparison of the transformer cores is presented in Table 4. No additional oxidation,
treatment, or varnishing was applied to the surfaces of the 3D printed transformer core for
increased eddy current reduction—the insulation is provided by the high natural surface
roughness of the printed parts.

Figure 6. Printed (a) and conventional (b) transformer cores.

Table 4. Physical comparison of the transformer cores.

Core
Lamination

Thickness (mm) Fill Factor Dimensions (mm)
Weight

Core (kg)
Weight

Coil (kg)
Varnish

Conventional 0.35 0.96 58.5 × 49.8 × 26.0 0.44 0.095 Yes
Printed 0.95 0.89 58.8 × 49.9 × 25.0 0.41 0.095 No

4.2. Performance

Open circuit tests of the transformers confirmed the flux drop in the core and the
reduction of the sustainable operating voltage of the printed transformer. In Figure 7, both
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the magnetizing current drawn from the supply for generating the desired voltage and
the iron loss behavior calculated from (1) are presented. At 40 mA magnetizing current,
the conventional transformer is energized up to 230 V, while the printed transformer is
energized to a 30% lower voltage of 160 V. This is due to the lower flux density sustained
by the printed material. For energizing the printed transformer up to 230 V, a magnetizing
current of 220 mA is required. This is inefficient, however, due to deep core oversaturation,
requiring 450% more current than for magnetizing the conventional core and 30% more
current than the rated full load current of the winding.

 
(a)                                                   (b) 

Figure 7. Magnetizing current drawn (a) and the specific core loss (b) of the tested transformers.

At 40 mA RMS excitation current (60 mA peak current), the analytically calculated
(3) average H field generated in the magnetic core is 668 A/m, which corresponds to the
magnetization of 1.72 T for M165-35S and 1.42 T for the annealed 3D printed material
as determined from the magnetization curves in Figure 8. At 40 mA RMS excitation
current, analogous excitation of both cores is achieved. Both are magnetized slightly
above the approximate material knee-point and exhibit identical copper losses. Excitation
of the conventional core to 160 V or the 3D printed core to 230 V would be impractical
comparison-wise, as both states exhibit significantly differing magnetic behavior. At
160 V, the conventional core is still at the linear magnetic behavior: drawing only 7.6 mA
magnetizing current and exhibiting 0.005 W of copper losses and 0.35 W of iron losses.
At 230 V, the printed transformer shows deep saturation behavior, drawing 220 mA of
magnetizing current, resulting in a significant voltage drop of 21.6 V, copper losses of 4.7 W,
and iron losses of 2.6 W.

 

Figure 8. Core material magnetization curves correlated with the no load measurements of the investigated transformers.
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FEM simulation of the transformer cores shows similar values of material magneti-
zation: reaching 1.68 T for the conventional and 1.39 for the 3D printed core (Figure 9).
Additionally, the simulation illustrates the uneven flux distribution in the core due to
variations in transformer limb width. Analytical calculations with (2) show lower core
flux density required for inducing a specific voltage in the core. For energizing the trans-
former up to 230 V, a flux density of 1.65 T is required, while for 160 V, a flux density of
1.26 T is required. The higher magnetization calculated from the experimental excitation
current and FEM simulation is most likely the result of intra-lamination air-gaps, which
shears the material magnetization curve and requires more current for achieving the same
material polarization.

Figure 9. Flux distribution in the (a) conventional and (b) 3D printed transformer core.

Iron losses were identified as 1.82 W/kg for the conventional core at 230 V (at ap-
proximately 1.7 T, 50 Hz) and 3.05 W/kg for the 3D printed core at 160 V (in the range
of 1.26–1.4 T, 50 Hz). Efficiency of the transformers was calculated from the load test
measurements at both the ambient core temperature and the steady state temperature at
full load conditions. The transformers reached steady state temperature after four hours
of loading. The thermal images of the transformers are shown in Figure 10, with slightly
higher heating observed for the 3D printed transformer core. The measured coil hotspot
temperature was measured at 91.1 ◦C for the conventional core and at 95.1 ◦C for the 3D
printed core. The core hotspots were measured with a thermocouple sensor due to the high
reflectivity of the printed core, exhibiting temperatures of 71 ◦C (conventional) and 75 ◦C
(3D printed).

At full load, the measured efficiency of the transformers ranged from 83.8% (21 ◦C) to
80.4% (71 ◦C) for the conventional transformer and 74.7% (21 ◦C) to 70.1% (75 ◦C) for the
3D printed transformer. The efficiency-load characteristic is presented in Figure 11. The
highest efficiencies were measured at 41% load at ambient core temperature, reaching an
efficiency of 88.7% for the conventional transformer and 80.5% for the 3D printed core. The
efficiency of the 3D printed core was approximately 10% lower over the full measurement
range. Due to the material saturation and inter-lamination air-gap related reduction of
nominal voltage, the printed transformer core sustained reduced power density when
compared to the conventional core. The transformer power density dropped 34% from
59 W/kg to 39 W/kg. The results of the transformer performance characterization are
summarized in Table 5.
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(a) (b) 

Figure 10. Steady state temperature of the studied transformers in the (a) conventional core and (b)
3D printed transformer core.

 
Figure 11. Efficiency-load characteristics of the studied transformers.

Table 5. Comparison of transformer performance.

Parameter (Full Load, 21 ◦C) 3D Printed Core Conventional Core

Nominal Voltage 160 V 230 V
Nominal Current 0.17 A 0.17 A

Power Factor 0.97 0.97
Input Power 27.2 VA 39.1 VA

Output power 19.8 VA 31.8 VA
Efficiency (ambient temperature) 74.7% 83.8%

Efficiency (operating temperature) 70.1% 80.5%
Power Density (Core) 47 VA/kg 72 VA/kg

Power Density (Full Transformer) 39 VA/kg 59 VA/kg

5. Discussion

The characterized transformers show typical performance values for small 20–30 VA
power rating single-phase transformers. From manufacturer datasheets, the typical ef-
ficiency for a 30 VA rated power transformer is in the range of 83 [14]–81% [15], which
decreases to 77% [14] at 22 VA and to 65% [14] at 4.5 VA. The rated power densities vary
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significantly depending on the design (some designs are fully encased), and are typically
in the range of 56 [15]–39 VA/kg [14] for 30 VA rated transformers and slightly lower
(50 [16]–39 [14] VA/kg) for 20 VA rated transformers. In this study, we obtained an effi-
ciency of 80.5% for the conventional transformer and 70.1% for the 3D printed transformer
core at steady state temperature. The 10% reduced overall transformer efficiency can most
prominently be attributed to the eddy currents generated in the 170% thicker laminations
of the printed design. The reduced power density of the printed design can be attributed
to both a larger degree of assembly defect related air-gaps within the core and the overall
lower magnetic saturation of the printed material compared to the Goss textured conven-
tional steel. Both designs are within the range of typical power density values for low
power transformers.

The 3D printed core exhibited iron losses of 3.05 W/kg at 160 V transformer energiza-
tion. Analytical calculations identify an average Bmax of 1.26 T at this transformer voltage
level. Comparing the magnetizing values with previously measured 3D printed material
magnetization curves, its shearing is proposed. Due to the air-gaps in the assembled
printed design, more magnetizing current is required for the same material polarization
and voltage generated by the transformer. Similar iron loss values have been measured by
Plotkowski et al. for a 3D printed E-type transformer core [17]. In their work, they achieved
a core loss of 3.5 W/kg (W10,60) at 1.0 T, 60 Hz magnetization for a printed 3% silicon steel
lamination inspired core. They achieved considerably improved losses with more complex
geometry, reaching approximately 1.5 W/kg (W10,60) to 3.2 W/kg (W15,60) with ‘Hilbert
pattern’ 6% silicon steel. It is important to note, however, that in their work approximately
56% core fill factor was achieved, resulting in low power density and voltage generation of
the transformer.

Further optimization of both the component topology and its material properties
are unavoidable for achieving high performance 3D printed transformer cores. To obtain
high magnetic polarization (high power density) of the printed material with minimal
magnetomotive force, a higher degree of control of the printed material grain structure
must be achieved. The effect of the grain structure orientation in relation to the magnetic
field is significant as illustrated by Figure 12 [18]. In conventional stampings, the grain-
oriented pronounced Goss texture can be achieved with various hot and cold rolling stages
of the steel sheets. In printed material, the optimization of the material grain structure is
largely immature, with some grain structure evolution observed in [13], in heat treated
laser-remelted printed silicon steel samples.

Figure 12. Polarization of the magnetic grains oriented in easy <100>, medium <110>, and hard
<111> magnetization axis direction in relation to the magnetic field (in arbitrary units).

Several topological improvements can be applied to the transformer for enhanced
performance. The printed transformer topology can be improved by increasing the fill
factor of the assembled components, optimizing the lamination thickness for reduced eddy
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current loss, and increasing its power density through shape optimization for achieving
uniform magnetization. Due to the limited multi-material printing capacity of current SLM
systems, two methods are proposed for eddy current reduction: the interlocking and the
gapped core designs. With next-generation powder deposition methods [19], multiple
metal or intermetallic materials can be utilized in parallel, allowing for more options and
more advanced core topologies.

First, for increasing the fill factor, higher accuracy of the printing system must be
achieved. With the current settings, the printed parts still suffer from low surface roughness-
related reduced fill factor for interlocking designs or inter-lamination short-circuits and
sintered unremovable powder for the gapped designs. Secondly, the lamination thickness
can be optimized to provide minimal core losses with maximum part fill factor, i.e., to
achieve the optimal ratio of air gap to lamination width. Thirdly, the shape of the core can be
optimized for achieving uniform magnetization, weight reduction and improved thermal
capacity. Several methods for improving ferromagnetic part performance through topology
optimization are discussed in further detail in [20,21]. For improved heat exchange of the
printed transformer, enhanced convective heat transfer can easily be obtained by increasing
its outer surface area with different surface relief structures [22].

6. Conclusions

In this paper, a fully functioning, additively manufactured soft magnetic transformer
core was fabricated and tested. For the first time in literature, an electromagnetic device
with a fully 3D printed magnetic core was evaluated in terms of efficiency and perfor-
mance. The prototype core showed uncompetitive performance when compared to modern
conventional transformer cores. Although the printed material is not currently suitable
for the production of commercial transformer cores, the analysis of the prototype core
did allow us to demonstrate the current state of the art, identify the technical challenges
involved, and propose next steps for realizing topology optimized 3D printing soft ferro-
magnetic components.

A novel, interlocking core design was developed and utilized successfully for achiev-
ing a relatively high fill factor of 89% (compared to other 3D printed cores) and eddy
current reduction of the additively manufactured transformer core. For obtaining higher
fill factor with this method, lower surface roughness of the printed parts must be obtained
for more precise fitting of the components. Furthermore, the interlocking core design
enabled the integration of modular winding to the transformer design, simplifying its
assembly process.

The first prototype transformer core showed both lower efficiency (10% reduced) and
power density (34% reduced), when compared to the conventional modern transformer
at their respective optimal working conditions. These preliminary performance results of
the first prototype core are likely to improve with more refined core designs and materials
as part of future research. Currently, the main challenge in realizing high-performance
3D printed soft magnetic components is achieving a higher degree of control over the
printed material grain texture, since the conventional post-processing methods for Goss
textured silicon steel sheets are not suitable for processing geometrically complex 3D
printed magnetic components. Even so, for non-grain-oriented applications (such as
rotating electrical machines), the current material properties appear suitable, especially
with the unprecedented prototyping freedom of 3D printing systems—which could enable
the emergence of entirely new types of machines. Although the current 3D printed cores
for AC applications suffer either from high eddy current losses or low filling factor, next-
generation emerging multi-metal SLM printers can potentially improve the additively
manufactured core performance considerably. Future work on this project will include
further optimization of both the printed material and component topology for designing
and constructing AM topology optimized electrical machines.
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Abstract: This paper presents an algorithm to remove the DC drift from the B-H curve of an additively
manufactured soft ferromagnetic material. The removal of DC drift from the magnetization curve is
crucial for the accurate estimation of iron losses. The algorithm is based on the sliding mean value
subtraction from each cycle of calculated magnetic flux density (B) signal. The sliding mean values
(SMVs) are calculated using the convolution theorem, where a DC kernel with a length equal to
the size of one cycle is convolved with B to recover the drifting signal. The results are based on the
toroid measurements made by selective laser melting (SLM)-based 3D printing mechanism. The
measurements taken at different flux density values show the effectiveness of the method.

Keywords: additive manufacturing; convolution; infinite impulse response (IIR) filters; additive
white noise; DC drift; magnetic flux density; magnetic hysteresis; kernel; magnetic materials

1. Introduction

Unlike subtractive and injection molding-based manufacturing techniques, additive
manufacturing (AM) is gaining heightened popularity. It is also known as 3D printing,
where any object can be built layer upon layer using any AM technique. The most common
AM techniques include powder bed fusion (PBF), bed jetting (BJ), direct energy deposition
(DED), material extrusion (ME), material jetting (MJ), sheet lamination (SL), vat polymeriza-
tion (VP), etc. However, in electrical machines, direct laser melting (DLM) (a subcategory
of PBF) has proven its effectiveness. Various materials such as metals, thermoplastics,
ceramics, and biochemicals can be handled through AM techniques. The capability to
design complex geometries, to create relatively lightweight products, to perform rapid
prototyping, and to save time, as well as the lack of need for fixtures or dies, are the
prominent advantages of this technology.

The growing AM-related technological advancements and complex geometries of
electrical machines are persuading researchers to test 3D printing in this field. Electrical
machines contain various materials such as copper, silicon steel (SiFe), insulation materials,
etc. Although the printing of a complete machine in one set has not been achieved so
far, the production of separate portions and their assembly afterward is used for various
machines. The printing and assembly of motor parts, such as soft magnetic rotors [1,2],
stators [3,4], electrical windings [5,6], bearings [7], heat exchangers [8,9], and insulations [5],
can lead toward the production of any electrical machine.

Electrical machines are a combination of non-magnetic, with high electric conduc-
tivity, magnetic, with low electric conductivity, and dielectric materials, with no electric
conductivity. These materials make the coils, cores, and insulation parts of electrical ma-
chines. The selection of any appropriate composite material with fixed proportions of

Energies 2021, 14, 284. https://doi.org/10.3390/en14020284 https://www.mdpi.com/journal/energies111
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different elements is essential for better electrical machine performance. The composition
of different materials can have a prominent effect on the core’s magnetic properties, which
can change the iron losses. The printing of several different materials using selective laser
melting (SLM) is available in the literature. The SLM fabrication of conductive (Cu [10],
AISi10MG [11]) and soft ferromagnetic (FeSi6.7 [12], FeSi6.9 [13], FeSi3 [14], Fe-Co-V [15],
Fe-Ni-Si [16]) materials are well explained in the literature.

A slight variation in the proportion of the materials can produce dramatic changes in
their magnetic characteristics. This makes the investigation of the B-H curve of the design
material very important. The most common way to characterize any magnetic material is
through its hysteresis loop measurement. Commercial hysteresis loop tracers are designed
for traditional hard magnetic materials. For soft magnetic materials, custom measurement
setups, designed according to the sample’s particularities and the measurement objectives,
are used. Unlike planar samples, closed circuits (e.g., toroid) are good choices to determine
the material’s magnetic characteristics. The toroidal structure is preferred because it has the
least demagnetizing effects. Furthermore, they can be used to obtain magnetic anisotropy
by torque magnetometry.

The biggest challenge in the measurement of an accurate hysteresis loop is the in-
tegrator DC drift. The leading causes of this drift include data acquisition setup offset
values, thermal shift of parameters, impedance mismatch among various components of
the measurement setup, and additive white gaussian noise (AWGN). This drift becomes
very significant when many cycles need to be measured, such as toroidal samples where
the maximum magnetic flux density is much larger in value than the coercivity [17]. The
coercivity and remanence measurement depends upon the points where the hysteresis
loop cut the B and H axis. Hence those points should be in a narrow range. Commercial
integrators give a correction range up to 2 μWb/min [18], which is not enough for signals
with a long measurement time. Some solutions to remove the DC drift are proposed in the
literature, but they possess drawbacks, such as the following:

(1) The constant drift assumption [19–21] does not remain valid when the measurement
time is extended. This is due to the presence of switching frequency-based noise in
the digital data acquisition setup, which worsens the problem.

(2) The removal of DC drift by subtracting an approximate polynomial data fitting
function from the signal [17] does not consider all cycles separately. It can give good
results when the number of measured cycles is high enough, which is difficult to
obtain under low-frequency measurements—furthermore, the presence of switching
noise increases approximation.

This work presents an algorithm to effectively remove the drift due to the DC offset of
the data acquisition setup. This technique has not been previously presented in literature
to the best of the authors’ knowledge. Unlike constant and approximate polynomial
data fitting functions, the proposed algorithm detects the drift at each sample, making it
independent of signal length. For this purpose, the measured signals are convolved with
a kernel function to get a sliding mean value function (SMVF). The subtraction of SMVF
from corresponding measured signals reduces the DC drift significantly. Additionally, the
high-frequency switching noise is reduced using infinite impulse response (IIR) low pass
filters [22,23]. For the validation, a 3D-printed toroid is tested under different values of
maximum flux density.

2. The Proposed Algorithm

A flowchart diagram of the proposed algorithm is presented in Figure 1. A detailed
explanation of all steps is provided below.
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Figure 1. The algorithm flowchart.

2.1. Data Acquisition and Initial Processing

• Measure the input primary current I [n] and output secondary voltage V [n] with
reasonable sampling frequency Fs. If spectrum analysis is also required along with the
B-H curve, the minimum sampling frequency should follow the Nyquist criterion.

• The sampling frequency can be improved by data interpolation. Linear interpolation
to increase sampling frequency from Fs to kFs can have less impact on the signal’s
shape. An increase in the sampling frequency is necessary to recover zero crossings in
the signal. If the sampling rate is not good enough, the approximate zero-crossings
would be away from the actual zero line, as shown in Figure 2. This may lead to
signal processing-related problems, such as spectral leakage or increased ripples due
to bandpass filters. However, very powerful data acquisition devices are available
these days, and data interpolation can make the algorithm suitable for implementation
in on-board processors.
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Figure 2. The impact of sampling frequency on zero-crossing detection of flux density B measured at
50 Hz: (a) at a low sampling frequency (2 kHz), (b) at an improved sampling frequency (10 kHz).

• Random noise, such as additive white gaussian noise (AWGN), is inevitable in home-
made B-H tracers. This is because of the high frequency switching noise if digital signal
generators and power supplies are used. Moreover, this noise also occurs because of
the mismatched impedances between various components of the experimental setup.
Although AWGN noise does not significantly contribute to the DC drift, it causes
random movement of the B and H intercept points, mainly if the signal to noise ratio
(SNR) is low. Being random, AWGN noise cannot be eliminated completely; however,
its impact can be minimized by attenuating the high-frequency noise components
using an IIR low pass filter. IIR filters are the right choice because of their narrow
transition band and fewer passband ripples.

• The magnetic field strength (H(t)) and magnetic field density (B(t)) can be calculated
using the following formulas.

H(t) =
N1i1(t)

l
(1)

B(t) =
1

N2 Ac

t f∫

ti

v2(t)d(t) (2)

where N1 and N2 are the number of primary and secondary turns, respectively, i1(t)
is the current in the primary winding, l is the average length of the toroid taken at
the center, Ac is the core cross-sectional area, v2(t) is the secondary induced voltage,
and ti and tf represent the measurement interval and signal length, respectively. It is
important to know that the measured induced voltage contains the drift signal acting
as a constant of integration.

The number of samples per cycle (SPC) is vital to define the length of the kernel
function. For the known values of sampling (Fs) and supply frequency (fs), the size of the
one cycle of B or H can be calculated as follows:

SPC =
Fs

fs
(3)

2.2. Defining Kernel Function and the Removal of the DC Drift

Convolution is a potent tool in signal processing, where two functions generate a third
function that describes how the shape of one signal is modified by the other. In digital
signal processing, the convolution of two functions f and g can be defined as follows:

( f ∗ g)[n] =
M

∑
m=−M

f [m]g[n − m] (4)

114



Energies 2021, 14, 284

where f is the input vector, which is B[n] in our case, and g is the kernel vector defined
by (5), which acts as a filter. The size and shape of the kernel is the most significant
part in signal processing. Since our goal is to find out the signal’s envelope pattern, a
constant kernel vector of size equal to one cycle of the input signal can be the right choice.
Furthermore, to eliminate the effect of the kernel itself, the sum of its elements should be
equal to unity, as shown below.

k[n] =
ones(SPC, 1)

SPC
(5)

The convolution will give the moving mean value function across the entire input
signal by making the kernel size equal to one cycle’s length. A detailed description of
the proposed convolution is presented in Figure 3. Figure 4 shows the rising trend of the
envelope of B, which is recovered by convolving the flux density function (B[n]) with the
proposed kernel function k[n]. The trend curve is brought to the signal’s surface for ease of
understanding, although it remains in the center of the signal as a mean value function.
Subtracting the recovered mean value function from the original signal (B) removes the
DC drift.

Figure 3. Description of the moving mean value technique.

Figure 4. The envelope of the flux density B(t) (a) with DC drift, shown by brown line recovered by
the proposed algorithm; (b) the corrected signal after removing DC drift.
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It is essential to know that when the kernel’s overlapping size is not equal to the
signal’s cycle length, the non-overlapping elements of kernel functions are considered zero
during the starting and ending intervals. This leads to the transient interval during the
resultant signal’s starting and ending points, represented by red dots in Figure 3. Since the
length of those intervals is equal to one cycle’s size, the mean value signal should be saved
from CBi to CBn. The initial and last cycles can be discarded using zero-crossing detection.

2.3. Zero-Crossing Detection

Almost all filters have transient and steady-state intervals. The transient interval
appears at the beginning and the end of the signal. The duration of the transient interval
depends upon the type of the filter and the windowing function. Since in the proposed
algorithm, two filters, lowpass IIR and convolution, are used, the transient interval is
very narrow. The resultant signal can be saved from the second zero crossing to the third
last zero crossings to achieve the steady-state interval. The resultant acquired signal in
the steady-state interval can have an integral or fractional number of cycles. Although
the number of cycles does not significantly impact the B-H curve, they can affect the
frequency resolution of fast Fourier transform (FFT) or other spectrum analysis-based
signal processing techniques. Since each sinusoidal signal has three zero crossings, the
integral number of cycles would have an odd number of zero crossings. This fact is used to
save the signal in such a way that if the number of zero crossings is odd, then the signal
is ready for further analysis; otherwise, the signal can be saved from first zero crossings
until second last. Due to the ease in detecting the starting and ending fractional cycles, the
method of zero-crossing detection for counting the integral number of cycles is preferred
over the conventional approach where sampling frequency and the measurement length of
the signal can be used for the same purpose.

3. Measurement Setup

The experimental setup consists of two parts: printing and measurement. The sample
toroid is prepared from Fe-Si powder with powder bed fusion printer Realizer SLM-50
(Germany). Laser re-melting strategy (each printed layer is scanned twice before applying
the next layer of powder) is utilized for reducing the irregularities in the solidified part.
The laser beam power was chosen as 50 W (1 m/s) for the primary and 75 W (0.75 m/s) for
the secondary scan. The printed toroidal sample exhibited a 5 mm × 5 mm rectangular
cross-section and a 60 mm outer diameter. The toroid was post-processed in a vacuum
furnace for internal stress normalization and structure recrystallization. The toroid was
heated 300 K/h up to the temperature of 1150 ◦C and was annealed in a vacuum chamber
at 1150 ◦C for one hour and then furnace cooled. Q detailed description of the printing
procedure is presented in [24,25].

The printed toroid was wound with primary (inner, magnetizing) and secondary coils
(outer, measuring) with 150 (N1) and 50 (N2) turns. All the measurements were conducted
per European standards EN 60404-4 and EN 60404-6 [26,27]. The primary coil was supplied
with a sinusoidal current with different peak values to maintain flux density in the range
of 0.5–1.6 T. The sinusoidal current was generated using an Omicron power amplifier
CMS 356 (Austria), which was fed with a sinusoidal reference signal coming from a digital
function generator, as shown in Figure 5. The current was measured using a precision
resistor 75 mV/15 A connected in series with the primary winding. This current calculates
magnetic field strength (H(t)) as in (1), while magnetic flux density (B(t)) is calculated from
the output voltage across the secondary winding using (2). All these measurements were
taken with a considerably high sampling frequency of 10 kHz using data acquisition setup
Dewetron DEWE2-M (Austria). However, the measurements can be artificially improved
using data interpolation, as discussed earlier.
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Figure 5. Experimental setup of (a) the printing of the sample and (b) the measurement schematic diagram.

4. Results and Discussion

The measured hysteresis loop with different maximum flux densities (Bmax) is shown
in Figure 6. Figure 6a shows the results without any significant signal processing. As dis-
cussed earlier, the flux density and field strength vectors are calculated from the measured
voltage and currents. Only the B vector is normalized across the zero line by subtract-
ing it with its mean value. This is important; otherwise, different loops will have other
locations due to significant DC shifts. The B and H intercept drift is visible by the lines’
thickness as the drift due to DC offset is still there. Figure 6b shows the recovered loops
after removing DC drift using 3rd-degree polynomial function. The polynomial function
creates an approximate fitting function at the center of the vector. Hence, the drift can be
removed by subtracting the B(t) from the polynomial. The drift is somewhat reduced, but
still, the line widths are considerable. This is because of the approximation considered by
the polynomial function. This problem worsens if the number of measurement cycles is less
in number. Figure 6c shows the recovered hysteresis loops using the proposed algorithm.
As compared to Figure 6a,b, the drift is considerably reduced in Figure 6c. Moreover,
the proposed algorithm does not depend upon the number of cycles under consideration
because it considers every cycle independently.

Figure 7 compares recovered loops using the conventional polynomial fitting function
with ones obtained using the proposed algorithm. The zoomed windows in Figure 7a,b
depict the B-H curve’s sharpening using the proposed algorithm.

The approximate errors using different techniques are given in Table 1. This error is
calculated by subtracting the higher (B+h) and lower intercept (B+l) values on the B axis at
zero H. The error is considerably reduced from 0.05 T (intercept width) to 0.0002 T using
the proposed algorithm.
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Figure 6. The measured B-H curves at different maximum flux densities Bmax (a) without DC drift
correction; (b) DC drift correction using the polynomial fitting function as in [17]; (c) the corrected
B-H curves using the proposed algorithm.

Figure 7. A comparison of the different approaches, (a) with zoomed window near zero crossing of the B axis, (b) with
zoomed window at the peak value.

Table 1. The comparison of different drift removal techniques in terms of B intercept width.

Sr. No. Technique
B-Axis Intercept Range at H = 0 (Error)

ΔB=B+h−B+l

1 Measured 0.05 T (5%)
2 Polynomial adjustment based 0.02 T (2%)
3 Proposed 0.0002 T (0.02%)
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5. Conclusions

Advancements in SLM-based AM techniques have opened a broad domain of intricate
electrical machine designs. This complexity can be in the form of optimized complex
mechanical geometry or the selection of different types of composite material for efficiency
improvement. The selection of composite material to be used for fabrication purposes
depends upon its magnetic properties, which directly influence efficiency. Hence, before
the final selection of machine-fabricated material, an evaluation of its characteristics is
mandatory. The percentage content of different elements in the fabricating power can be
optimized based on evaluations of those characteristic. In electrical machines, the material’s
magnetic characteristics are the most crucial parameter among several others. For this
purpose, an algorithm was proposed in this paper, which was shown to produce the B-H
curve of the 3D printed sample with less error. The proposed model was shown to have
the following benefits:

• The proposed algorithm can work on the least number of measured current or voltage
cycles compared to the corresponding data fitting-based correction algorithm.

• The higher-order noise components because of switching frequency, AWGN, and the
impedance mismatch are effectively removed using the IIR low-pass filter. However,
it can be avoided if the signal has a high signal to noise ratio (SNR).

• The increase in the sampling rate using data interpolation makes the algorithm suitable
to plot good magnetic characteristics from the data measured at a low sampling
frequency. This makes algorithms convenient, even if the data acquisition devices are
not very powerful.

• The zero-crossing detection helps to count the integral number of cycles and removes
the filter-based transient intervals. The removal of the transient interval is very crucial
to getting a smooth B-H curve. Additionally, it reduces the spectral leakage if the
frequency spectrum analysis is required.

• The proposed algorithm gives a very narrow band intercept across the B and H axis,
which reduces the error considerably.
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Abstract: The demand for high-speed servomotors is increasing, and minimal losses in both
high-speed and high-torque regions are required. Copper loss reduction in permanent magnet
motors can be achieved by configuring concentrated winding, but there are more spatial harmonics
compared with distributed winding. At high-speed rotation, the eddy current loss of the rotor increases,
and efficiency tends to decrease. Therefore, we propose a motor in which a composite ring made from
resin material mixed with magnetic powder is mounted on the stator to suppress spatial harmonics.
This paper describes three characteristic motor types, namely, open-slot motors, composite-ring
motors, and closed-slot motors. Spatial harmonics are reduced significantly in composite-ring
motors, and rotor eddy current loss is reduced by more than 50% compared with open-slot motors.
Thermal analysis suggests that the saturation temperature rise value is reduced by more than 30 K.
The use of a composite ring is effective in reducing magnet eddy current loss during high-speed
rotation. Conversely, the torque characteristics in the closed-slot motor are greatly reduced as well as
the efficiency. Magnetic circuits and simulations show that on electrical steel sheets with high relative
permeability, the ring significantly reduces the torque flux passing through the stator, thus reducing
the torque constant. To achieve reduced eddy current loss during high-speed rotation while ensuring
torque characteristics with the composite ring, it is necessary to set the relative permeability and
thickness of the composite ring according to motor specifications.

Keywords: eddy current loss; heat generation; magnetic circuit; magnetic composite material;
spatial harmonics; concentrated winding motor

1. Introduction

Increasing motor efficiency is required to help prevent global warming [1,2], since more than 50%
of the world’s total power consumption is caused by motor driving [3], more than 60% of which can be
attributed to the industrial sector [4]. Electrification is progressing in automobiles and aircraft, and it
is expected that the demand for increased motor efficiency will further increase [5–7]. Permanent
magnet servomotors capable of accurate positioning and speed control are widely used in the industrial
sector [8,9], and the demand for increased motor speed is increasing [10–13]. Therefore, the servomotor
is required to reduce the losses associated with the high-speed rotation range and the high-torque range.

Permanent magnet motors have concentrated and distributed winding, and each winding method
has its own advantages for improving efficiency. For concentrated winding, the winding resistance
is reduced as well as the copper loss, since its coil end can be manufactured shorter than that of
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the distributed winding [14]. Furthermore, the eddy current loss of the rotor tends to increase at
high-speed rotation in the concentrated winding because it has more spatial harmonics than distributed
winding [15,16]. Slot combination optimization [17,18], skew [19–21], and closed slots [22,23] are
effective in suppressing spatial harmonics. Skew tends to complicate the motor configuration, and the
closed slot of the magnetic steel sheet may significantly reduce torque. Using bonded magnets makes
it possible to reduce the eddy current loss of the rotor during high-speed rotation [24], but the torque
constant tends to decrease compared with sintered rare-earth magnets [25]. A decrease in the torque
constant significantly increases copper loss for a large torque. The magnet eddy current loss increases
at high-speed rotation, and the temperature rise is high in the concentrated winding servomotor [26].
The bonded magnet motors and closed-slot motors made of electrical steel sheets can reduce magnet
eddy current loss, but cannot maintain torque characteristics. For a concentrated winding high-speed
servomotor, it is necessary to reduce the eddy current loss of the magnet while maintaining the
torque constant.

This paper proposes a method using a resin material [27] mixed with magnetic powder as a
method for reducing the spatial harmonics of a concentrated winding motor. The stator is made of
magnetic resin in order to reduce the iron loss of the stator [28–30]. The magnetic composite is used for
the teeth of the stator core. The advantages of composites have been reported to include their capability
to form three-dimensional shapes and the fact that their core loss under high frequency conditions
is relatively low [31]. In this paper, spatial harmonics are suppressed by constructing the ring from
composite resin and attaching it to the stator. The magnetic composite resin has a relative permeability
< 10–100, and it is effective in quelling the suppression of spatial harmonics while preventing the
magnetic flux from short circuiting. In this paper, the effect of reducing both the eddy current loss of
the rotor and the temperature rise value is clarified by simulation. Furthermore, the required thickness
and relative permeability of the composite ring with respect to preventing the magnetic flux from short
circuiting while maintaining torque characteristics are outlined with simulation results and magnetic
circuit theory.

2. Magnetic Composite Ring Motor

2.1. Magnet Eddy Current Loss

Figure 1a explains the cause of spatial harmonics in the cross-sectional configuration of the
open-slot concentrated winding motor. The stator consists of a yoke and winding, and the rotor
consists of a permanent magnet and yoke. The stator yoke is laminated with electromagnetic steel
sheets punched into the same shape to reduce iron loss. In the direction of the solid arrow in Figure 1a,
the magnetoresistance is relatively small due to the presence of the stator core. Conversely, the magnetic
resistance to the direction of the dotted arrow in Figure 1a is relatively large due to the composition
of copper and air. The magnetic resistance to the rotation angle of the rotor has a rectangular wave
shape, and the fluctuation of the magnetic flux passing through the stator is large, so that the spatial
harmonic becomes large. In particular, the distributed winding approaches a sinusoidal magnetic flux
distribution, but the concentrated winding has a rectangular wave-shaped magnetic flux distribution,
so spatial harmonics are likely to occur.

Rare-earth sintered magnets with a high-energy product are often used to increase the power
density of motors. However, Nd rare-earth magnets, containing a large amount of iron, have high
electrical conductivity, and fluctuating magnetic fields tend to cause eddy current loss [32,33].
In particular, the slot harmonics tend to increase the eddy current loss of the permanent magnet,
since the concentrated winding motor has a large stator slot pitch. The carrier harmonics of the inverter
also affect the eddy current loss of the magnet, but most of the components are caused by the slot
harmonics [34]. The temperature rise of the magnet on the small motor tends to be high because the
heat dissipation area of the magnet is sufficient. Eddy currents are proportional to the square of the
frequency of the fluctuating magnetic field. The higher the rotation speed of the motor, the higher the
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demand for reducing the eddy current loss of the magnet. This is because the frequency for the change
in magnetic flux applied to the iron core and magnet increases to a high level.

Figure 1. Difference of magnetic flux with open- and closed-slot motor: (a) open-slot motor and (b)
closed-slot motor with an electrical steel sheet. Spatial harmonics are likely to occur in open-slot motors
with a large difference in magnetic resistance.

As shown in Figure 1b, the method of forming a closed slot with an electromagnetic steel plate is
effective in suppressing spatial harmonics. Since the difference in magnetic resistance between the teeth
portion and the coil portion is small when applying the said method, spatial harmonics are suppressed,
and the effect of reducing eddy current loss is realized. However, the magnetic flux does not flow to
the back yoke, as shown by the dotted arrow in Figure 1b, and the magnetic flux that short-circuits the
closed-slot portion increases since the magnetic steel sheet has a high relative magnetic permeability.
As shown by the solid arrow in Figure 1b, the torque constant decreases as the stator magnetic flux,
which contributes to the generation of torque decreases. Copper loss increases because a current is
required when a large torque is generated. Furthermore, when the magnetic flux flows through the
closed slot, the magnetic flux density increased, which, in turn, increases iron loss.

Bonded magnets, in which magnets are kneaded into resin, are also effective in reducing magnet
eddy current loss. However, they also reduce the gap magnetic flux density. Accordingly, the torque
constant decreases, and copper loss tends to increase when a large torque is generated. This is unwanted,
as a reduction in magnet eddy current loss is required without significantly reducing the torque constant.

2.2. Structure

Figure 2 shows the structure of a composite-ring motor (hereinafter referred to as a ring motor).
Tables 1 and 2 show the structural and material specifications of the ring motor, respectively.

he slot combination consists of four poles and six slots. The outer diameter of the stator is 32 mm,
and the shaft length is 40 mm considering the miniaturization as servomotor applications. A ring is
provided on the stator. The output of the motor is 500 W.

The difference between a ring motor and a closed-slot motor is that the ring is made of a magnetic
composite material instead of electrical steel sheeting. The composite ring formed of a resin material
mixed with magnetic powder was mounted on a stator, and windings were embedded with a magnetic
material in the ring motor. The magnetic composite material was manufactured by mixing magnetic
powder and resin [35,36]. Magnetic composite materials have a higher relative permeability than air,
and their relative permeability is significantly smaller than that of electrical steel sheets. Accordingly,
the difference in magnetic resistance between the teeth and coil section is reduced, and spatial harmonics
can be reduced without suppressing the short circuiting of the magnetic flux. In addition, the magnetic
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composite material has a high electrical resistance due to the resin. Therefore, it contributes to the
reduction in eddy current loss compared to the construction of electrical steel sheets.

Figure 2. Structure of magnetic ring motor. A ring is provided on the outer circumference of the stator.

Table 1. Motor specifications.

Item Value

Stator outer diameter Do 32 mm
Stator inner diameter Di 20.6 mm

Shaft diameter Df 11.2 mm
Axial length of motor wm 40 mm

Number of turns N 10
Gap length tg 0.7 mm

Wire diameter dw 0.37 mm
Stator back yoke thickness tb 1.9 mm

Armature resistance Ra 102 Ω

Table 2. Material specifications.

Item Value

Stator core 10JNHF600 (JFE Steel Corporation)
Magnetic ring Amorphous2.6μm + V-2000 64 vol.%

Permanent magnet NMX-K35CR
Rotor core 35H230

2.3. Magntic Ring Characteristics

The magnetic composite material was manufactured by mixing, stirring, and firing iron amorphous
ball powder with an average particle size of 2.6 μm and the impregnated adhesive V-2000 at a volume
ratio of 64 vol.% [36]. The magnetic properties were evaluated with a toroidal core made of a magnetic
composite material. Figure 3a,b show the measurement results of the magnetization characteristics
using a vibrating sample magnetometer (BHV-55: RIKEN-DENSHI) and iron loss characteristics using
a B-H analyzer (SY-8218: IWATSU ELECTRIC), respectively. The real part (μ’) of the complex specific
magnetic coefficient is 10.4, which is slightly larger than that of air and significantly lower than that of
electrical steel sheets. These measurement results will be used for simulations in Chapter 3.
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Figure 3. Magnetic characteristics of magnetic composite ring: (a) static magnetization and (b) iron loss.

3. Effect on Reducing Rotor Temperature Rise

This section clarifies the reducing temperature rise effect of the magnetic ring using simulations.
The effect of the magnetic ring motor is confirmed based on the loss of the magnetic field analysis and
the temperature rise value of the thermal analysis.

3.1. Simulation Conditions

Table 3 shows the analysis conditions. By comparing the ring motor with three types of open-slot
motors without magnetic rings and three types of closed-slot motors with electrical steel sheets,
the spatial harmonics and loss suppression effect of the ring motor were confirmed based on the
magnetic field analysis. The magnetic field was analyzed using the two-dimensional finite element
method (FEM) with JMAG-Designer [37]. The external dimensions of all motors are the same at 32 mm.
The gap length was set to 0.7 mm considering winding a synthetic twisted yarn to prevent the magnet
from scattering during high-speed rotation. The 0.7 mm gap of the open-slot motor was secured by
changing the length of the teeth without changing the outer shape. The armature current was adjusted
to ensure the motor output was maintained at 500 W.

Table 3. Analysis conditions.

Item Value

Software JMAG-Designer (x64) Ver.18.0
Analysis method Two-dimensional magnetic field analysis

Solution FEM

Mesh size
Copper:1/10 or less of the skin depth
Ring: Automatic
Air: Automatic

Number of mesh 58,938
Mesh type Slide mesh

Mesh nodes number 29,980
Boundary conditions Symmetrical boundary

Analysis area Analysis in 10 times the analysis model
Rotor Speed N = 30,000 rpm

Output Po = 500 W

Material
Copper: ρ = 1.72 × 10 −8 Ωm, μ’ = 1, μ” = 0
Ring: B-H curve and Iron loss profile in Figure 3a,b
Air: ρ =∞ Ωm, μ’ = 1, μ” = 0

Thermal analysis was based on the finite element method and the heat conduction equation of
JMAG-Designer. Table 4 summarizes the thermal characteristic parameters. The temperature rise
was calculated based on the loss of each part derived by magnetic field analysis. Figure 4 shows the
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thermal circuit assumed in the simulation. The stator consists of a core and coil, and the rotor consists
of a core, a magnet, and a shaft. The coil and magnet are the main heat sources. Heat is transferred by
contact thermal resistance and dissipated from the rotor surface, the stator core, and the coil into the
air by heat transfer. By calculating the temperature rise of each part, the effectiveness of the ring motor
in reducing the temperature rise can be clarified.

Table 4. Thermal characteristic parameters.

Item Value

Software JMAG-Designer (x64) Ver.18.0
Analysis method Transient thermal analysis

Thermal conductivity
(W/K·m)

Shaft 46.6, Rotor core 46.6, Permanent magnet 7.6,
Coil 400, Stator core 18.9, Magnetic ring 3
Between coil and stator core 0.15 (Thickness 0.3 mm)
Between magnet and rotor core 0.027 (Thickness 0.1 mm)

Specific heat
(J/kg/K)

Coil 380, Stator core 492, Magnetic ring 560
Shaft 467, Rotor core 467, Permanent magnet 430,

Heat transfer coefficient
(W/ K·m2)

Surface in contact with air 10,
Surface in contact with the air gap 340.3

Figure 4. Simulation motor thermal circuit.

3.2. Loss Analysis Results

Figure 5 shows the magnetic flux density distribution calculated by simulation. In open-slot
motors, most of the magnetic flux passes through the teeth of the stator, but in closed-slot motors,
the short circuit of the magnetic flux for the ring is quite large. Conversely, the short circuit of the
ring is small for the ring motor. Figure 6 shows the angle dependence of the magnetic flux density
in the gap. The open-slot motor is close to a square wave, whereas the closed-slot motor is almost
sinusoidal. The ring motor is also in a state approximal to a sine wave. Figure 7 shows the Fourier
transform result for the magnetic flux density, from which it is evident that harmonic components
are significantly suppressed and the fundamental wave component is increased in closed-slot motors,
which is consistent with the tendency in Figure 6a. Moreover, for the ring motors, the fourth, fifth and
seventh harmonic components decrease by 50% or more. Accordingly, suppression of spatial harmonics
can be realized using a ring.
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Figure 5. Magnetic flux density distributions (N = 30,000 rpm, Po = 500 W): (a) open-slot motor,
(b) closed-slot motor, and (c) ring motor.

Figure 6. Magnetic flux density at gap (N = 30,000 rpm, Po = 500 W): (a) comparison of open-slot and
closed-slot motor and (b) comparison of open-slot and ring motor.

Figure 7. Spectrum of magnetic flux density (N = 30,000 rpm, Po = 500 W): (a) open-slot motor,
(b) closed-slot motor, and (c) ring motor.

Figure 8 shows the current density distribution. The magnet of an open-slot motor has a large
area of high current density. However, the area of high current density is small in the magnet part
of magnetic ring motors and closed-slot motors. The generation of eddy currents in the magnet can
be reduced with a ring motor because the spatial harmonics are suppressed, as mentioned in the
previous section.
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Figure 8. Current density distributions (N = 30,000 rpm, Po = 500 W): (a) open-slot motor, (b) closed-slot
motor, and (c) ring motor.

Figure 9 shows the torque characteristics of each motor. Indeed, the decrease in the torque
constant of the closed-slot motor is remarkable. In particular, the closed-slot motors have a torque
constant that is 18% smaller than that of open-slot motors. Although the torque characteristics are
reduced by providing the ring, the torque constant is reduced by 8% in the ring motor compared with
the closed-slot motor. The short circuit of the magnetic flux of the magnet was suppressed, and the
reduction in the effective magnetic flux that contributes to the torque was avoided by applying a
composite material with low relative permeability to the ring as shown in Figure 3.

Figure 9. Thrust characteristics.

Table 5 shows the results of comparing the losses of each motor. The open-slot motor has a large
magnet eddy current loss. The closed-slot motor can reduce the eddy current loss of the magnet,
but the copper loss increases significantly as the torque constant decreases for an output power of
500 W. Although the torque constant of the magnetic ring motor is slightly reduced, the expected
effect of the magnet eddy current loss is reduced by 78%. The ring motor had the highest efficiency
compared with other motors operating at the same output of 500 W. A bond magnet motor with
the same dimensions as the open-slot motor was also simulated for comparison to continue torque
characteristics and losses. A bond magnet (Hidence-1000) was used as the permanent magnet of the
open-slot motor. The magnet eddy current loss of the bond magnet motor was reduced. However,
the torque constant is considerably lower than that of the magnetic ring motor, and the total loss is also
large. Accordingly, the magnetic ring can reduce the magnet eddy current loss without significantly
reducing the torque constant.
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Table 5. Motor loss analysis results (N = 30,000 rpm, Po = 500 W).

Item
(a) Open-Slot

Motor
(b) Closed-Slot

Motor
(c) Ring
Motor

(d) Bonded
Magnet Motor

Torque constant (mNm/A) 30.5 25.1 28.2 8.9
Copper loss (W) 19.8 29.2 23.2 51.6
Iron loss in the stator (W) 13.4 15.0 10.0 1.9
Eddy current loss in the
permanent magnet (W) 8.5 1.0 1.9 0.1

Iron loss in the ring (W) - - 0.8 -
Total loss (W) 41.7 45.2 35.9 53.6
Efficiency (%) 91.7 91.0 92.8 89.3

Figure 10 shows the dependence of the efficiency on the output in each motor. Magnetic ring
motors maintain higher efficiency than open-slot motors from low- to high-power regions. Since the
closed-slot motor have a low torque constant, copper loss increases at high output. Conversely,
since the torque constant of the ring motor is higher than that of the closed-slot motor, the efficiency
is the highest due to the effect of suppressing copper loss and reducing the eddy current loss of the
magnet at high output. The ring motor achieves high efficiency in the high speed and torque range.

Figure 10. Dependence of the motor efficiency on the output.

3.3. Temperature Rise Analysis Results

Mounting a ring is effective in reducing the eddy current loss of the magnet. Therefore, the effect of
reducing the rotor temperature due to the magnetic ring has been confirmed by thermal analysis
simulation. Figure 11 shows the time transition of the temperature rise of each part. Overall,
the saturation temperature rise of magnets for closed-slot motors and ring motors is reduced by
over 30 K. Particularly, the saturation temperature rise at 30,000 rpm with 500 W is lower than 40 K for
the open-slot and the ring motor. The temperature rise of the magnet of the closed-slot motor reduced
to the same value as that of the ring motor. Accordingly, a magnetic composite ring is effective in
reducing the temperature rise of permanent magnets. Ring motors can be also expected to suppress
thermal demagnetization and magnet breakage.
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Figure 11. Time transition of temperature rise at magnets (N = 30,000 rpm, Po = 500 W).

4. Torque Characteristics

In Section 3, the magnetic ring was shown to be effective in suppressing spatial harmonics.
Alternatively, for the closed-slot motor, the magnetic flux of the magnet often short-circuited, and the
torque constant was significantly reduced. A short circuit of the magnetic flux occurs on the stator side,
and the torque constant decreases due to the characteristics of the magnetic ring. Therefore, this section
focuses on the thickness and relative permeability of the magnetic ring, which are influencing factors
over the short circuiting of the magnetic flux. Simulation results and magnetic circuit theory are used to
explain the effect of changing the ring thickness and relative permeability on the torque characteristics.

4.1. Torque Characteristics

The relative permeability and thickness of the ring affect the short-circuit state of the permanent
magnet magnetic flux on the stator side, by which the torque constant changes. Therefore, the torque
characteristics when the thickness of the magnetic ring and the relative permeability are changed were
derived by magnetic field simulation.

The thickness of the magnetic ring was changed to 0.5, 0.6, 0.7, 0.9, and 1.1 mm to confirm the effect
of short circuiting the permanent magnet flux on the stator side. The outer diameter of each motor was
32 mm, the air gap was 0.7 mm, and the thickness of the magnet changed according to changes in the
magnetic ring thickness. The relative permeability of the ring was constant at 10. All motor outputs
were 500 W, and the simulation conditions are the same as those in Section 3. Figure 12a,b show the
dependency on ring thickness of the torque constant, eddy current loss of the magnet, and motor
efficiency based on the simulation. As the thickness of the magnetic ring increases, the torque constant
decreases proportionally. Conversely, the eddy current loss of the magnet increases as the ring thickness
increases. Maximum efficiency is achieved with a ring thickness of 0.7 mm, which can be attributed to
the trade-off between copper loss and eddy current loss in the magnets. The copper loss of the coil
increases because the current required for the same output increases as the torque constant decreases.
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Figure 12. Effect of changing ring thickness (N = 30,000 rpm, Po = 500 W): (a) torque constant and
magnet eddy current loss and (b) motor efficiency.

The torque characteristics were compared by changing the relative magnetic permeability to 10,
60, and 1000 with a ring thickness of 0.7 mm. Figure 13a,b show the dependency on ring relative
permeability of the torque constant, eddy current loss of the magnet, and motor efficiency based on
the simulation. Rings with a relative permeability of 10 are used in the transformer cores of DC-DC
converters [38]. A permeability of 60 and 1000 was assumed for the dust core manufactured by Dongbu
Electronic Materials Co., Ltd. and for the electrical steel sheet, respectively. The torque constant
decreases in inverse proportion; conversely, the magnet eddy current loss reduced with an increase
in the relative magnetic permeability. The efficiencies for the relative permeabilities of 10 and 60 are
almost the same, but the effect of lowering the torque constant is greater than that of reducing the
eddy current loss at a relative permeability of 1000. Accordingly, to obtain the same output of 500 W,
the copper loss increases to a large value and the efficiency decreases.

Figure 13. Effect of changing ring relative permeability (N = 30,000 rpm, Po = 500 W): (a) torque
constant and magnet eddy current loss and (b) motor efficiency.

4.2. Magnteic Circuit

The simulation results in Section 4.1 are analyzed by comparing them with the magnetic circuit of
the motor. Figure 14 shows a magnetic circuit of a magnetic ring motor. Rm, Ra, Rr, and Rs denote
the reluctance of the magnet, the air gap, the ring, and the stator core, respectively. Although the
cross-sectional area through which magnetic flux passes differs between the teeth and yoke of the
stator core, the magnetic resistance is smaller than that of the ring. Therefore, the reluctance of the
teeth and yoke of the stator core can be calculated together for simplification. The magnetic resistance
of each part is given by Equation (1).

R =
l

μμ0dw
(1)
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where μ denotes the relative permeability, l denotes the magnetic path length, w denotes the axial
length, and d denotes the magnetic path cross-sectional length.

Figure 14. Ring motor magnetic circuit.

The relationship between the short-circuit magnetic flux of the ring (φr), the stator magnetic
flux that contributes to torque (φs), and the magnet magnetic flux (φm) is given by Equation (2).
The magnetomotive force (Fm) of a magnet is represented by the product of the coercive force (Hm) of
the magnet and the thickness of the magnet (tm) as described in Equation (3). The magnet thickness tm

changes in proportion to ring thickness (tr), as described by Equation (4), assuming that the motor
external dimensions and air gap distance are constant in this study. Therefore, magnet magnetic flux
changes in proportion to the thickness of the magnetic ring, as described by Equation (5) with total
reluctance (Rt). Equation (6) expresses the relationship between the magnet magnetic flux and the
stator magnetic flux in the shunt rule of the magnetic circuit with reluctances Rs and Rr.

The stator magnetic flux is represented by the product of the term related to the shunt flow of the
ring and the term related to the magnet magnetic flux. The term of the magnet magnetic flux directly
decreases more than the term related to the ring shunt flow with same the relative magnetic permeability
of the ring. Therefore, the torque magnetic flux decreases in proportion to magnet thickness.

When the magnet thickness is increased with the same relative magnetic permeability of the ring,
the influence of the magnetomotive force term is larger than that related to the shunt flow. Therefore,
the stator magnetic flux φs decreases, and the torque constant proportionally decreases, which is the
same relationship shown in Figure 12a. Conversely, when the relative permeability is increased while
maintaining the same magnetic ring thickness, only the shunt term of the ring decreases in an inverse
proportion. Therefore, the stator magnetic flux decreases, and the torque constant decreases in an
inverse proportion, which is the same relationship shown in Figure 13a.

φm = φr + φs (2)

Fm = Hmtm (3)

tm =
Do

2
− Df

2
− tg − ts − tr (4)

φm =
Fm

Rt
∝ −tr (5)

φs =
Rr

Rs + Rr
×φm =

lr
μrμ0trwm

ls
μsμ0dswm

+ lr
μrμ0trwm

×φm =
μsdslr

μrtrls + μsdslr
×φm (6)

where φr: the short-circuit magnetic flux of the ring, φs: the stator magnetic flux that contributes to
torque, φm: the magnet magnetic flux, Fm: magnetomotive force of a magnet, Hm: coercive force,
tm: thickness of the magnet, Do: stator outer diameter, Df: shaft outer diameter, tg: air gap length,
ts: thickness of electrical steel sheet, tr: thickness of ring, Rt: synthetic reluctance, ls: magnetic flux
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length through the stator, ds: width of stator teeth, wm: axial length of the motor, lr: magnetic flux
length through the ring, μr: relative permeability of ring, and μs: relative permeability of stator.

The magnetic resistance of the ring decreases by larger the relative permeability or thickness of
the ring, which increases the short-circuiting of the magnetic flux. This means that the stator magnetic
flux decreases in proportion to the torque constant kt. Therefore, setting an appropriate magnetic
ring thickness and relative magnetic permeability based on the motor specifications, such as the
magnetomotive force and stator size, is important with respect to improving motor efficiency by using
the magnetic ring.

5. Conclusions

A concentrated winding motor that tends to generate spatial harmonics has a high magnet eddy
current loss at high-speed rotation. This paper proposes a method of attaching a resin ring mixed with
magnetic powder to the stator to suppress spatial harmonics. We have clarified the following points
by simulation.

(1) The fourth, fifth, and seventh harmonic components were reduced by over 50% using a
0.7 mm-thick composite ring.

(2) The magnet eddy current loss for the ring motor was reduced by 78%, and the temperature rise
value was reduced by 30 K compared with the open-slot motor.

(3) The efficiency of the ring motor was improved by 1.1% and 1.8% compared with the open-slot
and closed-slot motor made of electrical steel sheeting, respectively.

The closed-slot motor was the most effective in suppressing spatial harmonics, but the torque
constant was significantly reduced due to the high relative magnetic permeability of the electromagnetic
steel sheets forming the ring. Therefore, the effects of ring thickness and relative magnetic permeability
on torque characteristics were confirmed by simulations and magnetic circuits.

Increasing the magnetic flux of the magnet passing through the ring reduced the torque constant of
the motor. Setting both the appropriate composite ring thickness and relative permeability is essential
with respect to suppressing spatial harmonics without compromising torque characteristics.
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