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This paper presents a simple method for correcting the error of commutation windings for
sensorless control of a brushless DC motor with a small inductance. Switching error
analysis is performed based on the phase currents of the switched-off and switched-on
phases. To correct the commutatiuon signals for the inverter, a speed-independent function
is used, calculated from the back-EMF, by selecting its coefficients. The back-EMF is
calculated for the system obtained by transformed a three-phase system to a two-phase one,
which reduces the system dimension. An algorithm for start-up the motor with sensorless
control based on the method of align and damping the rotor vibrations in a stable
equilibrium position is proposed. The back-EMF is approximated by a function based on a
piecewise linear function and an inscribed ellipse, for a more accurate description of the
shape of the back-EMF. This approximation is used when simulation the motor. The
simulation confirms the effectiveness of the proposed method for correcting the

commutation error in the case of sensorless control of a low-power BLDC motor.

1. Introduction

This paper is an extension of conference report “Sensorless
control of low-power brushless DC motor based on the use of
back-EMF,” presented in “2019 International Ural Conference on
Electrical Power Engineering (UralCon 2019)" [1].

In the extended version of the paper, in comparison with the
conference paper, a method for correcting error of commutation
winding and the start-up procedure based on the alignment of the
rotor position in the stable equilibrium position of brushless DC
motor is proposed, which makes it possible to improve the
reliability and quality of sensorless control.

The rectifier of the electrical motors, in particular the brushless
DC motors (BLDC) are widely used in automation and control
systems, as well as in orientation and navigation systems as a
gyroscope drive [2 —4]. Usually, the power of the BLDC windings
is produced by a semiconductor inverter, whose transistors are
switched by signals from sensors installed on the motor stator.

The use of rotor position sensors has disadvantages associated
with an increase in the price of the electric drive, the accuracy of
their installation, which leads to errors in determining the
switching moments of the windings, unreliability of the sensors in
difficult environmental conditions. To eliminate these
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shortcomings, the methods of sensorless control of the BLDC
motor have been developed.

In case of sensorless control, commutation signals are
generated using back-EMF or flow, calculated from phase currents
and voltages. The most widely used methods are those using back-
EMF.

The most widely used methods of sensorless control based on
the analysis of back-EMF are considered in [5-11]. If the neutral
point of the motor is not available, the terminal voltage determines
the moment when the back-EMF of the disconnected phase passes
through zero (zero crossing point). Switching must be performed
with a delay of 30 electrical degrees, after passing the back-EMF
through zero. In [5], the least squares method is used to refine the
switching points, but this does not guarantee accurate
determination of the switching points, since the terminal voltage
contains noise and pulses generated by the inverter. The
implementation of these methods requires additional phase-
shifting circuits, including a timer. The non-ideality of the back-
EMF, the delay created by the low-frequency filter significantly
reduces the reliability of these methods.

In [12, 13], a velocity-independent G-function calculated from
the back-EMF is used to determine the commutation points.
Commutation points are determined when the absolute value of
this function exceeds a certain threshold value. The back-EMF
contains noise and pulses generated by the inverter, which can lead
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to erroneous determination of commutation points. The
disadvantage of this method is also the ambiguity of choosing a
threshold value.

To determine the commutation points in [14, 15], the third
harmonic is used. This method requires creating a virtual third
point. To form a neutral point, an additional electrical circuit is
required, which is a disadvantage of this approach.

One of the problems with sensorless control is the problem of
starting the motor and its operation at a low speed of rotation, in
this case, the back-EMF of rotation is zero or very small. Then,
determining the position of the rotor by the back-EMF of rotation
is difficult or almost impossible.

In [16], when starting, the position of the rotor is initially set
by the reaction of the current at magnetic saturation if the axis of
the flow created by the current and the magnetic axis coincide.
Only one current sensor is used. Then, after starting, the rotor is
accelerated to the speed at which it is possible to switch to
sensorless control of the winding switching. When the rotor
position is aligned, oscilations occur in the vicinity of the
equilibrium position, which reduces the reliability of this method.

Despite the large number of works on sensorless control, the
problem of reliability and accuracy of determining the
commutation points for the BLDC motor are relevant and require
further research.

2. Mathematical model of brushless DC electric motor

Here we describe a mathematical model of a three-section
electric BLDC motor. The power supply circuit of the windings of
a three-section, brushless DC motor by an electronic commutator
on field-effect transistors is given in Figure 1

The equations in the phase coordinates for the sections of
BLDC motor with permanent magnets taking into account the
mutual inductances of the sections have the form (the case of an
implicit pole rotor is considered):

di, |
R0 ofil[ L -M. -M]“
0 R. Ol |+-M. L. —M5f+(1)
00 RJiJ "M, M. L. |4
| dt |
€a| |Ua" Uy
ey |T|Ub Un|
€] |Uc Uy

where R, — active resistance of section stator winding; Z,, i, ic —
currents in the windings of the stator sections; Ls — inductance
winding sections; M, — mutual inductance of the windings of the
sections; ea, e, ec — back-EMF of the stator windings; ua, ub, e —
voltage applied to the windings of sections; u, — neutral point
voltage. In wye connection #, + iy + i =0.

WWwWw.astesj.com

ni g a p, T s p, T s Ds
U  p& Cme a —1b c
thgp, |Thwp, | Tho,
R R R
L L L
e, €B [
Un

Figure 1: Three-section BDCM winding power supply circuit

Let us define the inductance of the stator along the longitudinal
and transverse axes Lq = Lq and the inductance Lo for the zero
sequence. The phase inductances of the windings of the sections in
the rotating coordinate system d, ¢ are defined as follows: Ls = (Lo
+2L4)/3; Ms=(La— Lo)/3.

Using the transformation (a particular form of the
transformation matrix E. Clarke)
Ua|_p i
=Ty, |- )
Uy
U.

when

- J2/3-1//6-1/6
0 1/42 -1/42 ]

For the transformation matrix 7, the following equality holds:
T-' = T'(T' is the transposed matrix), 7 7! = E, E — unit matrix.

Transform (2) a three-phase system (1) to a two-phase system

di

R, 0 |i. {L 0} di |, €| _|Ua

0 Rs iﬁ 0 L @ eB uﬁn
dt

where L = L + M.

Using the transformation (2) we will express the back-EMF in
the system a, B

€

1
€. =%(ea —e,) NG (e.~e): ©

1
ep —ﬁ(eb—ec)- (4)

The back-EMF differences € = €2 — €b, €bc = € — €c, €ca = €c —
.. They are calculated using equation (1). to calculate the back-
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EMF according to (3),(4), it is not necessary to determine the
voltage at the neutral point.

Back-EMF sections at a constant rotational speed vary
according to the law ea(0) = ke D'J(0), ep(0) = ke D'(0) , e(0) =
kew.D'0), where ®. = po, (o — is the angle rotor speed, p — number
of pairs of poles.

Trapezoidal function d®/d8 (® is magnetic flux, 0 electric
angle) is approximated by piecewise linear function with inscribed
ellipse [1]. This function ®'(0) is used when simulation the BLDC
motor.

Graphs of the functions @',(0), ®'y(0), ®'0) for a three-phase
and functions @'0), ®'s0) for a two-phase system are shown in
Figure 2, 3.
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Figure 2: Trapezoidal functions @',(8), @',(8), '.0)
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Figure 3: Functions ®',0), ®'40) in system o,
3. Algorithm sensorless control BLDC motor in system a, f§

The most widespread in practice is 120 degree commutation,
in which the winding is connected to the source at an interval of
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120° electric degrees, then disconnected from the source at an
interval of 60° electric degrees.

For 120-degree commutation, the angles of switching on and
off phases , the function value is selected, which determines the
value of the back-EMF of the sections at the time of switching. The
dependence of the back—-EMF phase in relative units expressed
using the function ®@'(0) is shown in Figure 3, from where it follows
for 120 degree commutation @'(60°) = @'(300°), ®'(120°) =
D'(240°).

To determine the commutation points, the values of the back-
EMEF in system o, 3 calculated by the formula (3), (4) are used. The
ratio of the back-EMF ey(?), ep(?) is equal to the ratio ®'s(¢), D'y(¢)
and does not depend on the speed of rotation of the rotor. The
values of the functions ®'y(0), ®'g(0) for commutation angles are
shown in table 1.

Table 1: The value of the function d)(,'(e), <Dﬁ'(6) at the points of commutation

0. D'4(00) O's(0.) @'(0:)/D's(0c)
/3 CI1+D') | Co(1+D') /3
213 | -C(1+DY%) | C(1+D') —1/f

T 2C1(1+Q') 0
A3 | -G (1+0Y) | -C(1+D') 1/f
St3 | C(1+D') -cz(1+®'b) “1/43

2n 2C(1+D'y) ©

In table C, = 1/\/7 C= 1/\/_

Let's introduce the functions Hi(7), Ha(t)

2 2
- e, D+ eﬂ(t)
H] 2 2 >
klea(t)—eﬂ(l)

e.(0)

(k2+€5(t))

Coefficients k1 and k» in accordance with table 1 should be
equal to k=3 and k, =0. The function H(f), Hx(¢) generates pulses
at switching angles of 60, 120, 240, 300 electric degrees, and the
function H,(¢) at angles of 180 and 360 degrees. To determine
points of commutation is set to the threshold value H;. When the
threshold value is exceeded (|Hi(f)> H: or |Hx®)> H,), the
functions Hi(f), H»(f) determine the commutation. The calculated
back-EMF for voltage and current windings contains pulses
generated by the inverter, which are smoothed by a low-frequency
filter. As a result of this, a error commutation occurs. The accuracy
of determining the points of commutation is also affected by the
threshold value. The error of commutation can be corrected by
changing the coefficients ki, k». For example, for angle of
commutation =240 degrees, an increase in k; (greater than 3) leads
to a delay in the formation of the commutation signal, and when
reducing k1, the commutation signal is produced ahead of time. The
estimation of the error of commutation is made by comparing the
current at the time of switching off the section i (#.) and the
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current at the time of switching on the section ion(tc +Af) (¢t —
commutation of time, A7 — delay that takes into account the time of
the transient process in the winding). The coefficients ki and k, are
adjusted for the difference of these currents di = iofi(t:) — ion(tc TA?).

When correcting the error commutation, the coefficient vectors
Ky = [k, ko, ki3, kia, ks, kiel, Ko = [ka1, ko, ka3, koa, kos, kas] whose
initial values are set K; = [3, 3, 3, 3, 3, 3], K. =[0, 0, 0, 0, 0, 0].
Each element of the vector corresponds to a point of commutation
0°,60°, 120°, 180°, 240°, 300°. Parameters are also set At, di. After
determining the time of commutation, the value di is determined
and the corresponding coefficient is adjusted based on the table 2.
The values of the coefficients restricted to values. After several
cycles of switching the windings, the error is reduced.

Table 2. The calculation of the coefficients ki, k, of the error commutation

corrected

0. di>0, |dil>Ai di<0, |dil>Ai
/3 k=k—Ak, kx=0 ki=ki+Ak, kx=0
27t/3 k=k—Ak, kx=0 ki=ki+Ak, kx=0

T k=3, ko= kr»—Ak 0 k=3, ko= k,2+tAk O
47t/3 ki=k+Ak, k=0 ki=k—Ak, k,=0
Sn/3 ki=k+Ak, k=0 ki=k—Ak, k,=0
21 k=3, ko= k2 +Ak 0 k=3, ko= k,—Ak 0

For the model checking method was carried out for the model
of the ideal typical signals eq(?), ep(?), ia, iv, ic . The results of the
computational experiment are illustrated in Figure 4 for the angle

of commutation 240 electrical degrees. The error of
commutationon each cycle is reduced almost to zero.
1002
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Figure 4: Error of commutation

The functional diagram of sensorless control and error of
commutation correction is shown in Figure 5.

The procedure for starting the BLDC motor includes two
stages: the first process of aligning the rotor in the equilibrium
position, the second of accelerating up the rotor from the stable
equilibrium position to the speed at which it is possible to transit
to sensorless control of switching the motor windings. When the
rotor is started, the rotor of BLDC is stationary or rotates at a very
low speed. It is almost impossible to estimate the position of the
rotor by the back-EMF of rotation, which in this case is zero or
small. When switching two of the phase, the position rotor of
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which is unknown, acquires acceleration and moves to a stable
equilibrium position. With a small damping, oscilations occur in
the vicinity of a stable equilibrium position. When moving in the
direction of a stable equilibrium position, the rotor accelerates, and
when moving from the equilibrium position, it is slowed down. If
the damping is low, the kinetic energy acquired during rotor
acceleration is approximately equal to the potential energy
accumulated during braking. When the rotor speed is zero and the
rotor starts moving in the direction to a stable equilibrium position.
The acceleration square is approximately equal to the braking
square.

Calculation H:(?),|
Hz(l)

v

Formed signal for| Calculation Calculation
invertor eq(t),ep(t) k() Jea(1)
‘ i
Invertor Low-pass filter
A
ua,ub’uc Calculation
| " ea(?),en(?),ec(?)
A
Bms@ ia,ib, ic
DC

Motor
Figure 5: The functional diagram of sensor-free control BLDC motor

Stable rotor equilibrium positions is depended on various load.
The area of acceleration and braking depends on the magnitude of
the voltage applied to the phases. Vibration damping when the
rotor position is aligned is performed by reducing the acceleration
square, which is performed by reduce of the voltage on the
switching phases u = Ur. After passing a stable equilibrium
position, the voltage on the phases increases u = Us, which reduces
the angle deviation from the equilibrium position. When the speed
becomes zero, the voltage reduces u = Ur (u — voltage of
commutation phases). The acceleration square is reduced. The
procedure is then repeated until the rotor position is aligned with
the equilibrium position.

Let Si(AD) be the acceleration area, and Sy(AO) be the
deceleration area. For low damping, it must be performed S.(A8) =
Sv(AB), AO =0 — 0s.

AO(k+1) = (Sa) '[Sx(AB(K)],

If the maping will be compressive if |AB(k+1)| <| AB(k)|, then
the iterative process converges and A6 tends to zero. The rotor
position is aligned relative to the stable equilibrium position.

The moments of changing the voltage on the section are
determined by changing the current of the section. After switching
the winding, the current at the rotor acceleration initially decreases,
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and then increases when passing the equilibrium position is equal
to the initial one. At this point, the voltage increases u = Us and a
new value of the initial current is set. The current during braking
first increases, and then decreases and reaches the initial value, at
which point the voltage decreases u = Ur. The process is then
repeated until the rotor position is aligned (Figure 6).

T

Figure 6: Aligned position of rotor

4. Simulation results

To substantiate and study the effectiveness of the proposed
sensorless control, start-up and corrected error of commutation
method for a low-power brushless DC electric motor with
permanent magnet was simulated.

The simulation was performed using the MATLAB&Simulink
system and models of a three-phase brushless DC motor and a
power  semiconductor  bridge  commutator of  the
SimPowerSystems expansion. A motor is an electric machine with
a three-section winding on the stator and a multi-pole rotor with
permanent magnets. BLDC motor parameters are given:

Rated DC Voltage — 27V,
Rated speed, n = 2000 r/min;
Number of poles, p = 4;

Phase resistance, R =6 Q;
Phase Inductance, L = 0.42 mH.

When starting the motor, the position of the rotor is not
determined. If one connects two sections of the motor to a DC
voltage source, the rotor begins to move to a stable equilibrium
position (stable point). Let ua = Uy, u. = 0, phase “b” is
disconnected from the source.

The proposed start-up procedure involves two steps for the
transition to the sensorless control of BLDC motors. In the first
step, the procedure is performed to align the rotor position and to
calm down oscillation in a stable equilibrium position. At this step,
a constant voltage of various values Ur = 27 V, Us =50 V was
applied to the switching phases (phases a, c), which provided
alignment of the rotor position and damping of vibrations around
a stable equilibrium position. In the second step, a constant voltage
was applied to the switching phases (phases b, c¢). After the speed
set, there was a transition to sensorless control of commutation of
the BLDC motor windings. Simulation of start-up and control of
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commutation of the BLDC motor windings was performed using
the MATLAB/Simulink system. For Figure 7 the simulation
results are presented: the function H(f). Function H(¥) is sum H,(f),
H(?). The results of modeling the motor start and transition to
sensorless control are shown in Figure 8.
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Figure 7: Function H(t)
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To demonstrate the capabilities of the proposed method for
correcting the commutation error, a simulation of BLDC motor
with different speeds was performed. Error correction was
performed by analyzing phase currents. Phase currents after error
compensation are shown in Figure 9.

The table 3 shows the dynamics of the commutation error when
it is compensated by the proposed method. At low speed=500 the
initial commutation error was small. Initial commutation error was
reduced to an error 0.12 electrically degree. At the speed of 1000,
the initial error 3.5 electrically degree was also reduced by the
correction method to 0.1 electrically degrees. At the nominal speed
of rotation, the significant error of 14 elecctrically degree was
reduced to 0.2 electrically degrees. These results confirm the
possibility of reducing the compensation error in a simple
corrected method.

Table 3: Error of commutation

t,s A0, deg A0, deg A0, deg
(n=500 (n=1000 (n=2000
1/min) 1/min) 1/min)
0.01 1.25 3.5 13.9
0.05 0.96 1.9 10.8
0.1 0.81 1.6 5.2
0.15 0.54 1.35 3.7
0.2 0.56 1.08 2.1
0.25 0.45 0.54 1.6
0.3 0.12 0.1 0.2

5. Conclusion

The paper offers a simple method for correcting the
commutation error in the case of sensorless control of a BLDC
motor. A start-up procedure based on align the rotor position and
damping its oscilations in a stable equilibrium position is
proposed. This allows to accelerate the rotor and transient to
sensorless control. The proposed method can increase the
efficiency of sensorless control methods for BLDC motor with
small inductive.
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