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Abstract— In this paper a new position sensorless drive is
proposed for brushless DC (BLDC) motors. Most of the
sensorless control methods like back-EMF detection ethod
demonstrate high performance just at a high speedange as the
back-EMF’s magnitude depends on the rotor speed. Thefore
the rotor position is to be estimated by an unknowninput
observer over a high speed range, a trapezoidal be&MF is
considered as an unknown input in the proposed met. The
rotor position is detected by the estimation of lie-to-line
back-EMF in real time which is done by unknown input
observer. This observer shows high performance atlaw speed
range as the rotor position and the rotor speed isalculated
separately with no extra circuit or complex operaton method.
The proposed control design is simulated using
Matlab/Simulink software.

Index Terms— BLDC motor, Full speed range, Sensorless
control, Unknown input observer

|l. INTRODUCTION

DC motors are getting replaced by Brushless DC (8).D
motors in various applications such as automotwvegtion
and household appliances. These applications neestya
strong, high power density and efficient motor dperation.
Household appliances are one of the main applicatfor
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comparison with DC motors, which results in compad
robust structures. Owing to these features, BLDQonso
have become more prominent in the applications &her
efficiency is a critical issue, or where spikes sal by
mechanical commutation are not allowed. A BLDC moto
needs an inverter and a rotor position sensor toeae
commutation process because it does not have lsrusite
commutators as in DC motors. However, the posiiemsor
presents a lot of disadvantages from the viewpaihtiive’s
cost, machine size, reliability, and noise immunity
Therefore, many researchers went for sensorlesesdthat
can control speed, position, and/or torque without
shaft-mounted position sensors [1], [2] and [21].
Conventional sensorless control methods can bsifits
into four types. First, the open phase currentisgnmaethod
[3] is a technique for detecting the conductingiquerof
freewheeling diodes connected in anti-parallel vathwer
transistors. It has the advantage that the coalradacteristic
has high performance at low speeds and the synehson
process is simple. However, rotor position resofuti
conspicuously reduces at high speeds. In particdtar
realization of this method, it has the defect trafadditional
isolated power needs to be supplied to a comparfator
detecting the freewheeling current. Second methsed i
detecting the third harmonic of back-EMF [4], [§ ihe

BLDCs. Common household appliances which use étectiechnique to remove all the fundamental and otbiypase

motors consists of air conditioners, refrigeratoracuum
cleaners, washers and dryers. These appliancesdiadon
traditional electric motors like single phase AC tore
including capacitor-start, capacitor-run motorgj aniversal
motors. However, consumers now claim better peréoee,
less acoustic noise and higher efficient motor floeir
appliances. Hence, BLDC have been introduced ierotal
accomplish these requirements.

components by doing a simple summation of threesgha
voltages. There is a reduced filtering requiremfemntthe
integration function performed on the signal, whitsis a
frequency three times that of the fundamental gigna
Ultimately, the filter has a much smaller capadhgn the
flux detection method using back-EMF; it is noteatied by
filtering delays and achieves high performance avearide
speed range. However, a neutral point that is ansidered

Brushless DC motors (BLDC) are usually limitedin the manufacturing process of the motor is resglito

horsepower control motors that provide several athges
such as high efficiency, quiet operation, high afaility,
compact form and little maintenance. However, thare
disadvantages of the BLDC because of variable spssdl
therefore flexible speed drives are used to oveeconis.
Brushless DC (BLDC) motors have the advantage giidni

measure phase voltages. Also, at a low speed theghird
harmonics detection is difficult. Thirdly, the baEMF
integrating method [6], [7] is a technique applyitige
principle that integration from Zero Crossing Pqii€CP) to
30° is constant. There is the advantage thanibisiecessary
to measure an additional conversion point of théching

power density than other motors like induction msto mode. Therefore, operation of the main processoredses.

because of having no copper losses on the roterasid they
do not require mechanical commutation system

‘This method does not synchronize the phase cuwigimthe
IBack-EMF at the sensorless drive. Besides,
flux-weakening drive is impossible. Finally, theempphase

the
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voltage sensing method [8] - [11] is a scheme extig the A
rotor position indirectly by using the ZCP detentiof open ? =7} 7 } i : ;
phase's terminal voltage. It is the most commordggdu |7 | | ; : I

sensorless control method. However, this method das ' ; i \i—-—l/
deteriorated response at transient state and esqiiigh € f---teeeee-- - ] :
operational speed enough to detect the ZCP of meimi /===~ A s ;
voltages. To solve above problems, this paper mepa new _1 7 i AN
sensorless control method utilizing an unknown ftnpt, [ : i i : —
observer. The unknown input observer has been wide i '\. ; i /i+

researched [12] - [14] and [22] - [23], especiatiythe fault H
detection field [15] - [17] and [24]. However, thidserver :
has not been adopted in sensorless BLDC motor aontiT, '

\I—I_l /

application. i
Hence, this paper introduces a new sensorless atont 5.5 | 5.8 | 525 | 555: | 5585 | S 5
method integrating an unknown input observer that Mode | | Mode2 | Mode 3 | Mode 4 | Mode 5 | Mode 6

L

independent of the rotor speed for a BLDC motowelri

Therefore, this paper proposes a h!ghly usgful aek_utlon Fig. 2 Waveforms of a back-EMF, a phase currentatotque of
for a sensorless BLDC motor drive, which estimates BLDC motor.

line-to-line back-EMF effectively.

II. MODELLING OF BLDC MOTOR lll. PROPOSED SENSORLESS CONTROL METHOD

Fig. 1 shows the block diagram of the BLDC motdvelr In the proposed sensorless control method it isiplesto
detect the rotor position by a trapezoidal back-EBLDC

Equation (1) gives the voltage of the three phasesming  motors. The back-EMF is estimated by an unknowmntinp

equal stator resistances for all the windings amstant self - ohqerver as it is not measured directly. The ségscontrol

anc_i mutual mductaqcc_es [18]. In th_|s equation, BN o0 using an unknown input observer is obtaiaed
stainless steel restraining sleeves with high tiegis and

rotor-induced currents are neglected and no damipelings follows:
are modeled. A. The unknown input observer is considered by the
vy R, 0 07 following line-to-line equation:
u;.} = [D R, 0O } [:E}_ The unknown input observer is considered by thifiohg
v 0 o RJL, line-to-line equation:
L W 0 - (1) -
. 2R, 1 1
[ 0 Lp M } [:‘] [ } lgp = — 55 lgp 57 Var — 57 %ab (3)
0 0 dt ) 2L 2] 2]

In (3), i and vy can be measured, therefore they are
considered as “known” state variables. On the olfard,
sinceey, cannot be measured, this term is considered as an
“unknown” state. The equation (3) can be rewritterthe
following matrix form:
¥=d4Ax+ Bu+Fw (4)
y==Cx (5)

5= [2]r=[-2

‘ - x = L:;.] u = L,,,] w = E'.-,.] ¥ = L,,.] ¢ =11]
el RERC e The back-EMF is regarded as an unknown disturbgice
and it can be represented by a differential eqoatio
Fig. 1 Block diagram of a BLDC motor drive. 2= D= (6)
The torque equation is given by: w = Hz @
where
W _ Bgelg T Bp.lp T Bl @) Oz snws  drz_s 0
T. = p=| 80t CE-D| g0 045
i (e D [ |:| 0 ey £ *1 1x(8 _]

where v,, v, and v, are phase voltage®; is a stator | is identity matrix, and is degree of polynomial expression
resistancei,, i,, andi, are phase currentd is a stator under: .
inductanceM is a mutual inductancé.representt— M. e, -
&, ande. are phase back-EMFey, is a mechanical angular w = Z
velocity. Fig. 2 shows that the torque ripple cembnimized =0
and the stable control is achieved when the phasertt with  wherea denotes a set of unknown coefficient vectors.
square wave form is injected into the part where thin (8) & can be defined ag = O if there is no experimental
magnitude of back-EMFs is fixed. information about disturbance. The unknown distodgav

ait'.§ =1, (8)
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is modeled by the completely observable dynamigsiesn

of (6, 7). Therefore, the entire system can beesged by the
augmented equation that introduces disturbances
differential equation form modeling the back-EMFheT
augmented model can be shown as (9) and (10):

Ay = Agxg+ Bgu (9)
y=Coxg (10)
where

A Fmy_|JER 1] [ua

_“'_[G ,'_:]_ 2L 2L %a = i
; 0 ] =
B, = §]=[E}-U= veply = ligl]
) 0

c.=[c ol=0 ol

and the degree of polynomial expression for digtnde is

established by =1. Since systems of (9) and (10) are

observable [20], it is possible to compose theofeihg
observer:

F,= A ¥, +Bu+K(y— (11)

K is the gain matrix of the observer [19]. If thergaf the
observer is selected properly, this observer cawrately
estimate line-to-line currents and back- EMFs ofarg Fig.

e
.-I .-I

rotor position and the speed can be calculatedifmpls
arithmetic. The relationship between the speed #ral
mignitude of a back-EMF in BLDC motors is:
E=K.d. (13)
where E is a back-EMF magnitude, Ke is a back-EMF
constant, andj, is an electrical angular velocity.

3 — o

Shaft Amgle
(Elecirical Degree)

Fig. 4 Relation between estimated line-to-line bedkFs and
estimated back-EMFs.
As shown in Fig. 4, the magnitude of the back-EMF i
estimated by the maximum magnitude of the linelitze

back-EMF that the unknown input observer offers.
Therefore, the speed can be calculated by usingstimated
magnitude of the back-EMF as follows:

1

3 shows a block diagram of the proposed back-EMF .. i" (14)
observer. We = K.
@ap 2
Va + -¢ I T an C.S?"L = :ﬁj‘ (15)
() - - - : > c ) ) )
et 2K where: . is an estimated mechanical angular velocity and
+ """"""" | P is the number of poles. The rotor position isadied by
e il 1 - - X integrating the motor speed:
2Ls+2R, g - i
Y g : T G = |' &, dt + 8, (16)
' T 21k, - . I "
— whereg, is the initial position of rotor.
1 i )
s Bagk-EMF C. Block diagram of proposed sensorless scheme
ooserver
B Fig. 5 illustrates the overall structure of the pweed

Fig. 3 Block diagram of the proposed back-EMF observ
Therefore, the equation of whole observer includilighree
phases is as follows:

2R, 1 1
- n--. T 0 o o o -
o 0 0 0 0 o |[&2
E = i 2
= — 0 ] T i o o Lor
at o o ¢ o o o ||fec
ZR 1 || ==
0 0 0 0 -=F =l
o 0o 0 0o 0 0/
.1 -
— o o )
i |‘.': o
o o o . k. 0 )
+ 2L Ve |+ 0k iy — The (12)
il il E‘ Ve 0 E-" tea = bea
oo = oo
L o _[r_

B. Estimation of Position and Speed
If the estimated magnitude of a back-EMF is defjrtbd

sensorless drive system. The hysteresis currertatien is
used for each phase current control. The linerte-lioltage
is calculated based on the DC-link voltage and chrig
status of the inverter. As described above, th&-bEMF
observer provides the estimated line-to-line babkH12).
The speed (15) and the rotor position (16) areutated from
the estimated line-to-line back-EMFs.
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Fig. 5 Overall structure of the proposed sensodes® system.

IV. SIMULATION RESULTS

Simulation is performed by Matlab/Simulink enviroent L L .
on the BLDC motor that has the ratings and parammets il
shown in Table 1. This data corresponds to 3Hp n{@t. () Stator Current
Table I. Ratings and parameters of BLDC motor.
Rated voltage \ 310(V) 5 : — - : §
Rated torque Te 1.5(Nm) 5 : : 5
Rated speed N, 1650(rpm)
Stator resistance | R, 0.2(Q)
Stator inductance | L 8.56°(H)
Rotor inertia Jm 0.089(kg.m)
Back-EMF constant | K, 0.25(V/rad/sec) ; ; : : : :
No. of pole pairs | P, 4 . E§ & @ ¥ F o 0§ 3
This paper evaluates the robustness of the sessorl ° %% %% %8 88 1 12 a4 as a8 2
algorithm under variations of speed reference. abial i
machine speed response for the commanded spe8d@mnh5 (d) Back EMF
(load torque 5Nm) with speeq and po?'“on feeditirdctly Fig. 6 Response waveforms under step change of spfdnce
taken from the motor modﬂel |ss shown in Fig. 6 (50 rpm).
otod Spesd
er & 4 F f T ¥ ¥ The actual machine speed response for the commanded
OB et ; ; : : : : : speed at 300 rpm (load torque 10Nm) with positioth speed
40 lf ...... B ...... — e ........ e ....... feedback is shown in Fig.?.
ZEE | i . . . . Floter IS|:~eed . :
1 ! : : : : : ] 300 - ’ ; ; -
10; ----- preesis e piom S s e i bob s P R £ SR R M N A e
_100 0:2 0?4 D:B EEB ‘i = T 5 = 5 g L7 | EESTRL, JURR, RO N, o +
Time[s} 100 ]
S0 { : 1 : : L
(a) Rotor Speed A T A gl 550

0 1 I i L |
0 0z 04 0E 0e 1 12 14 16 1.8

n

Time[s]

(a) Rotor Speed
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Fig. 7 Response waveforms under step change of spfgdnce
(300 rpm).

From the Fig. 6 and 7, it is clear that the tragkif
commanded speed is effective and accurate by thelac
motor speed with the designed controller with ndillzgions
in the speed.

The actual machine speed and estimated speed sespc
for the commanded speed at 100 rpm with speed @sitign
feedback obtained from the back-EMF observer
corresponding estimated and actual rotor positibrthe
machine are shown in Fig. 8.

Rotor Speed

ar

120

1008

a0

p R o A S R S A R A R

204

Aciual speed

oF - e —
sy Estimated speed
-20
0.4 0g 0e 1 12 14 16 18 2
Time][s]

(a) Actual and Estimated speed

n Conputer Science & Electronics (IJETCSE)
OCTOBER 2016 (SPECIAL ISSUE)

Rator Position

Actual position
Estimated position

16 1.8

Timels]

(b) Actual and Estimated position

Fig. 8 Response waveforms of actual and estimateeldspotor
position under step change of speed referencer(irp

From the Fig.8 it is clear that the designed babk-E
observer tracks the actual speed and rotor positoarately
and estimated speed and rotor position convergds the
actual motor speed and rotor position.

Response waveforms under a step change of speed
reference from 50 to 800 rpm are shown in FignRially the
motor starts with 50 rpm at time of 1sec speedénged to
800 rpm also the motor starts with a load torqu® &f-m
initially at 1 sec a load torque of 5 Nm is appligtich is
shown in Fig. 10.

The speed reference is limited by a ramp in speed
controller to avoid the step-type entries. The dpegerence
change rate follows the acceleration and deceteraimps
you define as shown in Fig. 9 and Fig. 10 in ordeavoid
sudden reference changes that could cause armature
over-current and destabilize the system. An exeeBsiarge
positive value can cause DC bus under-voltage.

Rotor Speed
1000 T

;
B ks S R :

200

i]

Time[s]

Flotor Speed

Time[s]

Fig. 9 Response waveforms under a step change ed spterence
from 50 to 800 rpm.
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Stator curent

20 ! : ; .

b { & & 3 4 § &

1000 . . ! : ; . ———

Timel[s]

Fig. 10 BLDC motor Speed, Torque, Stator currentBack-EMF
It is clearly verified from this test that the poged

sensorless drive algorithm has good transient respander

various speed operating conditions.

Stator Current |_a

T

Time[s]

Fig. 12 BLDC motor Stator Current waveforms

The back-EMF observer is designed to estimate the

back-EMF. The estimated back-EMF waveforms for the

speed reference change of 50 to 800 rpm are shofig.i 11
and also the actual stator current waveforms arevstin Fig.

12.
Back-EMF Ea
200 T | T T T T T T T

100
0

200 ; ; ; ; ; I i i
Back £MF Eb

mn T T T T T T T T T

[ o
100

200

200
100
0

s 1 1] SRS AR e

-200
il

0.2 04 06 08 1 12 14 16 18 2
Time[s]

Fig. 11 Estimated Back-EMF by Back-EMF Observer

V. CONCLUSION

Speed control of BLDC motor without rotor position
sensors based on Back-EMF observer is presentdkisin
paper. The equation of augmented system and anagsti
line-to-line back-EMF are used in order to obtahe t
observer effectively. Therefore the actual rotosifion and
also the machine speed can be estimated from timeatsd
line-to-line back-EMF even in the transient staféhis
sensorless method using an unknown input obsearer c

» Be accomplished without additional circuits.

» Detect the rotor speed and position effectivelyrave
full speed range, especially at a low speed range.

» Be easily realized for industry application by sienp
control algorithm.
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