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Abstract - This paper presents the methodology and implementation of a novel sensorless control technique for the permanent
magnet brushless dc (PMBLDC) motor. In this new sensorless control technique, a novel flux linkage function is defined, which is
speed independent. A physically insightful speed-independent function of flux linkage along with the combination of two differential
equations governing the stator phase windings have been used for this purpose. The proposed new sensorless method solves the
problem of sensorless PMBLDC motor at low speeds.
Keywords - permanent magnet brushless dc motor; position function; speed control; sensorless.

I.

INTRODUCTION

A motion system based on the classic dc motor
provides a good, simple and efficient solution to satisfy
the requirements of a variable speed drive. Although dc
motors possess good control characteristics and
ruggedness, their performance and applications in wider
areas is inhibited due to sparking and commutation
problems [1]. Induction motor do not possess the above
mentioned problems, they have their own limitations
such as low power factor and non-linear speed torque
characteristics [2]. With the advancement of technology
and development of modern control techniques, the
permanent magnet brushless dc (PMBLDC) motor is
able to overcome the limitations mentioned above and
satisfy the requirements of a variable speed drive [1,3].
The brushless dc (BLDC) motor is increasingly
being used in computer, aerospace, military, automotive,
industrial and household products because of its high
torque, compactness, and high efficiency [4-7]. The
PMBLDC motor is inherently electronically controlled
and requires rotor position information for proper
commutations of current. However, the problems of the
cost and reliability of rotor position sensors have
motivated research in the area of position sensorless
BLDC motor drives [8,9]. This paper presents a novel
sensorless position detection technique with a new
physical concept based on a speed independent position
function for the PMBLDC motors. With the speed
independent position function, the commutation instants
can be estimated from near zero (1.5% of the rated

speed) to high speeds. Since the shape of the position
function is identical at all speeds, it provides precise
commutation pulse at steady state as well as transient
state. The proposed method does not rely on the
measured back electro motive force (EMF) and hence
the need for external hardware circuitry for sensing
terminal voltages is removed.
II. OVERVIEW OF SENSORLESS CONTROL
TECHNIQUES
Sensorless methods for the trapezoidal back EMF
type of PMBLDC motors [10,11] can be classified as
follows.
•

Back EMF sensing technique

•

Back EMF integration technique

•

Flux linkage based technique

•

Freewheeling diode conduction

All these methods rely on speed dependent back
EMF. Since the back EMF is zero or undetectably small
at standstill and low speeds, it is not possible to use the
back EMF sensing method in the low speed ranges.
Also, the estimated commutation points that are shifted
by 30° from zero crossing of back EMF have position
error in transient state. The flux estimation method also
has significant estimation error at low speed, in which
the voltage equation is integrated in a relatively large
period of time [8]. To overcome the above drawbacks, a
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novel method, based on a new speed-independent
function, is proposed, one that is based on a new
physical insight.
III. PROPOSED
TECHNIQUE

SENSORLESS

CONTROL

A. Principle
The general voltage equation of one of the active
phases is given by

v x = Ri x +

n

∑

k =1

dψ

kx

(θ , i x )

dt

(1)

Where vx is the active phase voltage, R is the phase
resistance, ix is the phase current, θ is the rotor position,
ψkx(θ, ix) is the total flux linkage of the active phase and
n is the number of phases. The flux linkage in the active
phase includes both self and mutual flux linkages. For
three-phase BLDC motors, the total flux linkage of the
phase A is
ψA = Laa(θ,ia).ia + Lab(θ,ib).ib + Lac(θ,ic).ic + λar(θ)
(2)
Where, the first term, Laa(θ, ia).ia, represents the self
flux linkage of phase A, the second and third term stand
for the mutual flux linkage with phases B and C and the
fourth term, λar(θ) stands for the flux linkage due to the
permanent magnet that is attached on the rotor. The first
three terms of “(2)” are function of current and position,
and the λar(θ) is the function of position. Therefore, the
flux profile has a close relationship with the dynamic
performances. Since the BLDC motor uses permanent
magnets, the permeability of the attached permanent
magnet is considered as that of air, and hence, typically,
the motor has small inductance variation. Therefore, if
the motor is operated within the rated current, the
saturation effect of inductance due to current level is
usually neglected. For the surface-mounted permanent
magnet (SMPM) type of BLDC motors, the permanent
magnets are roundly attached on the round surface of the
rotor, and hence, the inductance variation by rotor
position is negligibly small. Based on the characteristics
of the SMPM type of BLDC motors, the flux profile can
be simplified as in “(3)” along with the following
assumptions:

Substituting “(3)” into “(1)” gives

v a = Ra i a +

( )
d
(Laa ia + Lab ib + Lac ic ) + dλar θ
dt
dt

(4)

In balanced three-phase BLDC motors
Laa = Lbb = Lcc = Ls

(5)

Lba = Lab = Lca = Lac = Lbc = Lcb = M

(6)

where, Ls and M represent the self-inductance and mutual-inductance, respectively.
Substituting “(5)” and “(6)” into “(4)” gives

v a = Ra i a +

( )
d
(Laa ia + Mib + Mic ) + dλ ar θ
dt
dt

(7)

For a balanced star connected BLDC motors,
i a + ib + i c = 0

(8)

Using “(8)”, “(7)” is simplified as
v a = R a ia + L

di a
d λ ar (θ )
+
dt
dt

(9)

where L = Ls – M is the phase inductance under
balanced conditions.
The last term in the voltage equations is so called
back EMF, and the term is redefined as

v a = R a ia + L

di a d (k e f ar (θ ))
+
dt
dt

(10)
v a = Ra ia + L

di a
d θ d ( f ar (θ ))
+ ke ⋅
⋅
dt
dt
dθ

(11)

where ke stands for the back EMF constant.
It is seen that λar(θ) in “(9)” is expressed as a
constant value times a flux linkage function that is
changed only by the rotor position as shown in “(10)”.
The far(θ) is a flux linkage form function that is a
function of rotor position. Since some manufacturers do
not provide a motor neutral point, the line-to-line
voltage equations are used as follows:
Vab = R(ia − ib ) + L

d (ia − ib )
d{ f ar (θ ) − f br (θ )} (12)
+ ke ⋅ ω ⋅
dt
dθ

d (i a − i b )
df (θ ) (13)
+ k e ⋅ ω ⋅ abr
dt
dθ

•

The motor is operated within the rated condition
and hence the saturation effect due to current level
is neglected.

V ab = R (i a − i b ) + L

•

The leakage inductance is negligibly small and
hence neglected.

•

Iron losses are negligible.

Where ω stands for the instantaneous speed. The
fabr(θ) is a line-to-line flux linkage form function that is
a function of the rotor position. Now we define a new
function, H(θ)ab, as

ψA = Laa . ia + Lab . ib + Lac . ic + λar(θ)

(3)
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H (θ

)ab

=

df

abr

(θ )

dθ

(14)

Then, H(θ)ab ccan be derived as

H (θ ) ab =

1
ω ⋅ ke

⎡
⎛ dia dib ⎞⎤ (15)
− ⎟⎥
⎢(Va −Vb ) − R(ia − ib ) − L⎜
⎝ dt dt ⎠⎦
⎣

Since thee H(θ)ab functiion itself has a one to one
ble to use this
relationship w
with rotor positiion, it is possib
function for poosition estimattion. But as shoown in “(15)”,
to know the H(θ)ab functioon, the instanttaneous speed
term, that is unknown foor dynamic operations,
is
o
required to callculate the funcction.
To eliminnate the instanttaneous speed term, ω, that
causes troublee in using the H(θ)
H ab functioon for position
estimation, onne line- to-line H(θ) functionn is divided by
another line-too- line H(θ) fu
unction, and thee divided new
speed indepen
ndent function is
i named G(θ). For example

G(θ )bc/ ab =

H(θ )bc
H(θ )ab

⎡
⎛ dib dic ⎞⎤
⎢(Vb −Vc ) − R(ib − ic ) − L⎜ dt − dt ⎟⎥
⎝
⎠⎦ (16)
=⎣
⎡
⎛ dia dib ⎞⎤
⎢(Va −Vb ) − R(ia − ib ) − L⎜ dt − dt ⎟⎥
⎝
⎠⎦
⎣

G(θ))bc/ab, G(θ)ab/ca
Fig.1 shoows the G(θ) functions
f
and G(θ)ca/bc, waveform bassed on “(15)”. The standard
hen the G(θ) functions are
commutation instant is wh
changed from positive infiniity to negativee infinity as in
Fig.1.

From
m the sequentiial combinationn of two line-to-line
H(θ) fun
nctions at eachh commutationn interval, the ideal
G(θ) fun
nction that is inndependent off speed and conntains
continuoous position infformation is deerived. It meanns that
only thee positive part of the G(θ) fu
unction wavefoorm in
fig.1 iss utilized. Itt is noted that the staandard
commuttation point iss the peak point of ideal G(θ)
function
n that is the moost sensitive paart of the functiion as
shown inn fig.2. Thereffore, the position estimation based
on the G(θ)
G
function can provide th
he best accuraacy at
commuttation points of
o the current which
w
are the most
importan
nt instants for the
t sensorless operation.
o
Tabble I shows thee position estim
mation equatioons at
each mo
ode in fig. 2. Two
T
line-to-linee H(θ) functionns are
used in each mode ass Table I. As shown in fig. 2, at
mode 1, G(θ)1 is used as a position estimation equuation
and afteer a 60° electrrical angle, at mode 2, G(θθ)2 is
utilized. The time dduration of eaach mode in fig.2
correspoonds to 60° by electrical anglees.
When the G(θ) function reaaches a predeefined
threshold
d value, the m
motor is com
mmutated. From
m the
sequentiial combinationn of the H(θ) functions based on
Table I,, the G(θ) funnction can be made as show
wn in
fig.2. It is noted thatt the commutaation signal caan be
p
that is thee most sensitivve part
generateed at the peak point
of the G(θ)
G
function. From the avaiilable stator cuurrent
and dc liink voltage, thee G(θ) functionn is computed based
on the equations of Table I in reeal time. Sincce the
waveforrm of the G(θ) function is iddentical at the entire
speed raange, it can bee characterized at steady state in a
look-up table, and used
u
as a possition referencce for
sensorless operation att all speeds.

ms
F 1 : G Functtion waveform
Fig.
B. Commutation Strategy

hape of G(θ)
After carreful investigaation of the sh
function to prrovide the besst indirect possition-function
that is speed-iindependent with
w high sensiitivity at each
commutation point, the ratiio of two linee-to-line H(θ)
functions is seequentially utiliized.

Fig. 2 : Line-to-line H Functions, G Function, Phhase
C
Current
using pproposed senso
orless method
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TABLE I : G FUNCTION AT EACH MODE
Mode

G Function
di ca
dt
di
V bc − Ri bc − L bc
dt
di bc
V bc − Ri bc − L
dt
=
di ab
V ab − Ri ab − L
dt
di ab
V ab − Ri ab − L
dt
=
di
V ca − Ri ca − L ca
dt

Mode 1
and 4

G (θ ) 1 =

H (θ ) ca
=
H (θ ) bc

Mode 2
and 5

G (θ ) 2 =

H (θ ) bc
H (θ ) ab

Mode 3
and 6

G (θ ) 3 =

H (θ ) ab
H (θ ) ca

V ca − Ri ca − L

The proposed sensorless control algorithm is
verified through simulation using MATLAB
SIMULINK package. Figs. 4 and 5 illustrate the
performance of the proposed sensorless method at 1500
and 100 rpm.

DC Supply

3-Phase
Voltage
Iabc
Hysteresis
Current

C. Current Control
To control currents, hysteresis controller can be
used for the proposed sensorless method. Also, to
calculate line-to-line voltages in equations in Table I at
each mode, every phase current is actively controlled. It
means that a silent phase current is controlled as zero
IV. SIMULATION RESULTS
The parameters of the PMBLDC motor used for
simulation are as follows.
Power
: 1 HP
Rated speed
: 3500 rpm
Poles
:4
Rated current
:5A
Rated torque
: 2 N-m
Inverter voltage
: 160 V
Armature resistance
: 0.75 Ω
Armature inductance
: 3.05 mH
Back EMF constant
: 0.21486 Vsec/rad
Torque constant
: 0.21476 Nm/A
Rotor inertia
: 8.2614e-4 Kg-m2
Viscous friction coefficient : 0.02 Nm/rad/ses.
Fig. 3 shows the block diagram of proposed
sensorless control of PMBLDC motor. The complete
drive system consists of a PMBLDC motor fed by a
three-phase PWM inverter, speed independent position
G function block and controller. The inverter which is
connected to the dc supply feeds controlled power to the
motor. The magnitude and frequency of the inverter
output voltage depends on the switching signals
generated by the hysteresis controller. The state of these
switching signals at any instant is determined by mode
of operation, speed error and winding currents. The
controller synchronizes the winding currents with the
mode given by G function. It also facilitates the variable
speed operation of the drive and maintains the motor
speed to reference value even during load variations
[12-14].

PMBLD
C
Vabc, Iabc,

G
Mode

ωr

Reference
Current

ωref
+

PI Speed
Controll
-

ωr

Fig. 3 : Block diagram of proposed sensorless control of
PMBLDC drive.

Fig. 4(a) : G Function and current waveforms for a step change
in load of 1Nm at t=1.8sec (Reference speed = 1500 rpm).
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Fig. 4(b) : Variation of speed for a step change in load
of 1Nm at t=1.8sec (Reference speed = 1500rpm).

Fig. 5(b) : Variation of speed for a step change in load
of 0.2 Nm at t=1.8sec (Reference speed = 100rpm)

Fig. 4(c) : Electromagnetic torque variation for a step change
in load of 1Nm at t=1.8sec (Reference speed = 1500 rpm).

Fig. 5(c) : Electromagnetic torque variation for a step change
in load of 0.2 Nm at t=1.8sec (Reference speed = 100rpm).

V. CONCLUSION
This paper presents a novel sensorless drive method
for PMBLDC motors. This technique makes it possible
to detect the rotor position over a wide speed range. This
method provides commutation even in transient state
because of the speed independent characteristics of
G(θ) function.
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