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Abstract. This study presents a filterless and sen-
sorless commutation method for low-voltage brushless
DC motors. The proposed method utilizes controlled
DC-link inverter instead of the Pulse- Width Modula-
tion (PWM) scheme. Therefore, motor voltages and
currents become free from the high-frequency noise of
PWM switching, thereby decreasing motor losses. Con-
sequently, the method does not require any Low-Pass
Filter (LPF) and it does not involve speed-dependent
phase delay caused by the LPF. However, current com-
mutation deteriorates waveform of line voltages. Thus,
specific functions are defined to compensate for the cur-
rent commutation spikes and remove false zero-crossing
points of line voltages. Furthermore, the use of unfil-
tered line wvoltages eliminates the requirement of any
phase shifter. Hence, the main superiority of the pro-
posed method over preceding sensorless commutation
methods is the simultaneous elimination of the phase
shifter and LPF, which makes the method simple and
cost-effective. The simulation and experimental results
show the effectiveness and validity of the method.
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1. Introduction

Brushless DC (BLDC) motor is widely used in the in-
dustry due to its high efficiency, low maintenance, light
weight, and compact structure. The BLDC motors
require the information of rotor position to perform
current commutation in stator windings. However, the
position sensors increase the complexity of system con-

figuration as well as motor cost and size [I], [2] and
[3]. Sensorless control methods have been introduced
to cope with the abovementioned restrictions.

In [4] and [5] commutation points were extracted by
detecting Zero-Crossing Points (ZCPs) of line voltage
differences which were sampled during Pulse-Width
Modulation (PWM) on time. Another method utilized
a Z-source inverter to supply BLDC motor and sam-
pled the voltage of the inactive phase in shoot-through
vectors to detect its ZCPs [6]. The ZCPs of phase back
Electro-Motive Force (EMF) advance inherently actual
commutation points by 30°. Hence, a phase shifter is
demanded to determine the commutation points cor-
rectly. The phase shifting process makes the sensorless
commutation technique more sophisticated because it
needs the high-cost Digital Signal Processor (DSP). Al-
though the methods used in [4], [5] and [6] need no
Low-Pass Filter (LPF), they require a particular PWM
switching pattern to sample the motor voltages accu-
rately.

Filtered line voltages that comprise the correspond-
ing line back EMFs have been used in [7], [8] and
[9] to estimate the commutation instants. The LPF,
which is used to suppress high-frequency noise due
to PWM switching of the inverter, causes speed-
dependent phase delay that increases as rotor speed
increases. The phase delay of the estimated position
prevents the phase current from aligning with the ro-
tor position. Therefore, it generates torque ripples that
reduce the average torque and motor efficiency. Conse-
quently, LPF limits the high-speed operation capabil-
ity of BLDC motors [I0]. In [9], phase delay caused by
LPF was nearly compensated only at the rated speed
of the motor by adjusting the hysteresis band of the
comparators. Hence, this approach is inappropriate for
variable speed drives. In [I1] and [12], specific methods
were presented based on shifting the ZCPs of heavily
filtered line voltages by either 90 — o or 150 — a de-
grees. These methods were complicated and required

(© 2019 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 1



POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 17 | NUMBER: 1 | 2019 | MARCH

variable phase shifting. The technique presented in [13]
also used line voltages. However, it was more compli-
cated and needed two-step filtering and virtual neutral
point.

In [14], [15] and [16], speed-independent functions
are used to detect the commutation instants. The cal-
culation of the speed-independent functions is compli-
cated because they depend on the measured voltages,
currents and the derivatives of the currents. Other
studies have been dedicated to correction of the ro-
tor position error. For example, commutation instants
are adjusted by forcing the current integrals of the two
half periods to be equal in 60 degrees conducting pe-
riod [I7]. Tt is reported that the effect of the estimated
position error reflects on the current waveform. Hence,
the current waveform is used as an index to compen-
sate for the commutation error [I8]. In the other study,
a self-correction sensorless method is introduced based
on the difference of the terminal voltage of the inactive
phase between the beginning and the end of commuta-
tion interval [19].

The contribution of this study is an improvement
of sensorless commutation of BLDC motors by the si-
multaneous elimination of the LPF and phase shifter.
Commutation spikes of the unfiltered line voltages are
investigated in detail in Sec. [ 2. ] Then, specific func-
tions are presented in Sec.[ 3. ] to compensate for the
false ZCPs caused by current commutation. The esti-
mation error of the proposed and conventional methods
are analyzed in Sec. [ 4. | The simulation and experi-
mental results are provided in Sec.[ 5. | and Sec.[6. ]
respectively, to verify the effectiveness of the proposed
approach. The results justify that the method can be
easily implemented using simple circuits without any
need for high-cost DSPs. Furthermore, the estimated
commutation signals are phase-delay-free because no
LPF is used anymore. Hence, the method can increase
the operating range. Finally, conclusions are given in

Sec. 7]

2.  Spikes of Unfiltered Line

Voltages

Usually, the PWM method is used to control BLDC
motors. However, some studies have proved that sup-
plying BLDC motor with a controlled DC-link inverter
leads to high efficiency [20] and [2I]. Figure [1| shows
the equivalent circuit of a three-phase Y-connected
BLDC motor which is fed by a full-bridge inverter,
and a buck converter is used in front of the inverter
to regulate the DC-link voltage by the duty cycle of
switch S7. Figure[2]shows the simulation waveforms of
the phase current obtained from the PWM and con-
trolled DC-link inverter schemes. It is evident that the

Gate Signals H

Fig. 1: The equivalent circuit of the Y-connected BLDC motor
and its inverter topology based on the buck converter.
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Fig. 2: Comparison of the phase currents obtained from the
PWM scheme (top) and the controlled DC-link inverter
scheme (bottom).

PWM method causes the large high-frequency ripple
in the stator current which inevitably increases cop-
per and iron losses. Furthermore, the controlled DC-
link inverter could provide more stable performance for
sensorless control of a BLDC motor than the PWM
method [11], [12], [13], [20], [21], [22] and [23].

The voltage equations of the BLDC motor shown in
Fig. [I] are given as:

Vag iq d iq €q VNQ

ng =Rl|ip| +L— |10 + |ep]| + VNg , (1)
v, ' dt %

cg lc 2 €c Ng

where V4, V34, and V.4 are the motor terminal voltages
with respect to the DC-link ground g. The stator phase
currents are indicated by i,, %3, and i.. The stator
resistance, stator inductance and motor neutral point
voltage relative to the ground g are denoted by R, L,
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and Vpy, respectively. The maximum value of the back
EMFs can be defined as:

E = Kewp, (2)
where K. and w,, are the motor voltage constant and
angular velocity, respectively. The trapezoidal back
EMF voltages which are indicated by e,, e, and e. can
be expressed as:

ea = EF(0.),
2T
ep = EF 96 — ? s (3)
2
ec=EF (6, + ?” ,

where 6. is electrical angular position of rotor and F
stands for the trapezoidal function which can be given
as:

ﬁae 0§09<ﬁ,
T 65
T T
1 - <6, < —,
6 st b 7
T T T
Ff.)=41— (6 — F) o <. < 5 (4)
11
6 117 117
—1+-0,——) — <0.<2

The inverter switches S;—Sg turn on and off only
when they perform the current commutation. There-
fore, the motor terminal voltages do not contain un-
desirable high-frequency switching noise, and thus, no
LPF is employed anymore. Consequently, the proposed
method does not involve the speed-dependent phase
delay caused by LPF. Figure [3] shows the three line
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Fig. 3: Three unfiltered line voltages and corresponding phase
currents.

voltages along with the corresponding phase currents.
When the BLDC motor operates with 120° conduction
mode, there are six combinations of the stator excita-
tion in a fundamental cycle. Under regular conduction
interval, only two of the three phases are conducting
at any time, and the other phase is unexcited. By per-
forming current commutation every 60°, the commu-
tation intervals will emerge. During the commutation
intervals, the three phases conduct because the com-
mutation needs a finite time due to the stator windings
inductance. The six regular conduction intervals and
six commutation intervals are indicated in Fig. |3 and

Tab. [

Tab. 1: Six regular conduction and six commutation intervals.

Sec. Interval Conducting devices
1 0<0.<7/6 S5, S6
1to2 w/6 <6 <m/6+ 0c1 S1, S, D2
2 7r/6+9(;1§96<7r/2 S1, Se
2to3 w/2 <0 <m/24 Oco S1, Sa2, D3
3 7/24 60co < 0. < 57/6 S1, Sa
3 to4 57/6 < 0. < 57/6 + Oc3 S3, S2, D4
4 57/6 4+ 0cs < 0. < Tr/6 S3, Sa
4tob Tr/6 <0 < Tw/6+ 0cy Ss, S4, D3
5 Tr/6+ 00y < 0e < 37/2 S3, S4
5to6 3n/2 < 6. <3w/24 Ocs S5, S4, Dg
6 3n/24 0cs < 0o < 117/6 S5, Sa
6tol 117/6 < 0. < 117w/6 + 0c6 S5, Se, D1

It can be seen from Fig. [3 that the current commu-
tation causes four voltage spikes in each line voltage
waveform; while only two of them cross the horizontal
axis and cause zero-crossing errors. Let us calculate
the amplitude of line voltage V,. during the critical
commutation spikes which make false ZCPs in the line
voltage waveforms (see Fig. [3| and highlighted rows in
Tab. . Consider Sec. 3 in which switches S; and So
are conducting, and commutation instant comes and
makes switch S; turn off and switch S3 turn on. This
switching leads to transferring current from a—phase
to b—phase. As mentioned before, due to the induc-
tance of stator windings, the current of a—phase does
not decrease to zero immediately. Hence, diode D4 con-
ducts until ¢, becomes zero. This current commutation
causes a spike in the waveform of line voltage V,. which
is indicated as Sec. 3 to 4 in Fig. [3] The equivalent
circuit during this commutation interval is shown in
Fig. By applying KVL to the path traced from
a to ¢, the amplitude of line voltage V. is obtained as
—Vp — Vy, where Vp and Vy denote diode and tran-
sistor forward voltage drops, respectively. Now, let
us consider the negative half cycle of line voltage V..
Consider Sec. 6 in which switches S; and S5 are con-
ducting, and commutation instant reaches and makes
switch Sy turn off and switch Sg turn on. The current of
a—phase does not decrease to zero instantly, so it makes
diode D conduct until 7, becomes zero. This current
commutation generates a spike in the waveform of line
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N
(a) Sec. 3 to 4. (b) Sec. 6 to 1.

Fig. 4: Equivalent circuit of the motor and its inverter during
commutation interval.

voltage V,. which is indicated as Sec. 6 to 1 in Fig.
The equivalent circuit of the motor and inverter dur-
ing this commutation interval is shown in Fig. [4(b)
By applying KVL to the path shown in Fig.
amplitude of line voltage V,. is obtained as Vp + V.
It can be concluded that the absolute value of the line
voltages during the commutation intervals is the sum
of the forward voltage drops on the diode and transis-
tor Vp + V. In the case of a low-voltage BLDC motor,
Vb + Vy is large enough to be detected compared to
the peak value of line voltages. That is not the case,
however, if a high-voltage BLDC motor is considered.
Hence, in this study, we focus on low-voltage BLDC
motors.

3. Compensation for

Commutation Spikes

We define a function for line voltage V,. as:

Sac = Sign<vag - ‘/cg)a

where Sign operator is defined as:

0
Sign(x) = {

x <0,

(6)

1 x> 0.

Figure [5] shows line voltage V,. and its function. Ellip-
tical contours indicate the two commutation spikes in
the function of the line voltage. The voltage of a—phase
relative to the ground (V,,) is also illustrated in Fig.
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Fig. 5: Function S,y used to compensate for the first spike of

Vac and the resultant signal Z,.

Vag can be expressed as:

Vdc 6 s
E—0, 0<6, < —,
2 * T - 65
™ Y
Vdc - Vf g < 96 F;
5
_VD €<96<£+9C3a
Vag= (7)
Vdc 0& o T
E1—2) 2 igo,<0.< "
9 + 6E( 77) 76+03_ '1<16
v 5 Sl<
11 11
Vdc + VD 7671— §08<767T+006~

The maximum value of back EMFs, E, is always less
than V./2. Hence, according to Eq. , Vag indicates
a positive value except within the interval from 57/6 to
57 /6+6¢3 in which Dy is conducting and the amplitude
of V,g is —=Vp. This interval coincides with the first
spike of voltage V.. Hence, we define a Sign function
for V4 as:

Sag = Sién(vag)‘ (8)

The above function can compensate for the first spike
of voltage V,. by utilizing the logical equation:

Za = Sac + Saga (9)
where + stands for OR operator. Figure [5] depicts the
function S,, and the resultant signal (Z,). As can be
seen, the function S,, compensates for the first spike
of the function S,.. However, the effect of the sec-
ond spike still deteriorates the resultant signal Z,. By
detailed investigation on the waveform of voltage Vg,
another fact is discovered that the amplitude of Vg4 is
greater than the DC-link voltage only in the interval
from 117/6 to 117/6 + 6c¢ which coincides with the
second spike of the line voltage V,.. In this interval,
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diode D; is conducting and the value of V4 is Vg, +Vp.
Accordingly, we define another function as:

Sua = Sign(Viug — Vag), (10)
where V4 is the voltage of the positive rail of DC-
link to the ground. Figure [6] shows voltage V,,, its
function Sy, and the signal Z, obtained from Eq. @[)
As evident from Fig. [6] the function S, can be used
to compensate for the second spike of voltage V,. by
using the logical equation:

Co=2Z,0Suq = (Sac+ Sag) ® Sua, (11)
where e stands for AND operator. The resultant spike-
free commutation signal C, is illustrated in Fig.[6] The
same process is applied to the other two unfiltered line
voltages, namely, Vj, and V. Accordingly, the appro-
priate functions which are required to compensate for
the spikes caused by current commutation are defined

as:

Sba = Sign(Vig — Vag),
= Slgn(%g)

Sup = Sign(Viug — Vag),

Sep = Sign(Vey — Vig)s

Seq = Sign(Vey),
Sue = Sign(Vyg — (12)
The commutation signals of b— and c—phases can be
extracted as:

Cy = (Sba + Sby) ® Sups

O = (Sop + Sug) ® Sue. (13)

The proposed logical equations for generating six gat-
ing signals of the inverter from three estimated com-
mutation signals can be derived as:

GaH = Ca L4 ?by GaL = Cb 4 @a;
Gon =CpoCc, Gpr =Cco(h, (14)
Gep=C.0Cy, Gop=Cy0C.,.

where subscripts kH and kL (k = a,b,c) stand for
high-side and low-side power devices of the inverter.

4. Error Analysis

4.1. Voltage Drop on Stator

Resistance

The proposed method uses the line voltages to detect
the ZCPs of the line back EMFs indirectly. Although
the line voltages comprise the relevant line back EMFs,
estimation error is inevitable because of voltage drop
on the stator winding resistance. Assume that a— and
c—phases are conducting and b—phase is unexcited. The

.
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Fig. 6: Function Sy, used to compensate for the second spike
of V4. and the extracted commutation signal Cj,.

Yo

—El . ____._ B A L.\ a

a and p phases are conducting

Fig. 7: Phase delay due to voltage drop on stator resistance.

indicated area in Fig. [7] corresponds to the mentioned
interval. As can be seen, the back EMF of b—phase
increases until it reaches its maximum value. The
ideal commutation point for transferring current from
a—phase to b—phase is the instant in which e, equals
e,. However, in practice, the ZCPs of the line voltages
are used to estimate the commutation points. Assume
that the phase inductance is small enough to be ne-
glected. In this case, when e,, = 0 the line voltage can
be expressed as:

Voo = _Rim (15)
which means that the ZCPs of the line voltages do
not coincide with those of the line back EMFs. Hence,
the inverter switches keep their states unchanged until
the line voltage crosses zero. The line voltage can be
expressed as:

Vo = €p — €q — Ri,. (16)

Substitution of the back EMFs defined in Eq.
in Eq. gives:

Viw = E— E(1 = 20.) = Riy = 20,5 — Rio. (17)
™ 7T
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agF

Fig. 8: The LPF used in the conventional sensorless methods.

The commutation point is detected when Vj, reaches
zero. Hence, the rotor position estimation error can be

derived as:
0. — Ri, ™
R — E 6 )

where the peak value of the back EMF can be extracted
as:

(18)

o Vdc—2V2f—2Ria.

By substituting Eq. into Eq. , the phase delay

caused by the voltage drop on stator resistance can be
expressed as:

Ri, s
Op = — ) =.
Vae — 2V; — 2Ri, ) 3

Phase Delay Due to LPF

(19)

(20)

4.2.

The LPF is used in the conventional sensorless commu-
tation methods based on filtered voltages of the motor.
Figure [ shows a common LPF which is utilized in the
conventional sensorless methods. The transfer function
of the LPF can be given as:

VagF _ R?
Vag Rs + R7 + RgR7Cys

(21)

The value of the phase delay caused by the LPF can
be expressed as:

EGE701we We
F arctan ( . - arctan ) y ( )

where w, is the electrical angular velocity of the ro-
tor and w, is the cutoff frequency of the LPF. It can
be concluded from Eq. that the LPF causes the
speed-dependent phase delay in the estimation of rotor
position.

5. Simulation Results

Table [2] lists the specifications of the BLDC mo-
tor which is used to run the simulations in MAT-
LAB/Simulink. To verify the effectiveness of the pro-
posed method, we have compared its results with those

Tab. 2: Specifications of EC-22-167129 Maxon BLDC motor.

Value
50 [W]

Parameters
Rated power
Speed constant 702 [r-min~1-V~I]
Torque constant 13.6 x 1073 [N-m-A~T]
Pole pairs 1

Rated voltage 32 |V]

Rotor inertia 4.2 x 1077 [kg.m?]
Stator resistance 0.4985 [
Stator inductance 0.0735 [mH]|

Rated speed 20200 [r-min~1]
Voltage constant | 13.6 x 103 [V-(rad-s~1) 1]

of the conventional method based on ZCPs detection
of the filtered line voltages. We choose the cutoff
frequency of 2 kHz for the LPF of the conventional
method to make a compromise between the phase de-
lay of the LPF and its capability to remove the high-
frequency noise.

The line voltage, phase current, electromagnetic
torque, rotor speed, ideal Hall signal obtained by the
Hall-effect position sensors placed within the motor,
and the estimated commutation signals obtained from
the proposed and conventional methods are shown in
Fig. [0 and Fig. [I0] respectively. These simulation re-
sults are given under the intermediate load at a speed
of 15000 r-min~'. By comparing the electromagnetic
torque and phase current waveforms, it can be deduced
that the proposed method causes less distortion in the
current and torque waveforms than the conventional
technique. The phase current and torque of the con-

oL |
—~
.NG
_2— . B . B B B 4
| | | | | | | | |
-~ 0.04 T T T T T T T T T
g =T
2 €
~ 4 LA .t _. it A - =mih —T, i
S 0.02 P3 \ K2 ’ v 2 P3 '.L
=Y ‘
bts 1 T i __ Hu-.
- 1
- 0.5 —je— 3 degrees : —C,
0 | i ; ; H h
,x 10*
—
g
=

0 I I I I I I I I I
0.045 0.0455 0.046 0.0465 0.047 0.0475 0.048 0.0485 0.049 0.0495 0.05
Time (s)

Fig. 9: Simulated waveforms of the proposed method under in-
termediate load at speed of 15000 r-min~! (from top
to bottom): unfiltered line voltage, phase current, elec-
tromagnetic torque, ideal and estimated commutation
signals, and rotor speed.
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Fig. 10: Simulated waveforms of the conventional method un-
der intermediate load at speed of 15000 r-min~! (from
top to bottom): unfiltered line voltage, filtered line
voltage, phase current, electromagnetic torque, ideal
and estimated commutation signals, and rotor speed.

ventional method involve large high-frequency ripples
that cause a decrease in the motor efficiency. Further-
more, the estimated commutation signal obtained from
the proposed method has a good match with the ideal
Hall signal. For the proposed method the commuta-
tion angle error is about 3°, whereas it is significant
and about 14° for the conventional method. The small
difference between the ideal Hall signal and the esti-
mated commutation signal obtained from the proposed
method is due to the phase delay resulting from volt-
age drop on the stator resistance. In the case of the
conventional technique, the error caused by the voltage
drop on the stator resistance superimposes to the error
resulting from the LPF.

We repeated the simulation under different rotor
speeds and phase currents to compare the position es-
timation error of the proposed method with that of the
conventional method. Figure shows the simulated
performance of the proposed and conventional meth-
ods at different speeds, from 5000 to 20000 r-min—!,
under various load conditions with phase current of 0,
0.5, 1, 1.5, 2, and 2.5 A. In all the conditions, the
commutation angle error of the proposed method is
smaller than that of the conventional method, as ex-
pected. Due to the phase delay caused by LPF, the
commutation angle error for the conventional method
is significant at high speeds. Hence, as mentioned be-
fore, the conventional method is not suitable for a wide
range of speed. On the contrary, increasing or decreas-
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Fig. 11: Comparison of the simulated phase-delay vs. rotor
speed under various load conditions for the proposed
and conventional methods.

ing the rotor speed does not affect the performance of
the proposed method significantly.

Let us analyze the effect of the estimation error of
the rotor position on smooth torque generating capa-
bility of the BLDC motor. Assume that the current
commutation from c—phase to a—phase is performed
with a phase delay of 8; from the ideal commutation
point. In this case, by ignoring the commutation in-
terval, the 60° period of Sec. 2 can be expressed as:

%+9d<ae§g+9d- (23)

During this interval, the phase currents can be ex-
pressed as:

io=1, iy=-I, i.=0. (24)

The electromagnetic torque produced by the BLDC
motor is given by:

K 2
T.= 3 (F(é)e)ia +F (96 - ;) it

2
+F (98 + 7T> z) :
3
where K is the torque constant of the motor. Substi-

tuting Eq. and Eq. into Eq. gives:

(25)
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Accordingly, the average electromagnetic torque of the
motor can be expressed as:

Il
| X
~
/N
(N
|
N
3w
)
=9
N~

[ V)
~

Figure [12| shows the electromagnetic torque of the
BLDC motor when current commutation happens with
a phase delay. This figure and Eq. justify that the
maximum torque occurs at 3 = 0 with K;I. Clearly,
the larger the rotor position estimation error, the larger
the torque ripple. In other words, the average elec-

tromagnetic torque produced by the BLDC motor de-
creases with increasing the estimation error of the rotor
position. Therefore, the proposed method improves the
efficiency and performance of the position sensorless
drive of the BLDC motor by decreasing the estimation
error of the rotor position.

~

Current (A)

Z

t
Y

0 1
Gd—>

Fig. 12: Effect of the current commutation delay on torque gen-
erating capability of BLDC motor.

Figure shows the waveforms of V., i,, rotor
speed, load torque, and electromagnetic torque with
sudden load change. The load torque has been in-
creased suddenly from 0.01 to 0.037 N-m and after
a while decreased from 0.037 to 0.01 N-m. As can
be seen, the proposed sensorless commutation method
has the effective performance for a sudden load change.
Figure shows the waveforms of V., i,, and rotor
speed with speed change. The speed command has
been increased from 4000 to 15000 r-min~!. As can be
seen, the proposed sensorless commutation method has
the effective performance, and the motor continues to
run during the transient conditions.
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Fig. 13: Simulated waveforms of Vg, iq, rotor speed, load

torque, and electromagnetic torque during load sud-
den change.
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Fig. 14: Simulated waveforms of the rotor speed, Vg, and i,
with speed change.
6. Experimental Results

Figure [T5] shows the designed circuit to generate the
proposed functions Syc, Sag, and Sy, that are re-
quired to extract the sensorless commutation signal
of a—phase, namely, C,. We have implemented the
proposed method using low-cost LM339 comparators,
CD4071 OR gate, CD4081 AND gate, and CD4069
logic inverter. Table [3] lists the prototype’s parts and
their cost from Amazon.com during November 2018.
The Total cost of the proposed method is less than
$10.

In circuits 1 and 2 shown in Fig. voltages Vg,

Vug, and V¢, are fed to the subtracters to generate volt-
age V,. and V,,,. In the next step, these voltages are

(© 2019 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 8
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Fig. 15: The designed circuit for generating the estimated com-
mutation signal for a—phase.

Tab. 3: Cost of the proposed method.

Component | Number | Price/Item
LM339 5 $0.7
CD4071 1 $1.3
CD4081 3 $1.4
CD4069 1 $0.8

Total 10 $9.8

applied to the hysteresis comparators to create func-
tions Sy, and S,,. The comparators with a hysteresis
band yields noise-free and cleaner zero-crossing signals.
A small hysteresis of 100 mV is integrated into the com-
parators to prevent the noise within the hysteresis band
from crossing the threshold and producing false ZCPs.
Therefore, additional noise immunity and stability can
be obtained, and the performance of the sign gener-
ator circuit could be improved. In circuit 3, voltage
Vag is applied to a hysteresis comparator to implement
Eq. and generate sign function S,,. Circuit 4 ap-
plies Eq. to the sign functions and generates the
commutation signal for a—phase. The similar approach
is adopted to derive the other two commutation sig-
nals. Figure shows the single-sided printed cir-
cuit boards (PCBs) that are designed and developed
based on Eq. (8), Eq. (9), Eq. (10), Eq. (11)), Eq. (12),
Eq. and Eq. . The overall view of the as-
sembled experimental setup is illustrated in Fig.
The setup includes a Maxon BLDC motor with the
specifications listed in Tab. [2] a DC generator (used as
the load), a digital oscilloscope, the designed circuits
(for the proposed sensorless operation), and a three-
leg inverter. Moreover, a Lutron DT-2236C digital
tachometer is used to measure the rotor speed. The
phase currents are measured through the small resis-
tors connected in series with the motor phases. Simple

(©2019 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING
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Fig. 16: Developed experimental setup.

resistive voltage dividers are used to measure the ter-
minal voltages of the motor.
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Fig. 17: Experimental waveforms.
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Fig. 18: Experimental signals obtained from the proposed
method at speed of 10000 r-min~! (from top to bot-
tom): line voltage (20 V/div), phase current (2 A /div),
ideal Hall signal (5 V/div), and the extracted commu-
tation signal (5 V/div).
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Fig. 19: Experimental signals obtained from the proposed
method at speed of 15000 r-min—! (from top to bot-
tom): line voltage (20 V/div), phase current (2 A/div),
ideal Hall signal (5 V/div), and the extracted commu-
tation signal (5 V/div).

The experimental waveforms of V., Voq, and Vi,
along with their sign functions Sgc, Sag, and Sy, are
illustrated in Fig. They justify the capability of
the designed circuits to generate the compensator func-
tions accurately. The experimental waveforms of the
line voltage, phase current, ideal Hall signal and the
estimated commutation signal at speeds of 10000 and
15000 r-min~! are shown in Fig. and Fig. re-
spectively. The position error resulted by the proposed
method is negligible and about 4°. The estimated po-
sition error of the proposed method is not significantly
affected by the rotor speed, as expected. Furthermore,
the phase current has the acceptable rectangular wave-
form.

7. Conclusion

This study presents a new sensorless commutation
method for BLDC motors. The proposed method uses
unfiltered line voltages. Thus, neither LPF nor phase
shifter is required. The specific functions are intro-
duced to compensate for the commutation spikes. The

commutation signals are derived by the proposed logi-
cal equations. The simulation and experimental results
prove the validity of the proposed method. Compared
with the conventional sensorless methods, the proposed
method has advantages as follow:

e Wide speed range due to the elimination of the
LPFs.

e Simple and easy-to-implement due to the absence
of the phase shifter.

e Cost-effective: The proposed method can be eas-
ily implemented using simple comparators without
any need for high-cost DSPs.

e Precise commutation: position error and torque
ripple are reduced due to the elimination of the
LPFs.

e Insensitive to operating speed and load conditions.
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