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ABSTRACT

Reducing the cost of the motor drive is desirable for low cost applications. A simple and cost-effective
position sensorless control for radial-flux permanent magnet brushless DC (BLDC) motor drives using
single current sensor is proposed in this paper. It is based on the generation of quasi-square current
waveforms, using only one current controller for the three phases. Unlike the conventional methods, the
proposed method presents advantages such as very simple control scheme, without needing to triangular
carrier modulation, and balanced phase currents. The proposed position sensorless technique is based on
the detection of zero crossing points of three voltage functions that are derived from the difference
between the lines’ voltage measured at the terminals of the motor. In order to improve the speed
transient response of the BLDC motor and enhance the energy saving aspect of the system, it should
enjoy a high quality dynamic response characteristic. Therefore, to realize these purposes, particle
swarm optimization (PSO) has been proposed to regulate the proportional-integral-derivative (PID)
parameters of the motor speed controller. The proposed control algorithm is particularly suitable for cost
sensitive product such as air purifiers, air blowers, cooling fan, and related home applications. The
effectiveness of the proposed system has been validated by comparative studies and simulation results.

KEY WORDS: Cost-effective drive, radial-flux brushless DC (BLDC) motor- position sensorless

control- single current sensor- particle swarm optimization (PSO).

1. INTRODUCTION

Radial-flux permanent magnet brushless DC (BLDC) motors are being used increasingly in
computers, automotive, industrial and household products because of their high power density,
compactness, high efficiency, low maintenance, and ease of control. Minimizing the cost of the motor
drives is the key factor of low cost applications. Nowadays, most commercial PM drives are based on
current control strategies. However, sensors and their associated accessories increase complexity, cost,
and size of the motor drives and reduce the reliability of the system. Therefore, reduction of the number
of sensors is desirable in motor drives. The most appealing current sampling method for BLDC motor is
using only one current sensor. The easiest method is using a DC-link current sensor.

Some single current control strategies have been studied on BLDC motor drives [1-8]. The single-
current-sensor sliding mode driving strategy for four-switch three-phase brushless DC motor was
proposed in [4]. It introduced two kinds of methods based on phase plane portrait and Taylor-series
expansion to determine the sliding mode plane convergence domain. In [5], a simple novel digital pulse
width modulation control to develop a low cost controller for domestic applications has been
implemented for a trapezoidal BLDC motor drive system with a single current sensor. A modified DC
link current sensor was proposed in [6]. It adds an inductance in the upper DC bus to stabilize the
current flowing through the current sensor during a Pulse Width Modulation (PWM) period. Although it
is helpful to evaluate the phase current without needing to any PWM strategy information, the existence
of inductance tends to prevent the desired current regulation in phases. So this method is not suitable for
current loops. Another current sensor was proposed in [7]; it works well at any instant despite the PWM
strategy used. The key theory of this method is collecting both the freewheeling current through the
antiparallel freewheeling diode and the DC link current. Therefore, it will not lose any current
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information during a PWM period. But in this case, the freewheeling current in the closing phase is still
a torque source and produces torque ripple in the commutation region.

Another method proposed in [8], is suitable for PWM strategies. However, this improved method still
has some disadvantages, since discrete freewheeling diodes have to be used to circulate motor reactive
currents following the openings of the inverter switches, and the effect of the antiparallel freewheeling
diode integrated into a power switch must be eliminated by another discrete diode connected in series
with the switches. Therefore, this method increases the size of inverter.

Conventional BLDC motor drives are generally implemented via a six-switch three-phase inverter,
three Hall Effect position sensors and two current sensors that generate proper signals for current
commutation [9]. However, it is a well known fact that these sensors have a great number of drawbacks;
they increase the cost of the motor and require special mechanical arrangements to be mounted. In
addition, Hall sensors are temperature-sensitive and hence limit the operation of the motor. They can
reduce system reliability because of their extra components and wiring. Furthermore, sensorless control
is the reliable way to operate the motor for applications in harsh environments. During the last two
decades, a lot of researches on sensorless control techniques of BLDC motors have been conducted. This
research can be divided into four categories [10]. 1) Detecting the zero crossing points of the motor
terminal to neutral voltage with or without precise phase shift circuit [11, 12]. 2) Back electromagnetic
force (EMF) integration method [13]. 3) Sensing the third harmonic of the back EMF [14]. 4) Detecting
the freewheeling diode conduction and related extensive strategies [15]. Among the various techniques,
the back EMF =zero crossing detection method is most popular due to its simplicity, ease of
implementation, and lower cost [16, 17].

In this paper, a cost-effective position sensorless control for BLDC motor drives using a single
current sensor is proposed. The proposed control strategy is based on just one hysteresis current
controller and a PSO tuned PID controller for speed regulation. The position sensorless method relies on
a difference between the lines’ voltage measured at the terminals of the motor. The main motivation of
this paper is to show that replacing conventional current control methods with a simple single current
control strategy without using position sensors, and reducing the cost and size of the motor drives.
Furthermore, optimization of the BLDC motor drives has been proposed by the PSO optimized PID
speed controller.

2. ANALYSIS OF THE THREE-PHASE RADIAL-FLUX BLDC MOTOR

Permanent magnet DC motors use mechanical commutator and brushes to achieve the commutation.
However, BLDC motors adopt Hall-Effect sensors in place of mechanical commutator and brushes. The
stators of BLDC motors are the coils, and the rotors are the permanent magnets. The stators develop the
magnetic fields to make the rotor rotating. Hall-Effect sensors detect the rotor position as the
commutating signals. Therefore, the BLDC motors use permanent magnets instead of coils in the
armature and so do not need brushes. In this paper, a three-phase, two-pole BLDC motor is used.
Configuration of BLDC motor drive system is shown in Fig. 1.

BLDC motor is driven by a three-phase inverter with so called ‘‘six-step commutation’’. The
conducting interval for each phase is 120 electrical degrees. The commutation phase conducting
sequence appears as Ss—Sg, S1—S¢, S1—S;, S3—S,, S;—S4, and Ss—S, where, each conducting stage is called
one step. Therefore, only two phases are energized in each step, leaving the third phase floating. In order
to produce maximum torque, the inverter should be commutated every 60° so that current remains in
phase with the back-EMF. The commutation times are governed by the rotor position that can be either
detected by appropriate sensors, or estimated from motor parameters in a sensorless system [18]. For a
three phases BLDC motor the back-EMF and phase current waveforms with 120° conduction mode are
shown in Fig. 2. In the work presented here, the analysis is based on the following assumption for
simplification:

(1) Concentrated stator windings are placed with a 120° positional difference to each other, and they
are connected in wye.

(2) Stator windings are symmetric and the windings resistance and inductance are assumed to be
constant.

(3) Magnetic saturation, hysteresis and eddy current losses are ignored.

(4) Armature reaction is ignored and air gap distribution is assumed to be uniform.
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Under the above assumption, the analysis of a BLDC motor is described as following equations:

Vg R 0 0]i, L 00 J i, e, Vy
vy |=|0 R 0|i |+|0 L O % iy |+|e, |+ vy (1)
v, 0 0 R|i, 0 0 L i, e, vy
VaN =Va VN> VeN =Ve TVNs> Ven Ve TVN )
L=(Ls—Ly) 3)

where v, represents terminal phase a voltage with respect to the power ground, i, is the rectangular-
shaped phase a current, e, is the trapezoidal-shaped back EMF, v, is the neutral-point voltage with
respect to the power ground, and R, Ly and L,, are resistance, self-inductance and mutual-inductance,

respectively.
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Fig. 1. The structure of BLDC motor
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Fig. 2. Signal waveforms in the BLDC motor

The electromagnetic torque is expressed as:

1
Te =w_(eaia + eyl +ecic) (4)

I

where o, is the mechanical speed of the rotor. Fig. 2 shows trapezoidal back EMF, current profiles, and

Hall sensor signals of the three-phase BLDC motor drive. The current phase generation is a “120° ON
and 60° OFF” type.
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3. PSO ALGORITHM AND PID CONTROLLER DESIGN

3.1. PSO Algorithm

Particle Swarm Optimization first proposed by Kennedy and Eberhart [19]. PSO is a form of
evolutionary computation technique based on natural systems. Each particle in the population is a
feasible solution. Optimal regions of complex search spaces are found through the interaction of
individuals in the population. The key advantages of PSO over other optimization techniques are as
follows: lower sensitivity to the nature of the objective function, derivative free property unlike many
conventional techniques, easy implementation.

The algorithm starts with N particles. Each particle represents a candidate solution to the problem.
Each particle in the search space has a current position X, and a current velocity ;. The value of each

particle is determined by the fitness function F(X;). Each particle moves about the cost surface with a

velocity. The personal best position in search space localbest; corresponds to the position where particle
i, represents the best fitness function. The global best position in search space globalbest represents the
position yielding the best fitness function amongst all localbest;s.

The steps of the algorithm are as follows:

a) Formatting of the initial population and initial velocities randomly.

b) Calculating the value of each particle by the fitness function.

¢) Finding local best of each particle.

d) Finding global best of all populations.

e) The PSO algorithm updates the velocity for each particle then adds that velocity to the particle

position or value.

Velocities updates are influenced by the both best global solution associated with the lowest cost
ever found by a particle and the best local solution associated with the lowest cost in the present
population according to (5) and (6) as follows:

Xin+] =Xin +Vin+l

®)

Vin+] — Vin + P .(Xilocalbest —Xl-n)+ pz.rz.(Xlglobalbest _Xin)
(6)

In these equations, super script n+1 denotes n+/th iteration and super script n denotes nth iteration.
Where X, denotes the ith particle and V; is the velocity correspond to this particle. Also, p,, p, are

1

Xilocalbest

learning factors and #, », are independent uniform random numbers. is the best local

solution for the ith particle and X £°""*" is the Best global solution. Steps b to e are repeated until
termination criteria satisfies [20].

3.1. PID Controller Design and Problem Formulation
The PID controller is used to improve the dynamic response and reduce the steady-state error. The
transfer function of a PID controller is described as:

Gc(s)=kp+ﬁ+kds (7N
s

where k,, k; and kq4 are proportional, integral and derivative gains, respectively. System response can be
evaluated by overshoot (M,), rise time (t,), settling times (t;), and steady-state error (E). To improve the
system performance by considering these parameters, an objective function is defined. The objective
function will be minimized by an appropriate regulation of PID parameters (k,, ki, kq). By minimizing
the objective function, desired transient response to load disturbance is achieved [21]. The objective
function can be defined as:

fK)y=(-e M, +E)+e P (t,-1,) (8)

where K is [k, ki, kq] and B is the weight factor. Decreasing rise time and settling time can be achieved
by using a weight factor smaller than 0.7 and increasing this parameter higher than 0.7, will lead to
reduction in overshoot and steady state error.

Because of the system’s nonlinear behavior, the objective function should be minimized by
intelligent algorithms. Nowadays, the PSO algorithm is one of the fastest and most accurate methods in
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comparison with other intelligent algorithms. So in this paper, it is utilized to achieve optimal PID
controller parameters using MATLAB software. PSO results for iteration= 20 and weight factor= 0.5 are
shown in the table 1.

TABLE 1. Best PID Controller with f=0.5 Value Gained by PSO Algorithm

BLDCM
B Iteration k, ki kq
0.5 20 10 25 0.9
M, E (%) t,(sec) ty(sec) Min Cost
0 0.22 0.007 0.021 0.0084

4. POSITION SENSORLESS SCHEME

4.1 Back EMF Zero Crossing Estimation Method

The proposed position sensorless BLDC motor drive, is based on the detection of back EMF zero
crossing from the terminal voltages, similar to the sensorless technique used in [22]. Considering a
BLDC motor with three stator phase windings connected in star. The BLDC motor is driven by a six-
switch three-phase inverter in which the switches are triggered with respect to the rotor position as
shown in Fig. 2. Phase a terminal voltage with respect to the star point of the stator and according to (1)
is given in as:

) di
v,y =Ri, +L d: +e, 9)
Similar equations can be written for the other two phases, as in (10) and (11)
di
vy = Rij, +Li+eb (10)
dt
) di
vy =Ri, +L d: +e, (11)
From these equations, line voltage v,, may be determined as:
di —i
Vap =Vay — Ven =R(ia—ib)+L%+ea—eb (12)
Similarly:
A —i
Vi =R(ib—ic)+L%+eb—ec (13)
A —i
vw=R(ic—ia)+L%+ec—ea (14)

These line voltages can, however, be estimated without the need for star point by taking the
difference of terminal voltages measured with respect to the negative DC bus. Subtracting (14) from (13)
gives:

d(i, —2i, +i,) N
dt

Consider the interval when phases a and b are conducting and phase ¢ is open as indicated by the
shaded region in Fig. 2. In this interval, phase » winding is connected to the positive polarity of the DC
supply, phase a to the negative polarity of the DC supply and phase c is open. Therefore i, =—i, and

a

Vieea =Ry —2i, +i,)+L e, —2e, +e, (15)

i, =0. It can be seen from Fig. 2 (shaded region) that the back EMF in phases a and b are equal and

opposite. Therefore, in that interval, (15) may be simplified as:

Vieea = €p —2e,. +e, =—2e, (16)
Thus, the back EMF of phase ¢ may be estimated. It is again evident from Fig. 2 that during this

interval (shaded region) the back EMF e, transients from one polarity to another zero crossing.

Therefore, operation v, enables the detection of zero crossing of phase ¢ back EMF. Similarly, the

difference of line-to-line voltage v, enables the detection of zero crossing of phase b back EMF when

phases a and ¢ back EMFs are equal and opposite. The difference of line-to-line voltage v,,,, waveform

caa.

gives the zero crossing of phase a back EMF, where phases ¢ and b have equal and opposite back EMFs.
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Therefore, the zero crossing instants of the back EMF waveforms may be estimated indirectly from
measuring only the three terminal voltages of the motor. By means of the estimated back EMFs, virtual
Hall sensor signals are made as shown in Fig. 3.

Fig. 4 shows the simulated back EMF waveform of phase c, the line voltage difference v, and

virtual Hall sensor signal of phase c. As shown in Fig. 4(a), the v,,, waveform contains voltage spikes

appearing at the commutation instants. These voltage spikes are the result of conduction of the free-
wheeling diode at the phase commutation instants and are to be filtered out. Otherwise they cause
unwanted zero crossing points. To eliminate this, three low pass filters typed Butterworth order 2 with a
cut off frequency of about 500 rad/sec are chosen.

Yoy Vet | VH,
Line-to-Line LOW Pass Zero thal Hall
Vol Voltage Yt | Tillr L crossing é, Sigmals | VHs
Differences | Butterworth Detection Maker
Vicgg | Order2 Circut  |Z, | Circuit |VH,
Vo q ] VH

Fig. 3: Functional sequence of the operations in the proposed back EMF Zero Crossing Estimation Method

Filtered v __ (V)

0.5 0.52 0.54 0.56 0.58 0.6
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° 2 ;
é B I A E A R |
§ [o) ESENN— T
E 3
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5 ' ' ‘ '
0.5 0.52 0.54 0.56 0.58 0.6
t (s)
(c)

Fig. 4: Detection of back EMF zero crossing, (a) Unfiltered v, ., voltage waveform and back EMF of phase

¢, (b) Filtered v, ., voltage waveform, (c) Virtual Hall sensor signal H.

4.1. Starting Technique

The sensorless schemes are not self-starting. In order to sense the back EMF, the motor must be first
started and brought up to a certain speed where the back EMF voltage can be detected. In practice, open-
loop starting the motor is accomplished by providing a rotating stator field with a certain increasing
frequency profile [23]. Once the stator field begins to attract the rotor field enough to overcome friction
and inertia, the rotor will turn. After the speed reaches a threshold voltage value, the back EMF can be
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detected providing position information, the system switches to synchronous commutation mode and the
motor acts as a permanent magnet synchronous machine.

When the motor stops, the rotor initial position is undefined for the controller. The first step is to
align the motor to a known position by exciting the two phases of the motor. For instance, we can choose
phases A and B to be excited to set the initial position. After the rotor located in the initial position, a
preset exciting pattern is sent out. If the three phases are alternately excited, the motor will start to
accelerate. Table 2 show the exciting pattern for forward rotation. The motor is driven with 6-step mode,
and the exciting phase just repeats the same pattern after one cycle (6 steps).

TABLE 2. Phase Exciting Pattern for Forward Rotation

Alignment Step 1 Step Step Step Step 5
(Step 0) 2 3 4
Exciting phases AB AC BC BA CA CB

5. PROPOSED CONTROL SYSTEM DESCRIPTION

The common control algorithm for a BLDC motor is PWM current control. It is based on the
measurement of phase current, which is compared and forced to follow a quasi-square template. This
method requires an appropriate current reference, which can be relatively complex and difficult to
implement. Fig. 5 shows a schematic of the proposed control strategy. The operation of the system is as
follows:

Voltage Source
Inverter

Ur el

Proper
Sk PWM
for
Each
Phase

Back EMF
A l Ve ZCPs
L Detecting

Virtual Hall Sensor Signals Om

\/

g BLDCM Load
3\

1230278

T ] |
|
|
|

Idc Speed Controller

ei(t) + Tuned)

Proposed Hysteresis Single |
Current Sensor

Fig. 5: Overall block diagram of proposed strategies

As the motor is a brushless DC type, the waveforms of armature currents are quasi-square. For
control of speed and armature currents of motor, first, the speed of the motor is compared with its
reference value. The speed error can be represented as:

€u (t) = wref — @, (t) (17)
where ,,, is the reference speed value and o, (¢) is the measured speed value at time t. The speed

error is processed in the PID speed controller, tuned by PSO algorithm. The output of the speed PID

controller is the reference torque value, but, According to this relation:

Ly =Tl K, (18)

where T, and K, are the reference torque and torque constant respectively, the output of speed

controller is considered as the reference current ( /,,, ). Then, the measured DC-link current is compared

with the reference current. The input of the current controller is:

e;(t) =1, ()= 1,.(2) (19)
From this comparison, current error signal e¢;(z) is obtained. This error passing through a simple

hysteresis current controller directly generates chopping for all six power switches of the inverter, which
are sequentially active by the hall-effect sensor. Ultimately the hysteresis current controller regulates the
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winding currents within the small band around the DC reference current. The electromagnetic torque is
directly commanded by current reference. The larger the current reference, the higher torque produced.
Also restriction is expelled on the PID speed controller output depending on the permissible maximum
winding currents. This expelled restriction causes a good compatibility with practical control systems.

6. REVIEW OF TWO CONVENTIONAL SINGLE CURRENT CONTROL METHODS

In general, current control strategies for BLDC motor drives can be divided into three topologies:
hysteresis band control, PWM control, and variable DC-link voltage control. In this section, two
conventional methods i.e. the PWM control and the variable DC-link voltage control are explained.

6.1 PWM Control

In PWM control the motor is turned on and off at a high rate. The chopping frequency is fixed but
the length of the duty cycle depends on the control error. The fact that the frequency is fixed, makes
filtering of acoustic and electromagnetic noise easier. The switching frequency is commonly 20-50 kHz.
The three PWM strategies generally used in BLDC motor drives are double-sided basic PWM, single-
sided PWM and double-sided complementary PWM [6]. It should be noted that some PWM techniques
cause circulating current in the floating phase. This results in torque error with higher torque ripple and
thus, reduction of efficiency. It also makes a DC-link current sensor unfavorable [24]. Although a
bipolar PWM modulation technique such as H PWM_ L PWM does not generate circulating current in
the floating phase, but it increases switching loss in the power circuit and winding loss due to high
ripple current in the motor windings [25]. On the other hand, although unipolar PWM modulation
techniques such as PWM_ON, ON_PWM, and PWM_ON_ PWM give low switching loss, ripple current
still exists and this produces a torque ripple [26].

In addition, in this scheme, the duty cycles of the switches are interdependent. Therefore, it may
cause commutation delay or an irregular switching frequency of the power devices in a high speed
sensorless control.

6.2 Variable DC-Link Voltage Control

Using a variable DC voltage source to control the applied voltage, can have some advantages over
the PWM control scheme. A linear power stage is cheaper than a pulsed power stage (PWM) but the
losses can be high at a low voltage and high current. However, at a high speed, a linear power stage can
be the best alternative when switching losses and commutation delay of a pulsed power stage are
significant [27].

The variable DC-link voltage technique is the only technique that does not cause high frequency
disturbances; at least if it is assumed that the variable voltage sources are ideal. Its performance is
similar to the PWM method but it produces much smoother torque due to the absence of high frequency
switching. In the frequency domain, the variable DC-link voltage technique contains only harmonics
caused by current commutation.

7. SIMULATION RESULTS AND COMPARATIVE STUDIES

To evaluate the performance of the proposed system it is compared with the two conventional
current control strategies for the same condition, and simulation models have been established using
MATLAB/SIMULINK. The sampling interval is Susec, the magnitude of the current hysteresis band
and the switching frequency in the conventional PWM control scheme are 0.2A and 20 kHz,
respectively. The simulation parameters of a surface mounted magnet BLDC motor are given in Table 3.

TABLE 3. Simulation Parameters of the BLDC Motor

Parameters Value

Phase resistance 0.4Q

Phase inductance 13mH

Rated speed 1500 rpm
dc-link voltage 300V

Pole pairs 1

Rated torque 3 N.m
Inertia 0.004 (kg.mz)
Friction factor 0.002 (N.m.s)
Torque constant 0.4V/(rad/sec)
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7.1 Comparative Studies in the Single Current Control Strategy

In this section, the BLDC motor phase currents for each mentioned strategies are depicted in Fig. 6.
The square waveforms of phase currents using the proposed method (Fig. 6(c)) verify the well control
capability of the BLDC motor compared to the two other conventional methods. As shown in Fig. 6(c),
current spikes in the commutation region and current ripple in the conduction region are eliminated
effectively.
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Fig. 6: Motor phase currents a) PWM control b) Variable DC link voltage control scheme c)
proposed method.

The BLDC motor electromagnetic torques is shown in Fig. 7. Since there is a linear relationship
between the phase current and electromagnetic torque in BLDC motors, current ripple in the proposed
strategy is reduced. Therefore, torque ripple has been reduced. As shown in Fig. 7(c), the percentage of
torque ripple in the proposed strategy is about 2.7 while, in PWM control and the variable DC link
voltage control scheme are 24 and 20, respectively.

PSO has been used to regulate the PID parameters of speed controller. As shown in Fig. 8(c), the
speed response characteristic has been completely satisfied to have no overshoot, and has small rise and
settling times with respect to the conventional control strategies. The obtained high performance speed
response for the BLDC motor is differentiated by circle region in Fig. 8(c).
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Fig. 7: The electromagnetic torques a) PWM control b) Variable DC link voltage control scheme c)
proposed method.

7.2 Position Sensorless Control of BLDC Motor Drives Using Single Current Sensor

Fig. 9 shows the position sensorless operation of the BLDC motor in its rated speed (1500 rpm) and
full load condition (3 N.m). Fig. 9(a,b) shows the speed and developed electromagnetic torque. It is clear
that speed tracking is well and the developed torque has very low ripple. Moreover, the currents are
quasi-square waveforms with some low ripples as shown in Fig. 9(c).
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Fig. 8: The speeds of rotor a) PWM control b) Variable DC link voltage control scheme ¢) proposed method.
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8. CONCLOSION

A cost effective, higher performance radial-flux permanent magnet BLDC motor drive system has
been proposed. To sample the phase current at any instant, an effective single current sensor technique
without the need for information of freewheeling current or current sign has been adopted. Therefore,
the size of the motor drive is reduced. Virtual Hall sensor signals are made by detection of zero crossing
points of the difference of line voltage measured at the terminals of the motor. In the proposed sensorless
scheme, no phase shift is required, which is prevalent in most of sensorless algorithms. Compared to the
conventional BLDC motor drive scheme, it is not complicated and eliminates the use of complex
hardware. This simple drive system can improve torque performance in BLDC motor drives. A PSO
tuned PID controller is also used to improve the dynamic response and reduce the steady-state speed
error. Finally, the proposed strategy has been successfully verified by simulation results. The simulation
results include two parts; comparative studies in the single current control strategy and position
sensorless control of BLDC motor drives using single current sensor.
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