ﬂ SCNSors m\py

Article

Temperature and Torque Measurements of Switched
Reluctance Actuator with Composite or Laminated
Magnetic Cores

Marek Przybylski !*, Barbara Slusarek ', Paolo Di Barba 2{), Maria Evelina Mognaschi 22 and
Stawomir Wiak 3

1 Fukasiewicz Research Network—Tele and Radio Research Institute, Ratuszowa 11 St.,

03-450 Warsaw, Poland; barbara.slusarek@itr.org.pl

Computer and Biomedical Engineering, Department of Electrical, University of Pavia, via Ferrata 5,

27100 Pavia, Italy; paolo.dibarba@unipv.it (P.D.B.); eve.mognaschi@unipv.it (M.E.M.)

Institute of Mechatronics and Information Systems, £.6dz University of Technology, Stefanowskiego 18/22 St.,
90-924 L.6dz, Poland; slawomir.wiak@p.lodz.pl

*  Correspondence: marek.przybylski@itr.org.pl; Tel.: +48-22-590-7362

check for
Received: 24 April 2020; Accepted: 28 May 2020; Published: 28 May 2020 updates

Abstract: Soft magnetic composite (SMC) materials made of iron powder are more frequently used in
construction of electric actuators and motors because of their advantages with respect to Fe-Si electric
steel sheets and because they have almost no powder loss. The study deals with measurements
of temperature and torque of a low-power rotary switched reluctance actuator, with reference to
a commercial actuator and a prototype actuator characterized by stator and rotor cores made of
soft magnetic composite materials. Further power loss analysis was also conducted. To assess
the actuators, magnetization characteristics and iron loss vs. magnetic flux density at a given
frequency were measured according to IEC standards. Results show that the actuator made of soft
magnetic composites exhibits higher efficiency and a lower temperature rise of stator and windings
in comparison with the commercial actuator.

Keywords: switched reluctance actuators and motors; thermal measurements; soft magnetic
composites; variable speed drives; magnetization characteristics; iron loss measurements

1. Introduction

Nowadays, much effort is devoted to designing new devices that are ecologically friendly in
their production and applications. New equipment not only must have better performance than
existing equipment, but also has to be efficient. High efficiency of electrical devices causes not only
monetary savings for customers, but also causes lower consumption of electric energy, causing lower
CO; emissions to the atmosphere during the production of electric energy. Electric propulsion is
caused by electric actuators and motors of different constructions, such as, among others, induction,
synchronous and brushed DC. Among synchronous actuators and motors, we can distinguish machines
with permanent magnets, such as brushless DC motors (BLDC) and permanent magnet synchronous
machines (PMSM). Actuators and motors that exploit reluctance force and torque can be divided into
synchronous or switched reluctance. Switched reluctance energy converters (linear or rotary) exploit
magnetic reluctance force or torque created by attraction of ferromagnetic elements placed in a magnetic
field. A switched reluctance motor (SRM) can be treated as a switched reluctance rotary actuator
(SRRA). This was first conceived of in the first part of the 19th century; however, real models of such
motors have only been manufactured from the mid-1960s. That became possible with the development
of switching electronic elements such as thyristors and transistors. Such motors have many advantages
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such as, among others, the stator and rotor are simply constructed, only the stator has windings and
is simple to wind, and there is an absence of permanent magnets. Most losses appear in the stator,
which is easy to cool, while the rotor can have a higher temperature than a rotor with permanent
magnets, and extremely high speeds are possible. On the other hand, SRM also has disadvantages,
such as a pulsed torque with high ripples which can cause acoustic noise. Switched reluctance motors
also need an electric converter and they cannot be supplied from an AC line [1].

Electric machine producers are looking for new machine construction methods that will incur
a lower cost of materials but have the same operational parameters or—conversely—for design
motors with better performances than classical ones [2-4]. Modern electrical machines with electronic
commutation often use permanent magnets in their construction. Nd-Fe-B and Sm—Co permanent
magnets are expensive. That is why increasing efforts have been invested into the development of
machines without permanent magnets, especially as a main motor in electric cars [5,6].

Today, washing machines are one of their most important home appliances. According to the
Polish Investment and Trade Agency, almost 6.7 million washing machines were produced in Poland
in 2018. Each washing machine has at least one motor which is used to rotate a drum. Nowadays,
the most common is a universal motor, which is supplied from an AC line. These motors have many
advantages, such as very high rotational speed and high starting torque; however, they also have many
disadvantages, such as relatively low efficiency: from 30% for the lowest power motors to up to 70% for
2 kW motors. Universal motors have a commutator and brushes which can be inconvenient for users.
These motors need commutator maintenance and brush replacement. Working motors could also be a
source of electromagnetic interference [7]. For example, in a low-cost washing machine produced by
the Amica company, a universal motor with 300 W mechanical power achieved at 14,000 rpm is used.
A washing machine drum is driven by a belt gear. The commonly used gear ratio is 14:1.

Nowadays, electric machines with electronic commutation are mainly under development.
In recent years, an American company Maytag applied a type H55BMBJL-1820 SRM made by the
Emerson Electric Co. in their Neptune MAH 3000 washing machines instead of the commonly used
universal motors with a commutator. The Emerson Electric Co. (Ferguson, MO, USA) motor is a
12/8 pole motor with 3 phases. This motor develops high torque at low speed for washing and high
speed for spinning. In a washing machine, this motor is supplied and controlled by a microprocessor
device. This device is supplied from a 120 V, 60 Hz AC line with a 2.5 A nominal current. The motor
control device changes the 120 V AC voltage input to 170 V DC and distributes the current to 3 phases
using a classical asymmetric bridge converter. The motor is equipped with a position sensor [8] to
ensure adequate supply sequence of phases and current to on and off angles. The motor is connected
to the washing machine drum by a belt transmission with a ratio of 14:1. During wash and rinse,
the drum rotates at about 50 rpm and during spin at about 800 rpm. This causes rotational rotor speeds
of 700 rpm and 11,200 rpm, respectively. This motor’s stator and rotor are composed of electrical steel
with 0.65 mm thickness.

New materials developed in recent years are now used in modern electrical equipment. These include
the development and application of new soft ferromagnetic materials—mainly magnetic composites.
Soft magnetic composite (SMC) is a material that consists of at least two kinds of materials called phases.
The first of these is magnetic material and the second is an insulating material. The first material is mainly
iron powder particles because of this material’s high maximum permeability (up to prmax = 200,000) and it
has one of the highest magnetic saturation polarizations (2.15 T). Iron also exhibits low coercivity (4 A/m),
causing low hysteresis loss. However, for mass production the most important factor is that it has the
lowest price of available powders. The second material is a coating. Coatings can be organic material
(e.g., epoxy or polyester resins) or inorganic insulating materials (e.g., phosphates, oxides or sulfates).
An insulating material serves two functions: a bonding function to yield high strength and a dielectric
function to cause high resistivity of a bulk material. To obtain a compression molding, magnetic composite
core powder with coating is pressed in a die. After compression, a green compact is put into a furnace to
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ensure high strength and partially release stress after compaction. The temperature of curing depends on
the kind of dielectric and ranges from approximately 200 to 600 °C [9,10].

The obtained composite core has many advantages in comparison with magnetic circuits made of
electrical steel sheets. One of the most important advantages is production of magnetic cores with
fewer elements than for those made of laminations. The second is lack of waste; almost 100% of the
powder is exploited, whereas during cutting of electrical steel there are always scraps such as grooves
or the 4 edges of the stator core. SMC material enables designers of electric machines to design them
with complicated shapes that are not possible or very difficult to create with laminations. For higher
frequencies of magnetic flux densities, SMCs exhibit lower total loss density, especially because of
lower eddy current loss. This is caused by high resistivity of a bulk material. This type of material also
has disadvantages such as lower magnetic flux density at the same magnetic field strength and higher
hysteresis loss in comparison with electrical steel sheets; and lower thermal conductivity, causing less
ability to emit heat from the windings and magnetic core.

The main producers of soft magnetic powders for magnetic composites are Hogands AB from
Sweden, Rio Tinto Metal Powders (formerly QMP) from Canada and GKN Powder Metallurgy from
the USA. These companies produce iron powders with a dielectric coating for the production of SMCs.
Hogands produces a few powders called Somaloy, Rio Tinto produces Atomet EM-1 and GKN Powder
Metallurgy produces AncorLam powders.

In recent years, many applications of SMC materials have been noted in the electric motor
industry. SMC material is mainly seen in transverse or axial flux machines and linear and claw pole
motors [11-16]. Applications of SMCs in SRMs have also been observed [17-20].

Much effort has been devoted to the prediction, calculation and measurement of iron loss in
SRMs. The first works dealt with, among others, measurement of iron loss [21]. Later works dealt
with estimation of core losses. The authors of [22] calculated iron losses in different parts of the
magnetic core. They decomposed magnetic flux waveforms into constituent sinusoidal components
using Fourier analysis. This method is complicated and a new approach to the calculation of core
losses was presented [23]. Here, flux waveforms at each part of the core are expressed in matrix
equations of normalized flux pulses of the stator poles. In this method, core losses are divided
into hysteresis and eddy current components. Eddy current loss component is calculated from the
Steinmetz equation, whereas the hysteresis component is derived from measurements of full and
minor hysteresis loops. Further analysis of iron loss was conducted using computer simulations [24].
Here, the authors developed a simulation model and calculated iron loss from the eddy current and
hysteresis contributions. The authors of [25] developed a dynamic model of SRM with core losses.
In turn, in [26] Ansys 9.0 software was used with the finite element method to build a computer model
of SRM and calculate iron losses using the Steinmetz equation. Torrent et al. developed a new method
for predicting core losses in SRM [27]. They took into account the type of control used to energize the
motor and non-sinusoidal flux waveforms in different parts of the magnetic core. This method takes
into account three components of loss: hysteresis, eddy current and excess loss. The finite element
method is used for dynamic motor simulations and is associated with the electronic power converter
supply algorithm. More recently, the authors of [28] applied a method of fast iron loss calculation to
thermal prediction for SRM. In this method, iron loss is calculated by means of a maximum co-energy
loop for a defined peak value of current linkage.

SRM fundamental switching frequency of currents is equal to rotational speed per second
multiplied by number of rotor poles. For the analyzed SRM with a maximum speed of 10,000 rpm and
8 rotor poles, the base switching frequency of currents is fp,s = 1333.3 Hz. An SRM not only has different
frequencies of fluxes in parts of the magnetic circuit, but also magnetic fluxes have higher harmonics
than a fundamental one. The highest fundamental frequency is observed in some parts of the stator
yoke, f1; = 3f,s = 4000 Hz, in other parts of the stator yoke, f5; = fps = 1333.3 Hz and in the stator poles,
fsp = fps = 1333.3 Hz, whereas in the rotor core f. = f,s/8 = 167 Hz, which is the same in the rotor
poles, frp. That is why maximum losses occur in the stator core [21,22,27]. Consequently, application of
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SMC material in an SRM construction can be attractive as a replacement for electrical steel sheets.
SMC materials called Somaloy 700 and Somaloy 700HR were applied in a new construction of an SRM,
based on the Emerson Electric Co. motor, for a stator and rotor magnetic core.

The main aim of this research was to compare the performance of motors with thermal
measurements and analyze power loss of the modified Emerson Electric Co. motor and the motor
developed with SMC material. Emerson Electric motor windings were modified so that both motors
were able to be supplied from a controller developed by the Poznan University of Technology and
supplied from Poland’s electricity system with 230 V AC, 50 Hz [29,30].

2. Materials and Methods

An SRM with a magnetic circuit made of SMC material was designed and built. The motor was
designed for the Polish electrical supply system—230 V and 50 Hz. For the sake of comparing the two
motors, a configuration of coils in windings in the Emerson Electric motor were changed. The change
enabled an increase of the supply voltage from 120 V to 230 V. Originally, the Emerson Electric motor
had two parallel connected coils that were modified and connected in series with the next two coils,
also originally connected in parallel. This way, the modified motor and the soft magnetic composite
motor had all phase coils connected in series.

2.1. Soft Magnetic Composites for SRM

Components of the developed motor were made in the Tele and Radio Research Institute in
Warsaw. They were made of iron powders called Somaloy 700 and Somaloy 700HR made by Hoganés
AB. The magnetic parts consisted of soft magnetic iron powder with a dielectric that surrounds particles
of powder with an average size of about 250-300 pm [31]. An SRM with a composite stator made of
Somaloy 700 iron powder and with a composite rotor made of Somaloy 700HR iron powder were
developed. The stator and a rotor had dimensions larger than our technical capabilities and were
composed from smaller parts. Parts of the stator’s motor were compacted under pressure at 700 MPa,
whereas parts of rotor’s motor from the mentioned powders were compacted under 800 MPa. All parts
were cured to ensure high mechanical strength and thermal annealing at 530 °C in an air atmosphere for
1 h. The desired shapes of the motor parts were machined or cut using electrical discharge machining.
The stator and the rotor magnetic cores were glued together from the obtained parts.

2.2. SRM Motor Design

Figure 1a shows the structure of the SRM made by the Emerson Electric Co. (Ferguson, MO, USA).,
whereas Figure 1b presents the developed one. Both stators have the same dimensions; small differences
are found in the motor rotors. The developed motor has 0.25 mm air-gap thickness, whereas the
Emerson Electric motor has 0.40 mm air—gap thickness. During the design process, the number of
turns in the coils were decreased in the prototype motor to ensure similar electromagnetic behavior of
motors with a smaller air-gap thickness in the prototype.
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(a) (b)

Figure 1. (a) Modified Emerson Electric motor structure; (b) developed motor with soft magnetic
composite (SMC) rotor and stator [32].

Figure 2 shows an example of magnetic flux lines and magnetic flux distribution for the modified
Emerson Electric motor. Simulations were prepared in FEMM 4.2 [33] software for current in phase B,
I =1.25 A and an angle between stator and rotor poles equal to 14°. This is the angle for maximum
torque in a motor T = 0.47 Nm at I = 1.25 A. The simulation region was discretized into approximately
100,000 elements with 50,000 nodes. FEMM 4.2 software uses a conjugate gradient solver with the
nonlinear Newton-Raphson method; the simulation in Figure 2 took 6 iterations. Numerical calculations
were conducted in 2D, assuming an axial length of the magnetic core equal to 47.3 mm. Because of the
quite long axial length of the magnetic core and short end windings, during 2D calculations the end
windings were neglected.

(b)

Figure 2. (a) Magnetic flux lines for the motor from Figure 1a, I = 1.25 A; (b) magnetic flux density for
the motor from Figure 1a, 1 =1.25 A, Bmax = 7-1071 T [34].

As can be seen from Figure 2, the motor has 4 magnetic poles and the magnetic flux density in the
teeth edges achieves about 0.7 Tesla.
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Table 1 shows the main parameters of the modified Emerson Electric Co., (Ferguson, MO, USA)
motor and the prototype.

Table 1. Parameters of modified Emerson Electric motor and prototype made of soft magnetic

composites (SMCs).
Parameter Modified Emerson Electric Motor  Prototype Made of SMCs
DC supply voltage 310V 310V
Max. rotational speed 9000 rpm 9800 rpm
External stator diameter 139.5 139.5
External rotor diameter 83 mm 83 mm
Axial length of magnetic core 47.3 mm 46.6 mm
Air gap length 0.4 mm 0.25 mm
Number of phases 3 3
Number of stator poles 12 12
Number of rotor poles 8 8
Material of stator core Steel lamination Somaloy 700
Material of rotor core Steel lamination Somaloy 700HR
Phase resistance 84+030Q 57+03Q
Coil turns 172 134
Wire diameter 0.56 mm 0.60 mm
Phase inductance—aligned 242 mH 139 mH
Phase inductance—unaligned 36 mH 24 mH
Stator pole angle 15.5° 15.5°
Rotor pole angle 16° 16°

2.3. Methodology of SRM Measurements

Electric motor thermal behavior can be modeled by means of FEM codes [35], known thermal
material parameters and sources of heat, which can be very difficult to obtain for SRM motors. The last
test of an electric motor design should be thermal measurements of a prototype. Measurements of
temperature in a motor can be made directly using thermometers or indirectly; for example,
winding temperature measurements can be determined by resistance before and after a thermal
test. For thermal characterization of both motors, the temperature of a stator and winding was
measured. Temperature was measured using a 2-channel digital thermometer made by CHY, model
502A. A type K thermocouple was placed in an end winding, whereas a type T thermocouple was
placed on an outer part of a stator. The thermocouples were produced by Termoaparatura Wroclaw.
The temperature of the winding after a thermal test was also calculated from resistance measurements
before and after the thermal test. Resistances were measured using the Fluke 115 multimeter.

Figure 3a shows a rotor and stator photo of the developed motor. Somaloy 700 was used to
manufacture the stator magnetic core, whereas Somaloy 700 HR was used for the rotor magnetic core.
The prototype motor used parts from a commercial motor, such as a shaft and bearings. Figure 3b
shows a stator of the modified Emerson Electric motor with thermocouples in an end-winding and on
outer part of the stator. Both thermocouples were affixed using a glue with high thermal conductivity.

Load and thermal tests of the SRMs were performed using a measuring stand shown in Figure 4.
The drive was loaded using an eddy current brake with permanent magnets. The motor was supplied
from a 3-phase asymmetric bridge controller designed and developed by the Poznan University of
Technology [29,30,37]. Torque was measured with a MW2006-3S torque meter with a MT-3Nm sensor
produced by Roman Pomianowski Pracownia Elektroniki (Poznar, Poland). Rotational speed was
measured by a meter in the motor controller. Input parameters of the drive, such as AC voltage,
current and power were measured by an IT9121 digital power meter produced by ITECH (New Taipei,
Tajwan). Input DC voltage and DC current of the asymmetric bridge converter were measured using
a Fluke 115 multimeter. Motor phase voltages were measured and recorded using a Tektronix TDS
210 oscilloscope with a TT-HV 250 high voltage probe produced by Testec, (Frankfurt, Germany).
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Motor phase currents were measured and recorded with a Tektronix TDS 210 oscilloscope with use of
the Tektronix A622 AC/DC current probe. Motor input current RMS value was measured with the use
of a Fluke 115 multimeter.

soft magnetic soft magnetic
composite stator ~ composite rotor

v R

0 2 3 45 6 78 9 0D1TRBUSSE
=z

thermocou e on
the stator

(@) (b)

Figure 3. (a) Stator and rotor of the developed motor [36]; (b) stator of the modified Emerson Electric
motor with thermocouples in an end winding and on the stator.

SRM SR Eddy Torque Mechanical
current
converter — motor — — sensor — clamp
brake
1 2 6 7
5
Thermo- Torque-
meter meter
4 3

(b)

Figure 4. (a) Measuring stand with the SMC prototype motor; (b) schematic diagram of the
measuring stand.

Measurements of parameters of magnetic materials were conducted using a AMH-20K-HS model
hysteresis graph made by Laboratorio Elettrofisico Engineering (Nerviano, Italy). Measurements were
carried out on a ring sample in steel sheets from the Emerson Electric motor with an outer diameter of 60 mm,
inner diameter of 40 mm and composed of 13 sheets of 0.65 mm thickness each; whereas measurements
were carried out for Somaloy 700 and Somaloy 700HR on ring samples with an outer diameter of
75 mm, inner diameter of 55 mm and height of 10 mm. Each sample was wound with two windings
for magnetic flux density, magnetic field strength and iron loss measurements, chosen according to IEC
standards. Measurement accuracy of magnetic flux density and magnetic field strength was equal 2%.
Measurement accuracy of total iron loss density was equal to 3%.
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Figure 4 shows a measured motor (2), eddy current brake (5) with torque sensor (6) with a torque
meter (3), SRM controller (1) and digital thermometer (4). One end of the torque meter shaft was held
by a mechanical clamp (7) and could not rotate; the other was connected to a disc with permanent
magnets. This disc is a part of the eddy current brake. A bearing node was used between the eddy
current brake and the torque sensor, causing higher stiffness of the mechanical stand.

3. Results

In the first part of this research study, magnetization and iron loss characteristics were measured.
In the second part of the research study, we modified an Emerson Electric motor and a prototype
made with a soft magnetic composite core was measured. Measurements of drive performance such as
torque vs. rotational speed, mechanical power vs. rotational speed and thermal behavior of motors
loaded with the same speed and torque were taken.

3.1. Measurement of Magnetization and Iron Loss Characteristics

DC characteristics of magnetic flux density as a function of magnetic field strength B = f(H) were
measured. Then, iron loss characteristics vs. magnetic flux density and its frequency B = f(H) were
taken according to the IEC standard 60,4044 on a ring sample, whereas iron loss characteristics were
taken according to the IEC standard 60,404-6, also on a ring sample.

Because the largest iron loss was observed in the stator poles and in parts of the core with frequency
f5j, iron loss was measured for this frequency. Although the highest frequency was observed in parts
of the stator core and is equal to 3 times the base switching frequency, it did not cause the highest
contribution to iron loss. This was connected to a low amplitude of changes in magnetic flux.

A thermal test and analysis and main drive performance analysis were conducted for rotational
speed 1 = 4400 rpm to determine if iron loss existed in a sample cut from Emerson Electric motor;
in turn, for a sample made of Somaloy 700 was measured at 600 Hz for the stator core and stator poles
and at 50 Hz for rotor poles and the rotor core.

Figure 5 shows magnetization curves for electrical steel cut from the Emerson Electric motor,
Somaloy 700 and Somaloy 700HR.

Magnetic flux density [T]
o
(=)

0 2000 4000 6000 8000 10,000

—+—Electrical steel from Emerson Electric motor —¢-Somaloy 700 —4Somaloy 700HR

Magnetic field strength [A/m]
Figure 5. DC magnetization curves for Emerson Electric steel, Somaloy 700 and Somaloy 700HR.

Figure 5 shows that, of all soft magnetic materials, electrical steel from the Emerson Electric motor
exhibits the highest magnetic flux density for the same magnetic field strength. Maximum relative
magnetic permeability for Emerson Electric steel i, = B/(ppyH) = 1485 and is the highest of all materials;
for Somaloy 700, p = 497 and for Somaloy 700HR, p = 412. Because permeability for Emerson Electric
steel is the highest, for the prototype motor the air-gap was changed from 0.4 mm to 0.25 mm.
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Figure 6a shows curves of iron loss density as a function of magnetic flux density for electrical
steel from the Emerson Electric motor and for Somaloy 700 materials measured at 600 Hz. In turn,
Figure 6b shows curves of iron loss density as a function of magnetic flux density for electrical steel
from the Emerson Electric motor and for Somaloy 700HR materials measured at 50 Hz.

200
180 14
160
140

120

Total loss density [W/kg]|
Total loss density [W/kg]|

0 02 04 0.6 0.8 1 12 14 . 0 02 0.4 0.6 0.8 1 12 14 16

~®-Electrical steel from Emerson Electric motor  ~-Somaloy 700 —e—Electrical steel from Emerson Electric motor —+Somaloy 700HR

Amplitude of magnetic flux density [T] Amplitude of magnetic flux density [T]

(a) (b)

Figure 6. (a) Graphs of iron loss density vs. magnetic flux density for electrical steel from the Emerson
Electric motor and for Somaloy 700 materials measured at 600 Hz; (b) graphs of iron loss density vs.
magnetic flux density for electrical steel from the Emerson Electric motor and for Somaloy 700HR
materials measured at 50 Hz.

As can be seen from Figure 6a, iron loss density is higher in steel sheets from the Emerson Electric
motor in comparison with Somaloy 700 material at the same magnetic flux density at the frequency
600 Hz. For example, for 0.8 Tesla electrical steel exhibits almost 3 times higher total loss density in
comparison with Somaloy 700 material. Comparison of iron loss density for the same magnetic flux
density in Figure 6b for 50 Hz shows that Emerson Electric motor sheets have 1.5 times higher loss
than Somaloy 700HR.

3.2. Measurements of Drive Performance

Two drives with SRMs were measured. Figure 7a shows curves of the maximum torque as a
function of rotational speed. In turn, Figure 7b shows mechanical power vs. rotational speed.

0.7 R 200
0.6 E
= 160
—_ 0.5 ——— ;
2 :
Z 04 \ = 120
— =
g 03 e N E
£ N\ N g 80
S 02 -
- ~~ S Pl
<
o \\'\\\ = 40
0 .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0

. 2
Rntmmnﬂlspeed [I'plTl] 0 1000 2000 3000 4000 5000 G6O0O 7000 8000 9000 10000

Rotational speed [rpm]

~+—SMC motor -a~Modified Emerson Electric motor
=—SMC motor -=-Modified Emerson Electric motor

(a) (b)

Figure 7. (a) Torque vs. rotational speed for the prototype and modified Emerson Electric motors;
(b) mechanical power vs. rotational speed for the prototype and modified Emerson Electric motors,
Upc =310 V.
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As can be seen from Figure 7a, the modified Emerson Electric motor develops higher maximum
torque at low speeds up to 3800 rpm, whereas the prototype develops higher maximum torque for
speeds higher than 3800 rpm. The modified Emerson Electric motor could be applied to applications
working at low speeds, whereas the prototype could be used for high speeds. Figure 7b shows that
the modified Emerson Electric motor develops a higher mechanical power than the SMC motor up to
speeds of 3800 rpm, whereas for higher speed the SMC motor is better, and it can develop higher power.

Table 2 shows the results of current measurements supplying motor windings for the two
aforementioned motors. Measurements were taken at the rotational speed 1 = 4400 rpm and torque T
= 0.35 Nm. Both motors were supplied from Upc = 310 V. The modified Emerson Electric motor has
smaller value supply currents because it has higher phase inductance and resistance.

Table 2. Phase supply currents for modified Emerson Electric and SMC motors, for T = 0.35 Nm,

n = 4400 rpm.
Type of Motor DC Phase Voltage [V]  RMS Current [A]  Average Current [A] Peak Current [A]
Modified Emerson Electric 310+ 4 0.67 + 0.02 0.43 +0.01 1.30 + 0.09
SMC 310 + 4 0.96 + 0.02 0.63 +0.01 2.75+0.14

Figure 8a shows phase current vs. time for the modified Emerson Electric motor, whereas Figure 8b
shows phase current vs. time for the prototype motor measured for the same loading torque T = 0.35 Nm
and rotational speed n = 4400 rpm. For both motors Upc =310 V.

wwwwwwwwwwwwwwwwwwww

\ R
5 ‘3 \
SN N [ | o

H) Phase current-modified Emersan 50 mV 500 uS

‘ ‘ ‘ ‘ ‘ ‘ ‘ 1 1) Phase current-SMC 50 mV 500 uS

(a) (b)

Figure 8. (a) Phase A current vs. time for the modified Emerson Electric motor, T = 0.35 Nm,
n =4400 rpm, 1 div = 0.5 A, 1 div = 500 ps; (b) phase A current vs. time for the prototype motor,
T =0.35 Nm, n = 4400 rpm, 1 div = 0.5 A, 1 div = 500 ps.

Figure 8a shows that, for the modified Emerson Electric motor, peak current I, = 1.3 A, whereas for
the SMC motor, I, = 2.75 A. As can be seen, the SMC motor is supplied with higher current in
comparison with the modified Emerson Electric motor. It is connected to higher phase resistance and
inductance with respect to the modified Emerson Electric motor. The frequency of both currents is
equal to approximately 580 Hz. The dwell angle for the both motors is equal ©p = 12.9°.

Figure 9a shows phase voltage for the modified Emerson Electric motor, whereas Figure 9b shows
phase voltage for the SMC motor.
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Figure 9. (a) Phase A voltage vs. time for the modified Emerson Electric motor, T = 0.35 Nm,
n = 4400 rpm, 1 div = 100 V, 1 div = 500 ps; (b) phase A voltage vs. time for the prototype motor,
T =0.35 Nm, n = 4400 rpm, 1 div =100V, 1 div = 500 ps.

As can be seen from Figure 9, phase voltages of the two motors are similar, both in terms of the
maximum applied voltages Upc = 310 V for conduction time and the same voltage Upc = =310 V for
non-conduction time. In the case of the prototype motor, we can see that the chopping of voltage keeps
the current constant, whereas for the modified Emerson Electric motor there is constant conduction.

Table 3 shows the performance of the two drives at the same torque T = 0.35 Nm and rotational
speed 1 = 4400 rpm. Both drives were supplied from an AC line: U =230V, f = 50 Hz.

Table 3. Drive performance with modified Emerson Electric and SMC motors, for T = 0.35 Nm,

n = 4400 rpm.
AC Supply AC Irms Input Output Efficiency Current
Type of Motor Voltage [V] [A] Power [W] Power[W]  [%]  THD [%]
Modified Emerson Electric 2301 1.83 £ 0.01 256 +1 161 £8 63 +4 126
SMC 230+ 1 1.71 £ 0.01 229 +1 161 +8 71+4 134

For the same mechanical power, the SMC motor has 8% higher efficiency than the modified
Emerson Electric motor; however, the total harmonic distortion of current is 8% higher.

Figure 10a shows, in turn, winding temperature measurements of the two motors, whereas Figure 10b
shows measurements of stator temperature at the torque T = 0.35 Nm and n = 4400 rpm.

As can be seen from Figure 10a, the temperature of the end winding of the modified Emerson
Electric motor was higher than that of the SMC motor during the thermal test after 8 min. After 90 min
at the test temperature, the winding of the modified Emerson Electric motor was higher by about 10 °C.
The modified Emerson Electric motor winding reached a temperature of about 80 °C, whereas the
SMC motor reached about 70 °C. When checked after the thermal test, the average temperature of
three phases of the modified Emerson Electric winding reached a temperature of 80.1 °C, whereas the
temperature of the SMC motor was 65.2 °C. Figure 10b shows the stator temperature of the two motors.
Stator temperature of the modified Emerson Electric motor was higher than the SMC motor for the
whole measurement time. After 90 min of thermal testing, the temperature of the modified Emerson
Electric stator was 15 °C higher than the SMC motor. The modified Emerson Electric motor reached a
temperature of 80 °C, whereas the SMC motor reached 65 °C.
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Figure 10. (a) Temperature of windings for the modified Emerson Electric motor and SMC motor;
(b) temperature of stators for modified Emerson Electric motor and SMC motor, T = 0.35 Nm, 72 = 4400 rpm.

After measurement, a rough determination of iron power loss was conducted for T = 0.35 Nm
and n = 4400 rpm; this is shown in Table 4. Neglecting power loss in the converter, windage and
friction loss for the two motors’ iron loss can be roughly estimated. Copper loss was calculated from

the RMS current in the second power phase multiplied by the resistance of the winding and number of
phases [22].

Table 4. Power loss for modified Emerson Electric and SMC motors for T = 0.35 Nm, n = 4400 rpm.

Type of Motor Input Power [W]  Output Power [W] Copper Loss [W]  Iron Loss [W]
Modified Emerson Electric 256 + 1 161 +8 11.3+0.8 83.7 £ 8.2
SMC 229 +1 161 £ 8 158 +1.1 522 +82

After calculation of losses in the two motors, it can be seen that iron loss in the modified Emerson
Electric motor is 60% higher than in the SMC motor. In turn, copper losses are approximately 40%
higher for the SMC motor in comparison with the modified Emerson Electric motor. This is connected
to a higher pulsed current because of the lower inductance and resistance of the SMC motor.

4. Discussion

The results show that the prototype motor made of soft magnetic composites exhibits better
behavior than the modified Emerson Electric motor with respect to higher efficiency and lower iron
loss. The obtained efficiency of 71% for the SMC motor is 8% higher than that of the modified Emerson
Electric motor for n = 4400 rpm and T = 0.35 Nm. Comparison of iron loss in the motors showed
that the modified Emerson Electric motor has 60% higher iron loss than the SMC motor for the
same conditions. This is connected to higher iron loss density in the Emerson Electric motor steel in
comparison with Somaloy 700 and Somaloy 700HR materials for the same magnetic flux density and
frequency. Copper loss of the SMC motor is higher than in the modified Emerson Electric motor by
about 40%. The thermal behavior of motors showed that the SMC motor exhibits lower temperature for
the stator and end windings in comparison with the modified Emerson Electric motor by approximately
10 °C for windings and 15 °C for the stator at a steady state.

As presented, the thermal loadings of motors are low. This research will be useful to help elaborate
a new, optimized motor with a lower-weight magnetic core made of composite materials. This study
also presents measurements that show that soft magnetic composite material has lower iron loss at the
same frequency and magnetic flux density, although it has lower permeability.
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In future works, loss and thermal analysis of drives will be conducted, taking into account iron
loss vs. magnetic flux densities; frequency characteristics, windage and friction loss; and losses in
the converter.

Author Contributions: Conceptualization: M.P,, B.S. and PD.B,; methodology: M.P; validation: M.E.M. and S.W,;
investigation: M.P. and B.S.; writing—original draft preparation: M.P,; writing—review and editing: P.D.B., BS.,
M.E.M., S.W.,; supervision: B.S., PD.B.; funding acquisition: B.S., S.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Miller, TJ.E. Brushless Permanent-Magnet and Reluctance Motor Drives; Oxford University Press: Oxford, UK,
1989; pp. 149-189.

2. Di Barba, P.; Mognaschi, M.E.; Rezaei, N.; Lowther, D.A.; Rahman, T. Many-objective shape optimisation of
IPM motors for electric vehicle traction. Int. J. Appl. Electrom. 2019, 60, S149-5162. [CrossRef]

3.  DiBarba, P; Mognaschi, M.E.; Palka, R.; Paplicki, P; Szkolny, S. Design optimization of a permanent-magnet
excited synchronous machine for electrical automobiles. Int. J. Appl. Electrom. 2012, 39, 889-895. [CrossRef]

4. Di Barba, P.; Mognaschi, M.E.; Przybylski, M.; Rezaei, N.; Slusarek, B.; Wiak, S. Field-based analysis and
optimal shape synthesis of switched reluctance motors. Lect. Notes Electr. Eng. 2018, 452, 71-85.

5. Riba, J.-R.; Lépez-Torres, C.; Romeral, L.; Garcia, A. Rare-earth-free propulsion motors for electric vehicles:
A technology review. Renew. Sustain. Energy Rev. 2016, 57, 367-379. [CrossRef]

6.  Widmer, ].D.; Martin, R.; Kimiabeigi, M. Electric vehicle traction motors without rare earth magnets.
Sustain. Mater. Technol. 2015, 3, 7-13.

7. Uniquely Designed and Technologically Advanced Washing Machine Drive. Available online: http://www.
srdrives.com/washing-machine.shtml (accessed on 10 February 2020).

8.  Randall, S.P; Sudgen, D.M.; Vail, W.; Brown, G.T. Rotor Position Encoder Having Features in Decodable
Angular Positions. U.S. Patent 5,539,293, 23 July 1996.

9.  Shokrollahi, H.; Janghorban, K. Soft magnetic composite materials (SMCs). ]. Mater. Process. Technol. 2007,
189, 1-12.

10. Périgo, E.A.; Weidenfeller, B.; Kollar, P.; Fiizer, J. Past, present and future of soft magnetic composites.
Appl. Phys. Rev. 2018, 5, 1-142.

11. Liu, C; Lei, G.; Ma, B.; Wang, Y.; Guo, Y.; Zhu, ]. Development of a new low-cost 3-D flux transverse flux
FSPMM with soft magnetic composite cores and ferrite magnets. IEEE Trans. Magn. 2017, 53, 1-5. [CrossRef]

12.  Liu, C; Lei, G.; Wang, T.; Guo, Y.; Wang, Y.; Zhu, ]. Comparative study of small electrical machines with soft
magnetic composite cores. IEEE Trans. Ind. Electron. 2017, 64, 1049-1060. [CrossRef]

13. Kim, C,;Jang, G.; Kim, J.; Ahn, J.; Baek, C.; Choi, ]. Comparison of axial flux permanent magnet synchronous
machines with electrical steel core and soft magnetic composite core. IEEE Trans. Magn. 2017, 53, 1-4.
[CrossRef]

14. Kwon, Y,; Kim, W. Electromagnetic analysis and steady-state performance of double-sided flat linear motor
using soft magnetic composite. IEEE Trans. Ind. Electron. 2017, 64, 2178-2187. [CrossRef]

15. Liu, C; Zhu, ]J.; Wang, Y.; Lei, G.; Guo, Y. Design considerations of PM transverse flux machines with soft
magnetic composite cores. IEEE Trans. Appl. Supercond. 2016, 26, 1-5.

16. Ma, B.; Lei, G.; Zhu, J.; Guo, Y. Design optimization of a permanent magnet claw pole motor with soft
magnetic composite cores. IEEE Trans. Magn. 2018, 54, 1-4. [CrossRef]

17.  Lenin, N.C. Experimentation of three phase outer rotating switched reluctance motor with soft magnetic
composite materials. J. Eng. Sci. Technol. 2017, 12, 54-61.

18. Nikam, S.P;; Fernandes, B.G. Design of soft magnetic composite based modular four phase SRM for electric
vehicle application. In Proceedings of the International Conference on Electrical Machines, Berlin, Germany,
2-5 September 2014; pp. 112-116.

19. Vijayakumar, K.; Karthikeyen, R.; Arumugam, R. Analysis and characterization of a switched reluctance
machine using soft magnetic composite material. J. Electr. Eng. 2011, 11, 1-6.


http://dx.doi.org/10.3233/JAE-191113
http://dx.doi.org/10.3233/JAE-2012-1556
http://dx.doi.org/10.1016/j.rser.2015.12.121
http://www.srdrives.com/washing-machine.shtml
http://www.srdrives.com/washing-machine.shtml
http://dx.doi.org/10.1109/TMAG.2017.2707386
http://dx.doi.org/10.1109/TIE.2016.2583409
http://dx.doi.org/10.1109/TMAG.2017.2701792
http://dx.doi.org/10.1109/TIE.2016.2619658
http://dx.doi.org/10.1109/TMAG.2017.2766689

Sensors 2020, 20, 3065 14 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.

37.

Karthikeyen, R.; Vijayakumar, K; Arumugam, R. Soft magnetic composite switched reluctance
generator—Fabrication and analysis. Adv. Mater. Res. 2012, 383-390, 5516-5521. [CrossRef]

Lawrenson, PJ.; Stephenson, ].M.; Blenkinsop, P.T.; Corda, J.; Fulton, N.N. Variable-speed switched reluctance
motors. IEE Proc. 1980, 127, 253-265.

Materu, P.N.; Krishnan, R. Estimation of switched reluctance motor losses. IEEE Trans. Ind. Appl. 1992, 28,
668-679.

Hayashi, Y.; Miller, T.J.E. A new approach to calculating core losses in the SRM. IEEE Trans. Ind. Appl. 1995,
31, 1039-1046.

Raulin, V,; Radun, A.; Husain, I. Modeling of losses in switched reluctance machines. IEEE Trans. Ind. Appl.
2004, 40, 1560-1569.

Charton, ].T.; Corda, J.; Hughes, A.; Stephenson, ].M.; McClelland, M.L. Modelling and prediction of iron
loss with complex flux waveforms. IEE Proc. Electr. Power Appl. 2005, 152, 862-870. [CrossRef]

Faiz, ].; Ganji, B.; Carstensen, C.E.; De Doncker, R.W. Loss prediction in switched reluctance motors using
finite element method. Int. Trans. Electr. Energy Syst. 2009, 19, 731-748. [CrossRef]

Torrent, M.; Andrada, P.; Blanqué, B.; Martinez, E.; Perat, ].I; Sanchez, ].A. Method for estimating core losses
in switched reluctance motors. Eur. Trans. Electr. Power 2010, 21, 757-771. [CrossRef]

Ge, L.; Burkhart, B.; De Doncker, R.-W. Fast iron loss and thermal prediction method for power density and
efficiency improvement in switched reluctance machines. IEEE Trans. Ind. Electron. 2020, 67, 4463—-4473.
[CrossRef]

Fabianski, B.; Zawirski, K. Switched reluctance motor drive embedded control system. In Mechatronics—Recent
Technological and Scientific Advances; Springer: Berlin/Heidelberg, Germany, 2014; pp. 339-346.

Fabianski, B. Energetic properties of a new, iron powder based switched reluctance motor drive.
In Mechatronics—Recent Technological and Scientific Advances; Springer: Berlin/Heidelberg, Germany, 2014;
pp- 331-338.

Hogands Web Page. Available online: https://www.hoganas.com/en/powder-technologies/soft-magnetic-
composites/products/coated-powders-for-electromagnetic-applications/ (accessed on 26 May 2020).
Przybylski, M.; Slusarek, B.; Di Barba, P, Mognaschi, M.E.; Wiak, S. Thermal measurements of the drive
with a switched reluctance motor with a magnetic circuit made of soft magnetic composite. In Proceedings
of the 19th International Symposium on Electromagnetic Fields in Mechatronics, Electrical and Electronic
Engineering, Nancy, France, 29-31 August 2019.

FEMM 4.2. Software. Available online: www.femm.info (accessed on 24 April 2020).

Przybylski, M. Modelling and analysis of the low-power 3-phase switched reluctance motor. Arch. Electr. Eng.
2019, 68, 443-454.

Di Barba, P.; Wiak, S. MEMS: Field Models and Optimal Design; Springer: Basel Switzerland, 2020; pp. 1-185.
Di Barba, P.; Mognaschi, M.E.; Przybylski, M.; Rezaei, N,; Slusarek, B.; Wiak, S. Geometry optimization for a
class of switched-reluctance motors: A bi-objective approach. Int. J. Appl. Electrom. 2018, 57, S107-5122.

Di Barba, P.; Mognaschi, M.E.; Wiak, S.; Przybylski, M.; Slusarek, B. Optimization and measurements of
switched reluctance motors exploiting soft magnetic composite. Int. |. Appl. Electrom. 2018, 57, S83-593.

® © 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/).


http://dx.doi.org/10.4028/www.scientific.net/AMR.383-390.5516
http://dx.doi.org/10.1049/ip-epa:20045129
http://dx.doi.org/10.1002/etep.252
http://dx.doi.org/10.1002/etep.475
http://dx.doi.org/10.1109/TIE.2019.2922937
https://www.hoganas.com/en/powder-technologies/soft-magnetic-composites/products/coated-powders-for-electromagnetic-applications/
https://www.hoganas.com/en/powder-technologies/soft-magnetic-composites/products/coated-powders-for-electromagnetic-applications/
www.femm.info
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Soft Magnetic Composites for SRM 
	SRM Motor Design 
	Methodology of SRM Measurements 

	Results 
	Measurement of Magnetization and Iron Loss Characteristics 
	Measurements of Drive Performance 

	Discussion 
	References

