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Abstract. The method of sensorless control of switching of windings of three-section BLDC motor
with permanent magnets based on calculation of back-EMF of rotation is proposed. After converting
the equations of the three-section BLDC motor to a two-phase system, the switching moments of the
windings are determined. Switching moments are calculated using a function representing the ratio of
back-EMF rotations computed for a two-phase system. In these moments back-EMF of the turned off
and turned on sections are equal. Using this function, signals are generated to control the transistors of
inverter. We consider a BLDC motor with a trapezoidal back-EMF of rotation, which is approximated
by a piecewise linear function and an inscribed ellipse. Modeling of three-section BLDC using the
proposed method of sensorless control of switching windings confirmed the effectiveness of the
method and the possibility of its use in a wide range of rotor speeds.
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INTRODUCTION

In a number of areas of technology and industry: instrumentation, control systems and
navigation of aircrafts, because of its compactness, reliability and low prices, sensorless elec-
trical drive, in particular to brushless DC motors, find incrasing use. The works [1-7] are de-
voted to design and control of the electric drive systems with brushless motors. The wide-
spread use of BLDC in the industry is associated with the development of power electronics
and semiconductor technologies, which led to the creation of a new element base of intelligent
integrated circuits. Such integrated circuits contain not only power electronic components (di-
odes, transistors), but also power element control devices — drivers. The keys are traditionally
controlled by signals from the rotor position sensor (SPR). The use of the rotor position sen-
sor complicates the design of the motor, increases the price and reduces its reliability, since
the operation of the sensor is influenced by external environmental conditions: temperature,
humidity, vibration, smoke, radiation. The other approach is based on intensively investigated
in recent time methods of sensorless control of commutation of the BLDC motors. Most of
the research on the development of sensorless control of switching windings of BLDC motors
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is based on the calculation of the back-EMF of rotation or flux coupling of the motor wind-
ings, which are calculated by switching signals for the inverter. When using back-EMF,
which is calculated from the voltage at the terminals of the electric motor and the current in
the motor windings, the rotor position is determined by the intersection of zero back-EMF ro-
tation [8]. Switching is performed after passing the back-EMF rotation through zero. The er-
ror of determining the moment of switching of the sections of the plug can result in unreliable
operation, especially at high speeds of rotation of the rotor. In this regard, a number of works
are devoted to the development of methods for correcting the error of switching moments of
motor sections. In [8] the method of back-EMF rotation is developed for non-ideal back-EMF
and an adaptive method of compensation of switching errors based on the analysis of back-
EMF at the time of switching on and off the section. Paper [9] proposed a method for improv-
ing the accuracy of the switching points using the method of least squares. Sensorless control
for brushless DC monor based on the line-to-line back-EMF is proposed in paper [10]. In
works [11-12] methods of compensation of an error of determination of the moments of
switching of windings taking into account not ideality of back-EMF of rotation are offered.
Methods based on the analysis of the back-EMF of rotation have the disadvantage, namely,
the back-EMF of rotation depends on speed of rotation of the rotor, which complicates the
determination of the moments of switching in a wide range of speeds of rotation of the rotor.
In [13-16], a function (called the G-function) is used to determine the commutation point,
which is the ratio of the back-EMF of the sections calculated from the current and voltage of
the sections. The commutation points are calculated on the basis this function. Impulses are
formed, when denominator of the G-function takes the value of zero heresy. The resulting
signal contains noise and a high-frequency component generated by the operation of diodes,
which is eliminated by the low-frequency filter. The disadvantage of sensorless control meth-
ods based on the calculation of back-EMF is the problem of calculation of switching signals
at low speed and at a stationary rotor. The strategy of sensorless control at start-up of BLDC
at perturbation by loading is proposed in paper [17].

Method improved sensorless control based on a simple compensation algorithm using ze-
ro-crossing point signals is proposed in [18]. In paper [19], the analysis of the third harmonic
of the back-EMF is used for determining the position of the rotor.

In [20] a method of sensorless control of a two-section brushless DC motor (BLDC) was
developed, based on the analysis of a function that does not depend on the speed of rotation
and forms pulses at the equality of the back-EMF of rotation of the first and second sections.
These pulses are used for switching sections. Despite the large number of works on sensorless
control, the problem of reliability and accuracy of determining the switching points, as well as
the problem of starting the engine are relevant and require further research.

This paper proposes a method for sensorless switching control of windings of a three-
section brushless DC motor. The case of 120 degree switching and connection of windings by
a star with an isolated common point is considered. Calculation of switching points is made
by converting the equations of electrical equilibrium to a fixed coordinate system a, f3.

MATHEMATICAL MODEL OF THREE-SECTION BRUSHLESS DC ELECTRIC MOTOR

The power supply circuit of the windings of a three-section DC brushless motor by an
electronic switch on field-effect transistors [1] is shown in Fig. 1. The equations in phase co-
ordinates for the BLDC sections with permanent magnets taking into account of the sections
have the form (the case of nonsalient rotor is considered):
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where R is the active resistance of the winding section of the stator; L is inductance of wind-
ing section; Uy, Ubn, Uen are phase voltage on the windings; iy, iy, i are currents in the wind-
ings of the stator sections; e,, ey, e. — back-EMF of the windings of the stator.

When connecting with a star without a neutral line i, + i, + i. =0. Voltage of winding, if
neutral line has not been extracted, is calculated with a use of virtual neutral line. For function
back-EMF approximated by the sinusoidal function e, + e, + e, =0 is also assumed. Then
voltage of winding are equal to

uan = (2uab +ubc )/3’ ubn = (_uab +ubc )/3’ ucn = (_uab _2ubc )/3

o
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Figure 1. Brushless DC motor drive system

Let us pass from the equations in phase coordinates (1)—(3) to the mathematical model of
the machine in a fixed coordinate system a, B on the basis of the transformation

2 1.1 (4)
Ua \/gua \/gub \/guca
1 1

uﬁ=$ub—$uc- (5)

The inverse transition from the coordinates of the state in a fixed coordinate system to
phase voltages or currents is based on the inverse transformation

2
UQ:%UDU (6)
__L +L (7)
Upb \/guu \/511[39

uc=—%uu—%uﬁ. ®)
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Transforming the system (1)—(3) with use of (4)—(8), we obtain

Ria+ L%t o, (1) =10,

Rig+ LYt o (1) = up,

where e,(?), ep(?) are back-EMF sections in the system a, p.
Calculate the back-EMF e,(t), ep(?) can be as follows

di. diy

al t)= a -R [a 1 L ——-—

eat) =m0~ R(i ) - B -

€bc(t):Mb_Mc—R(l'b—l'C)_L %_cz’;;j’

di. di,
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then
1

ea(t) =T(eab(t)—eca(t)),

@)

1

esll)=—F=\enl?)).
o(1)= 75 (enl0)
Electromagnetic torque in the stationary coordinate system a, 3, equal to

€ala T epl
T:(xot BLB

Om

where o, is the angular velocity of the rotor.

Next, we consider the 120 degree switching sections of the rotor windings, in which two
sections operate simultaneously, and one of the sections is disconnected from the source.

Trapezoidal function @' = d®/d6 (® is magnetic flux, 6 = po,, electric angle, ®y, is rotor
rotation angle, p is number pair pole) is approximated by piecewise linear function with in-
scribed ellipse Fig. 2. The approximating function is a continuous function with a continuous
derivative, which is its advantage in the simulation and calculation of the back-EMF rotation.
The ellipse is described by the equation

2
0 (o-0)
AR
where a, b are the large and small axis of the ellips
(I)'b = cI)’max —h.

For Fig. 2 denoted by 0, the period of trapezoidal, function. On the intervals [-0,/4, 01],
[0,, 6,/4] the dependence is approximated by a linear function, on the interval [0, 0,] the de-
pendence is approximated with an ellipse. Given: ®',,x — maximum value, @', - value at the
boundary of the interval of the function ®'(0). The angle of inclination of the line at intervals
[-0,/4, 01], [0,, 0,/4] is determined by the formula v =+ (®',)/0;.
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Figure 2. Approximation of the dependence of the back-EMF on the angle of rotation of the rotor

At the point 0, the line is tangent to the ellipse, then it must hold

e
a’(b=h)
It must also hold
2 P 912
(b— h) =p’|1-= |
a
Then parameters a, b will be equal to
b=dl/d2, )

di=h+Vho, d,=v0,+2h,

h
a= [—, (10)
ha

hi=0b" h,=v(b—h).

Setting the angle 6 function @'(0) on the interval [0, 6;] is calculated by the formula

D'(0) = @'y — b+ b2 (1-0%/ ), (11)

The dependence of the back-EMF sections in relative units expressed using the function
®'(0) is shown in Fig. 3.

The chosen approximation of the function ®'(0) is essentially a spline function. On the in-
tervals [-0,/4, 0:] and [0,, 6,/4] this function ®'(0) is a linear function of the electrical angle,
and the interval [0, 0,] is a nonlinear function of the angle 0. An inscribed ellipse determines
the nonlinear function, the parameters are calculated by formulas (9) — (11). The choice of
parameters @'y, O'nax, 0p, 01, 0, affects the value of the switching interval and the switching
moments of the windings in which the back-EMF of the switched-off and switched-on phase
coincides.

The value & = @' x — D'y, 00, 0;] determines how much the amplitude of the phase
back-EMF differs from the constant. Also, the choice of these parameters can improve the
accuracy of the approximation of the magnetic flux and, accordingly, the function ®'(8) from
the electric angle 0. The most widespread in practice is 120° degree switching, in which the

winding is connected to the source at an interval of 120° electric degrees, then disconnected
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from the source at an interval of 60° electric degrees. The proposed method of approximation
will more accurately describe for different types of BLDC the dependence of the back-EMF
on the electric angle 0 and thus increase the accuracy of determining the switching points.

wi(rad) &

Figure 3. The system is three-phase back-EMF

SENSORLESS COMMUNICATION SECTIONS OF THE BLDC MOTOR
IN THE TWO PHASE COORDINATES

Now we consider on 120-degree commutation. The section connected to the source will
be called active and back-EMF denoted ey(?). For section disable, back-EMF is denoted by
eon(?). The back-EMF of the section to be switched on at the next switching, is denoted eqs(?).

Then, the transition to a fixed coordinate system a, B, can be made as follows

1 1

ea(t)zﬁew(t) kem(r)—%m(r), (12)

1 1

eﬁ(l‘)=$€on(t)_$eoff(t)- (13)

When switching sections of the stator windings taking into account (12), (13) we will use
a function that represents the ratio of the back-EMF sections of the stator in a fixed coordinate
system o, 3

H(t)= ealt). (14)

At the time of switching the back-EMF of the switched section must be equal to the back-
EMF of the switched section, at this point the function H(f) (14) takes an infinite value. Then,
by setting some threshold value H;, switching will be performed when the modulo function
H(t) exceeds the threshold value. Then the included section with the back-EMF e,n(7) is dis-
connected from the source, and the section disconnected with the back-EMF eq() is connect-
ed to the output of the voltage source. The next miscomputation the interval is accepted. The
pulses generated by the function (14) determine switching moments.
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Back-EMF e(), ep(?) contains high-frequency noise generated by PWM, pulses during
operation of the inverter keys, which can lead to the erroneous determination of synchroniza-
tion points. Using a low-pass filter reduces the impact of these factors. The accuracy of the
switching moment also depends on the value of the threshold H; and rotor speed o, sampling
rate Atq. Increasing the threshold H; for the formation of the switching signal of the sections
increases the accuracy of determining the switching moment, but if the threshold is too large
and the rotor speed is high, it can lead to the omission of the synchronization point and dis-
ruption of the stable operation of the motor. The calculation of switching moments has the
advantage because the ratio of the backi-EMF does not depend on the rotor speed and can be
used in a wide range of speeds.

SIMULATION AND EXPERIMENT

To substantiate and study the effectiveness of the proposed algorithm of sensorless con-
trol of the valve motor, a simulation of a contactless low-power electric motor of the DLBC
type is carried out. The motor is an electric machine with a three-section winding on the stator
and a multi-pole rotor with permanent magnets. The number of pairs of poles is 4. The active
resistance and inductance of the stator sections are respectively R = 6.0 Ohms, L = 0.00042 H.
The supply voltage of a constant source is 27 V. The sections of the stator windings are con-
nected into a star. The functional scheme of sensorless switching control of the three-section
winding is shown in Fig. 4.

el

la ea ea
- i > > .

y Caleulation [7¢] | Low-pass | ¢ | Calculation

i ea(t)’ eb(t)’ e, > filter e, "~ eu(l‘), eﬁ(t)
= e > >

€, € Calculation 0., | Formed signal
commutation »| for invertor
point 0,

Figure 4. The block diagram for the switching control of the windings BLDC

When the rotor rotates, back-EMF is induced in the stator windings. The back-EMF is
calculated from the voltages u,, uy, uc, supplied to the section and section currents i, i , i.
Switching of windings is made at equality of back-EMF of rotation of the switched-off and
switched-on phase, (120 degree switching is considered). In case of dependence of the back-
EMF on time, calculated from the phase voltages and current sections, as a result of the opera-
tion of the keys of the power semiconductor invertor pulses occur.

After calculating the back—EMF, these pulses are smoothed by a low-pass filter. By phase
back-EMF e,(?), ep(?), ec(?) are calculated back-EMF in a fixed coordinate system ey(?), ep(?).
Back-EMF in a fixed coordinate system are used to determine the switching moments of the
windings.

The start-up of BLDC with the subsequent transition to sensorless control of switching of
windings was investigated. A direct start of the motor under load was made when switching
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signals were supplied in the form of a periodic sequence of rectangular pulses. The pulse pe-
riod was selected according to the motor parameters. The transition to sensorless control is
possible by increasing the motor speed to a value at which the counter-EMF can be isolated
from the noisy signal. The time of transition after start-up to sensorless control was set.

Fig. 5 shows the rotation speed, torque and rotation angle of the rotor, the transition to
sensorless control was made at = 0.01 s, while the speed after the start increased by ~ 100 rpm.
Fig. 6 shows phase currents.
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Figure 5. Start and transition to sensorless control
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Figure 6. Phase currents in motor windings at start-up and transition to sensorless control

CONCLUSION

This paper proposed a new algorithm for sensorless determination of switching angles
three-section brushless DC permanent magnet motor and control power semiconductor inver-
tor. The sensorless control algorithm is based on the transformation of the three-section motor
equations to a two-phase system in a fixed coordinate system a, .

Communication points are determined by a use calculating the back-EMF rotation in
a fixed system a, . The back-EMF are described trapezoidal functions which consists of the
piecewise linear functions and the inscribed ellipse. The start—up problem is solved by direct
starting of the motor and transition to sensorless control after some delay equal to several pe-
riods.
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The advantage of the proposed algorithm is the independence of the ratio of the back-

EMF sections of the rotor speed, which allows the use of the proposed method in a wide range
of speeds.
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