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Abstract: The performance of Conventional sensorless
back-emf detection techniques for BLDC Motor is poor at low
speeds, since at zero and low speeds the magnitude of back-emf is
very less. This causes failure of zero crossing instant detection.
This paper presents a new Sensorless Control Technique for
BLDC motor driveto estimate the rotor position accurately even at
zero and low speeds. A new algorithm has been developed to
estimate the rotor position based on the prediction of stator flux
linkages. The main advantage of the proposed technique is that
the flux linkages are independent of the speed. For starting of the
motor an open loop starting method was adopted. By
implementing this technique the Meta heuristic digital signal
control systemslike PWM/ADC, PLL areavoided in order to make
motor control easy and economical. To verify the accuracy of the
proposed technique it is compared with existing hall sensors
controlled BLDC drive operation. The validity of proposed scheme
is verified through Simulation.

Index Terms: Sensorlesstechnique— BLDC motor - hall effect
sensors — shaft encoders— fluxlinkage algorithem.

I. INTRODUCTION

BLDC motor has become one of the better choices for many

industrial applications, agricultural applications and hybrid
electric vehicles etc. BLDC motors have several advantages
like high power density, high torque to weight ratio and high
efficiency compared with other motors. Compared to
conventional DC motors, the commutation of BLDC motor is
done by electronic process which depends on the rotor
position. In genera the rotor position of BLDCM estimation
can be done by using sensor and sensorless methods. In
sensor controlled technique the position of rotor can be
estimated by using Hall Effect sensors or shaft encoders. The
Hall Effect sensors will work based on electromagnetic
property. The sensor based BLDC motor has alimitation that
the controller does not get accurate sensing signal under
severe environment conditions like in mining, petroleum and
metallurgical industries which may lead to wrong prediction
of rotor position. Alternately, the sensorless techniques
provide the reduction of complexity, robustness of sensing
equipment and overall cost of the drive [1].
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Sensorless methods are primarily classified as back-emf
detecting, back-emf integrating, third harmonic integration
and Freewheeling diode conduction duration methods [1][2].
The back Emf detecting relies on zero crossing detection of
floating phase back emf waveform. The zero crossing instant
is obtained by comparing it with virtual neutral point voltage.
This method suffers from high frequency noise and the
unstable neutral point voltage caused by PWM switching. So
to minimise this effect low pass filters are used. The phase
commutation position information can also be extracted by
integrating unexcited phase emf [4]. The integration starts
from zero crossing point of the back emf and stops when a
threshold set value is reached. This method does not work
properly for low speeds. In astar connected BLDC motor the
commutation instants can be estimated from integrating the
third harmonics voltages generated in the phases. This is
expressed as
Mea=[ Vsyp-dt (1)

Where

Ar3= rotor flux third harmonic component

Vsum =Summation of the stator phase voltages
Vsum = Van + Vpy + Ven(eq +ep +
e:)3.E;.sin (3. ew,.t)
To obtain switching instants, the filtered voltage signal which
provides the third harmonic voltage component is integrated
to estimate the rotor flux linkage.
During freewheeling diode conduction, the open phase
current flows through diodes for ashort period of time. At the
zero crossing point of the back emf of this phase, the diode
current will become zero and Commutation of the phase takes
place at this instant. This method works for low speeds and
the drawback of this method is it requires six extra voltage
sources [3]. Gui-Jia Su proposed rotor position estimation by
filtering one of the motor termina voltages [5]. By this
method the number of components usage will be reduced. In
[7] field oriented controlled BLDC motor drive using stator
flux estimation technique with adaptive Pl controller is
proposed. A sensor less position detection based on speed
independent position function G (8) isderived in [8]. But this
method incorporates many complex variables. Nobuyuki
Matsui proposed sensor less operation based on difference
between detected and estimated state variables [9]. In [10]
wook-jin lee, seung-ki sul proposed a new Starting method
for the BLDC motor using stator inductance variation based
on rotor magnetic flux Baratieri proposed an |I-F starting
method for BLDC drive [11]. Sensor less back emf detection
based on virtual neutral voltage, PLL controller and third
harmonic voltage detection methods are proposed in [12] &
[13].
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In this paper the sensor less control of BLDC motor has been
proposed based on three phase flux linkages with open loop
starting method. This method overcomes the drawback of all
back emf detection based sensorless techniques. Compared
with back emf detection method, the flux linkage based
algorithm has speed independent function so this method
gives consistent rotor position information independent of
speed. The proposed control technique is developed in
MATLAB / Simulink to validate its performance. The motor
performance with the proposed controller is compared with
existing Hall Effect sensor based control method.

[I. BRUSHLESSDC MOTOR MODEL

A 3-¢, 4 pole star connected BLDC motor has been
considered with permanent magnets on the rotor. The
terminology used in the mathematical modelling equationsis
given below.

Vaer Voer Ve = phase to phase voltages,

I, 1 I. = line currents,

R,=R,=R.= R = winding resistances in ohm’s,

Lgs , Lps , L = SElf-inductance of each phasesin henry,
L,,,= mutual inductance between phases,

€ac» €bc, €pa = the phase to phase back emf’s.

Lqs + L, = L Where L represents phase inductance under
balanced condition.

The modelling equations of BLDC motor are given as

Phase voltages:
. dig
Vo =igR+L=0+e,
Vy=ipR+ L2+ e, @)
Vo=iR+L%+e, |
Phase back emf’s are described as.
€q = Ke-f(ga)-w
ep = K. f(0p). @ ©)
ec =Ke.f(0.) w

Under balanced condition the resistance of all phases are
equal and the Mutua inductance is constant. The phase to
phase voltage equations are expressed in (4) & (5).

Vac: R (ia - ic) +Ld (ia - ic)/dt+eac (4)

Vep=R (ic - ib) +Ld (ic - ib)/dt+ecb ®)

In balanced condition, using KCL the sum of currentsat a
nodeiszeroi.e.

ig+ip +i,=0

e = —ig—ip

(10)
(11)

The phase currents i,&i;, can be solved using equations (4),
(5) & (11) aregiven as

. 2 1 1. 2 1

lg = fg_LVac +3_LVcb _zlaR _3_Leac _3_Lecb (12)
. 1 2 1. 1 2
lb=f_3_LVac_3_LVcb_Zle+3_Leac+3_Lecb (13)

The electromagnetic Torgue expression is given in equation
(14
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Te = ke[(f(02)1a) + (f (Op)]) + (f (6] (14)
Where k, istorque constant

Thefirst order mechanical modelling equation can be written
as

dom

J=22+Bwy =T, — T, (15)
Where T,= Load torque, J= moment of inertia, B= damping
ratio of the motor.
From equation (15) the Rotor angular speed equation is
derived as
__Te_TL

©r = 5B (16)

[11. ANALYSISOF PROPOSED SENSORLESS
TECHNIQUE FORBLDC MOTOR.

BLDC motor consists of a 3-phase star connected
concentrated winding on stator and a permanent magnet
rotor. The commutation was performed by the static
electronic switchesfrom stator side. Figure.1 showsthe block
diagram of 3-phase BLDC motor.

T

3-phase volt. source inverter
Figure.1 Blockdiagram of 3-phase BLDC motor with
voltage sourceinverter.

|+
Vdc |
175v

BLDC motor

A 3-¢, 3-leg inverter operating with 120° conduction mode is
connected to stator of BLDC motor. During the operation, in
each instant two phase windings are connected to inverter;
hence voltage across the each phase winding isV;./2. In
BLDCM the Quasi square wave currents are generated in
order to get constant torque as derived in modelling equations
(12, 13). The amplitudes of these quasi square wave currents
are limited to the desired reference current value which is
proportional to the load torque.Figure.2 showsthe theoretical
wave forms of 3-phase back emf, phase voltages and phase
currents for the proposed method.
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I11.(a) Conduction sequences of proposed method

Stator phase currents of the BLDCM are controlled by the
sequential triggering of inverter switches T;toT,. Here the
initial switching sequence can be estimated from the
knowledge of rotor pole to stator pole alignment. In order to
bring this alignment an open loop starting method is adopted.
In the proposed method b, ¢ phases are excited initially which
bringsthe rotor quadrature axisin alignment with the phase a
axis. The running switching sequence is estimated from the
knowledge of the 3-¢ flux linkages generated in the motor.
As can be seen from Fig.2 the commutations take place when
one of the phase flux linkages go to zero. For example phase
a is turned off when phase c flux linkage goes to zero. In
running condition AC, BC, BA Phases are excited one after
other. Two phase conduction mode is assumed for the motor
operation. In the proposed method the sequence of switching
operations are taken as 1-6, 3-6, 3-2, 5-2, 5-4, 1-4, and the
corresponding applied voltages are V., Vi Vpa Vea Vep Van -
Conduction path for first switching is +V,;.-T;-a-C-Ty- -V, as
shown in fig.4(a) and it’s freewheeling path for phase b is
b-D5-T,-a which is shown in 4(a”). Figure.3 shows the both
conduction and freewheeling current paths. The magnitudes
of each phase currents iy, i, and i, for the first switching
state (duringT;, T, switches ON) are derived in equations
(17) to (21). Similarly the phase current values for the other
switching states are given in tablel. Their conduction and
freewheeling current paths of each phase are individualy
shown in figs.4(a) to 4(f).

During A, C phases conducting:

A

Figure.3
Conduction path (1):
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Vye — ;2R —2i;Ls —e, —e, = 0 ]

e. a7n

b =Vae =€~ 3Ry Is)

Freewheeling path (2):

i,2R—2iLs+e,+e,=0 18

Sl et enpRi | 09
i,=i,+i, (19)
ib:iz (20)
i.=i, (21)

In the above equations‘s’ is the Laplace operator. Conducting
and freewheeling paths of various switching states:
Phase A, C conduction

(Switches 1, 6 are ON)

Ve i‘,i

Vdcif

Figure.4 (2°)
Phase B, C conduction
(Switches 3, 6 are ON)

Figure4 (b)

free wheeling
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Vv dcff

Figure.4 (b’)
Phase B, A conduction
(Switches 3, 2 are ON)

Vdc?i

Figure4(c)
free wheeling

Tl% Ts
T%% T4

Figure.4 (¢’)
Phase currents under different switching states are given in
Table-1.
Table-1 Phase currents at various switching states

Vde=—"

Con | line Current Current Current
ducti | volta passing passing through | passing through
ng ge through Phase B Phase C
phas Phase A
€s
AC Vac la_(Vdc'zeu ib:('eb'ea)/ ic:(VdC'ea'ec)/
ep-e.)l 2(R+Ldi/dt) 2(R+Ldi/dt)
2(R+Ldi/dt)
B.C Voe ia:('ea'ec)/ ib:(Vdc'eb'ec)/ ic:(Vdc'ea'eb'z
2(R+Ldi/dt) 2(R+Ldi/dt) e.)l
2(R+Ldi/dt)
B.A Vba ia:(Vdc'ea'eb ip :(Vdc'ea'zeb' ic:('eb'ec)/
/ eo)l 2(R+Ldi/dt)
2(R+Ldi/dt) 2(R+Ldi/dt)
CA Vea ia:(Vdc'zea' ib:('eb'ea)/ ic:(Vdc'ec'eu)/
ep-e.) 2(R+Ldi/dt) 2(R+Ldi/df)
2(R+Ldi/dt)
cB Vep ia:('ec'ea)/ ib:(VdC'ec'eb)/ ic:(Vdc'eu'eb'z
2(R+Ldi/dt) 2(R+Ldi/dt) e.)l
2(R+Ldi/dt)
AB Vap ia:(Vdc'ea'eb ib:(VdC'eu'Zeb' ic:('eb'ec)/
) e,)l 2(R+Ldi/dt)
2(R+Ldi/dt) 2(R+Ldi/dt)

In 120° conduction mode of inverter, at each instant two
phaseswill conduct; whereas the i solated phase current flows
through freewheeling diodes. V,; is The diode voltage
required to keep the isolated phase current to remain at zero
until the next switching takes place. This scenario can be
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explained with the help of circuit-1 as shown in figure 5 (a).
The behaviour of the circuit can be expressed with the help of
two conditionsi.e. diode current i; #0 and i;=0.

During diode current ° i3 ° non zero condition
Voe=tVye, V=0, Vo, = -V4.. When diode current reaches zero
the circuit behaviour explained in equations (22) to (24).

Circuit (1): During phase A & C conduction:

Ve

Figure5 (a) circuit-1

From the above circuit (1):
'Vac+ea+ilz+z(i1+i3)'ec:0
+ey+isZ+ Z(iy +iz)-e.=0

loop (1)
loop (2)

From loop (1)
—%C+€a+Z(i1+i1+i3)—ec= O

Z(le + i3) = ‘/(ZC — €4 + €c

22
Z="Vye —eq+e /(20 +i3) (22)
Substitute Z value in loop (2) in order to get V4
Vd3+eb+Z(i1+i3+i3)—ec= 0
(23)

Vd3 + €p + Z(ll + 213) — €, = 0

When i;= 0; the freewheeling diode supports voltage Vgz in
order to keep the phase current remain at zero until next
interval starts. Using Equations 22 and 24 the diode blocking
voltage V ¢z is obtained as follows.

Vac_ea+ec

Vis + e, + i, +2i3)—e. =0
d3 b 2i1+i3 (1 3) c

e
Vd3+eb+(Vac—ea+?c)—ec= 0

(since iz =0

(24)
Vas +ep + Voo /2 —e,/2 —e./2 =0
I/llC ea eC
a==e=5 57370
Vas = 1/2(=V, + e, + e, — 2ep) Y,

Circuit (2): During phase B & C conduction:

When diode current non zero i.e. i; #0, the phase to phase
voltages expressed as

Vcb: 'Vdcv Vab :0: Vbc: +Vdc
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AB

_Vbu'eb +eul(2i1+i3)

12V, tepteq-2e.)

Figure5 (b) circuit-2

From circuit-2:

Vopte +iy Z+Z(iy+is)-e,=0 loop (1)
Vyste,tisZ+ Z(iz+ip)-e,=0 loop (2
From loop (1)
Vcb+eC+Z(i1+i1+i3)—eb = O
ZQ2iy +i3) ==V —e. + ¢ (25)
Z:_Cb_ec+ eb/(2i1+i3 )
Substitute Z value in loop (2) in order to get V5
Vd3+ea+Z(i1+i3+i3)—eb=0 \
-V p — € + ep i )
Vd3 +€a+ﬁ.(ll +2l3)—€b =0
€p
Vd3 +ea+ (_Vcb_ec+7)_eb = 0
(since i; = 0)
r (27)
d3 a 2 2 2

e. e
Vd3 = —€,4 +Vcb + =+

Vd3 = 1/2(Vcb + (=P + ep — Zea)

2

b
2

Similar equations can be obtained for the other conduction

sequences.

Vauesfor Z and Vd3 are given in the following table.

Table-2 Lineimpedance and diode voltages during
freewheeling condition

Conducting

oh Impedance Diode voltages
AC Z= Vac'eu+ec/(2i1+i3) Vaz =
1/2('Vac+ea+ec'23b)
— i Vaz =
BC Z=—Vep-ecteyl(2iy+is) U2V, ,+e +ey-2,)
Ci c a
- P Vaz =
BA Z = Vyg-epteyl(2i+is) U2(-Vy +e, +e,-2e,)
a a c
— i Vaz =
CA Z ==V 4-e e l(2i;+i3) U2V e, e -2ey)
ca c a
- P Vaz =
CB Z =V p-e.te,l(2i,+i3) U2V, e +ey-2¢,)
Ci c a
Z= Vi =
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A . CONTROLTECHNIQUE OF PROPOSED
METHOD

3-phase volt. source inverter

A\
Tl 4 : o\ l %@
1 BT ot wthutl® i %

dc

Flux inkage ia

St iy | €-VecrlaRaLoat
|H . | €b=Vac-ibRb L it
phase m €c-Vige-lcRe Leicit
commutator l l l
0=/ back emf

Figure.6 Control Circuit Diagram of Flux Linkage Based
SensorlessBLDC Motor

Line Voltages (V,) and phase currents (i,) are the main

parameters for back emf calculations which are tapped from

the BLDC motor input terminals this V, | are used in back

emf calculation. Back emf E is expressed asE =V — IR —

L %. This back-emf may also be written as rate of change of
flux linkagesi.e. E = ‘Z—‘f. From above two statements E can
be written asE = ‘Z—‘f =V, —I,R, — L%‘. In order to get the
individual phase flux linkages (1, ¥, ¥.) integrate the back
emf equation which is expressed in eguation (28) since two
phase mode of operation has been considered here, for the
back emf calculation the line voltage (V,), resistance of two
phases (2R) and inductance of two phases (2L) have to be
considered and while performing integration of thisback emf
proper initial conditions have been taken. The schematic
control circuit diagram is shown in figure 6. The present
analysisis confined to open loop control performance of the
motor since the main purpose isto test the correctness of the
proposed switching algorithm based on Phase Flux Linkages
.Sothelref in Fig.6 is constant and its value is obtained from

the desired developed torque. _

¢ = [V, —2IR, — 2L %% (28)
Inverter switching states based on the three phase flux
linkage values are given in Table-3
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TABLE-3INVERTER SWITCHING SEQUENCE
(T, T3 Ts and T, T, T, arethe upper leg switches and lower
leg switches of inverter)

Cstart >

€=V Re L darct
€=VierioRy-Laibiat
€:-Ve-iRe Laictat

)

0a=f@
o=[&
0c=[€

Turn ON
Ob< 0 1,6 switches

Turn ON

050 \YES ;
t 3,6 switches

0a>0 \Y €S

>0

Turn ON
2,3 switches

No

00 \YES Turn ON
Op>0 2,5 switches

No 01c 0 \Y ES Turn ON

@>0 4,5 switches
No

o \Yes Tum ON
::Mz 1,4 switches

No&

Repezt

Figure .7 Flow chart diagramsfor the proposed
sensor less control algorithm

B. COMPUTATION OF PHASE CURRENTS
In conventiona method the switching of theinverter depends
on rotor position, whereasin proposed method the switching
isafunction of flux linkages. For the first switching, phase A
switch-T1 and phase C switch-Testurns ON. The magnitudes
of two phases are equal but their polarities are opposite. From
the inverter configuration positive current flows through
upper switches and negative current flows through lower
switches via phase windings.

So,  i,=-i,

During this state of conduction switches T;, Te are ON,
current flowsthrough +V,.-T; -a-C-T,- -V,..The phase current

R

iSiy(t) = -ip(t) = ((Vye-2e,)/2R)(1-e ). This mode exists
when the flux linkages y, > 0, Y, < 0,3, >0.The phase
current will be limited when i, reaches reference current i,..
(ig= -ic=lrer) and it will continue up to the next condition
(e > 0,9, < 0,9, <0). When 3, > 0,9, <0, <0
Phase B switch Tzwill be ON and the phase-A switch Ty will
be OFF. Since phase A current cannot reach zero current
instantly this drooping current freewheels through a-c-T,-D>
—a During this freewheeling period the phase A current can
be expressed as

. IR\ -R IoR
la(t)=(lo+23b;0 )e L.t_zeb;'o }

(29
The equation (29) isvalid up to i, (t) valuereaches zero. At
the same time phase B current rises from zero, this can be
expressed as

Similarly i, (t) increasesup to i,.., and continue to flow
until next sequential switching takes place. During this mode
of operation the phase C current remains unchanged and its
value isderived from KCL equation

ic=—ig — iy (3D)
While calculating phase currents two times of back emf and

Phase flux

linkages(we Inverter switching sequence
b-turns)

Ya| ¥p | Y | T | Ty T3 Ty Ts Te
> < | > OF
ololo ON | OFF | OFF | OFF = ON
>| < | <|OF OF
ololol E OFF | ON | OFF £ ON
>|>| < | OF OF
ololol E ON ON | OFF E OFF
< > < OF

ololol E ON | OFF | OFF | ON | OFF
< > > OF

ololol E OFF | OFF | ON | ON | OFF
<| < | > OF
ololo ON | OFF | OFF | ON E OFF

onetimeof L ‘% drop was considered since the current in the
already conducting phase will remain fairly constant and its
rate of change is zero. The simulation results of Phase
currents i, iy, i are shown in figure 8 (a) to 8 (c).

£
2 e e e e
=% 0.2 0.4 0.6 0.8 1
time (Sec)
Figure 8(a) smulated wave form of phase A current
(amps)

3

z

[4

[4

) 4
z

4

4

| ——

Phase current ib(amps)

e v o e e e e e e e e

Time .(scc)

Figure 8 (b) smulated wave form of phase B current
(amps)

T T T T T T T T T
W — W H I O " T T ™ R
- — -— H ™ e H I L T )

| | | | | | | | |

- '['ilné'lScc)

Phase current ie(Amps)

Figure 8(c) simulated wave form of phase C currents
(amps)

2€b + IOR - VdC Rt Vdc - Zeb + IOR
i) = (2R Ve i Yae m 200 TR o
»(©) - - (30)
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Motor parameters and specifications are given in Table-4.
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Parameter and its symbol Value
Resistance per phase R | 0.8 ohm’s
Inductance per phase L | 45mH
Load torque T, | 125Nm
Moment of inertia J | 0.00208 kg-m?
Damping co-efficient B | 0.005N-m/rad/sec
Peakvalue of rated current A | 5Amp
Rated voltage V | 175 volts
No.of poles P |4

(Mutual inductance between phasesis assumed to be half of
phase self-inductance)

V. RESULTS

A 3-phase sensorless BLDC motor is mathematically
modelled, simulation done for proposed controlling
technique. ThelinevoltagesV s, Vo are shown infigure 9 (a)
& 9 (b). Phase back emf’s are shown in fig.10 (a) to 10(c),
flux linkage values are obtained by integrating the phase
back-emf’s generated inside the motor, and the developed
flux linkages are triangular in shape. Thisis shown in Figure
11. In addition the combination of phase current, back emf
and flux linkages are shown in Figure 12(a) to 12(c) Speed
and torgue curves are shown in Figure 13, Figure.14, Theflux
linkages logics was described with the help of flow chart
which isshown in figure.7 The proposed technique tested for
no load and constant speed conditions through mat lab. In
order to find the accuracy of this flux estimation switching
technique this method was compared with Hall Effect sensor

A

Figure 9 (a) smulated waveform of phaseto phase
voltage V4. (volts)

AN

I I1m¢. SLL
Figure9 (b) simulated wave form of phase to phase
voltage V., (volts)

Line voltage Vac(volts)

Line voltage Veb(volts)

o B B ¥ B @
T

Back EMF(volts)

B oW B 5
T T

Figure 10 (a) smulated wave form of phase A back emf
(volts)
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— T
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5 o

5 & 4
T

. | | | | | | |
-, o [F] o3 [ 05 [ [H] 08 [
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V. CONCLUSIONS

Sensorless back EMF detection and integration techniques
have a drawback during starting period of the motor. In back
emf detection control method the machine cannot develop
back emf (E,) accuratly at starting, since(E, = k. w) back
emf is speed (w) dependent function. This drawback would
be overcome by this flux linkage estimation technigque which
is speed independent function. Thisflux linkage function was
derived in equation (28). With the help of this 3-phase flux
linkage values based algorithm, switching sequence of the
inverter is controlled at any speed range accurately. The
proposed algorithm has following features that it is very
simple to understand, by eiminating robust electronic
arrangement for position estimation accuracy of system
controlling improves. This technique can work accurately at
all whether conditions. With all above discussed features
BLDC motors can be the most preferable drive compareto all
other synchronous and asynchronous machines in industrial
aswell agricultural applications.
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