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Abstract: This study describe the mathematical method applied for realizing optimized electromagnetic torque
with reduced ripple in a two phase brushless dc motor with special rotor construction. The conventional
construction of two-phase two-pulse brushless de motor is inapplicable due to high torque ripples, Low mean

torque and speed fluctuation, therefore a special rotor construction with aim to realize successful starting and
ensuring relatively constant torque with minimized ripples and mndependent of the rotor position is going to be

applied. Tn addition to introducing the modified rotor construction, a combined PWM control strategy and
continuous control signal energized two-phase three-windings motor is applied. The produced electromagnetic

torque by this approach 1s determimed by applying Coenergy method and the munerically obtained results are
going to be verified with experimental results. Good comecidence between both results 13 expected to be

achieved.
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INTRODUCTION

Unlike a conventional dc¢ motoer, brushless de motor

has an “inside-out” constructiod?” , i.e., the field poles

rotate and the armature is stationary. The field poles
consist of permanent magnets mounted on the outside of
the rotor surface and the armature 1s wound on a slotted
or a salient pole laminated sheets. The armature coils are
switched by transistors instead of the commutator. This
small

arrangement has several advantages over

conventional DC moter or AC meotor such as

+  High efficiency

*  Daptability for speed control

*  High speed operation

¢+ Long operation life and absent rotor losses in
addition to the operation from low voltage dc supply.

Typical small-power applications in dc fans for
cooling electronic equipments and
Brushless dc motor fans are smaller in size and weight

closed spaces.
than ac fans using shaded pole or Umiversal motors.
These motors are able to work with the available 24 V
or 12V dec supply and make them convenient for use in
electronic equipment, computers, mobile equipment,
vehicles and spindle drives for disk memories, because of
1t’s high relhiability, efficiency and ability to
rapidly. Brushless dc motors in the fractional horsepower
range have been used in various types of actuators in

advanced aircraft and satellite systems™.

Teversc

In addition to the developed electromagnetic torque
and due to interaction between the armature current and
the permanent magnet excitation, it 1s necessary to obtain
an additional torque component, such as reluctance
torque yield by the differences in magnetic permance in
both quadrant and direct axis. Therefore, torque—mull
regions are eliminated™®.

ANALYSIS
The motor analysis describes the following tasks.

Motor windings and phase currents: Brushless dc
motors could be applied for various types of windings:
single-phase/single pulse, two-phase/two pulses,
three-phase three pulses and three-phase/six pulses
motors.

The interest on two-phase brushless dc motor comes
due to the simplicity of the driving circuit and the
minimized total cost of the motor.

The elementary two-phase Brushless dc motor
usually consists of permanent magnet rotor, stator with
two windings spaced by 90° each other and drives by two
power transistors controlled by control unit.

Each transistor is switched- on for 180°%. The torque
15 produced by the interaction of the rotor magnetic field
and the winding current nulls (each 180%). The presence
of null points in electromagnetic torque is the main
limitation for the widespread application because of the
following several reasons:
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Fig. 1. Cross section from the motor construction

»  Furst, the motor will not start from the null position,

*  Second, high ripples i the electromagnetic torque,
therefore the speed will fluctuate with rotor position
and

¢ Third, high cumrent at low speed and additional
losses.

These drawbacks makes the motor impractical for
commercial use unless one of the followng solutions
should be applied:

Polyphase motor: This motor has no torque nulls and
characterized with relatively constant torque. This motor
1s not a subject of this study.

Asymmetrical rotor construction (magnetization): The
rotor teeth are performed with predetermined high and
width; this 1s made with purpose to obtain asymmetrical
magnetic permance in the motor airgap. A partial cross
section of such a motor construction is illustrated on
Fig. 1, which 1s the subject of present study.

Figure 2 illustrates the distribution of the magnetic
permance in the airgap decomposed in harmonic spectrum
obtained by applying Fast Fourier Transform (FFT).

From these figures, it 1s shown that by introducing
some asymimetries in the rotor construction, ligh orders
of the magnetic harmonics are generated, producing
an additional torque and therefore avoiding torque
null points.
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Fig. 2a: Harmomic spectrum of the magnetic permance in
the airgap

Two torque components can be produced by
applying this construction:

»  Anelectromagnetic torque which form 1s expected to
be sinusoidal positive change,

s A reluctance torque with nulls of the torque does not
coincides with the nulls of the electromagnetic
torque.

After avoiding the torque-null pomts in the motor,
the torque-ripples issue should furthermore be reduced.
The torque ripples reduction could be achieved by
applying various approaches, one of these is called
"Combination Control". Heremafter more details about

this method.
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Combination control: Regarding to Fig. 3, the motor
coils (phases) are controlled as follow: S1 and 32 are
energized continuously for half period each one, while
the third coil S3 is energized by applying the PWM
control for full period.

Figure 3b presents the time-switching diagram for
both coils, where S3 must energized by pulse patterns for
full period. Because of this control approach, 51 and S2
have large number of turns and concentrates on first half
and second half of the stator periphery, while third coil 83
has less number of turns and uniformly 1s distributed in
the stator periphery. This is made to obtain approximately
sinusoidal flux distribution.

The followmg analytical modeling combines two
solutions. Asymmetrical magnetization and combination
control.

Switching pulse generation: Transistors T1 and T2 are
switched continuously for 180°. Each one and connect the
supply voltage to the coils 31 and 32 in complementary
sequence. While transistors T3 and T4 switch the supply
voltage to the third coil with polarity and time-duration
determimed by the applied PWM control strategy, as
shown in Fig. 3b.

Phase current calculation: The motor phase current
differs in coils S1,82 and S3, where the current in the first
two coils has a continuous character and approximately
with constant value at a steady state operation, while the
current in third coil is formed nearly to the sinusoidal
waveform depending on the pulse PWM control strategy,
induced back emf and on the magnetic permance.

Phase current: The phase current of Ia (i) in integral
form is presented as follow:

’JP diaor) :]P Uds —ea(ol) dat ]P Ra(o)iA(or) da
0 o La(w) o La(@) (1)
+ TMdLA(O!)
o Lala)

The current in the second phase I () has the same
shape.

The obtained results are displayed on Fig. 4 for both
phases, where each phase operates 180° only. We
observed that the phase current depends on the rotor
position and coil parameters.

The coil current I¢ (e) could be calculated taking into
account the modulation function h (&) as described in®l.
The pulse duration of the generated tramn of pulses
depends on the selected harmonics that must be
elimmated. These harmonics are existed on the quarter
wave interval from gmin to gmax.

T1
I
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Fig. 3a: Electrical simplified circuit; b) generating of the
PWM Pulse sequence

The phase current of coils S1 and $2
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Fig. 4. Phase current of both coils 51 and S2 at speed of
1000 rpm

The Fourier series of the required odd quarter-wave
signal could be presented by assuming the following
harmonic function®™:

()= 3 Ansin(no)
= @

4 Mo
An=—73% (_1)k+1 cos{nak )
nm -

where Np- odd or even numbers, and

omin <¢l <¢2 ... .. <ok < 1/2.
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Assuming that ni,nz,... ... nNp are the harmonics that
must be eliminated, the following set of algebraic
equations 1s expressed:

0= Oi (_1)k+1 cos(ni ok)
k=1

3)

0=3% (~1** cosnp 0tk)
k=1

The obtained algebraic matrix is solved, producing a
set of pulse patterns with switching instant ek and the
voltage applied across the third coil S3 obtained for
certain speed and frequency is presented on Fig. 5.

By applying the KV and taking into account motor
equivalent circuit with concentrated parameters, the
balanced voltage equation for the third coil 1s:

Ud = Ush(cr)

_ dhelar)
Ud = Reie(0) + — =+ ec(00) 4)

BC(C(.) = Emc Sil’l(O!)
}\.C(Ot) = Lc(O\'.).ic(Ot)

The leakage mductance depends on the rotor
construction and its position and can be presented as
follow:

LC(C(.) =Lo+ DZO: LquOS(q.C(.) (5)
q=24,...

Substituting Eq. (5) m Eq. (4), the voltage equation 1s
expressed as follow:

Ud = ec(a) + Reie(er) + Lo(@) Y | jo(ay 4L (6)
dot do

By applying the principle of implicit mtegration,
which form 1s present below:

2 Ud —ec(a) o a2 Re(anic(o)

di
f cla) = 0{1 o) +O{1 Lo o
2 jelo)
&[l—dL )LC(O!)

The results of solving Eq. 7 for various modulation
index, modulation frequency and speed are graphically
displayed on Fig. 6a. The obtained coil current T¢ (o)

wu N

400
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Fig. 5: Phase voltage of coil 33

_ (a) Phase current of coil $3
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Fig. 6a: Phase current of 83 at certain speed ; and b)
Current harmonic spectrum.

can be expressed in Fourier series by applying the FFT
procedure, where the obtained results are displayed on
Fig. 6b:

i(e) = 3 Tmv.sin(et — yv) (8)

v=1

Electromagnetic torque: The developed electromagnetic
torque in the motor 13 produced by the following
approaches:

Asymmetrical rotor construction: The developed torque
consists of two components!, reluctance torque Tr and
electromagnetic torque Te. These torques are going to be
called “ original “ in the present study.

The reluctance torque: This torque 1s independent of the
motor excitation and depends on the permance in the
alrgap..
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The permance in the airgap varied periodically with
the rotor position, being maximum at the axis of the
stator poles. Consider the rotor construction as shown
on Fig.l, the reluctance torque 1s calculated using the
coenergy method as follow:

Tea = dWra(a) — 1 dG(o)
dot z dot
Fsa = Nphaia(o).Kwa &)

Gla)=Go+ ¥ Gmg.cos(gNto—fg)
g=24

The final expression of the reluctance torque for 2nd
and 4th permance harmomcs 1s:

Tra = Fsa® (Gasin(20 - B2) + 2Gasin(4o — Bay) (1O)

The obtained reluctance torque expression indicates
that null points torque occurs at ¢ # 90, 180°,, which is a
good indicator for realizing self starting torque.

The electromagnetic torque: This component 1s obtained
due to the mteraction between the stator coil current and
the rotor magnets, where the mathematical expression can
be presented as follow!™™:

_ dWEea(a)

TEA B Fsa.Om(0r)
where: 1)
Pmice) = _[2 Fm.cosa.G(a)

2

is the produced rotor flux in the airgap, which depends on
the magnetic permance and rotor MMF. The mathematical
expressed as follow:

(Pm(ct) = Fm.A cos 0.+ Fm.Bsin o

where

A:260+§Gzcoszﬁz—%(}4cos4s4 (12)

B :%GZSin2BZ—%G4sin4B4
Fi = Lm.Hn

The final expression for the electromagnetic torque
for one coil 81 or 52 is:

Tea =Fsa. A(Fmsino — Fmcos o) (13)

Torque performance of coil 51 and S2
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Alpha, dg

Fig. 7. Total Electromagnetic torque of coils S1 and S2.

The total motor torque presents the sum of both
torques taking into account Eq. (10) and (13), has an
expression expressed in Eq. (14), with graplucally results
llustrated on Fig.7 for certain speed, where it clearly
shows that the motor achieved self starting condition.

TtA =TRA + TEA (14)

At the same time the generated torque ripples are
relatively high, (which is the main drawback of this
design). These ripples could be reduced extremely by
applying the combination control method, where the
produced torque is described hereinafter.

Combination control: This method is concentrated in
producing additional torque by third coil $3 and have a
purpose to eliminate the null regions of the original
torque. Further more, the produced torque will play a
significant role in ripples reduction overall the speed
range, average torque increasing. As a result of this
procedure achieving more speed stability with minimized
fluctuations, which is important criteria for electrical
drive technology. The torque expression is presented as
follow:

dWEec({a)

Tre(a) = 1
o

(15)

where :

WEc(o) = % Fscia, E)Z.G(OL) + Fso(o,e).dm (o)

The stator MMF produced by the third coil S3 with
current Ic (@) flow through the distributed winding in the
stator periphery has space tune variation with stepped
character and mimimized space-tune ripples. Writing the
trigonometrically terms as sums and difference leads to
the following expression:
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Nphc.Im1 & & EviKwy
2 X

v=l.y=1.. ¥
[X(v,y).cos(va—ve)+ Y(v,y).cos(vor + ve)]

Fscio,e) =

where :
(16)
X{v,7) =1+ cos(v — y)g,

Yiv,v) =1+ cos(v + y);,

_Imv

Kvi=—-.
Im1

Since the coil current Ic (¢t) depends on the rotor
position and induced back emf, the electromagnetic
torque produced by this coil TTC changes alternatively.
This means that in some regions this torque will added to
the original torque and subtracted in another regions. As
a result of this adding and subtraction procedure, the
produced total electromagnetic torque is expected to be
with reduced ripples.

Hereinafter mathematical expression explaining the
dependency of TTC on a few parameters, taking into
account Eq. 15 and 16, the torque expression:

Tte =TeCc1+TEC2+TEC3+ TEC 4

where:

TeC1= Fsc(a,e).G(a)%
o

TEC2 :lFsc(a,g)ZM (17
z do
TEc3 = Fsc(o,€) dmcr)
do
TEC4 = %(a)w
dot

The obtained torque components of Eq. 17 are
graphically displayed on Fig. 8. at the same conditions,
where this torque has rich harmonic spectrum when acts
alone, but will improve the total motor torque when acts
together with the original torque.

The total torque produced by three coils 1s the sum
of Eq. 14 and 17 as follow:

Tem =TTa+ TTC (18)

The torque results are graphically displayed on
Fig. 9a. for certain motor speed and the torque harmonic
spectrum is displayed on Fig.9b. From the displayed
results, 1t i1s shown that the put up tasks have been
achieved.
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Fig. 8 Total electromagnetic torque of 53
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Fig. 9a: The total electromagnetic torque of both coils 51,
32 and 83; b) The torque harmonic spectrum.

RESULTS

Referring to the motor design parameters listed in
Table 1 and to the rotor design listed in the appendix,
the discussed results i previous section can be
supported with additional parameters” ' as follow:

Torque Current ratio: This parameter presents the ratio
of the obtained mean torque to the root-mean square
current:

TOR = Tav

ITRMS
‘Where
T 19
TAV = 1 [ TEM{c)dor (19)
To

ITRMS = ’ Y (Irmsv)?
v=l..
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Table 1: The motor parameters
Phase voltage Ve, V 38

The induced counter voltage in coil S1 Ema, V 33
The phase resistance of coils 81 and s2 RA,Q 0.3
The phase resistance of coil $3 RC,Q 8.5
The number of conductors of 81 and 52, NphaA 60
The number of conductors of $3, NphC 80

The pole pairs P 2

The induced voltage frequency fl,Hz 50
The modulation frequency fm, kHz 20
The rotor outside diameter D, mm 53
The number of stator slots/pole g,-- 4
The Magnet type: NdFeBr ———-
The permanent magnet depth, hm, mim 7
The permanent magnet length, L, mim 60
The permanent magnet width, b, mim 5
The permanent magnet density, Bm, T 0.6
The stator active length 1.3, mim 60
The permanent magnet coercive force (intensity) Hm, kA/m 40
The active uniform air gap width &, mm 0.5
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Fig. 10a: Motor mean torque ; b)Torque-current ratio;
and Torque ripples factor versus signal width P

Torque ripples factor: This parameter presents the ratio
of the torque ripples to motor mean torque:

where: (20)

T
TR = \/Tl [(TE™M - Tav)?
0

Current harmonics factor: This parameter presents the
ratio of total rms current to the fundamental:

2
— {ITRMSJ 3 (21
IRMS

The width of control signal [ Fig. 3b could be
varied, where the obtamed results are graphically
llustrated on Fig. 10. From these results, it 1s clear shown
that the motor mean (average) torque is significantly
raised by mereasing 3, but this occurs on the expense of
torque-current ratio, which decreases especially at certain
value of p=65°. Furthermore the torque ripples factor is
minimized at B = 63°, while the current harmonic factor is
at it’s maximum value. This means that the pulse- width
must satisty two contradict requirements high TCR and
relatively low HFT.

CONCLUSION

»  The applied imovative design of two phase/three
coils brushless DC motor with combined control
produced electromagnetic torque realized self-
starting and reduced fluctuation. This is due to the
asymmetry in the rotor construction where the
reluctance torque nulls occurs at different instants of
the electromagnetic torque.

+ By introducing the PWM control strategy for the
third coil, the torque ripples decreases significantly
due to the generated tramn of pulses with variable
width. Once the torque ripples decreases, the motor
speed will be more stable, with reduced power
dissipation  and  increasing  utility. The
electromagnetic performances of the motor directly
depends on the width of the PWM signal f.

¢ There is an optimized value of the main rotor slot’s
width, at which the motor draws a minmimized current
and significantly acceptable mean torque. The
obtained value of slot's width should be applied as
designed value for the motor prototype .

¢+ The proposed design allows two operation modes
depending on the required operation conditions with
respect to the torque quality:
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First mode: Three coils must energized with appropriate
switching, therefore constant and stable torque with
somewhat reduced mean torque, mimimized ripples and
fluctuations are obtamed.

Second mode: Two coils S1 and S2 are to be energized,
therefore the acceptable mean torque with significant
ripples and fluctuation are obtained m the motor.

The described constructive modifications have
certain advantages and disadvantages associated with
the additional switching looses, vibration and noises,
which mean’s that choosing the required construction
must take these parameters into consideration.
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