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COMPARATIVE ANALYSIS OF TWO HIGH-SPEED SINGLE-PHASE ELECTRICAL
MACHINES WITH PERMANENT MAGNETS ON THE STATOR

Purpose. Single-phase machines with permanent magnets on the rotor are widely used in a variety of applications of a low rated
power. When these machines are applied in high-speed applications, a retaining ring on the rotor core must be often used.
However, it makes the assembly more complex and the high-speed machines become more expensive. On the other hand,
machines with magnets on the stator still can be a valuable alternative due to their simple and reliable rotor design. In this paper
the comparative study of performances of two single-phase electrical machines with magnets on the stator (flux reversal electrical
machine and hybrid switched reluctance machine) is presented. The following performances have been compared: efficiency,
weight, active materials cost, value of rated current of switches of the frequency converter. Methodology. Calculation of electrical
machines performances using solving two-dimension boundary magnetostatics problems. Results. The theoretical comparison of
the flux reversal electrical machine and the hybrid switched reluctance machine has been carried out; the comparison on specific
torque and efficiency of the two aforementioned machines have been obtained. The flux reversal machine has a significantly
higher efficiency and a fewer weight. In addition, it has a lower value of rated current. On the contrary, the cost of active
materials of the hybrid switched reluctance one is much less. Originality. The presented results can assist in selecting the best
design alternative of electrical machines in the following applications: electrical blowers, household appliances, fans, pumps and
compressors of a low rated power etc. Practical value. The comparisons results of the flux reversal electrical machine and the
hybrid switched reluctance machine has been obtained for the first time. References 15, tables 2, figures 13.

Key words: high speed machines, hybrid switched reluctance machine, flux reversal electrical machine, permanent magnet
machine, single-phase electrical machine, special electrical machine.

Mema. /locnidxycenns Xapakmepucmuk 060X 6UCOKOWGUOKICHUX 00HOMAZHUX eNIeKMPUYHUX MAWIUH 3 MAZHIMAMU HA CMamopi
(enexmpuuna mawiuna 3i 3MIHHUM HARPAMOM NOMOKY [ 2i0pudona GeHmuibHO-IHOYKMOPHA PEeAKMUGHA MAWURA):
nopienwwmuca maxi xapakmepucmuxu ak KK/, eaza, eapmicmv akmuenux mamepianie, HOMIHANbHUIL CIIPYM €/1eMEHMIE
nepemeoprosaua uacmomu. Memoouxa. Po3paxyHoKk Xapakmepucmuk eneKmpuuHoi MAUWUHU 3a OONOMO2010 DiUieHH:
080MIpHUX Kpallogux mazHimocmamuunux 3aeoans. Pezynomamu. IlIpogedeno nopisnanns 060x munie 00nohasnux mawun 3
MazHimamu Ha cmMamopi; OmpumMano po3pPaxyHKoge NOPIGHAHHA XapaKmepucmuk O0OHOMA3Nnoi eneKmpuunoli mawiunu 3i
3MIHHUM HANPAMOM ROMOKY i 00HOPA3HOI 2iOPUOHOT 6eHMUNbHO-IHOYKMOPHOT PEAKMUGHOT MAWUHU; OMPUMAHI pe3yibmamu
nopienannua macu, po3mipie i KK/l 0eox mawun. Haykoea nosusna. Ynepuie ompumani pezyismamu nopieHAHHA 00HODa3HoT
eneKmpuynoi Mawiunuy 3i SMIHHUM HARPAMOM ROMOKY i 00HODA3HOI 2iOPUOHOT 6eHMUNLHO-IHOYKMOPHOT PeaKMUBHOT MAWMUHU.
Ilpakmuune 3nauenns. Ompumani pe3yibmMamu Mo}Cyms OONOMOZMU RPU GUOOPI Kpaujoi KoHCmpyKuil enekmpoosuzyna @
OaHUX 3ACMOCYBAHHAX: eIeKmpuuHe MypooOHAOOy8anus, nOOYmMosi npunaou, eHMUIAMOPU, HACOCU | Komnpecopu manol
nomyscrnocmi i m.o. bion. 15, abn. 2, puc. 13.

Kniouogi cnosa: BUCOKOMIBUAKICHI MallMHM, TiOpHIHA BEHTHJIbHO-iHIYKTOPHA PeaKTHBHA MAalIMHA, MAIIMHA 3i 3MiHHUM
HANPSAMOM MATHITHOI'0 IOTOKY, MAIIHHA 3 NOCTIHHMMHU MarHiraMu, oAHO(a3Hi eJ1eKTPUYHI MAIIMHY, CIIelialbHi eJeKTPUYHI
MaIIHHH.

Lenv. Hccnedosanue xapakmepucmuk 06yX GblCOKOCKOPOCHIHBLIX OOHO(MAZHBIX INEKMPUYECKUX MAUWIUH C MAZHUMAMU HA
cmamope (INEKMPUUECKAA MAWUHA C NEPEMEHHLIM HANPAGIeHUEeM HNOMOKA U 2UGPUOHAA GeHMUNbHO-UHOYKIMOPHAS
Peakmuenan mawiuna): cpagnusaiomca maxue xapaxkmepucmuku kak KIIJ, eec, cmoumocms aKkmueHwblX Mamepuanos,
HOMUHAIbHBLIL MOK I/1eMeHmo6 npeodpasosamens wacmomsl. Memoouka. Pacuem xapakmepucmuk neKmpu4ecKoii Maumunsl ¢
nOMOWBIO pewieHus 06YXMEPHBIX Kpaeevlx mazHumocmamuueckux 3aoayu. Pesynomamor. Ilpoussedeno conocmaenenue 06yx
Munoe 00HOPA3HBIX MAWUH C MAZHUMAMU HA CMAMOpPe; NOAYUEHO PAcHemHoe CPAGHEHUe XApaKmepucmuk 00HOPasHOI
INEKMPUUECKOIl MAUUHBL C NEPEMEHHbBIM HANPAGNIEHUEM NOMOKA U O0O0HO(pA3HOU 2UOPUOHOI BEHMUNbHO-UHOYKMOPHOIL
PeaKmu6HOIl MAUIUHbL; NOTYUEHbL pe3yabmambl cpasHenun maccol u pasmepos KI/I ogyx mawun. Hayunaa nogusna. Bnepgvie
nOJlyueHbl pe3ynbmamol CPAGHEHUA OOHOMA3HON INIEKMPUUECKOU MAUWIUHbBL C NEPEMEHHLIM HANPAGNEHUEM ROMOKA U
00HOGA3HOU  2UOPUOHOU  6eHMUNILHO-UHOYKMOPHOU  peakmuenoii mawunsl. IIpakmuueckoe 3nauenue. Ilonyuennvie
Pe3yibmamsl MO2Ym ROMOUL HPU 6blOOpe Jyuuieil KOHCMPYKYuell INeKmpoosuzamens 6 pacCMampueaemvix RPUNONCEHUAX:
INeKmpuyecKuii mypoonaooys, 0vimogvle nPUOOPL, GEHMUIAMOPLL, HACOCLL U KOMRPECCOPbL MANO0U MOWHOCIMU U M.O.
Bu6n. 15, Tabn. 2, puc. 13.

Kniouesvie cnosa: BBICOKOCKOPOCTHBIE MALIMHBI, THOPHIHAS BEHTUILHO-WHAYKTOPHAs pPeaKTHBHAs MAIIWHA, MAIIMHA C
nepeMeHHbIM HANpPaBJeHHEM MATHHTHOr0 MOTOKA, MAIIMHA C MOCTOSSHHBIMH MArHHTaMH, oJHO(Aa3HbIe ITeKTpHYECKHe
MAaIlHHBI, CNIENHATbHBIE )IeKTPUIeCKHe MAIIUHBI.

Introduction. Single-phase synchronous machines
with magnets on the rotor [1] and brushless machines
with permanent magnets on the stator [2-9] are used in
high-speed low power applications where speed control
and low cost are required.

The main advantage of machines with magnets on
the rotor compared to a synchronous machine with
magnets on the rotor is a simple toothed rotor, which is a

laminated steel package mounted on a shaft. This

improves reliability, simplifies rotor manufacturing
technology, and reduces rotor cost in high-speed
applications.

In [2, 3], a single-phase hybrid switched reluctance
machine (HSRM) is described (Fig. 1). Adding permanent
magnets to the stator solves the problem of initial
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positioning of the rotor. Therefore, starting the motor is
possible, even in a single-phase version. In addition, the
presence of magnets on the stator reduces the mass of
HSRM, compared with HSRM without magnets. The size
and diameter of the HSRM rotor are reduced, which is
especially important for high-speed applications.
Compared to a single-phase synchronous machine with
magnets on the rotor, HSRM has the following
advantages:

1) structurally simple and reliable gear rotor;

2) cheap ferrites can be used in the HSRM design,
and expensive rare-earth magnets should be used in a
traditional synchronous machine;

3) fewer transistors in the inverter.

Du

Rotor

|

%E I /Winding
~Stator tooth

O Magness
N A /sTmr yoke

Fig. 1. A single-phase hybrid switched reluctance machine [2]

Despite the advantages of HSRM noted above, this
machine has the following disadvantage compared to a
single-phase synchronous machine with magnets on the
rotor: HSRM is powered by unipolar DC pulses. A
synchronous machine with magnets on the rotor is an AC
machine. Therefore, in order to achieve a current with the
same amplitude (half-span) in the case of HSRM, it is
required that the current has a significantly higher
modulus value. Thus, the effective and maximum currents
in the HSRM phase are much larger than that of a similar
single-phase synchronous machine with magnets on the
rotor. In this regard, the cost and dimensions of the
frequency converter for HSRM increase, as well as the
losses in the frequency converter increase.

A good alternative to HSRM and a traditional
single-phase synchronous machine with magnets on the
rotor can be a flux reversal machine (FRM). A single-
phase FRM with three teeth on the rotor and four
magnetic poles on the stator (Fig. 2) was first described
in [4].

Fig. 2. FRM design according to [4]

A single-phase FRM has a simple and toothed rotor,
like HSRM. The placement of permanent magnets on the
FRM stator provides simplicity of design and reliability,
as well as low weight and dimensions. At the same time,
FRM is an AC machine, like a synchronous machine with
magnets on the rotor. Current pulses of different polarity
in FRM can occupy a significant part of the period.
Therefore, the effective and maximum currents in the
FRM phase are less than for HSRM. This makes it
possible to use a frequency converter for FRM, in which
the main power elements have lowers value of the
effective and maximum currents. Also, in the frequency
converter for FRM, there are less energy losses than for
HSRM, and, therefore, the dimensions of the radiator and
the overall dimensions are smaller.

However, the FRM design described in [4] has the
following disadvantages: 1) a decrease in specific power
and efficiency, since a third of the inner surface of the
stator is not used; 2) the lack of symmetry of the machine
at a rotation interval of 180° causes uncompensated radial
forces acting on the rotor; 3) these uncompensated radial
forces reduce the service life of the bearings. To
overcome the above disadvantages of FRM described in
[4], in the patent [5] and papers [6, 7], a single-phase
FRM presented in Fig. 3 is proposed.

In FRM (Fig. 3) the entire stator surface is used due
to the use of half-closed slots. The HSRM has open stator
slots, which reduces the specific torque and efficiency in
comparison with FRM.

Despite the drawbacks of HSRM noted above,
compared with FRM, cheap ferrite magnets can be used in
the design of HSRM [3], while only rare-earth magnets
can be used for FRM. This advantage of HSRM can be
especially important when designing low-cost drives for
household appliances, electrical tools, the automotive
industry, blowers, etc.

Magnets
m/> o & Stator yoke
) o
O Rotor
U Winding
Stator tooth

Fig. 3. FRM design according to [5, 6]

Comparison of different types of electric machines
by weight and cost of active materials, efficiency is of
great importance when choosing the type of drive for
various applications, as shown in the example of three-
phase machines [10-12]. As a review of the literature
shows, a comparison of high-speed FRM and HSRM is
not described in the literature, therefore, such a
comparison is relevant and new when choosing the type
of drive for single-phase high-speed applications.
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The goal of the work is study of the characteristics
of two types of single-phase high-speed electric machines
with magnets on the stator — FRM and HSRM. Both
machines are designed for low-power drives of household
appliances (rated mechanical power 754 W, rated speed
18000 rpm, rated torque 0.4 N-'m). The main
characteristics and data for the HSRM are taken from [2].
The FRM was designed based on the technique described
in [8]. For both machines, a comparison is made
according to the efficiency and the mass of active
materials. The advantages and disadvantages of single-
phase FRM and HSRM are analyzed.

Modelling and calculation of FRM characteristics.
The modelling and calculation of the characteristics of the
FRM was performed using the Finite Element Method
based on the technique described in [9]. The technique is
based on the solution of magnetostatic boundary value
problems, with different positions of the rotor
corresponding to different times. All these boundary value
problems have the same computational domain, divided
into two subdomains in the middle of the air gap. The
rotation is taken into account by the boundary condition
stitching these subdomains in accordance with the rotation
of the rotor [6]. The diameter of the FRM stator package
was chosen significantly less than that of the HSRM and
equal to 51 mm. The length of the package was chosen
equal to 30 mm, as in HSRM. Rare-earth magnets with
magnetic flux density of 1.2 T were selected for FRM. The
frequency of supply of the fundamental harmonic of the
FRM current is equal to 1200 Hz, as for HSRM.

Figure 4 shows the distribution of the magnetic flux
density module for FRM. The rotor tooth is located above
the middle of the stator slot.

B, T
1.8
1.4
1
06
02

Fig. 4. Magnetic flux density module for FRM at torque
of 0.4 N'm

In Fig. 5,a, the calculated losses in copper P,
magnetic cores of the stator Py, and rotor P,,, as well as in
magnets P,g, are shown for FRM for the rated speed
(18000 rpm) at different values of the load torque:

1) mechanical power 188.5 W, torque 0.1 N-m;

2) mechanical power 377 W, torque 0.2 N-m;

3) mechanical power 565 W, torque 0.3 N-m;

4) mechanical power 754 W, torque 0.4 N-m
(nominal mode).

Other losses (in bearings and ventilation) were
assumed to be 15 W at rated speed. The largest losses of
FRM in all modes are concentrated in the winding.

Figure 5,b shows the instantaneous values of FRM
currents for different values of the torque. The moments
of the beginning and end of a positive voltage pulse are
indicated by «ont» and «offt», respectively. The
moments of the beginning and end of a negative voltage
pulse are indicated by «on—» and «off-», respectively.
The graphs show that the current is piecewise smooth
with kinks at the moments of switching.
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Fig. 5. Losses of FRM at the rated speed at various load torques
(a) and the dependence of the current on the position
of the rotor (b)

Figure 6,a shows the dependence of the fill factor of
the supply voltage pulses (the fraction of the electric period
occupied by voltage pulses of one or another polarity) on
the average value of the FRM torque. With an increase in
the required torque value, the fill factor increases linearly.
The dependence of the effective current value on the
average torque of the FRM is shown in Fig. 6,b.
The effective value of the current increases nonlinearly
with increasing torque. The remaining characteristics for
FRM are presented in the next section, in comparison
with HSRM.

Comparison of the characteristics of FRM and
HSRM. Tables 1, 2 show the main characteristics of
single-phase FRM and HSRM (rated mechanical power
754 W, rated speed 18000 rpm).

The price per 1 kg of permanent magnets depends
not only on the material, but also on the size of the blocks
used [13, 14]. The price of NeFeB-magnets of the
required size for FRM is 137.78 USD/kg [13]. The price
of ferrite magnets of the required size for HSRM is 67.20
USD/kg [14].

As can be seen from Table 2, the cost of active
materials for HSRM is 1.9 times less than for FRM.
However, FRM is 1.8 times less in mass than HSRM.
Therefore, in devices that the user holds in his/her hands
(for example, in an angle grinder, in a circular saw, in a
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Fig. 6. Dependence of the fill factor (a) and the effective current
value () on the torque of FRM

cordless power tool, in a garden blower, in a handheld
vacuum cleaner), as well as in other applications where it
is important to reduce the dimensions, it is advisable to
use FRM. In applications where weight reduction is not
so important, but it is important to reduce the cost of the
machine, for example, in hand dryers, in a blender, in a
miter saw, it is advisable to use HSRM.

Table 1
Rated parameters of electrical machines
Parameter FRM HSRM [2]
Load torque, N-m 0.4 0.4
Fundamental harmonic 1200 1200
frequency, Hz
DC link voltage, V 320 320
Effective value of current in 925 17.8
phase, A
Max1mum value of current 14.8 348
in phase, A
Efficiency, % 83 72

The size of the FRM rotor is significantly smaller
than that of the HSRM: 1) the diameter of the rotor is 1.4
times smaller; 2) the mass of the rotor is 2.3 times less; 3)
the moment of inertia of the rotor is 5 times less. This
advantage of FRM is especially important for all high-
speed applications, since it allows to significantly reduce
the centrifugal forces acting on the rotor, as well as
reduce the load on the rotor bearing assembly and extend
the service life. Also, the small moment of inertia of the
rotor is very important in applications such as electric
turbocharging [15], since it allows increasing the reaction
speed to the reference signal and significantly improving
the dynamic characteristics of turbocharging systems of
gasoline and diesel internal combustion engines.

Table 2
Cost of active materials, weight and size of electrical machines

Parameter FRM HSRM [2]
External dimension of
stator magnetic 951 78x58
circuit, mm
Active part length, 30 30
mm
Air gap, mm 0.5 05-12
Rotor outer diameter, 236 ~34
mm
Rotor moment of 0.041 0.205
inertia, kg-cm
Permanent magnet Rare-ecarth Ferrite*
type
Permanent magnet
thickness, mm 17 2.4
Mass of permanent 28 17
magnets, g
Mass of stator steel, g 214 494
Mass of rotor steel, g 61 138
Mass of copper, g 100 99
Total mass of active 403 731
materials, g
Cost of active
materials, USD 483 2.47

* Note to Table 2: in the paper [5] there is no data on the type of
magnets in the HSRM, however, in [3] it is noted that ferrite
magnets are used for the HSRM. When calculating the cost of
active materials, the following prices were taken: 1 USD/kg for
steel, 7 USD/kg for copper [10].

Figure 7 presents the values of the efficiency of
FRM and HSRM for rotation speed of 18000 rpm. The
FRM has a higher value of efficiency, which means less
losses, less heating of the winding and a longer mode of
operation during overloads in torque and power.
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Fig. 7. Comparison of the FRM and HSRM efficiency

Figure 8 shows the torque values of the FRM and
HSRM depending on the angle of rotation of the
machine. The torque of FRM has a region of negative
values and a higher value of torque pulsations, in
comparison with HSRM. However, the pulsations of the
FRM torque can be significantly reduced as a result of
optimizing the geometry of the machine and can be
comparable with HSRM.
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Fig. 8. Comparison of the graphs of the torque of the considered
machines

Figures 9-11 show instantaneous values of voltage,
currents, and power of FRM and HSRM for torque of
0.4 N'm and rotation speed of 18000 rpm.
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Fig. 11. Comparison of machine electrical power
at torque of 0.4 N-m

As can be seen from Fig. 9-11, the maximum current
value in the FRM phase is 14.8 A, and for HSRM —34.8 A.
The effective current value in the FRM phase is 9.25 A,
and for HSRM - 17.8 A. The maximum value of
instantaneous power consumption of the FRM from the
frequency converter is 4.4 kW, and for HSRM — 9.8 kW.

The average value of the instantaneous power
consumption of the FRM from the frequency converter is
908 W, and for HSRM — 1047 W. The frequency
converter for the HSRM (Fig. 12) has a smaller number of
transistors than for FRM (Fig. 13).
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Fig. 12. Frequency converters for HSRM
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Fig. 13. Frequency converters for FRM

However, FRM requires power elements with a
lower maximum current value and a smaller cooling
radiator. Also, for HSRM, a capacitor of a larger capacity
in the DC link is required, since the maximum value of
the instantaneous power consumed by the inverter from
the DC link is several times larger than for FRM.
Therefore, it is of interest to compare the power losses,
cost, mass, and size of frequency converters for FRM and
HSRM. The design and comparison of frequency
converters for FRM and HSRM will be performed in the
further works.

Conclusions.

1. The paper compares two types of single-phase
machines with magnets on the stator. The FRM has a
significantly higher value of efficiency than HSRM, and,
consequently, less heating of the winding.

2. The cost of active materials for the HSRM is 1.9
times less than for FRM. However, the FRM is 1.8 times
less in mass than HSRM. Therefore, in devices that are
held in hands, for example, in an electric tool, as well as
in other applications where it is important to reduce the
size, it is advisable to use FRM. In applications where
weight reduction is not so important, but it is important to
reduce the cost of the machine, it is advisable to use
HSRM.

The effective current value in the FRM phase is 9.25
A, while the effective current value in the HSRM phase is
17.8 A. Therefore, the FRM needs power elements with a
lower maximum current value and a smaller cooling
radiator. The HSRM also requires a larger radiator and a
larger capacitor in the DC link. Despite the simpler circuit
of the frequency converter for HSRM, its mass will be
greater than for FRM.
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