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ABSTRACT

This paper presents the Back Electromotive Force (Back-EMF) integration method, one of indirect Back-
EMF commutation methods, used to control the sensorless Brushless Direct Current (BLDC) motor. As
its name indicates this technique is based on integration of the electrical Back-EMF signal to get instan-
taneous information about the mechanical rotor position, correspondingly the objective of this work is to
control BLDC motor without using velocity and/or position sensors, just by integration of the Back-EMF
signal of the non-fed phase’s to determine the position of the commutation point in order to drive the
inverter. Therefore, the proposed control technique is developed using MATLAB | Simulink with
Simscape library. The effectiveness of the proposed technique has been validated by simulation results
© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Brushless DC motors (BLDC) have the advantage of higher effi-
ciency, reliability and wide speed range. Due to such individualities
BLDC motor is used more and more in various industrial such as
automotive, aerospace, the biomedical and robotic application [1].

Sensorless control of brushless direct-current motor (BLDC),
where the BLDC motor is controlled without using position sen-
sors, the sensorless control has great attention as research topic,
according to its efficiency on reducing cost and size of the motor
in same time increases the reliability of the system [2]. Most sen-
sorless controller of BLDC motor are based on back EMF with dif-
ferent methods such as back EMF zero-crossing detection, third
harmonic voltage integration [3], free-wheeling diodes conduction
detection, and back EMF integration [4].

That paper treats the Back-EMF integration method as follows:
the first section treats the model of the BLDC motor, the second
section presents the sensorless Back-EMF Integration Method, the
third describes the system architecture and controller design of
the proposed method and last section presents simulation results
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of the proposed method compared with conventional position sen-
sor method. Finally, the conclusion is given.

2. BLDC motor model

The BLDC motor has three phase symmetrical windings and
rotor is made of stainless steel on which permanent magnet is
mounted. Rotor current is neglected because of high resistivity of
stainless steel and permanent magnet [5]. The fundamental equa-
tion governing the armature voltage equation of BLDC motor can
be represented by following Fig. 1:
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Where (X = a, b, €): vy, represent the terminal voltage, ix represent
the current of phase X, Ls represent self-inductance, M is the mutual
inductance between two phases. e is the back-EMF voltage of the
phase x: e, = Ke oy F(0) e, = Ke ®y F(0-120) ec = Ko oy F
(6 + 120) Where: K. is the coefficient of the back-EMF, oy, is the
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Fig. 1. Equivalent model of BLDC motor.

angular speed in rad/sec, 0 is angular rotation, F(0) is for trapezoidal
back-EMF.
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Fig. 2. Integrated areas of the back-EMF (speed-insensitive).

LOGIC OF COMMUTATION1 ANGLE TO MODE CONVERTER

SWITCHES COMMAND MODE f«—MODE

POSITION

Materials Today: Proceedings 45 (2021) 7438-7443

e A € ec
T [ T T
| | | 1 AN 1,
5 | I . | NI 1,7 R
7 129 Y A »
\ e 1 / |\\ A o
| /7 N | | s
F——+-—-— . — t e S
I I I | | |
Uou A 1 | 1 1 1 |
5 } 1 1. l. 1
Y | I I I | |
0 : Q : Q ! Q : / Qs : Qs ! Qs N
1

30° 90° 150° 210° 270° 330° ot

Fig. 3. Relationship between the back-EMF integration signal and the commutation
instant.

3. Analysis of the proposed method

The Back-EMF Integration Method commutation instants are
determined by integration of the silent phase’s back-EMF (that is
the unexcited phase’s back-EMF). The integrated area of the of
the silent phase’s back-EMFs shown in Fig. 2 have approximately
the same value whatever the velocity, so the principal advantage
of this method is independent to velocity.

The integration starts when back-EMF of the unexcited phase
crosses zero and when the integrated value reaches Uy, the pre-
defined threshold value, that moment corresponds to commuta-
tion point, and the phase current must be commutated.

Determination of the value of the threshold Ug,:

To determinate the value of the threshold Uy, we use the rela-
tionship between back-EMF integrated signal and the commuta-
tion instants, the back-EMF is linear, then, the function of the
sloping part can be represented as is shown in Fig. 3.

Just before the point of commutation the Back-EMF is linear so
we can write with the form of equation of a line:

eu(t) = £Eo.t )

The integration of the non-fed phase e,(t) starts when the back-
EMF crosses zero, so the output of the integrator U are given by:
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Fig. 4. BLDC motor controller scheme based on sensorless Back-EMF integration.
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Table 1

The conditions of activation and deactivation Modes.
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Position in degree  Modes condition of activation condition of deactivation Silent phase  Switched devices
0-60 Mode 1  Threshold of Negative wave phase A is reached Threshold of positive wave phase C is reached B S1 & S6
60-120 Mode 2  Threshold of positive wave phase C is reached  Threshold of Negative wave Phase B is reached A S3 & S6
120 to 180 Mode 3  Threshold of Negative wave Phase B is reached  Threshold of positive wave Phase A is reached C S2 &S3
180-240 Mode 4 Threshold of positive wave Phase A is reached Threshold of Negative wave Phase C is reached B S2 &S5
240-300 Mode 5 Threshold of Negative wave Phase C is reached  Threshold of positive wave Phase B is reached A S4 & S5
300-360 Mode 6 Threshold of positive wave Phase B is reached Threshold of Negative wave phase A is reached C S1&S4
t 2 1 K 1 1
eX(t) EOt e 5 Y
U= dt| = |—— 3 Up = |=. t°| = |55 Kewt| = |55 Ko = 4
L Tk % @) e =l 2k 2k "6 @

With U is the output of the integrator and k is the gain constant
of the integrator.

Therefore, the commutation instant lags the zero crossing
instant of the back-EMF with a 30 degree electrical angle so the
integration is from the instant O to t instant correspond to electri-
cal angle 6, =%, so the value of threshold Sy, is:

Table 2
BLDC motor parameters.

Stator resistance (Rs) 0.9 Q

Stator inductance (Ls) 1.27 mH

Stator mutual inductance (Ms): 0.01 mH
Maximum permanent magnet flux linkage 50 mWb

Rotor inertia (J) 0.0001 Kg.m?
Friction (B) 0.0001 N.m/(rad/s)
Number of pole pair (p) 1

:

where:Uy, is the threshold, Ke is the coefficient of the back-EMF.

4. Controller design of the proposed method

The simulation of the proposed method is doing by using Sim-
scape Simulink library, the Fig. 4 shows the global structure of
the motor controller, the last one is composed by the flowing
blocks: DC/AC inverter block equipped by voltage and current sen-
sors, “Back-EMF COMMUTATION POINTS DETECTION” block imple-
ment the motor drive based on the Back-EMF integration method
that block integrate the Back-EMF signal of silent phase and com-
pared it with the threshold to give mode corresponds to the posi-
tion of the rotor (Table 1), the mode gives by this block determine
states of the inverter switches using the block “LOGIC OF COMMU-
TATION”. The “ANGLE TO MODE CONVERTER” block convert the
position information to the mode (sector) that block is in use to
start motor, and in same time to obtain results of position sensor
method to compare them with which given by the back-EMF inte-
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Fig. 5. Back-EMF integration commutation points detection block.
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gration method. The used BLDC motor have the parameters listed
in the Table 2.

To drive BLDC motor there are 6 modes, to determinate the
mode and commutation point, the Fig. 5shows the block “Back-
EMF integration commutation points detection” detects zero cross-
ing from the positive and negative wave then the integrator is ini-
tialized by zero value to avoid error accumulation of the integrator
the last one start integration of the current silent phase, the output
of the integrator compared with the constant threshold, when the

Voltage (V)

Materials Today: Proceedings 45 (2021) 7438-7443

output of integrator reach that threshold the correspondent mode
will be enable in the same time the precedent mode must be dis-
able as showing in the Table 1, The integrator shall be reset after
each Back-EMF zero crossing to avoid the accumulation of the error
of the integrator.
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Fig. 6. Waveforms of phase A voltage given by the position sensor controller.
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Fig. 7. Waveforms of phase A voltage and the integrate phase A voltage given by the Back-EMF integration controller.
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Fig. 8. Comparison of BLDC motor velocity without load for the both methods.
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— rotor velocity without load
—— rotor velocity with load (0.012 N.m)
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Fig. 9. Comparison of BLDC motor velocity without load for the both methods.
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Fig. 10. MATLAB Simulation Results Showing phase current for Three Phase BLDC motor with 0.012 N.m load at speed 5000 tr.min .

5. Results

The Back-EMF signal is captured at 2500 RPM, the form of the
Back-FEM is perfectly trapezoidal in the case of control by the posi-
tion sensor (Fig. 6), for the sensorless Back-EMF integration con-
troller the form is trapezoidal but represents some switching
noises (Fig. 7), they are due to poor synchronization with the com-
mutation points.

In the Fig. 7 the green curve represents the integrate phase A
voltage signal, the last one is linear in the area where the phase
voltage is constant and takes proportional square of position wave-
form where the Back-EMF phase voltage is linear.

The both methods present ripple in the angular velocity, except
that the ripple of the Back-EMF integration are a bit stronger than
the sensor position method, the ripple rate is about 0.14% for the
integration method versus 0.02% for the position sensor method
see Fig. 8. The velocity ripple decreases when the motor is charged
by a constant load of 0.012 N.m value see Fig. 9 for the proposed
method.

In the BLDC motor the torque is proportional to the current so to
have an idea about the generated torque we can visualize 3 phases
current [6], the Fig. 10 shows the phases currents with motor
under a load of 0.012 N.m. The both controllers give the same form
of current, they have the acceptable rectangular waveform with
same magnitude but for the back-EMF integration controller they
have more commutation noises.
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6. Conclusion

In this paper, the sensorless Back-EMF Integration method con-
trol is used to control the BLDC motor, this method is independent
of the rotor velocity; the angular velocity response to a voltage step
of the proposed method is satisfactory, except that it represents
slight ripples which are higher than those of the control with posi-
tion sensor, these ripples decrease when the motor is charged. The
integration errors and threshold setup are the major causes to poor
synchronisation with commutation points, that introduce current
ripples, these ripples can be further minimized by adjusting the
switching thresholds and/or by adding a controller.

Finally, as perspectives for this work realization of the hardware
implementation, development of start-up controller, working on
the self-adjustment of the switching thresholds and lastly design-
ing on a controller that minimizes torque and speed ripples.
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