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Abstract — The paper presents experimental study of

electronically commutated outer-rotor brushless synchronous
motor at stalled rotor. Experimentally obtained torque-angle
characteristics of outer-rotor permanent-magnet synchronous
motor are analyzed and compared to the results calculated by
motor two-dimensional magnetostatic field simulation using
computer software based on finite element method. Comparison
results demonstrate an acceptable correlation.
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I. INTRODUCTION

At the present time the interest in brushless synchronous
motors application, especially as electronically commutated
motors, is rapidly growing. It is due to the fact that these
motors have a number of advantages. Such motors do not have
sliding contacts and brushes that quickly wear out, even under
simple operating conditions, at the same time they do not have
additional losses of friction and contact voltage drop. Thus,
they have high reliability, long service life, low level of noise
and vibrations, wide range of speed control, and energy
efficiency as well [1-3].

Depending on the requirements to motor application, the
brushless synchronous motor can be designed with inner as
well as outer rotor [4].

The outer-rotor design of brushless synchronous motors
makes it possible to use them for direct integration into
operating element of electric device without transmission
gears. It can increase service life and energy performance of
device in general.

Nowadays, electronically commutated outer-rotor brushless
synchronous motors are widely used in electric vehicles,
electric bicycles, ventilators, medical equipment, computers,
consumer electronics and etc. [5, 6].

However, the operation features of electronically
commutated outer-rotor brushless synchronous motors still
have not been studied enough. Thus, the study of such motor
characteristics is topical.

This paper presents the study results of torque-angle
characteristics of synchronous electronically commutated
outer-rotor brushless motor, and deals with the experimental
method of obtaining the torque-angle characteristics at stalled
rotor. Experimentally obtained results are compared with the
results calculated by simulation of two-dimensional static
magnetic field of the motor using computer software based on
finite element method (FEM).
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II. DESIGN OF OUTER-ROTOR PERMANENT-MAGNET
SYNCHRONOUS MOTOR

The outer-rotor brushless synchronous motor that is chosen
as a studied object in this paper has been designed for the
application in direct driven electric hand planer.

Since the space available for the motor integration into
operation element of electric planer is limited, the design of
synchronous motor with outer rotor having surface-mounted
high-energy permanent magnets is the most suitable for this
application [7].

A cross-section of the studied outer-rotor synchronous
motor with surface-mounted permanent magnets is shown in
Fig. 1, and its main parameters are presented in Tab. 1.

Fig. 1. The cross-section of the studied outer-rotor permanent-magnet
synchronous motor: 1 — outer rotor; 2 — slotted inner stator with 3-phase
winding; 3 — surface-mounted permanent magnet.

Parameters of permanent magnets have been optimized by
criteria of maximum value of magnetic flux fundamental
harmonic in air gap of the motor with fixed dimensions
considering the restrictions of magnetic circuit saturation. For
the optimization of magnet parameters analytical relations
between magnetic flux fundamental harmonic and influenced
parameters of permanent magnets were synthesized by the
results of static magnetic field simulation. The methods of
analytical relations synthesis and analyses results of
permanent magnet parameters influence on magnetic circuit
saturation have presented in previous studies [8, 9].
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The optimized parameters of permanent magnets used for
excitation of studied motor are the following:

- coercive force H,, kA/m 740;

- residual induction B,, T 1.2;

- thickness hyy,, mm 2;

- distance between permanent

magnets b, mm 5.
TABLE
PARAMETERS OF THE STUDIED MOTOR

Description Value Unit
Motor outer diameter, D, 64 mm
Stator outer diameter, D, 45 mm
Active length of the rotor, | 80 mm
Number of stator teeth, Z 12
Value of air gap, o 1 mm
Number of pole pairs, p 2
Number of phases, m 3
Number of conductors per slot, N, 18

III. METHOD OF EXPERIMENTAL DETERMINATION OF
TORQUE-ANGLE CHARACTERISTICS OF OUTER-ROTOR
SYNCHRONOUS MOTOR AT STALLED ROTOR

For  experimental determination of  torque-angle
characteristics of outer-rotor synchronous motor at stalled
rotor is proposed to use the stand that is shown in Fig. 2,
where 1 is the studied electric motor with outer rotor, and 2 is
disk with divisions in degrees fixed to the frontal surface of
the outer rotor.

Fig. 2. Stand for experimental determination of torque-angle characteristics of
outer-rotor synchronous motor.

According to the presented method of experimental
determination of motor characteristics at stalled rotor a direct
current is applied to the stator phase windings. Magnetomotive
force created by direct current L. in the stator windings should
be equal with magnetomotive force created by phase current I,
that flows in the stator windings when the rotor rotates.

Fig. 3 presents widely used schemes of stator windings
connection to the direct current supply for synchronous
electronically commutated brushless motors. The value of

direct current applied to the stator winding should be equal
with 1-.=1.4151, (scheme Fig. 3, (a)) and 1-=1.221, (scheme Fig.
3, (b)). The value of direct current is set by resistor changing
the resistance R.

Direct current I_ flowing through the stator windings creates
a magnetic flux that interacts with permanent magnets holds
the rotor in the certain position. For the creation of static
moment on the motor rotor the weight P (see Fig. 2) is
suspended to the rotor. Under the impact of the torque M=PR,
(where R, is outer radius of the rotor) the rotor rotates at a
certain angle. The value of rotor rotating angle depends on the
weight suspended to the rotor.

Using the proposed experimental method at stalled rotor it
is possible to obtain only frontal parts of torque-angle
characteristics, when the rotor has stable positions.
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Fig. 3. Schemes of stator windings connection to the direct current supply.

IV. STUDY OF TORQUE-ANGLE CHARACTERISTICS OBTAINED
EXPERIMENTALLY AND BY MAGNETIC FIELD SIMULATION

It is possible to obtain the complete torque-angle
characteristic of the studied motor by means of simulation of
static magnetic field of motor model using computer software
QuickField. Computer software QuickField based on the FEM
allows the calculating of magnetic parameters with high
accuracy considering material saturation [10].

The electromagnetic torque, using computer software
QuickFiled, can be calculated by means of Maxwell’s stress
tensor or as the derivative of the magnetic energy with the
rotor position [11].

In this paper, solving the problem of two-dimensional
magnetic field, the electromagnetic torque is calculated by
integrating Maxwell’s stress tensor along a line in the middle
of the air gap of the motor, and then multiplying the result by
the active length of the rotor.

Example of magnetic field picture of the studied motor
obtained using software QuickField is given in Fig. 4.
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Fig. 4. Magnetic field picture of the studied outer-rotor permanent-magnet
synchronous motor.

Fig. 5 shows torque-angle characteristics obtained
experimentally and by integrating Maxwell’s stress tensor
under no-load operating conditions of the motor. Comparison
results demonstrate an acceptable correlation.
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Fig. 5. Torque-angle characteristics of the studied motor under no-load
operating condition.

Torque-angle characteristics of the studied motor obtained
experimentally and by the results of magnetic field simulation
at I;= 3.5 A are shown in Fig. 6 (scheme (a) in Fig. 3) and
Fig. 7 (scheme (b) in Fig. 3).
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Fig. 6. Torque-angle characteristics of the studied motor under load operating
condition at [;= 3.5 A (scheme Fig. 3 (a)).
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Fig. 7. Torque-angle characteristics of the studied motor under load operating
condition at I;= 3.5 A (scheme Fig. 3 (b)).

Correlation of experimentally obtained and calculated
results by FEM under load operating condition is also
acceptable. However, obtained torque-angle characteristics of
the studied motor have significant ripples, which amplitude
period coincides with stator tooth pitch.

Figure 8 and figure 9 present torque-angle characteristics at
different values of current obtained by FEM for stator phase
windings connection scheme (a) and scheme (b) respectively
(see Fig. 3).
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Fig. 8. Torque-angle characteristics at different values of current obtained by
FEM (scheme Fig. 3 (a)).
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Fig. 9. Torque-angle characteristics for different values of current obtained by
FEM (scheme in Fig. 3 (b).
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Obtained torque-angle characteristics show that the period
of torque ripples amplitude for different level of motor
saturation is maintained the same. This means that higher
order stator slot harmonics have significant effect on the
electromagnetic torque of the studied motor.

Torque ripples cause the noise and vibrations during the
motor operation. Therefore, it is necessary to reduce the values
of the higher order harmonics for torque ripples minimization.
In practice the easiest way of torque ripples minimization is
stator slots or permanent magnets beveling.

V.CONCLUSIONS

Based on the results obtained in the paper, the following
conclusions can be drawn:

1. The proposed method of the experimental study of the
outer-rotor synchronous motor with permanent
magnets at stalled rotor allows to obtain torque-angle
characteristics easily and conveniently.

2. The comparison of the experimentally obtained results
and the results obtained by magnetic field simulation
shows acceptable correlation.

3. The analysis of the obtained torque-angle
characteristics shows that higher order stator slot
harmonics have significant effect on electromagnetic
torque of the studied motor.
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Ludmila Lavrinovi¢a, Janis Dirba, Uldis Brakanskis, Nikolajs Lavrinovi¢s. Sinhrona ventildzinéja ar ar€jo rotoru eksperimentala izpéte pie
nobremzgeta rotora

Saja raksta veikts sinhrona ventildzingja ar argjo rotoru lenka raksturliknu pétijums, ka arT aplikotas raksturliknu eksperimentalas noteikSanas metodes. Ka
pétijuma objekts $aja raksta tiek izveléts sinhronais ventildzingjs ar argjo rotoru un ierosmi no augstenergétiskajiem pastavigajiem magnétiem (NdFeB), kas
paredzets pielietoSanai rokas elektriskas &veles tieSai piedzinai. Apskatita p&tama dzingja lenka raksturliknu eksperimentalas noteikSanas metode pie nobremzeta
rotora. Saskana ar $o metodi, statora tinumus pieslédz lidzstravas avotam. Magné&todzingjspékam, kuru rada lidzstrava pie nobremzgta rotora, jabut vienadam ar
magnétodzingjspeku, kuru rada fazes strava statora tinumos pie rot€josa rotora. Lai raditu elektromagnétisko momentu uz p&tama dzingja rotora pie ta ir piekarts
svars. Piekarta svara spéka iedarbibas rezultata rotors pagriezas par noteiktu lenki un noturas $aja stavokli pastavigo magnétu un statora tinumos pliistosas stravas
mijiedarbibas rezultata. Lenka lielums ir atkarigs no svara lieluma pie nemainigas stravas vertibas statora tinumos. Metode lauj noteikt tikai lenka raksturliknes
frontalas dalas, t.i., tad kad rotoram ir stabilais stavoklis. Tap&c petama dzingja pilnas elektromagnétiska momenta lenka raksturliknes iegisanai pie dazadiem
rotora stavokliem pielietota magnétiska lauka modeléSanas metode, izmantojot datorprogrammu kompleksu QuickField. Datorprogrammu komplekss
QuickField, kura pamata ir galigo elementu metode, lauj noteikt magnétiskos parametrus, ieverojot materiala piesatinajumu, kas ir svarigs precizos aprékinos.
Eksperimentali iegiito rezultatu pie nobremzgta rotora un rezultatu iegito ar magnétisko lauku model€Sanas palidzibu salidzinaSana paradija pielaujamu
konvergenci.

Jlroavmuaa Jlappudouy, Sluuc Iup6a, Yanuc Bpakanckuce, Hukonaii JlappuHoBHY. DKCIePUMEHTAIBHOE UCC/IEI0BAHME CHHXPOHHOI'O BEHTUJIHHOIO
JABHTaTeJIsl ¢ BHEIIHUM POTOPOM IPH 3aTOPMO:KEeHHOM POTOpe

B nanHOl cTaThe NpPEACTaBIECHO MCCIIEOBAHME YIJIOBBIX XapaKTEPUCTHK CHHXPOHHOIO BEHTMJIBHOIO JBUraTels C BHEHIHMM POTOPOM, a TaKkKe HMpPHBEICHBI
BO3MOXKHBIE METOJIbI SKCIIEPHMEHTANBHOIO UX ompenenaeHus. Ha mpumMepe CHHXPOHHOTO BEHTHJIBHOTO JBHTATENs C BHEIIHHM POTOPOM U C BO30Y)KAEHHEM OT
BBICOKOHEPIeTHYHBIX NMOCTOSTHHBIX MarHuToB (NdFeB), nmpeHazHaueHHOTO JUIs IPSIMOTO IPHBOJA PYYHOTO MIEKTPUUECKOro pyOaHKa, paccMaTpUBASTCsl METOJ
SKCIIEPUMEHTAIBHOTO OIPEJCNICHHs] YIIOBBIX XapaKTEPUCTUK MPHU 3aTOPMOKEHHOM poTope. CoriacHo Meroxay, 10 OOMOTKaM CTaTtopa IIpOITyCKaeTcs
MOCTOSIHHBIA TOK. MarHUTOABIDKYIIAs CHJIA, CO3/1aBaeMasi IOCTOSIHHBIM TOKOM IPH 3aTOPMOXKEHHOM POTOpE, JOJDKHA OBITh PaBHOW MarHUTOIBIDKYINEH cuie,
KOTOpYyI0 co31aéT (a3HBIl TOK B OOMOTKaxX cTaTropa IpH BpamaromeMmcss poTope. s co3gaHMS dIEKTPOMarHUTHOTO MOMEHTa Ha POTOpE HCCIELyeMOTro
JIBUTATEJIsl K POTOPY MOABENINBaeTcs rpy3. [1ox Bo3eiicTBHEM CHIIBI IOABEIIEHHOTO IPy3a POTOP HPOBOPAYHMBAETCS HA ONPENSNEHHBII YroJl M yIePKUBACTCS B
9TOM HOJIO)KCHHH CHJIAMH B3aHMOJEHCTBHS NOCTOSHHBIX MarHUTOB U MPOTEKAIOIIETO TOKA B 0OMOTKaX cTaTopa. Bennumna yria moBopoTa poTopa 3aBHCHT OT
Beca rpysa IPU HEH3MEHHOM TOKe B 0OMOTKe. JJaHHBIH MeTO/ I03BOJISET ONPEAEIUTh TOIBKO (PPOHTOBEIE YACTH YIJIOBBIX XapaKTEPUCTHK, T.€. IIPU YCTOHIMBBIX
TIOJIOXKEHUSIX poTopa. [1o3ToMy [UIsl MOTydYeHHs! HMOJHOW KapTUHBI YITIOBBIX XapaKTEPHUCTHK HCCIIENyeMOro JBHIATeNs B TaHHOH CTaThe NPHMEHSETCS METOJX
orpeJieJIeHUs JIEKTPOMAarHUTHOIO MOMEHTA IIPU Pa3HBIX IOJOKEHHAX POTOPa MyTEM MOJEIMPOBAHUA MAarHUTHOIO I10JIs, HCIOJIBb3Ysl IPOrPaMMHBIH KOMILIEKC
QuickField. ITporpammusbiii kommieke QuickField, ocHOBaHHBII Ha METO/IE KOHEYHBIX 3JIEMEHTOB, IO3BOJISET ONPEICIMTh MarHUTHbBIE HApaMETPhbl ¢ Y4ETOM
HACBIMEHHs] MaTepuaa, 4To SBISETCS BaKHBIM JUIS TOYHBIX pacyéToB. CpaBHEHHE Pe3ylIbTaTOB MOJTYyYEHHBIX SKCIEPUMEHTAIBHO IIPH 3aTOPMOKEHHOM POTOPE
U IIPH MOJIEIMPOBAHUM MATHUTHOT'O IOJIsl IIOKA3aJIH IIPUEMIIEMYIO CXOMMOCTb.
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