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Abstract

Permanent Magnet Brushless DC (PMBLDC) motor is a new generation of converter fed
machines (CFMs) becoming more and more popular. PMBLDC motors are extensively used
as industrial motors due to its fast dynamic response, high power density, large torque to
inertia ratio, high efficiency with increased reliability, less noise, long life, silent operation,
compact form, low maintenance and better controllability. For innumerous applications,
PMBLDC motors are used as replacement for AC motors.

PMBLDC motor is a trapezoidal shaped back EMF permanent magnet synchronous motor
with solid state commutation system. The absence of a commutator and brushes or slip rings
in the PMBLDC motors reduces maintenance needs and raises mechanical reliability. In solid
state commutation system, rotor position information must be needed for proper commutation
sequence with proper control algorithms. Motor performance degrades due to improper
control action.

In this study, an adaptive PI speed controller based field oriented vector controlled current
fed delta modulated PMBLDC motor drive is designed. An adaptive PI controller is proposed
based on motor speed error. Scalar control of this PMBLDC motor is also performed at direct
axis current component is equal to 1.0 and at direct axis current component equal to
quadrature axis current component. The performance of these control drives is compared
under different conditions.

In this thesis, a novel approach to enhance the torque handling capacity of a PMBLDC motor
is invented. The novelty is that, torque handling capacity of a PMBLDC motor can be
increased up to 25% from the conventional 120° conduction square wave current fed drive by
only changing the pattern of reference current of a field oriented vector controlled PMBLDC
motor drive. Toque handling capacity has to be enhanced without exceeding the maximum
current rating of the PMBLDC motor. The performances of trapezoidal, square and sinusoidal
current fed field oriented vector controlled PMBLDC motor drives are compared on the basis
of response time, load torque handling capacity, dynamic speed and load torque changing
condition, settling time of the system and torque pulsation.

In conventional PMBLDC motor, for proper commutation of the phase currents rotor position
information must be obtained from the position sensors. But there are some vital
disadvantages of position sensor including high cost, installation difficulty of mechanics, and
poor reliability. Moreover, misalignments in position sensors, running in extreme ambient
conditions, or electromagnetic interference introduce error in the position information.
Instead of rotor position or speed sensor, two novel algorithms are proposed in this thesis to
estimate the rotor position and speed to perform the operation of position sensorless field
oriented vector control of PMBLDC motor. For algorithm 1, both rotor position and speed of
the motor are determined from the estimated flux linkage. For algorithm 2, only rotor position
of the PMBLDC motor is determined from the estimated flux and the speed of the motor is
detected by the estimated developed electromagnetic torque and power equation. The
performance of flux estimation algorithm, rotor position estimator, speed estimator 1s
depicted by the comparative study between the actual and estimated flux, rotor position and
speed respectively.
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The performance of the proposed algorithms for sensorless operation is also justified through
the sensorless trapezoidal current fed field oriented PMBLDC motor drive. In this drive, both
the advantages of position sensorless operation and enhanced torque handling capacity are
incorporated due to establish a novel high performance control drive for PMBLDC motor.

A novel position sensorless two phase conduction direct torque controlled PMBLDC motor
drive is also proposed in this study. Without considering flux control, two-phase conduction
direct torque control (DTC) of a PMBLDC motor on the basis of electromagnetic torque,
rotor position and speed estimation is pictured in the proposed drive system. The performance
of the proposed position sensorless direct torque controlled PMBLDC motor drive is
compared with the performance of conventional position sensored two phase conduction
direct torque controlled PMBLDC motor drive in terms of starting, dynamic speed and load
torque changing characteristics.
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Introduction

1.1 Fundamentals of the Study

During the last several decades, electrical AC machines have been considered mainly as work
horse of industry. AC machines have been designed considering the fact that they will be directly
connected to the electrical network. Induction and DC-excited synchronous machines are well-
known conventional AC machines. The stator windings of AC machines are sinusoidally
distributed in slots around the air gap so as to connect directly with the sinusoidal excitation.
Starting from the 80Mof the last century, the emergence of power electronic converters has
removed the need for such a concept as the basis for AC machine application. Converter fed
machines (CFMs) become more popular. A typical example of CFMs is the Permanent Magnet
Brushless DC motor [1].

Permanent Magnet Brushless DC (PMBLDC) motor is a trapezoidal shaped back EMF
permanent magnet synchronous motor with solid state commutation system. Permanent Magnet
Brushless DC motors are extensively used as industrial motors due to their advantages as given
below [2]-]5].

fast dynamic response noiseless operation
high power density long operating life
high power factor silent operation

compact form
low maintenance due to low friction
better controllability [40]

large torque to inertia ratio
higher efficiency with increased reliability
higher speed ranges

L LA/ *, , L7
0‘0 o, 0 o L 0.0
U T, ) *, * 7
.'..‘ L) .‘ 0.‘ ... ..Q ...

Therefore, for innumerous applications, PMBLDC motors are used as a replacement for AC
motors and these motors also reduce the overall system weight. Its market is rapidly growing. In
comparison to induction motor, PMBLDC motors possess some distinct advantages such as
higher power density, higher efficiency, and simpler controllability. Hence PMBLDC motors are
becoming more and more attractive solution than induction motors for many industrial
applications, such as compressors, electrical vehicles, and DVD players etc. [6].

Compared to permanent magnet synchronous machines (PMSMs), PMBLDC motor has the
advantage of high-speed adjusting performance and high power density. It is less expensive due
to the concentrated windings which shorten the end windings compared to three-phase feeding
PMSM |[7]. For the commutation of PMBLDC motor, three hall-effect sensors are usually used
as position sensors to detect the current commutation points that occur at every 60 electrical
degrees. Therefore, a relatively low cost drive is achieved when compared to a PMSM drive.
Because expensive high resolution position sensors, such as optical encoder have to be used for
PMSM drive. While PMSM drives require a precision rotor position sensor, such as encoder,
PMBLDC drives only require discrete position sensors, such as Hall devices. Therefore, in
general, PMBLDC drives are relatively low cost compared to PMSM [45]. By virtue of cost, for
efficiency and higher power density of PMBLDC motors are well suited for automotive fan and
fuel pump applications [8].
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Introduction

In recent years, PMBLDC motor is receiving more interest for automotive applications. This is
due to the higher reliability, longevity, lower maintenance, and quieter operation of PMBLDC as
compared to brushed dc motor. For continuing improvements in power semiconductors and
controller ICs as well as the permanent magnet brushless motor production, PMBLDC motors
become reliable cost-effective solutions for a broad range of adjustable speed applications. As
matter of fact, PMBLDC motors are being currently used in power steering, engine cooling fan,
fuel or water pump, air-conditioning compressor, ventilating, and air-conditioning blower motors

19].

During the last decades, for home appliances energy saving has been one of the important issues.
Compressor is the device which consumes most of the electrical energy in air conditioners and
refrigerators. PMBLDC motor holds high efficiency over the entire operating range and is easily
controlled because the torque of the motor is proportional to the input voltage. For these reasons,
the PMBLDC motor is expanding its application in compressor markets [10]. Small power (up to
1 Nm torque) and small starting torque applications (blowers, pumps), single phase PMBLDC
motor presents a growing interest particularly in the residential and automotive industry [11].

1.2 Literature Review

Permanent Magnet AC (PMAC) and Permanent Magnet DC (PMDC) machines are two types of
permanent magnet electric machines [12]. Depending on the type of back EMF, PMAC
machines can be classified into two types. The first type of motor is referred to as Permanent
Magnet Synchronous Motors (PMSM). These produce sinusoidal back EMF and should be
supplied with sinusoidal current. The second type of PMAC motor is called Permanent Magnet
Brushless DC (PMBLDC) motors because of its trapezoidal shaped back EMF and rectangular
shaped currents are to be fed to these motors [45]. The PMDC machines are similar with the DC
commutator machines. The only difference is that permanent magnets are used instead of the
electromagnetic field windings. Besides in case of PMBLDC motor, the field is generated by the
permanent magnets placed on the rotor, the brushes and the commutator do not exist in this
machine type. The absence of a commutator and brushes or slip rings in the PMBLDC motors
reduces maintenance needs and raises mechanical reliability. For this reason the PMBLDC motor
is simpler and more attractive to use instead of brushed DC motor [13]-[14]. The commutation of
PMBLDC motor is done electronically, hence it is simple to control the torque and RPM of the
motor even at much higher speed [15].

The transformation of machine equations to the well-known d,q reference frame is not
appropriate for modeling and simulation of PMBLDC motor drives because of the trapezoidal
back EMF and the consequent no sinusoidal variation of the motor inductances with rotor angle.
For non-sinusoidal flux distribution, it is prudent to drive a model of the PMBLDC motor in
natural or phase variables [16]. Detail mathematical modeling for PMBLDC motor on the basis
of phase variables is pictured in [17]. Modeling of trapezoidal shaped back EMF using rotor
position information is also performed. Fuzzy logic controller based square current fed PWM
current control scheme is used for PMBLDC motor speed control drive.
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A space vector PWM based PMBLDC motor modeling and simulation are provided in [18]. Both
continuous and discrete time models are considered in this study. Torque is calculated on the
basis of back EMF, phase currents and speed. Switching to proper space vector is done using
torque error and position of the field. Fuzzy Logic based PI controller adjustment system is used
in this control system. A mathematical model of a PMBLDC motor has been proposed in [19]
with a trapezoidal back EMF function for sensorless operation. A standard mathematical model
of a PMBLDC motor in the a, b, ¢ reference frame which is suitable for simulation of the six-step
control strategy, and a mathematical model of a PMBLDC motor in the d, q reference frame
suitable for standard and modified field oriented control strategies are presented in [20].

An approach of field oriented control (FOC) of a PMBLDC motor to produce a significantly
reduced torque ripple is also proposed in [20]. A simple predicted current control scheme for
PMBLDC motor to reduce the torque ripple in the commutation and conduction region is used in
[21] to keep the constant torque during the conduction and commutation region. In this proposed
control system, the inverse function of back EMF is used to consider the back EMF characteristic
in the conduction region. Brief comparative study of three different control schemes 1.¢.
sinusoidal field oriented control, field oriented control and hysteresis control of a PMBLDC
motor primarily on the aspect of output torque ripple is given in [22].

The most popular way to control PMBLDC motors is by PWM current control in which a two
phase feeding scheme is considered with variety of PWM modes such as soft switching, hard
switching etc. Three hall-effect sensors are usually used as position sensors to detect the current
commutation points that occur at every 60 electrical degrees [46]. Generally current control is
used in PMBLDC motor drives by assuming that torque is proportional to the phase current. In
practice there is nonlinear relationship between phase current and torque. To minimize torque
pulsation, various current control strategies are used by employing pre-optimized waveforms for
the reference current. An optimal current excitation scheme which resulted ripple-free torque is
proposed in [23]. Since this control strategy is on the basis of d-g axes transformation, it could
not respond to rapid torque changes.

In a conventional commutation method current amplitude is kept constant, but in [24] current
amplitude is adapted to the rotor position to reduce the torque ripple in PMBLDC motor drives.
For this purpose, an optimum reference current is computed based on the phase back-EMF
waveform. Comparison of the PWM control and the PAM control for high-speed PMBLDC
motor is introduced in [25]. PMBLDC motor can be driven by either pulse width modulation
(PWM) techniques with a constant DC-link voltage or pulse amplitude modulation (PAM)
techniques with an adjustable DC-link voltage. This paper messaged that for high speed

operation PAM control is superior to the PWM control.

PMBLDC motor is usually driven by a three-phase full-bridge inverter employing a two-phase
conduction method [26]-[27]. For proper commutation of the phase currents, the conventional
PMBLDC motor, rotor position must be obtained by the position sensors [28]. In order to obtain
an accurate and ripple free instantaneous torque of the PMBLDC motor, the commutation logic
of the inverter transistors is provided by the position sensors, such as Hall sensors. It is well
known that the PMBLDC motor requires six discrete rotor positions for commutation, and three
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hall sensors are always used to generate the position signals [29]. Hall sensors used as rotor
position encoder are advantageous for simple control algorithm and mature application [30]. But
there are some constraints to the position sensors including high cost, installation difficulty of
mechanics, misalignment in Sensors, running in extreme ambient conditions, electromagnetic
interference introduce error in the position information and poor reliability [28], [30], [31].
Moreover, the high placement accuraCy of Hall sensors is hard to achieve, which will increase
the motor power loss at the steady state in the high speed region. When the motor is
commutating with the ideal commutation instants, the motor can work at maximum efficiency
[27]. So the development of sensorless PMBLDC motor drives has been a hot research issue in
recent years.

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
PMBLDC motor drives. Solving this problem effectively will open the way for full penetration
of this motor drive into all low cost, high reliability, and large volume applications [32].
Recently sensorless operation of PMBLDC motor using the back EMF information, such as
back-EMF zero crossing, has widely been used and is adequate for small or low-cost application
such as the hard disk drive (HDD) [33].

In the last two decades, many sensorless motor drives have been proposed to eliminate the costly
and fragile position sensor for PMBLDC motors with trapezoidal back-EMF. Sensorless control
based on a hysteresis comparator of terminal voltage and a potential start-up method with a high
starting torque for an automotive fuel pump application is presented in paper [34]. Maximum
commutation phase lag is significantly reduced by adjusting both the resistance ratio and the
output voltage level of the hysteresis comparator. Commutation signal is nearly in phase with the
back EMF in [34].

By the zero crossing point (ZCP) of back EMFs with 30° phase shift [26] or the ZCPs detection
of the three-phase line-to-line voltages without 30° phase shift, commutation instants are
estimated [35]-[36]. A simple technique to detect back EMF zero crossings for a PMBLDC
motor using the line voltages is proposed in [35]. Only three motor terminal voltages need to be
measured thus eliminating the need for motor neutral voltage in this proposed technique. For
current commutation, virtual Hall signals are developed in [36] by a novel sensorless method
using line-to-line voltages that are calculated from the measured terminal voltages. Cost saving is
achieved by reducing the number of inverter power switches and also by elimination of the
position Hall-effect sensors. The motor neutral voltage is required to get the ZCP of phase back
EMFs [26], but the neutral line of the motor is usually not extracted. To obtain the virtual neutral
voltage, a resistance network composed by three resistors is used [37]. With sensorless control
method based on the virtual neutral voltage, a hybrid drive method combining PWM and PAM
techniques is also reported in [37].
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In [38], an offline finite element method assisted position and speed observer for PMBLDC
motor drive is investigated. The zero crossing of the line-to-line PM flux linkage occurs right in
the middle of two commutation points and is used in [38] as a basis for the position and speed
observer. The line-to-line PM flux linkage can be estimated from measured phase currents and
measured line-to-line voltages.

Rotor position information can also be extracted from zero sequence voltage signals [13]. Paper
[39] presents a new 12-step sensorless drive for brushless dc motor based on back EMF
differences, which are estimated from the disturbance observer structure. The rotor-position
signals are constructed in [40] by the two-phase terminal voltages without using the neutral
voltage signal of the motor, which can be used for commutation. Initial rotor position is
estimated in [41] based on the stator inductance variation due to the influences of the saturation
of the stator iron and the flux due to the position of the rotor magnets. This paper only presents a
method for determining the initial rotor position of a brushless dc machine at standstill without a
position Sensor. Integration of third harmonic back EMF and the phase-locked loop technique are
used in [42] and provides controllable advanced commutation to the PMBLDC motor.

Direct Torque Control (DTC) strategies allow a direct control of the electromagnetic torque and
the stator flux through the application of suitable combinations of the inverter control signals.
DTC strategies have been extensively implemented in induction machine drives. In 1986, DTC
strategy has been first invented by Takahashi and Noguchi for induction motor drives [43]. The
most recent and highly performed DTC strategy has been proposed by Zhu and Leong [44]. Such
strategy exhibits a vector selection table simply reduced to the torque control with a two-phase
conduction mode during sequences and three phase conduction mode during sector-to-sector
commutations.

The paper [45] considers the application of direct torque control. to a three-phase PMBLDC
drive operating in the 120° conduction mode (i.e. two phases conducting) to achieve
instantaneous torque control and reduced torque ripple. Application of DTC scheme is extended
to PMBLDC motor drives to minimize the torque ripples and torque response time as compared
to conventional PWM current controlled PMBLDC motor drives [45]. Difference between the
implementation of DTC to PMBLAC and PMBLDC drives is also depicted in [45]. The main
difference is in the estimation of torque and the representation of the inverter voltage vectors. It
has been shown that DTC is capable of instantaneous torque control and thereby, of reducing
torque pulsations [45].

In paper [45], the voltage space vectors in a two-phase conduction mode are defined and a
stationary reference frame electromagnetic torque equation is derived for PMBLDC motor. It is
claimed that the electromagnetic torque and the stator flux linkage amplitude of the DTC of
PMBLDC motor under two phase conduction mode can be controlled simultaneously. In paper
[46], the DTC of a BLDC motor drive operating in two-phase conduction mode, proposed in
[45], is further studied and simplified to just a torque controlled drive by intentionally keeping
the stator flux linkage amplitude almost constant by eliminating the flux control in the constant
torque region. Since the flux control is removed, fewer algorithms are required for the proposed
control scheme.
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The DTC for BLDC motor drive using two phase conduction mode in the constant torque region
with rotor position estimation has been implemented in [46]-[47]. Unlike conventional six-step
PWM current control, by properly selecting the inverter voltage space vectors in the two-phase
conduction mode from a simple look-up table at a predefined sampling time, a much faster
torque tesponse is achieved compared to conventional PWM current control. The position
sensorless direct torque and indirect flux control of PMBLDC motor with non-sinusoidal back-
EMF has been extensively investigated in [48] using three-phase conduction scheme with six-
switch inverter and so the motor could operate in the field weakening region by properly
selecting the d-axis current reference in the proposed DTC scheme.

Indeed, referring to Masmoudi et al. [1], the proposed novel DTC strategy makes it possible the
improvement of the drive reliability for balancing of the switching frequencies of the inverter
upper and lower IGBTs and significantly reduces the average value of the motor common mode
voltage. This has been carried out through the application of appropriate null voltage vectors to
decrease the electromagnetic torque. Furthermore, in [1] the torque ripple has been notably
damped during sector-to-sector commutations because of the substitution of the two-level torque
controller by a three-level one which makes it much appropriate the three-phase conduction
mode adopted during sector-to-sector commutations.

Ref. [2] demonstrates the application of four-switch two-phase conduction DTC scheme for
PMBLDC motor drives in the constant torque region. A look-up table for the two-phase voltage
selection has been proposed to provide faster torque response. In addition, a novel switching
pattern incorporating with the voltage vector look-up table has been developed for the two-phase
four-switch DTC of a PMBLDC motor for effective torque control. Pre-stored back EMF versus
electrical rotor position look-up tables are used in the torque estimation to eliminate the low-
frequency torque oscillations caused by the non-ideal trapezoidal shaped back EFM. Compared
to the three-phase DTC technique, this approach [2] eliminates the flux control and only torque is
considered in the overall control system.
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1.4 Scope of the Present Study

Comprising with above mentioned many special features, characteristics and applications of
PMBLDC motor, it has been found very prominent field of research. PMBLDC motor drive is
largely maintenance free, which ensures the most efficient operation. From the research over
PMBLDC motor until now, it shows that, in future market PMBLDC motor drive could become
an emerging competitor for the induction motor and PMSM drive in many industrial
applications. So now there is a great challenge to imprové the performance of PMBLDC motor
drive with accurate speed tracking and sufficient torque output during transient as well as steady

state condition such that it can meet the expectation of future market demand.

High performance PMBLDC motor drives are very much popular in modern industries. There
are various control laws to implement these high performance drives. The PMBLDC motor drive
technologies are now in immature state. However, a good number of researchers have been
working in this field to improve the control methodologies. The main methodologies of high
performance control are the field orientated control and direct torque control.

Since PMBLDC motor does not use brushes for commutation. It is electronically commutated.
For electronic commutation, rotor position information must be needed for stator current
commutation. Generally position sensors such as Hall-effect sensors or optical encodes are
employed to provide rotor position information for commutation. But considering the high cost,
poor reliability and installation difficulty of high resolution position sensor, it is the right time to
think about a position sensorless PMBLDC motor drive for industrial applications. The
development of the PMBLDC motor sensorless operation has been a hot issue in recent years.

The main purpose of my research is to establish the sensorless high performance field oriented
controlled and direct torque controlled PMBLDC motor drives without (i) zero crossing point
detection, (ii) the integration of the silent phase’s back EMF to get the commutation instants, (iii)
utilizing the third harmonic of the back EMF to determine the commutation instants, and (iv)
utilizing phase current flowing through a freewheeling diode in silent phase. Sufficient torque
output is an important issue for a motor to evaluate its performance for industrial application.
Therefore, a novel approach for enhancing torque handling capacity is also proposed for the
sensorless high performance field oriented vector controlled PMBLDC motor drive.
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1.3 Objectives

The main objectives of the proposed research work are_

*
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.
e
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L

To compare the performance of adaptive PI controller based field oriented vector controlled
current fed delta modulated PMBLDC motor drive with the scalar control drives at direct
axis current component is equal to 1.0 and at direct axis current component equal to
quadrature axis current component.

To propose a novel approach to enhance the torque handling capacity of a PMBLDC motor
drive without exceeding the maximum current rating of the motor, by only changing the
reference current of PWM modulator.

Instead of using rotor position or speed sensor, two novel algorithms are proposed to estimate
the rotor position and speed to perform the operation of position sensorless field oriented
vector control of PMBLDC motor. The performance of these proposed algorithms for
position sensorless operation of field oriented vector controlled PMBLDC motor drive are
compared.

To develop a high performance PMBLDC motor drive to increase the torque handling
capacity of a PMBLDC motor drive without exceeding the maximum current rating of the
motor and without high cost and high resolution speed sensor Or rotor position encoder.

To propose a novel position sensorless two phase conduction direct torque controlled
PMBLDC motor drive keeping stator flux linkage amplitude almost constant and to compare
the performance of this proposed drive with the conventional position sensored direct torque
controlled PMBLDC motor drive.
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1.4 Dissertation Organization

The work presented in this thesis is organized in eight chapters. These eight chapters are
structured as follows:

Chapter 1 is entitled "Introduction”. This chapter includes the motivation and the objectives of
this research work. Brief literature review in field of PMBLDC motor drives is also introduced.

Chapter II is entitled "Overview and Mathematical Modeling of PMBLDC Motor". This
chapter describes the basic operating principle and construction of PMBLDC motor. Comparison
of PMBLDC motor with brushed DC motor and AC motors are presented. It includes
mathematical model of PMBLDC motor on the basis of phase variables.

Chapter 111 is entitled "Field Oriented Control of PMBLDC Motor". It describes scalar
control and field oriented vector control strategies for machine drives. A field oriented control
drive for PMBLDC motor is proposed in this chapter. The performance of this proposed drive is
compared with the scalar controlled PMBLDC motor drive at direct axis current component is
equal to 1.0 and at direct axis current component equal to quadrature axis current component
through the simulation results.

Chapter 1V is entitled "Novel Approach to Enhance Torque Handling Capacity of
PMBLDC Motor Drives". A novel approach to enhance the torque handling capacity of a
PMBLDC motor without exceeding the maximum rated current of the motor is proposed in this
chapter. Simulation results are depicted to show that 25% torque handling capacity can be
increased than the conventional PMBLDC motor drives.

Chapter V is entitled "Field Oriented Control of PMBLDC Motor without Position Sensor".
It includes position sensorless operation for field oriented vector controlled PMBLDC motor
drive. Novel rotor flux estimation and rotor position estimation algorithms are proposed for
position sensorless operation. Two different approaches to estimate the speed of PMBLDC
motor are also presented in this chapter for speed sensorless operation. A comparison between
actual and estimated quantities is discussed through the simulation results for evaluating the
performance of proposed flux estimator, rotor position estimator and speed estimator.
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Chapter VI is entitled "High Performance Controlled PMBLDC Motor Drives". In this
chapter approach to enhance the torque handling capacity, approach for position sensorless
operation and approach for field oriented control are incorporated in a single PMBLDC motor
drive to make a high performance system. All advantages of these three strategies are present in
this high performance PMBLDC motor drive.

Chapter VII is entitled "Direct Torque Control of PMBLDC Motor without Position
Sensor". A novel two phase conduction direct torque controlled PMBLDC motor drive without
position sensor is proposed. This proposed direct torque control drive is compared with a
conventional position sensored two phase conduction direct torque controlled PMBLDC motor
drive. Both of these drives, flux control is ignored by keeping stator flux linkage amplitude
almost constant in the constant torque region due to achieve faster torque response.

Chapter VIII is entitled "Conclusion”. An appropriate conclusion and recommendations for
future work are drawn here.
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Chapter 11

Overview and Mathematical Modeling of
PMBLDC Motor

Chapter Outlines:

2.1 Introduction

2.2 Construction of PMBLDC Motor

2.3 Operating Principle of PMBLDC Motor
2.4 PMBLDC Drives Operation with Inverter
2.5 Comparison of Various Motor Types

2.6 Mathematical Model of PMBLDC Motor
2.7 Conclusion
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2.1 Introduction

Permanent magnet machines are classified as permanent magnet AC (PMAC) and permanent
magnet DC (PMDC) machines. Classification of permanent magnet machine is shown in Fig.
72 1. The PMDC machines are similar with the DC commutator machines; the only difference is
that permanent magnets are used instead of the electromagnetic field windings. Besides in case
of PMAC motor, the field is generated by the permanent magnets placed on the rotor, the brushes
and the commutator does not exist in this machine type. For this reason the PMBLDC motor is
simpler and more attractive to use instead of PMDC [12]. Depending on the type of back EMF,
PMAC machines can be classified into two types. The first type of PMAC motor is called
Permanent Magnet Brushless DC (PMBLDC) motors because of its trapezoidal shaped back
EMEF and rectangular shaped currents are to be fed to these motors. The second type of motor is
referred to as Permanent Magnet Synchronous Motors (PMSM). These produce sinusoidal back
EMF and should be supplied with sinusoidal current. Based on the rotor configuration the PM
synchronous machine can be further classified as Surface Mounted Permanent Magnet
Synchronous Motor (SMPMSM) and Interior Permanent Magnet Synchronous Motor (IPMSM).

Permanent Magnet Machine

Permanent Magnet AC Machine Permanent Magnet DC Machine

(PMAC) (PMDC)
Permanent Magnet Permanent Magnet
Brushless DC Motor Synchronous Motor
(PMBLDC) (PMSM)
Surface Mounted Permanent Interior Permanent Magnet
Magnet Synchronous Motor Synchronous Motor
(SMPMSM) (IPMSM)

Fig. 2.1: Classification of permanent magnet machine
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In a permanent magnet machine, the DC field winding of the rotor is replaced by a permanent
magnet to produce the air-gap magnetic field. Having the magnets on the rotor, some electrical
losses due to field winding of the machine get reduced and the absence of the field losses
improves the thermal characteristics of the PM machines hence its efficiency. Also lack of
mechanical components such as brushes and slip rings makes the motor lighter, high power to
weight ratio which assure a higher efficiency and reliability. PM machines also have some
disadvantages. At high temperature, the permanent magnet gets demagnetized. It has difficulties
to manufacture and high cost of PM material.

A permanent magnet brushless dc motor is a dc motor turned inside out, so that the field is on the
rotor and the armature is on the stator. The brushless dc motor is actually a permanent magnet ac
motor whose torque-current characteristics mimic the dc motor. Instead of commutating the
armature current using brushes, electronic commutation is used. This eliminates the problems
associated with the brush and the commutator arrangement, for example, sparking and wearing
out of the commutator-brush arrangement, thereby, making a PMBLDC more rugged as
compared to a DC motor. Having the armature on the stator makes it easy to conduct heat away
from the windings, and if desired, having cooling arrangement for the armature windings is much
easier as compared to a dc motor. PMBLDC is a modified PMSM motor with the modification
being that the back EMF is trapezoidal instead of being sinusoidal as in the case of PMSM.

2.2 Construction of PMBLDC Motor

As the name implies, PMBLDC motors do not use brushes for commutation; instead, they are
electronically commutated. PMBLDC motors are a type of synchronous motor. This means the
magnetic field generated by the stator and the magnetic field generated by the rotor rotates at the
same frequency. PMBLDC motors do not experience the “slip” that is normally seen in induction
motors. PMBLDC motors come in single-phase, 2-phase and 3-phase configurations.
Corresponding to its type, the stator has the same number of windings. Out of these, 3-phase
motors are the most popular and widely used. This thesis focuses on 3-phase PMBLDC motors.

2.2.1 Stator

The stator of a PMBLDC motor consists of stacked steel laminations with windings placed in the
slots that are axially cut along the inner periphery as shown in Fig. 2.2. The stator is balanced
phase wound. Traditionally, the stator resembles that of an induction motor. However the
windings are distributed in a different manner. Most PMBLDC motors have three stator
windings connected in star fashion. Each of these windings is constructed with numerous coils
interconnected to form a winding. One or more coils are placed in the slots and they are
interconnected to make a winding, Each of these windings is distributed over the stator periphery
to form an even numbers of poles. There are two types of stator windings variants such as
trapezoidal and sinusoidal. This differentiation is made on the basis of the interconnection of
coils in the stator windings to give the different types of back EMF. As their names indicate, the
trapezoidal motor gives a back EMF in trapezoidal fashion and the sinusoidal motor’s back EMF
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is sinusoidal. In addition to the back EMF, the phase current also has trapezoidal and sinusoidal
variations in the respective types of motor. This makes the torque output by a sinusoidal motor
smoother than that of a trapezoidal motor. However, this comes with an extra cost, as the
sinusoidal motors take extra winding interconnections because of the coils distribution on the
stator periphery, thereby increasing the copper intake by the stator windings.

Depending upon the control power supply capability, the motor with the correct voltage rating of
the stator can be chosen. Forty-eight volts, or less voltage rated motors are used in automotive,

robotics, small arm movements and so on. Motors with 100 volts or higher ratings, are used in
appliances, automation and in industrial applications.

Fig. 2.2: Stator of a PMBLDC motor

2.2.2 Rotor

The rotor is made of permanent magnet and can vary from two to eight pole pairs with alternate
North (N) and South (S) poles. Based on the required magnetic field density in the rotor, the
proper magnetic material is chosen to make the rotor. Ferrite magnets are traditionally used to
make permanent magnets. As the technology advances, rar¢ earth alloy magnets are gaining
popularity. The ferrite magnets are less expensive but they have the disadvantage of low flux
density for a given volume. In contrast, the alloy material has high magnetic density per volume
and enables the rotor to compress further for the same torque. Also, these alloy magnets improve
the size-to-weight ratio and give higher torque for the same size motor using ferrite magnets.
Neodymium (Nd), Samarium Cobalt (SmCo) and the alloy of Neodymium, Ferrite and Boron
(NdFeB) are some examples of rare earth alloy magnets. Continuous research is going on to
improve the flux density to compress the rotor further. Fig. 2.3 shows cross sections of different
arrangements of magnets in a rotor.
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S
Circular core with magnets Circular core with rectangular Circular core with rectangular
on the periphery magnets embedded in the rotor magnets inserted into the rotor core

Fig. 2.3: Rotor magnet cross sections
2.2.3 Rotor Position Sensors

Unlike a brushed DC motor, the commutation of a PMBLDC motor is controlled electronically.
To rotate the PMBLDC motor, the stator windings should be energized in a sequence. It is
important to know the rotor position in order to understand which winding will be energized
following the energizing sequence. Rotor position is sensed using Hall effect sensors embedded
into the stator. Most BLDC motors have three Hall sensors embedded into the stator on the non-
driving end of the motor. Whenever the rotor magnetic poles pass near the Hall sensors, they
give a high or low signal, indicating the N or S pole is passing near the sensors. Based on the
combination of these three Hall sensor signals, the exact sequence of commutation can be
determined.

Stator Windings

Hall Sensors Rotor Magnet S

Driving End of the Shaft
Hall Sensor Magnets

Fig. 2.4: PMBLDC motor transverse section
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Fig. 2.4 shows a transverse section of a PMBLDC motor with a rotor that has alternate N and S
permanent magnets. Hall sensors are embedded into the stationary part of the motor. Embedding
the Hall sensors into the stator is a complex process because any misalignment in these Hall
sensors, with respect to the rotor magnets, will generate an error in determination of the rotor
position. To simplify the process of mounting the Hall sensors onto the stator, some motors may
have the Hall sensor magnets on the rotor, in addition to the main rotor magnets. These are a
scaled down replica version of the rotor. Therefore, whenever the rotor rotates, the Hall sensor
magnets give the same effect as the main magnets. The Hall sensors are normally mounted on a
PC board and fixed to the enclosure cap on the non-driving end. This enables users to adjust the
complete assembly of Hall sensors, to align with the rotor magnets, in order to achieve the best
performance. Based on the physical position of the Hall sensors, there are two versions of output.
The Hall sensors may be at 60° or 120° phase shift to each other. Based on this, the motor
manufacturer defines the commutation sequence, which should be followed when controlling the
motor. The position of the rotor can also be sensed by using an optical position sensors and its
associated logic. Optical position sensors consist of phototransistors (sensitive to light),
revolving shutters, and a light source. The output of an optical position sensor is usually a logical
signal.

2.3 Operating Principle of PMBLDC Motor

PMBLDC motor operation is based on the attraction or repulsion between magnetic poles. Using
the three-phase motor shown in Fig. 2.5, the process starts when current flows through one of the
three stator windings and generates a magnetic pole that attracts the closest permanent magnet of
the opposite pole. The rotor will move if the current shifts to an adjacent winding. Sequentially
charging each winding will cause the rotor to follow in a rotating field. The torque depends on
the current amplitude and the number of turns on the stator windings, the strength and the size of
the permanent magnets, the air gap between the rotor and the windings, and the length of the
rotating arm.
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Fig. 2.5: Pictorial view of operating principle of PMBLDC motor

17



Overview and Mathematical Modeling of PMBLDC Motor

PMBLDC motor is defined as a permanent synchronous machine with rotor position feedback.
The basic block diagram PMBLDC motor drive is shown Fig. 2.6. This motor drive consists of
four main parts power converter, rotor position sensors, control algorithm and PMBLDC motor.

The power converter transforms power from the source to the PMBLDC motor which in turn
converts electrical energy to mechanical energy. One of the salient features of the PMBLDC
motor is the rotor position sensors ,based on the rotor position and command signals which may
be a torque command ,voltage command ,speed command and so on the control algorithms
determine the gate signal to each semiconductor switch in the power electronic converter.

Power PMBLDC
Converter Motor
" N
Control P Position
Algorithm Sensors

Fig. 2.6: Basic block diagram of PMBLDC motor drive

2.4 PMBLDC Drives Operation with Inverter

Basically PMBLDC motor is an electronic motor and requires a three-phase inverter as shown in
Fig. 2.7. In self-control mode the inverter acts like an electronic commutator that receives the
switching logical pulse from the absolute position sensors. So the drive is known as an electronic
commutated motor drive. Basically the inverter can operate in the following two modes.

”{j%“ & S
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l:""' . Rotor
Position
_I -! }—{ % - C% Sensor
ff i1ttt
Controller @

Fig. 2.7: PMBLDC drives operation with inverter
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2.4.1 2 Angle Switch ON Mode

Inverter operation in this mode with the help of the wave form is shown in Fig. 2.8. The six
switches of the inverter (T1-T6) operate in such way so as to place the input dc current Ig¢
symmetrical for 333 angle at the center of each phase voltage wave. It can be seen that any

instant, two switches are ON, one in the upper group and anther is lower group. For example at
any instant time t;, switch T1 and T6 are ON when the supply voltage V. and current I4c are
placed across the line ab (phase A and phase B in series) so that I is positive in phase a. But
negative in phase b then aﬁer% interval (the middle of phase A). T6 is turned OFF and T2 is

turned ON but T1 continues conduction of the full 335 angle. This switching commutates —lac

from phase b to phase ¢ while phase a carry +l4c. The conduction pattern changes every g angle

indication switching modes in full cycle. The absolute position sensor dictates the switching or
commutation of devices at the precise instants of wave. The inverter basically operates as a rotor
position sensitive electronic commutator.

2.4.2 Voltage and Current Control PWM Mode

In the previous mode the inverter switches were controlled to give commutator function only
: L 2 ; s
when the devices were sequentially ON, OFF ?’T - angle duration. In addition to the commutator

function. It is possible to control the switches in PWM chopping mode for controlling voltage
and current continuously at the machine terminal. There are essentially two chopping modes,
current controlled operation of the inverter. There are essentially two chopping modes such as
feedback mode and freewheeling mode. In both these modes devices are turned on and off on
duty cycle basis to control the machine average current Iy and the machine average voltage Vav-
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Fig. 2.8: Back EMF and current waveform according to Hall position sensors signals of
PMBLDC motor drive

2.5 Comparison of Various Motor Types

The PMBLDC motor has several advantages over other motors. Table 2.1 and Table 2.2

summarize the advantages of the PMBLD

and an AC induction motor.

C motor when compared against a brushed DC motor

Table 2.1: Comparison of PMBLDC Motor with Brushed DC Motor

Feature PMBLDC Brushed DC Actual Advantage
Motor Motor
Commutation Electronic Mechanical | Electronic  switches replace  the
commutation brushes and | mechanical devices
based on rotor commutator
position
information
Efficiency High Moderate Voltage drop on electronic device is
smaller than that on brushes
Maintenance Little/None Periodic No brushes/commutator maintenance
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Feature PMBLDC Brushed DC Actual Advantage
Motor Motor
Thermal Better Poor Only the armature windings generate
Performance heat, which is the stator and is connected
to the outside case of the PMBLDC; The
case dissipates heat better than a rotor
located inside of brushed DC motor
Output Power/ High Moderate/Low | Modern permanent magnet and no rotor
Frame Size losses
(Ratio)
Speed/Torque Flat Moderately | No brush friction to reduce useful torque
Characteristics flat
Dynamic Fast Slow Lower rotor inertia because of
Response permanent magnets
Speed Range High Low No mechanical limitation imposed by
brushes or commutator
Electric Noise Low High No arcs from brushes to generate noise,
causing EMI problems
Lifetime Long Short No brushes and commutator

Table 2.2: Comparison of PMBLDC Motor with AC Induction Motor

Feature PMBLDC AC Induction Motor Actual Advantage
Motor
Speed/Torque Flat Nonlinear; lower torque at | Permanent magnet design with
Characteristics lower speeds rotor position feedback gives
PMBLDC higher starting and
low speed torque
Output Power/ High Moderate Both stator and rotor have
Frame Size windings for induction motor
(Ratio)
Dynamic Fast Low Lower rotor inertia because of
Response permanent magnet
Slip Between No Yes; rotor runs at a lower PMBLDC is a synchronous
Stator And frequency than stator by slip | motor, induction motor is an
Rotor frequency and slip increases asynchronous motor
Frequency with load on the motor

The primary disadvantage of PMBLDC is cost, though this is no inherent reason due to the
motor itself. The construction of a PMBLDC motor is actually simpler than that of brushed DC
motor or AC induction motor. The higher cost of PMBLDC motor is caused by the additional
driver circuit for PMBLDC motor. However if the application requires adj ustable speed, accurate
position control, or requires a driver circuit, then PMBLDC motor is not only advantageous but
also less expensive overall.
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2.6 Mathematical Model of PMBLDC Motor

The flux distribution in PMBLDC motor is trapezoidal and therefore the d-q axes rotor reference
frame model is not applicable. For this non-sinusoidal flux distribution, it is suitable to drive a
model of PMBLDC motor on the basis of phase variables. The permanent magnet creates
trapezoidal field. Therefore the phase back EMF in the PMBLDC motor is trapezoidal in nature
and is the function of the speed wy, and rotor position 6, as shown in Fig. 2.9. From Fig. 2.9, the

phase back EMF's can be expressed as given in Eq. (2.1).

y ': :. ! i
[ 8 & 1

‘ i i

|

|

|

|
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Fig. 2.9: Trapezoidal shaped back EMF of PMBLDC motor

€a ®a(6r)
[eb] = WmAm |Pb 6r) 2.1)
€c @c(6;)

Where, 4,, is the flux linkage, wy, is angular rotor speed in radian per second, 6, is the rotor
position in radian and ©q.(6,), p(6;y)and @, (6,) are three phase rotor flux function of rotor
position having the same shape of 3-phase back EMF eg, ey and e, with a maximum value of 1.
The flux function @, (6,), ©»(6;) and ¢ (6:) are described in Eq. (2.2-2.4) and shown in Fig.
2.10.
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6
e =, 06, <3
1. §59r<5?”
6 5 b
@a(6)={ @=6)7, e 22)
(8, — 2m) <, <2m
06, <3
(— +6,)%, Z<p <=
5 3 .
@p(6:) =1 1 Z<6,<5 (2.3)
-1, <, <2m

[, OSB,.<%
n 6 i 4 m
(G-6)7 sS0<3
pc(6,) =1 —1 %S 6, <12E (2.4)
41 6 T 3r
(-5+a) > =8 =3
Ll, 3—;539?.<21r

23



Overview and Mathematical Modeling of PMBLDC Motor

-01 \ \_ / Ei " \\ S | :'

0 30 60 9 120 150 180 210 240 270 300 330 360 30 60 90 120 150 180 deg.

Fig. 2.10: PMBLDC motor three phase rotor flux @, ¢ and ¢, as function of rotor position

Classical modeling equations are used to model the PMBLDC motor and hence the motor model
is highly flexible. These equations are based on the dynamic equivalent circuit of PMBLDC
motor. Resistance of all the phase windings are assumed to be equal to Ry. By considering ideal
non-salient rotor with uniform reluctance reduces the three phase voltage equation to the form as
shown in Eq. (2.5). Rotor induced currents can be neglected due to the high resistivity of both
magnets and stainless steel. No damper winding are modeled.

Va.s Rs 0 0 ias d Laa Lab Lac ias €q
Vps|=|0 Rs 01 ]is]| + PTS Lpa Lpb Lpc| |ibs| +1€b (2.5)
I’::s 0 0 R s ics Lca ch Lcc 1.1':5 €c

Where,

Vs, Vipss Ves are the phase voltages of stator winding,

i4s) Ips» Lcs are the stator phase currents,

R, is the stator resistance per phase,

Laa, Lpp and L, are the self-inductance of phase a, b and ¢ respectively,
Lgp, Lpc and Lg, are mutual inductance between phases a, b and c.
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It has been assumed that if there is no change in rotor reluctance with angle because of
considering non-salient rotor and then

Lag = Lpp = Lee =L (2.6)
Lap = Lpa = Lbc = Leb = Loc=Lea=M 2.7

By Substituting Eq. (2.6) and Eq. (2.7) in Eq. (2.5) gives_

Vos] [Re O Offlas] , [bs M M][les] [5
lvbs]=[o R UHi,,s\ F= [M L. M] [ibs]-’r[ehl (2.8)
l"::s 0 0 Rs les M M L cs €c

Where phase voltages Vs, Vis and V., are designed as_

Vas = Vao — Vo (2.9
Vs = Voo — Vo (2.10)
Ves = Veo — Vo (2-11)

Where Vo, Vio, Veo and Vy,o are three phase and neutral voltages referred to the zero reference
potential at the mid- point of dc link.

The phase currents of stator are considered to be balanced for no neutral connection_
igs+ Ips +ics =0 (2.12)
Miy, + Migs = — Migg (2.13)

Then Eq. (2.13) is used to simplify inductances matrix. Therefore Eq. (2.8) becomes_

Vs R R 1 Li—M 0 0 Ls €q
[Vbs] = [ 0 Re 0] [ibs] 4 EE [ 0 L. —M 0 ] [ibs] + [eb] (2.14)
Ves 0 0 Rollliz 0 0 Ls — Ml Ligs ec

It is significant to observe that the phase voltage equation in Eq. (2.14) is identical to armature
voltage equation of DC machine. That is one of reasons for naming this motor as Permanent
Magnet Brushless DC motor. Eq. (2.14) in state space form is_

x=Ax +Bu+Ce (2.15)
Where, x = [lgs ips lcs]© (2.16)
u = [Vas Vbs Vis] (2.17)
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e=[e, ey ecl’ (2.18)
CalaRe 0 0
Ls—M
A=| © e (2.19)
0 0 —-——LRjM
g 0 0
Lg—M
5 3
=i == 0 (2.20)
0 0 — iM
sl 0 0
L—M
c=| o0 —I—i; 0 (2.21)
0 0 -— iM

The system consists of two other mechanical variables as described now. The electromagnetic
torque developed is given by Eq. (2.22).

T, = [eaias + €pips T ecicsl/wm (Nm) (2.22)

If the system moment of inertia J, friction coefficient B is constant and load torque is T;, then the
system motion equation is_

d T
J 22+ Bay = (T, = 1) (2.23)

J=Jm+h (2.24)
Where, J,,, and J; are the moment of inertia of motor and load respectively. Electrical rotor
position 8, is related with mechanical rotor speed w,, by Eq. (2.25). Here, P is number of poles.

The rotor position 6, repeats every 21 radians. Where w, is electrical angular speed of the
PMBLDC motor.

wp = =5 0m (225)
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The potential of the neutral point with respect to the zero potential (Vi) is required to be
considered in order to avoid imbalance in the applied voltage and simulate the performance of
the drive. This is obtained by substituting Eq. (2.12) in the phase voltage Eq. (2.14) and adding
then give as_

Vao i VbD L Vc{) i 3Vu{]

di di di
= Rs(ia.s + ibs - ics) + U—'s - M)( - b -

TN T

)+(ea+eb+ec)

(2.26)
Substituting Eq. (2.12) in Eq. (2.26) and then V,,, can be calculated.

Vrl(} zL {(Vau"“vbo'*l’:u;_(ea"'eb"‘E‘c)'} (227)

2.7 Conclusion

The brushless motors are generally controlled using a three phase power semiconductor bridge.
The motor requires a rotor position sensor for starting and for providing proper commutation
sequence to turn on the power devices in the inverter bridge. Based on the rotor position, the
power devices are commutated sequentially every 60 degrees. Instead of commutating the
armature current using brushes, electronic commutation is used for this reason it is an electronic
motor. This eliminates the problems associated with the brush and the commutator arrangement,
for example, sparking and wearing out of the commutator brush arrangement, thereby, making a
PMBLDC more rugged as compared to a dc motor.
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3.1 Introduction

Permanent Magnet Brushless DC (PMBLDC) Motors are high power density motors with a huge
scope to be used as an industrial motor in future. But the motor performance degrades due to
improper control actions. Control methods for electric motors can be divided into two main
categories depending of what quantities they control. The scalar control algorithm controls only
magnitudes, whereas the vector control algorithms control both magnitude and angles. The
preferred method for controlling a PMBLDC motor is vector control. Vector control can be
divided into two main types, Field Oriented Control (FOC) and Direct Torque Control (DTC).
The FOC aims to control the current vector and DTC aims to control the torque producing flux
vector.

In this chapter field oriented control of a PMBLDC motor drive is presented. Scalar control of
this PMBLDC motor is also performed at direct axis current component is equal to 1.0 and at
direct axis current component equal to quadrature axis current component. Since the motor has a
trapezoidal field pattern rather than sinusoidal it is desirable to study the motor behavior with
field oriented control and compare that with scalar control. The performances of these control
systems are compared under different transient conditions.

Current fed field oriented control for PMBLDC motor drive is introduced for this motor control.
An adaptive PI controller based on motor speed error is proposed in this chapter to have a
simplified drive system. A hysteresis type current controller is also proposed and implemented.
The drive system is simulated in a C++ environment in discrete form. Transient response and
loading capability of the motor are studied with two different conditions of scalar control. with
flux component of currents.

3.2 Scalar Control Methods

The simplest method to control a PMBLDC motor is scalar control, where the relationship
between voltage or current and frequency are kept constant through the motors speed range. The
frequency is set according to the wanted synchronous speed and the magnitude of the
voltage/current is adjusted to keep the ratio between then constant. No control over angles is
utilized, hence the name scalar control. This makes the method easy to implement and with low
demands on computation power of the control hardware. But its simplicity also comes with some
disadvantages. One of them are instability of the drive system after exceeding a certain applied
frequency, to overcome this the rotor has to be constructed with damper windings to assure
synchronization of the rotor to the electrical frequency. This will limit the number of design
choices for the rotor, e.g. the magnets has to be located on the inside of the damper bars. Most
PMBLDC motors are therefore constructed without damper windings, and they are not suitable
for traditional scalar control. Another drawback is the systems low dynamic performance, which
limits the use of this control method for some applications such as fan and pump-drives. For
applications that demands high dynamic performance, vector control is recommended [49].
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3.3 Vector Control

With control of both magnitude and the angle of the flux it is possible to achieve higher dynamic
performance of the drive system than scalar control can offer. Two different types of strategies
exist for vector control, Field Oriented Control and Direct Torque Control. Direct Torque
Control will be discussed in Chapter VII of this thesis report.

3.3.1 Field Oriented Control

In field oriented control, the direct and quadrature axis current izs and i,s are controlled to
achieve the requested torque. It is possible to achieve a Maximum Torque Per Ampere (MTPA)
ratio to minimize the current needed for a specific torque by controlling igs and igs
independently which maximizes the motors efficiency. For a non-salient machine i.e. Ly = Lg,
this control is easy to implement. A motor without saliency cannot produce any reluctance
torque. Therefore igs has no effect on torque production, and it needs to be zero at all times to
reach MTPA. The torque curves will be linear in the d-q plane and the MTPA trajectory will be
along the quadrature-axis. For a salient machine, i.e. Ly # L, this control is a bit more difficult
to implement since the motor produces both electromechanical and reluctance torque. That’s
why the torque as a function of current in the d-g plane is no longer linear. To reach MTPA, the
minimum distance from the origin to the curve of requested torque has to be calculated [49].

One of the critical parameters for FOC is the need of correct information of the rotor position.
The most common way to do this is Indirect FOC, where a mechanical sensor coupled to the
motors shaft is used for positioning. Another type is Direct FOC where the position is estimated
from the flux or back EMF vector [S0].

Field oriented control is mainly a mathematical technique utilized for achieving a separate control
of the field producing and the torque producing portions of the stator currents in a three-phase
motor. Stator current is decomposed into magnetizing current iy responsible for producing a
magnetic field and quadrature current i,s which controls developed torque as shown in Fig. 3.1
[51].

q-axis

\0‘0 Torque (igs)
e

»
>

Flux (i45) d-axis

Fig. 3.1: Decomposition of stator current for field oriented control.
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In DC motors, the flux and torque producing currents are orthogonal and can be controlled
independently. The magneto motive forces, developed by these currents are also held orthogonal.
The torque developed is given by the Eq. (3.1).

To=ka X @) X1, (3.1)

Where, ¢ (Iy) is flux function of field current and I, is armature current. Hence the flux is only
dependent on the field winding current. If the flux is held constant, then the torque can be
controlled by the armature current. For this reason DC machines are said to have decoupled or
have independent control of torque and flux.

In PMBLDC machines, the stator and rotor fields are not orthogonal to each other. The only
current that can be controlled is the stator current. Field Oriented Control is the technique used to
achieve the decoupled control of torque and flux by transforming the stator current quantities
(phase currents) from stationary reference frame to torque and flux producing currents
components in rotating reference frame. Advantages of FOC_

Transformation of a complex and coupled AC model into a simple linear system
Independent control of torque and flux, similar to a DC motor

Fast dynamic response and good transient and steady state performance

High torque and low current at startup

High Efficiency

Wide speed range through field weakening

* >, * + >,
L od LG R L4

>,
"

FOC technique involves three reference frames and needs tran sformations from one to the other.

< Stator reference frame (g, b, c¢) in which the a, b, c are co-planar, at 120 degrees to each

other.

An orthogonal reference frame (a-f) in the same plane as the stator reference frame in which

the angle between the two axes is 90 degrees instead of 120 degrees. The a axis is aligned

with a axis in the second frame.

% Rotor reference frame (d-g), in which the d axis is along the N and S poles or along the flux
vector of the rotor and the g axis is at 90 degrees to the d axis.

»,
e

3.3.2 Reference Frame Transformations

Clarke and Park transformations are mainly used in vector control architectures. This section
explains the Park, Inverse Park and Clarke, Inverse Clarke transformations.

<% Clarke Transformation

The three-phase quantities are translated from the three-phase reference frame to the two-axis
orthogonal stationary reference frame using Clarke transformation as shown in Fig. 3.2. The
Clarke transformation is expressed by the following equations_
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. A i K F
las =3 (as) = 3 (ips — ics) 3.2)
" 2 2 X
lgs = 7 (ips — ics) (3.3)

An

Ibs

Fig. 3.2: Clarke transformation

< Inverse Clarke Transformation

n from a two-axis orthogonal stationary reference frame to a three-phase

The transformatio
arke transformation as shown in Fig.

stationary reference frame is accomplished using Inverse Cl
3 3 The Inverse Clarke transformation is expressed by the following equations_

Lps B
lﬁs
lgs lgs
B —
L& 4
Les

Fig. 3.3: Inverse Clarke transformation

las = las (34)
. . V3 .
lps = —%las 3 F (3.5)
. ¥ V3.
bes = — S has™ < (85 (3.6)
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& Park Transformation

The two-axis orthogonal stationary reference frame quantities are transformed into rotating
reference frame quantities using Park transformation as shown in Fig. 3.4. The Park
transformation is expressed by the following equations_

igs = iqs c0s(0) + igs sin(0) (3.7)
iqs = ip cos(0) — iqs Sin(6) (3.8)

? B
q
) Ai"-“ d
igs .

-
"ﬂ'.‘.’-‘

Fig. 3.4: Park transformation

& Inverse Park Transformation

The quantities in rotating reference frame are transformed to two-axis orthogonal stationary
reference frame using Inverse Park transformation. The Inverse Park transformation is expressed
by the following equations_

[ = Las €0S(8) — Igs sin(0) (3.9)

igs = las SIN(B) + igs c0s(6) (3.10)
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3.4 Proposed Field Oriented Control System

Field oriented current fed drive for PMBLDC motor control is proposed. The performance of
vector controlled drive is compared with a traditional scalar control drive. The proposed control
drive mainly consists of an adaptive PI controller, field oriented reference current generator,

delta modulated PWM current controller, IGBT voltage source inverter, position sensor, current
sensors and PMBLDC motor as shown in Fig. 3.5.

Permanent Magnet
3¢ Voltage Source Inverter BLDC Motor

Vg =48V

-

][]

) PWM Modulat
Adaptive PI Controller -
Win(ref)

Speed
s
- 2 c“:;:n“ Lgstref) i Las(rer) : las Semsor (n./
w 1 { &
T Current > d,q -ﬂ a,p v, ) W,
Limiter i bs(ref) Ly
igetreny=0 i "
_ﬂf_n_..) a 'ﬂ fatve] a, b,(‘ t{‘l{flf)_‘h D les
|

o,

EHe

i i

Fig. 3.5: Block diagram of field oriented vector controlled current fed PMBLDC motor drive by
using adaptive PI speed controller

W1

T
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3.4.1 Adaptive PI controller Design

In industry PI controller is widely used due to its simple structure and easy to design. In a system
PI controller attempts to correct the error between actual system variable and desired set point.
There are proportional and integral modes of calculation in PI controller. PI controller is
implemented as

e, (t) = Kpe;i(8) + K, [, ei(r) dr (3.11)

Where, e;(t) = Desired reference value - Actual value, K and K; are the proportional and
integral gains of the PI controller respectively. The actual speed of the PMBLDC motor is
compared with its reference speed and the speed error is processed through PI controller to
estimate reference toque by Eq. (3.13).

Speed error, Win(error) (t) = e(t) = Omerep) (t) — w,(t) (3.12)
Tyep(t) = Trep(t — 1) + Kple(t) —e(t — D] + Ke(t) (3.13)

From simulation studies it has been observed that the speed error reduces the effectiveness of the
PI controller & becomes slower due to the nonadjustable nature of gain constants. In this control
systems Kp and K; gain constants are made adjustable with speed by using Eq. (3.14-3.15).
Where, Kpo and K, are initial gain constants of the system, K; and K, are the constant of the
tuner of the proportional and integral gain constants with speed respectively. Thus an adaptive PI
controller is designed. So that speed overshoot in system have to be prevented and settling time to
gain reference speed can be minimized.

Kp =KPG+K1*£UH1 (314)
K, = Kyo + Kz * @ (3.15)

The output of this adaptive P speed controller is the reference torque of the system. A limit has to
be put on the speed controller output depending on the permissible maximum winding currents.
The reference quadrature axis current Izs is determined from the value of reference torque Trey by
using Eq. (3.16). Where K is the torque constant of the PMBLDC motor.

: T, .
[qs(ref} — ref/Kt (316)
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3.4.2 Field oriented control of PMBLDC motor drive

In this proposed control system, three phase reference current is generated by considering direct
axis current igscrery = 0 and by calculated the value of quadrature axis current igsirer) according
to the requested load torque through the adaptive PI controller. The field oriented control system
requires the synchronous d axis current of stator coils forced to zero. For this control system
transformation to different frames is necessary. At fast the currents in rotating d-g reference frame
are transformed to two-axis orthogonal stationary o-B reference frame by using Inverse Park
transformation as shown in Eq. (3.17-3.18). Where 6, is electrical rotor position of the PMBLDC
motor.

Inverse Park Transformation
l.as(ref) = ids[ref) cos (Br) - iqs(ref) Sin(sr) (3-17)
iﬁs(ref) = idS[TBf) Slﬂ.(gr) =+ iqs(re}") Cﬂs(ﬂr) (318)

Now the currents of two-axis orthogonal stationary a-p reference frame have to convert three-
phase stationary a, b, ¢ reference frame through Inverse Clarke transformation mentioned in Eq.
(3.19-3.21).

Inverse Clarke Transformation

laseref) = Las(rer) (3.19)

; 1, V3 . ,

lpsref) = _Elas(ref) + ?Iﬁs(q-ef) (3.20)
; L V3,

lesrer) = — 3 lastrer) — 7 Bstref) (3.21)
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3.4.3 PWM current controller

Delta modulated current control PWM is used for the switching of voltage source inverter. This
hysteresis-band PWM is basically an instantaneous feedback current control method of PWM
where the actual current continually tracks the reference current. When the current exceeds upper
band limit, then the upper switch has to be off and lower switch has to be on. Similarly when the

current exceeds lower band limit, upper switch is on and lower switch is off.
The switching logic which is used in this control drive given below

Ifias < (laserer = hv)

Then switch 1 is ON and switch 4 is OFF (5, = 1)
iz < (laseren) + o)

Then switch 1 is OFF and switch 4 is ON (S; = 0)
Ifips < (ipseres) — Mo)

Then switch 3 is ON and switch is 6 OFF (Sp = 1)
Ifips < (ipscrery + M)

Then switch 3 is OFF and switch 6 is ON (S = 0)
Ifice < (icsrery — o)

Then switch 5 is ON and switch 2 is OFF (S¢ = 1)
i < (icsrepy + o)

Then switch 5 is OFF and switch 2 is ON (S¢ = 0)

Where, h;, is the hysteresis band around reference current. The inverter output voltages according
to the above switching conditions are given below

Vas = 5 [254 — S5 — Scl (3.22)
Vs = 3[—Sa + 255 = 5c] (3.23)
Vis = 3[—Sa— 55 + 25c] (3.24)

Page 37



Field Oriented Control of PMBLDC Motor

3.5 Results and Discussion

The drive system was simulated in a digital computer with software written in C++ environment
in discrete form. The specifications of the simulated PMBLDC motor are described in Appendix.
The sampling time used for this simulation is 0.0000025 second.

3.5.1 Starting characteristics

Starting speed characteristics i.e. time taken by the motor to reach its rated speed (150 rad/s) with
its initial torque (0.4 Nm) for both vector and scalar control of PMBLDC motor drives is shown in
Fig. 3.6. From this graph, it is seen that, PMBLDC vector control drive takes 0.55 seconds to gain
rated speed. For scalar control with iz=1.0 and iz=i,, motor takes 0.63 and 0.96 seconds
respectively. So vector control is suitable to gain rated speed as fast as possible than scalar
control.

150
135 -
120

105

Vector Control (Id=0.0)
Scalar Control (1d=1.0)
——— Scalar Control (Id=lg)

90 -

75 -

Speed (rad/s)

45

30

15 4

Time (sec)

Fig. 3.6: Starting characteristics of PMBLDC motor drives for both vector and scalar field control

Phase current of PMBLDC motor at the time of starting for vector control and scalar control are
depicted in Fig. 3.7. It shows that the amplitude of 3-phase current is 2.5 Amp (rated current of
the motor) at the transient time of starting for both vector and scalar control drives. Starting
current is limited through the current limiter block as shown in Fig. 3.5. Fig. 3.7 also describes
that after gaining rated speed i.e. at steady state motor takes maximum 1 Amp current for iz = 0.0
(vector control), maximum 1.5 Amp current for iy = 1.0 (scalar control), maximum 2.0 Amp
current for iz=i, (scalar control) for initial load torque 0.4 Nm. So that _PMBLDC motor takes
less current at stable condition for vector control drive than scalar control drives.
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Fig. 3.7: 3-Phase starting current of PMBLDC for vector and scalar control
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3-phase back EMF, rotor position curve at the time of starting for vector control PMBLDC drive
is shown in Fig. 3.8. In Fig. 3.9, stator flux linkage trajectories i.e. flux orientation representation

in the stationary ap axes reference frame for b

drives are pictured.

3 Phase Back EMF (V)

3 Phase Back EMF (V)

Rotor Position (radian)

20 ;
o7s 076

104

A5-

oth vector and scalar controlled PMBLDC motor

Time (sec)

(b)

L)
0.25

Time (sec)

(©)

050 0.75

Fig. 3.8: (a) 3-phase back EMF at starting, (b) steady state back EMF at rated speed and (c) rotor
position of vector control PMBLDC motor drive
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Fig. 3.9: Flux orientation representation in the stationary af — axes reference frame for both
vector and scalar controlled PMBLDC motor drive
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3.5.2 Variable speed characteristic

To measure the dynamic performance of the vector and scalar controlled PMBLDC motor drive,
variable speed command is given. Motor runs at speed 100 rad/s. At 1.0 second the speed
command is changed to 75 rad/s and finally at 1.5 second speed command is changed to 150
rad/s. From Fig. 3.10, motor speed follows the reference speed sharply for vector controlled
PMBLDC motor drives than scalar controlled. Scalar control for the case of ig=i4, there is
noticeable difference between reference speed and actual motor speed. From 3-phase current
curve for variable speed condition for vector control as shown in Fig. 3.11, it is seen that, at 1.0
second when the reference speed changes from 100 rad/s to 75 rad/s, there exists no high value of
transient current and undershoot from reference speed for both vector and scalar control.
Condition of back EMF at the time of variable speed is shown in Fig. 3.12.

158

125

-
-

_,
n
1

Speed (rud/s)

— Reference
¥ cetor control (Td=00)
-scalar control (Id=1.0)
——Scalar contreol Jd=Ig)

10 15 20 25
Time (sec)
Fig. 3.10: Comparison between speed responses of PMBLDC motor vector and scalar controlled
drive at dynamic speed changing condition

3 Phase Current (Amp)

T ¥ T i
10 1.5 20 25

Time (sec)
Fig. 3.11: 3-phase current of vector controlled drive for variable speed condition considering
transient current at the interface of speed changes
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Fig. 3.12: 3-phase back EMF at dynamic speed changing condition for Vector controlled
PMBLDC motor drives

3.5.3 Motor characteristics due to load torque change

Now the performance of PMBLDC motor drives for vector and scalar control are determined
under the condition of load torque change. At first motor runs at 150 rad/s rated speed with initial
load torque 0.4 Nm. At time 1.5 second motor is loaded with load torque 1.55 Nm. At that
condition only vector controlled drive can sustain motor speed to its rated value 150 rad/s. But
scalar controlled drive cannot sustain its previous speed as shown in Fig. 3.13. The speed of scalar
controlled drives is gradually decreased after the loading of the motor. It verifies that the load
torque handling capacity of scalar controlled PMBLDC motor drive is very poor than vector
controlled drive.

The rate of gradually fall down speed of scalar drive with i;=1,=1.7677 Amp (To limit current in
rated value 2.5 Amp) is very high than the rate of scalar drive i;=1.0 Amp (i.e. i;=2.29 Amp). So
load torque handling capacity decrease with the increase of the value iy of a scalar drive keeping
the stator current within the maximum value. Maximum load torque have to be given to the scalar
controlled PMBLDC motor drive without hampering the drive stability for iz = 1.0 and i;=i, are
1.4 Nm and 1.0 Nm respectively.

From graphical representation of 3-phase current for sudden load torque change as shown in Fig.
3.14, it summaries that, before stable reference speed stator current is maximum rated current of
the motor. At stable reference speed stator current decreases to 1.0 Amp. But when the rated load
torque is applied, the stator current is about its rated value (2.5 Amp).
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Fig. 3.13: Speed characteristics of PMBLDC motor drives for sudden load torque change at 1.5
second from initial load torque 0.4 Nm to rated load torque 1.55 Nm both for field oriented
vector and scalar control
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Fig. 3.14: 3-phase current of vector controlled PMBLDC motor drives for sudden load torque
change at 1.5 second
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3.5.4 Study of drive system performance due to the change of PMBLDC motor parameters

In this section the performance of the proposed PMBLDC motor drive is tested due to the change
of PMBLDC motor parameters. There is an effect of moment of inertia on staring characteristic
of proposed PMBLDC motor drive as shown in Fig. 3.15. With the rated moment of inertia
(0.0048 kg-mz), the vector control drive takes 0.55 seconds to gain its rated speed. When the
259, moment of inertia is increased, then the vector control drive takes 0.69 seconds to gain rated
speed. Similarly, the scalar control drives with i,=1.0 and i;=i, take 0.77 seconds and 1.17
seconds respectively to gain rated speed, when the moment of inertia is increased by 25% of its
rated value. Here only starting characteristic for vector controlled PMBLDC motor drive is
pictured. So with the increase of moment of inertia, the time taken by the drive to reach its
command speed is increased.

Now consider the steady state consition, motor runs at 150 rad/s rated speed with rated moment
of inertia 0.0048 kg-mz. At time 1.5 second the moment of inertia of the PMBLDC motor is
increased 25% (i.e. 0.006 kg-m?) from its rated inertia. At that condition speed characteristics of
PMBLDC motor drive is shown in Fig. 3.16 for both vector and scalar control. From Fig. 3.16, it
is seen that, there is no effect of change of 25% moment of inertia in speed characteristic i.e. the
drive can sustain motor speed to its rated value 150 rad/s for both vector and scalar control.
Similar scenario is seen for 25% decrease of moment of inertia from its rated value. 3-phase
current of vector controlled PMBLDC motor drives for increasing 25% of motor moment of
inertia at 1.5 second from the rated value is depicted in Fig. 3.17. 1t shows that, there is no effect
of 25% increase of moment of inertia on 3 phase stator current. It is also found that, there is no
effect of 25% increase or decrease of motor inertia on the performance of PMBLDC motor drive
for both vector and scalar control. Here only the speed characteristic is depicted.

The motor parameters of damping constant, stator resistance per phase, self-inductance, and
mutual inductance are changed 25% (both for increasing and decreasing) from its rated value (as
shown in Table 1). But there is no effect on the performance of PMBLDC motor drive for both
vector and scalar control. After the change of every PMBLDC motor parameters at time 1.5
second. similar speed characteristics are found as shown in Fig. 3.16.
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Fig. 3.15: Starting characteristics of PMBLDC motor drives for vector control with moment of
inertia at 0,0048 kg-m? (rated value) and 0.006 kg-m” (125% of rated value)
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Fig. 3.16: Speed characteristics of PMBLDC motor drives for increasing 25% of its moment of
inertia from the motor rated moment of inertia 0.0048 kg—m2 at 1.5 second both for field oriented
vector and scalar control
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Fig. 3.17: 3-phase stator current of vector controlled PMBLDC motor drives for increasing 25%

of motor moment of inertia from the rated value 0.0048 kg-m”

3.6 Conclusion

An adaptive PI speed controller based vector controlled current fed delta modulated PMBLDC
motor drives is designed in this chapter. This section mainly represents the comparison between
vector i.e. field oriented control (i3=0.0) of PMBLDC motor drives and scalar controlled
PMBLDC motor drives. In scalar controlled drives, two cases of iz=1.0 and i;=i, are analyzed.
By considering starting, dynamic speed and load torque changing characteristics, it is clear that,
the performance of vector control PMBLDC drive is superior to scalar control. Vector control is
suitable to gain rated speed as fast as possible than scalar control. PMBLDC motor takes less
current at stable condition for vector control than scalar control. Keeping maximum rated current
of the PMBLDC motor constant, the performance of scalar controlled drives degrades with the
increase of the value iy. Load torque handling capacity of scalar controlled PMBLDC motor
drive is very poor than vector controlled drive. Load torque handling capacity of scalar
controlled PMBLDC motor drives decreases with increasing the value of iy in scalar control
drives. Both the transient and steady state characteristics of vector control current fed PMBLDC
motor drive are outstanding. Performance of the field oriented vector controlled and scalar
controlled PMBLDC motor drives are tested due to the change of PMBLDC motor parameters.
There is no effect of 25% increase or decrease of motor inertia on the performance of PMBLDC
motor drive for both vector and scalar control. The motor parameters of damping constant, stator
resistance per phase, self-inductance, and mutual inductance are changed 25% (both for
increasing and decreasing) from its rated value. But there is also no effect on the performance of
PMBLDC motor drive for both vector and scalar control.
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4.1 Introduction

Permanent Magnet Brushless DC (PMBLDC) Motors are trapezoidal shaped back EMF
permanent magnet AC machine with high power density. Since the motor has a trapezoidal field
pattern rather than sinusoidal it is desirable to study the motor behavior under different current
fed conditions to analyze the developed electromagnetic torque. In this chapter three different
trapezoidal, square and sinusoidal current fed field oriented vector controlled PMBLDC motor
drives are presented. The novel approach of this part is that, the torque handling capacity of a
PMBLDC motor can be increased up to its rated torque by only changing the pattern of reference
current of a field oriented vector controlled PMBLDC motor drive. Toque handling capacity has
to be enhanced without exceeding the maximum current rating of the PMBLDC motor.

In this section, field oriented control of a PMBLDC motor with three different current fed drives
are presented. This part shows how the torque handling capacity of a PMBLDC motor can be
increased up to its rated torque by only changing the reference current of PWM modulator.
Conventionally square and sinusoidal current fed PMBLDC motor drives are implemented. In
this chapter novel trapezoidal current fed drive is proposed because of the trapezoidal shaped
back EMF of PMBLDC motor. The scenario of torque pulsation is also depicted individually for
these three different current drives. A hysteresis type current controller is proposed and
implemented to maintain the actual current flowing into the motor as close as possible to the
reference current. The drive system is simulated in a C++ platform in discrete form. Transient
response, loading capability of the motor and dynamic system performance of PMBLDC motor
are studied for these three different current fed drives.

4.2 Approach to Enhance Torque Handling Capacity

Generally per phase torque is proportional to the product of per phase back EMF and
corresponding per phase current. From Fig. 4.1, it is seen that, for square wave current fed drive
of phase ‘a’, for rotor position 0°-30°, the developed electromagnetic torque in phase ‘a’ is zero
because phase current i, at that time is zero. So the distributed flux at that time (0°-30") is
unutilized for torque production. At that time same positive electromagnetic torque are developed
in phase ‘b’ and in phase ‘¢’ considering balanced phase system. For rotor position 30°-60°, the
developed electromagnetic torque in phase ‘c’ is zero and there are same positive developed
torque in phase ‘a’ and in phase ‘b’. Similarly for the shaded region in Fig. 4.1, the motor cannot
developed any torque. Theoretically this 120” switch on mode is used to generate constant
instantaneous total torque by considering the toque developed in each phase.

Now considering trapezoidal back EMF and trapezoidal reference current waveforms of 3-phase
trapezoidal current fed drives as shown in Fig. 4.3. For rotor position 0"-30, there is a positive
developed electromagnetic torque in phase ‘a’ because phase current i, at that time is not zero.
Similar to the square wave current fed drive, at that time same positive electromagnetic torque are
developed in phase ‘b’ and in phase ‘¢’. So additional torque is found from phase ‘a’ which
contributes to the total developed toque at the rotor position 0"-30" for trapezoidal current fed
drives. But this additional torque is not generated for square current fed drive. So trapezoidal

Page 49



Novel Approach to Enhance Torque Handling Capacity of PMBLDC Motor Drives

current fed drive can utilize the flux of that portion of shaded region in Fig. 4.1. Thus torque
handling capacity for trapezoidal current fed drive is greater than the square current fed drive.
From Fig. 4.3, it is seen that for 0°-30°, instantaneous total developed torque is gradually
increasing from 0° to 30°, but from 30” to 60° instantaneous total developed torque is decreasing at
the same rate of increasing from 0° to 30°. This scenario is same for other rotor position spans in
Fig. 4.3. So for trapezoidal current fed drive the instantaneous total developed toque is not
constant, but the average torque is constant.

From the inspection of Fig. 4.2, it can be understood that, the shaded area i.e. the amount of
unutilized flux of sinusoidal current fed drive for toque generation is little bit greater than the
amount of unutilized flux of square current fed drive. That is the toque handling capacity of
sinusoidal current fed drive is less than the toque handling capacity of square current fed drive.
So trapezoidal current fed drive is superior on the respect of torque generation. Besides toque
handling capacity is increased without exceeds the maximum current rating of the PMBLDC
motor. From Fig. 4.1-4.3, it is seen that, for three different current system the maximum value of
current is maintained constant value ... A current limiter is used with adaptive PI speed
controller for the purpose to limit the current to the rated value.
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Fig. 4.1: Typical trapezoidal back EMF and square current waveforms of 3-phase PMBLDC
motor
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4.3 Proposed Control Scheme

The proposed control drive mainly consists of an adaptive PI controller, field oriented reference
current generator, delta modulated PWM current controller, IGBT voltage source inverter,
position sensor, current sensors and PMBLDC motor as shown in block diagram in Fig. 4 4.
Field oriented controlled three different trapezoidal, square and sinusoidal reference current fed
drives for PMBLDC motor control is proposed in this chapter to see the scenario of torque
handling capacity of these three different reference current drives. The performance of vector
controlled trapezoidal current fed drive is compared with traditional square current and
sinusoidal current fed vector controlled drive. Design of adaptive PI controller, delta modulated
PWM current controller and current limiter has been discussed in Ch apter III.
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3¢ Voltage Source Inverter BLDC Motor
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Fig. 4.4: Overall block diagram of trapezoidal or square or sinusoidal current fed field oriented
vector controlled PMBLDC motor drives by using adaptive PI speed controller

4.3.1 Field Oriented Control of PMBLDC Motor Drive

[n this proposed control system, maximum value of reference current Iserer) 18 generated by
considering direct axis current lasgrey = 0 and by calculated the value of quadrature axis current
lgs(rer) according to the requested load torque through the adaptive PI controller and current

limiter. The field oriented control system requires the synchronous d axis current of stator coils
forced to zero. Thus the peak of reference current Iscres) 1S given by Eq. (4.1).
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5 . . 2
IS("rf.',") = qus(ref)z + lds(rejj (41)

The reference current of each phase Las(ref)> Ibsres)s Lesrey) are function of rotor position -
These reference currents are fed to the hysteresis band PWM current controller.

First consider the trapezoidal current fed field oriented controlled drive. By using the value of
peak reference current Iscref). three phase trapezoidal reference current las(ref)> lpserey) and
Les(rer) are generated as a function of rotor position 6,.. Three phase trapezoidal reference current
function Las(rer) (6r), lpsrery (6y), and Leserer) (6r), are described in Eq. (4.2-4.4).

(lstrep) * 6, +2, 0<6, <X
Ls(ref) s E <6, < -5-65
lasren(0) = § bsrepy * @=6)+2, L < <2 (4.2)
~lsrery % <6, < 1:—”
Us(rep) * (6 — 2m) *E. '1"2—” <86.<2n
( —istresy 0<6, <=
been* (-T+0)7  Is6 <
ipseren)(6r) = { Isqres) 55— <6, < %’5 (4.3)
\ ~Istres) %;'E <6, <2m
[ iserery =8 < z-
nieEa)  Funel
lesrery(6r) = . —lstref) -ES 8, < 12’5 (4.4)
\ Isrefy EEE <6,<2nm
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Now three phase square wave reference current las(ref)> Ubs(ref)s les(reyy are generated
corresponding to the rotor position accordi ng to the Table 4.1 for square current fed field oriented
controlled PMBLDC motor drive. Finally three phase sinusoidal reference current las(ref)s
Ipsiref)s leserer) are generated according to Eq. (4.5-4.7) as a function of rotor position.

'ias(ref] = is[ref) X Sin(gr) (4-5)
. . . 2m
Lbs(ref) = ls(ref) * SIN (Gr = _3“) (4.6)
. . 4 271
lestrefy = Lstrep) * SIn (Br L ';) (4.7)

Table 4.1: 3-phase square wave reference current corresponding to rotor position

Rotor Position ias(ref) 6:) ibs(refj (6:) ics(ref) (6,)
0,

0< 8, <g 0 ~Istren) Ls(rer)
T 3m i —i. 0
gk s(ref) s(ref)
e 6

3n <6, Sm Ls(ref) 0 —lstref)
6 6

Py e 0 Ls(ref) ~ls(res)
6 6

n I | —isgren Ls(ren) 0
— <0 <— ;
6 6

9 11w _is(ref) 0 is(ref)

RIS G Ly

E 6

12‘” 60 0 ~lscren) Istres)
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4.4 Simulation Results and Discussion

The drive system was simulated in a digital computer with software written in C++ environment.
The specifications of the simulated PMBLDC motor are described in Appendix. The sampling
time used for this simulation is 0.0000025 second.

4.4.1 Starting Characteristics

The PMBLDC motor starts with an initial load torque 0.4 Nm. Starting speed characteristics i.e.
time taken by the motor to reach its rated speed (150 rad/s) with its initial torque (0.4 Nm) for
trapezoidal, square and sinusoidal reference current fed field oriented controlled PMBLDC motor
drives is shown in Fig. 4.5. From Fig. 4.5, it is seen that, PMBLDC vector controlled trapezoidal,
square and sinusoidal current fed drives take 0.39, 0.48 and 0.55 seconds respectively to gain
rated speed. So trapezoidal current fed field oriented control drive is suitable to gain rated speed
as fast as possible. Trapezoidal reference current fed drive takes minimum time to reach its rated
speed than square and sinusoidal reference current fed drives, because the torque handling
capacity of trapezoidal reference current fed PMBLDC motor drive is greater than the other two
reference current fed PMBLDC motor drives.

150 -

135

120

sl Trapezoidal Reference Current
——— Square Reference Current

80 - / —— Sinusoidal Reference Current

75 -

60

Speed (rad/s)

45 -

30 4

Time (Sec)

Fig. 4.5: Starting characteristics of PMBLDC motor drives for trapezoidal, square and sinusoidal
reference current fed field oriented control

Phase currents of PMBLDC motor at the time of starting for vector controlled trapezoidal, square
and sinusoidal current fed drives are depicted in Fig. 4.6. It shows that the amplitude of 3-phase
current is 2.5 Amp (rated current of the motor) at the transient time of starting for these three
control drives. Started current is limited through the current limiter block as shown in Fig. 4.4.
Fig. 4.6 also describes that after gaining rated speed i.e. at steady state motor takes maximum 0.75
Amp current for trapezoidal current fed, maximum 1.0 Amp current for square current fed and
maximum 1.12 Amp current for sinusoidal current fed drives for initial torque 0.4 Nm. So that
PMBLDC motor takes less current at stable condition for trapezoidal current fed drive than square
and sinusoidal drives due to the capability of more load torque handling capacity.
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(c) For sinusoidal current fed field oriented control drive

Fig. 4.6: 3-Phase starting stator current of PMBLDC motor for trapezoidal, square and sinusoidal

current fed field oriented control drive
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3-phase back EMF, rotor position curve at the time of starting for vector controlled trapezoidal
reference current fed PMBLDC drive is shown in Fig. 4.7 as for example. Now the back EMF
and corresponding phase current of trapezoidal, square and sinusoidal current fed field oriented
control drives for steady state condition of these drives are pictured in Fig. 4.8.
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Fig. 4.7: (a) 3-phase back EMF at starting and (b) rotor position of trapezoidal current fed field
oriented controlled PMBLDC motor drive
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(c) For sinusoidal current fed PMBLDC motor drive
Fig. 4.8: Per phase back EMF and corresponding phase current for Trapezoidal, Square and
Sinusoidal current fed field oriented control drives
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Fig. 4.9 depicts developed electromagnetic torque in PMBLDC motor for trapezoidal, square and
sinusoidal current fed field oriented controlled drives. It mainly describes the torque pulsation
status for three different current fed drives. Periodic small scale torque pulsation can be seen for
trapezoidal and sinusoidal current fed drives. So the average torque for both trapezoidal and
sinusoidal current fed drives is nearly constant. The range of torque pulsation for sinusoidal
system is smaller than trapezoidal system. Though the torque pulsation for square current fed
drive is very small but there exists aperiodic torque ripple.
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(a) Developed electromagnetic torque of trapezoidal current fed field oriented control drive
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(b) Developed electromagnetic torque of square current fed field oriented control drive
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(c) Developed electromagnetic torque of sinusoidal current fed field oriented control drive

Fig. 4.9: Torque developed for Trapezoidal, Square and Sinusoidal current fed field oriented
controlled drives
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Fig. 4.10: Stator flux linkage trajectories in the stationary aff axes reference frame for
trapezoidal, square and sinusoidal current fed vector controlled PMBLDC motor drives
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In Fig. 4.10, stator flux linkage trajectories i.e. flux orientation representation in the stationary off
axes reference frame for trapezoidal, square and sinusoidal current fed vector controlled
PMBLDC motor drives are pictured.

4.4.2 Variable Speed Characteristics

To measure the dynamic performance for three different current fed vector controlled PMBLDC
motor drives, variable speed command is given. Motor runs at speed 100 rad/s. At 1.0 second the
speed command is changed to 75 rad/s and finally at 1.5 second speed command is changed to
150 rad/s. At that time, the given load torque is 0.4 Nm. From Fig. 4.11, motor speed follows the
reference speed sharply for trapezoidal current fed vector controlled PMBLDC motor drive than
the square and sinusoidal current fed drives. For sinusoidal reference current fed drive, there is
noticeable difference between reference speed and actual motor speed.
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Fig. 4.11: Comparison between speed responses of PMBLDC motor for trapezoidal, square and
sinusoidal current fed vector controlled drives at dynamic speed changing condition

From 3-phase current curve for variable speed condition for three different current fed system as
shown in Fig. 4.12, it is seen that, at 1.0 second when the reference speed changes from 100 rad/s
to 75 rad/s, there exists no high value of transient current beyond the limit of rated current (2.5
Amp) and no undershoot from reference speed for these three different current fed drives.
Besides there is no overshoot at 1.5 second, when the reference speed goes to 150 rad/s from 75
rad/s. Condition of back EMF at the time of variable speed for trapezoidal current fed drive is
shown in Fig. 4.13.
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(c) For sinusoidal current fed field oriented control

Fig. 4.12: 3-phase current of PMBLDC motor for trapezoidal, square and sinusoidal current fed
field oriented controlled drive for variable speed condition considering transient current at the
interface of speed changes
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Fig. 4.13: 3-phase back EMF at dynamic speed changing condition for trapezoidal current fed
vector controlled PMBLDC motor drive

4.4.3 Motor Characteristics due to Load Torque Change

Now performance of PMBLDC motor vector controlled drives are determined under the condition
of load torque change. At first motor runs at 150 rad/s rated speed with initial load torque 0.4 Nm.
At time 1.0 second motor is loaded with its rated load torque 2.0 Nm. At that condition only
trapezoidal current fed drive can sustain motor speed to its rated value 150 rad/s. But square and
sinusoidal current fed drives cannot sustain its previous speed as shown in Fig. 4.14. The speed of
square and sinusoidal current fed vector controlled drives are gradually decreased after the
loading of the motor. It verifies that the load torque handling capacity of square and sinusoidal
current fed vector controlled PMBLDC motor drives is very poor than trapezoidal current fed
vector controlled drive.

In Fig. 4.14, the rate of gradually fall down of speed of sinusoidal current fed drive (To limit
current in rated value 2.5 Amp) is higher than the rate of square wave current fed drive. Maximum
load torque have to be given to the vector controlled PMBLDC motor without hampering the
drive stability for square and sinusoidal current fed drives are 1.60 Nm and 1.55 Nm respectively.
Le. when square current fed drive is used to control the specified PMBLDC motor (From
Appendix), the maximum torque generating capacity is 1.60 Nm. For sinusoidal current drive, it is
1.55 Nm. Beyond these torque limit the motor cannot sustain its steady state characteristics.

From graphical representation of 3-phase stator current for sudden load torque change of
trapezoidal current fed drive as shown in Fig. 4.15, it summaries that, at stable reference speed
stator current decreases to 0.75 Amp. But when the rated load torque is applied, the stator current
is about its rated value (2.5 Amp).
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Fig. 4.14: Speed characteristics of PMBLDC motor for sudden load torque change at 1.0 second

from initial load torque 0.4 Nm to rated load torque 2.0 Nm for trapezoidal, square and
sinusoidal current fed field oriented control drives
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Fig. 4.15: 3-phase stator current of trapezoidal current fed field oriented controlled PMBLDC
motor drives for sudden load torque change at 1.0 second
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4.5 Conclusion

A mnovel approach to enhance the torque handling capacity of a PMBLDC motor without
exceeding the rated current of the motor is proposed in this chapter. An adaptive PI speed
controller based vector controlled three different trapezoidal, square and sinusoidal reference
current fed delta modulated PMBLDC motor drives are designed. This chapter mainly presents
how to increase the load torque handling capacity of vector controlled PMBLDC motor drives
only by changing the reference current of a current fed delta modulated inverter. Indi vidually
trapezoidal, square and sinusoidal reference current fed vector controlled PMBLDC motor drives
are implemented and compared among them. Trapezoidal reference current fed drive takes
minimum time to reach its rated speed than square and sinusoidal reference current fed drives.
PMBLDC motor takes less current at stable condition for trapezoidal current fed drive than square
and sinusoidal drives due to the capability of more load torque handling capacity. There exists no
high value of transient current beyond the limit of rated current (2.5 Amp) and no undershoot or
overshoot from reference speed for these three different current fed drives during dynamic speed
and load torque changing interfaces.

It is seen from the results that, only by using trapezoidal reference current fed drive instead of
sinusoidal current fed drive, the load torque handling capacity can be increased form 1.55 Nm to
2.0 Nm. Load torque handling capacity of square current fed PMBLDC motor drive (1.60 Nm) is
higher than the sinusoidal current fed drive (1.55 Nm). Novelty of the proposed trapezoidal
current fed field oriented control drive is that, torque handling capacity of a PMBLDC motor can
be increased up to 25% from the conventional 120° conduction square wave current fed drive by
only changing the pattern of reference current. By considering starting, dynamic speed and load
torque changing characteristics, it is clear that, the performance of trapezoidal current fed vector
controlled drive is superior to the square and sinusoidal vector controlled drives. Torque pulsation
is to be considered, which is in acceptable limit. For trapezoidal current fed drive, the developed
electromagnetic torque is periodic in nature and has constant average value. Both the transient and
steady state characteristics of trapezoidal current fed vector controlled PMBLDC motor drive are
SUperior.

Page 65



Field Oriented Control of PMBLDC Motor without Position Sensor

Chapter \Y

Field Oriented Control of PMBLDC Motor
without Position Sensor

Chapter Outlines:

5.1 Introduction

5.2 Field Oriented Control Drive without Position Sensor
5.3 Flux Estimation Algorithm

5.4 Rotor Position Estimation

5.5 PMBLDC Motor Speed Estimation

5.6 Simulation Results and Discussion

5.7 Conclusion

Page 66



Field Oriented Control of PMBLDC Motor without Position Sensor

5.1 Introduction

For desired operation of a PMBLDC motor, accurate rotor position information is needed.
Conventionally, it is obtained by the position sensors embedded in the motor. In order to obtain
an accurate and ripple free instantaneous torque from PMBLDC motor, the rotor position
information is used for stator current commutation.

Normally, position sensors such as Hall-effect sensors or optical encoder are employed to
provide rotor position information for commutation. But misalignments in position sensors,
running in extreme ambient conditions, or electromagnetic interference introduce error in the
position information. Moreover, there are some constraints to the position sensors including high
cost, installation difficulty of mechanics, and poor reliability. Therefore, the development of the
PMBLDC motor sensorless operation has been a hot issue in recent years.

In this section, field oriented control of a current fed PMBLDC motor drive without rotor
position or speed sensors is presented. Instead of using rotor position or speed sensor, two novel
algorithms will be proposed in this chapter to estimate the rotor position and speed to perform
the operation of position sensorless field oriented vector control of PMBLDC motor. For
algorithm 1 both rotor position and speed of the motor is determined from the estimated flux
linkage. For algorithm 2 only rotor position of the PMBLDC motor is determined from the
estimated flux and the speed of the motor is detected by the estimated developed electromagnetic
torque and power equation.

The performances of algorithm 1 based sensorless field oriented vector controlled PMBLDC
motor drive are compared with the algorithm 2 based sensorless drive under different transient
and steady state conditions. The performance of these two different position sensorless field
oriented vector controlled PMBLDC motor drives are also verified by comparing with the
performance of sensored field oriented vector controlled PMBLDC motor drive as discussed in
chapter III.
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5.2 Field Oriented Control Drive without Position Sensor

Sensorless field oriented current fed PMBLDC motor drive is proposed here. Sensorless means
that, rotor position encoder or speed sensors are absent in these proposed system. No Hall
sensors or optical encoders are used to detect the rotor position for the purpose of stator current
commutation. The proposed control drives consists of an adaptive PI controller, field oriented
reference current generator, delta modulated PWM current controller, IGBT voltage source
inverter, current sensors and PMBLDC motor as shown in Fig. 5.1 and Fig. 5.2. These parts of
control drive are also used in the field oriented vector controlled PMBLDC motor drive with
position sensor as discussed in chapter I (Fig. 3.5). Main difference is that, position sensor is
absent in proposed control drives as shown in Fig. 5.1 and Fig. 5.2.

In this section, two different algorithms are used to estimate rotor position and speed of the
motor, instead of using position sensors. Algorithm 1 is proposed for sensorless operation of
field oriented vector controlled PMBLDC motor drive as shown in Fig. 51. In Bg 52,
Algorithm 2 is proposed for sensorless operation of field oriented vector controlled PMBLDC
motor drive.
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Fig. 5.1: Block diagram of field oriented vector controlled PMBLDC motor drive without rotor
position or speed sensor (Algorithm 1)
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Fig. 5.2: Block diagram of field oriented controlled PMBLDC motor drive without rotor position
or speed sensor (Algorithm 2)

5.3 Flux Estimation Algorithm

A novel flux estimation algorithm is proposed in this section. Same flux estimation algorithm
block is used both in Fig. 5.1 and Fig. 5.2. i.e. same novel flux estimation algorithm is used for
both algorithm 1 and algorithm 2 based sensorless operation of field oriented current fed
PMBLDC motor drives. Three phase back EMF eq, €p, €. have to be calculated for the flux
estimation algorithm by using Eq. (5.1-5.3).

. dige
eq = Vys — Ryiqs —(Ls-M) ;t (5.1
; diyg
€y = Vos—Ryips — (Ls-M) =2 (5.2)
. dlcs ¢
%=n;&%—@mﬁé- (5.3)

Three phase flux linkage ¢, ¢, ¢. can be estimated by using three phase back EMF e, e, e,
according to the following algorithm as shown in Fig 5.3. Where i is the iteration number. Delta
modulated current control PWM is used for the switching of voltage source inverter as discussed
in chapter 11T (Section 3.4.3). This hysteresis-band PWM is basically an instantaneous feedback
current control method of PWM where the actual current continuously tracks the reference
current. Hysteresis-band used for this delta modulated PWM is 0.001. So, for field oriented
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current fed PMBLDC motor drives, the actual stator phase currents oscillate around the reference
current with maximum oscillation width 0.001 A. Since three phase back EMF e,, e, e. are
calculated by using the stator phase currents i, ips and i as shown in Eq. (5.1-5.3). As a result
oscillation of stator phase currents incorporate in three phase calculated back EMF. For this
reason a band is used in flux estimation algorithm to compare per phase back EMF with the back
EMF of previous iteration. In this algorithm, main objectives are to find out the value of back
EMF e, e, and e.. at constant back EMF region in trapezoidal shaped back EMF as shown in
Fig. 5.4. Thus the flux linkage can be estimated in per unit value by using e,., e,. and e.. as
given in Fig. 5.3. To understand this proposed flux estimation algorithm, graphical representation
of 3-phase back EMF and per unit estimated flux linkage according to the back EMF is
illustrated in Fig. 5.4.
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Fig. 5.3: Flowchart for flux estimation
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Fig. 5.4: 3-phase back EMF and per unit estimated rotor flux linkage according to the back EMF
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5.4 Rotor Position Estimation

Rotor position estimation block is also same for both algorithm 1 and algorithm 2 as shown in
Fig. 5.1 and Fig. 5.2. Rotor position 6, is estimated by using estimated flux ¢,, ¢p and @,
according to the Table 5.1. At a specific time, rotor position is determined only by using estimated
flux of a single phase as tabulated in Table 5.1. This phase is selected on the basis of a simple
rule. From Fig 5.4, it is seen that, at every instant flux of any two phases have constant value and
flux of other phase changes with rotor position. This phase have to be chosen to determine the
rotor position according to the value of flux of that phase.

Table 5.1: Rotor position corresponding to three phase flux linkage

Condition of Stator Flux Linkage Rotor Position, 6,
(radian)
92200 | ¢, <-10 | ¢.>10 8= (B3, 5% g)
@, = 1.0 P, < —1.0 _ B.= == (e X -é-)
00 > 1.0 T ¢ < —1.0 = P
=1 T
_ @p = 1.0 ¢ <—10 6r =1 = (pa X )
T 41

= Gr:(ﬁocxg)"'?

S T
6, = o (b X g)
T
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5.5 PMBLDC Motor Speed Estimation

Generally motor speed can be determined by the differentiation of the rotor position of a motor.
But this conventional approach is not applicable for estimated rotor position of a PMBLDC
motor for delta modulated PWM current fed field oriented control drives. Because there exists
oscillation in estimated rotor position which is incorporated from delta modulated stator phase

currents as discussed in section 5.3. So new approach to determine motor speed have to be found
out.

5.5.1 PMBLDC Motor Speed Estimation for Algorithm 1

PMBLDC motor speed can be estimated by using the estimated flux linkage ¢,, ¢p, @ and
calculated three phase back EMF e,,, e, e, according to the Table 5.2. Flux of one phase and the
calculated back EMF of that phase are used to determine the motor speed. Similar to the rotor
position estimation, the phase has to be selected to determine the motor speed according to a rule
that, the value of flux of selected phase changes with rotor position and other two phases have
constant value of flux.

Table 5.2: Estimated speed corresponding to three phase flux linkage

Condition of Stator Flux Linkage Motor Speed, w,,
(radian/s)

@q = 0.0 ¢p < —1.0 p: =10 Wy = eq/ (A X ©g)
Pq = 1.0 ¢p < —1.0 - wm = e:/(Am X @)
Pq = 1.0 - ¢ <—1.0 wm = ep/ (A X @p)
- ¢y = 1.0 @ < —1.0 Wm = €q/Am X ©a)

P, < —1.0 @p = 1.0 ¥ wn = ec/(An X @)
@, < —1.0 - o, =10 Wi = ep/ (A X ©p)
Pa <0 ¢p < —1.0 P2 1.0 W = €q/ (A X @q)

5.5.2 PMBLDC Motor Speed Estimation for Algorithm 2

In algorithm 2 for sensorless operation of PMBLDC motor for field oriented vector control as
shown in Fig. 5.2, different strategy has chosen to determine the motor speed. At first developed
electromagnetic torque is estimated by using estimated flux linkage according to Eq. 5.4. Then
the well-known power equation for motor is used to determine PMBLDC motor speed as given
by Eq. 5.5.

Tem o Kt[.(paias'i'q’b ibs"—(ﬂcics) (5-4)

Wy = (eaias + ebibs BE ecics)/Tem {55)
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5.6 Simulation Results and Discussion

Field oriented controlled current fed PMBLDC motor drive without rotor position or speed
sensors has been simulated in a digital computer with software written in C++ platform. The
sampling time used for this simulation is 0.0000025 second. The specifications of the simulated
PMBLDC motor are depicted in Appendix.

5.6.1 Starting Characteristics

The PMBLDC motor starts with an initial load torque 0.4 Nm. Starting speed characteristics i.e.
time taken by the motor to reach its rated speed (150 rad/s) with its initial torque (0.4 Nm) for
field oriented controlled PMBLDC motor drives is shown in Fig. 5.5. From Fig. 5.5, it is seen
that, PMBLDC motor takes 0.55 second for both proposed algorithm 1 and algorithm 2 to gain
rated speed. Field oriented controlled sensored PMBLDC motor drive also takes 0.55 second as
shown Fig. 3.6 in chapter IIl. Comparing Fig. 5.5(a) with Fig. 5.5(b), estimated speed sharply
follows actual speed of PMBLDC motor for proposed algorithm 2. Ie. speed estimation for
proposed algorithm 2 is better than the proposed algorithm 1. For both of these two cases, there
exists negligible amount of speed deviation between the actual and estimated speed at the initial
time of starting. Because at initial transient state (before 0.085 second), there exists deviation
between the actual and estimated flux and rotor position as shown in Fig. 5.10 and Fig. 5.11.
After 0.085 seconds estimated speed follows actual speed very sharply for both proposed
algorithm 1 and algorithm 2. Le. at steady state there is no error for speed estimation both for
proposed algorithm 1 and algorithm 2.
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(a) For sensorless field oriented control drive based on proposed algorithm 1
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(b) For sensorless field oriented control drive based on proposed algorithm 2

Fig. 5.5: Starting characteristics of PMBLDC motor drives for field oriented control without
position sensor

Phase currents of PMBLDC motor at the time of starting for field oriented current fed drives
both for proposed algorithm 1 and algoritm 2 for sensorless operation are depicted in Fig. 5.6. It
shows that the amplitude of 3-phase current is 2.5 Amp (rated current of the motor) at the
transient time of starting for these two control drives. Started current is limited using the current
limiter. Fig. 5.6 also describes that after gaining rated speed i.e. at steady state motor takes
maximum 1.0 Amp current for both fiels oriented current fed drives for initial torque 0.4 Nm.
Same scenario is noticed for position sensored field oriented vector controlled PMBLDC motor
drive as shown in Fig. 3.7(a) in chapter III. Comparing with proposed algorithm 2, there are less
oscillation in stator current for proposed algorithm 1 as shown in 3-phase steady state stator
cuurent in Fig. 5.6.
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(b) For sensorless field oriented control drive based on proposed algorithm 2

Fig. 5.6: 3-Phase stator current of PMBLDC motor for field oriented current fed drive without
position sensor

3-phase back EMF at the time of starting for field oriented vector controlled current fed
PMBLDC drives for both proposed algorithm 1 and algorithm 2 for sensorless operation are
shown in Fig. 5.7. Now the per phase back EMF and corresponding phase current of these two
sensorless drives for steady state condition are pictured in Fig. 5.8. In Fig. 5.9, actual back EMF
and corresponding calculated back EMF for algorithm 1 and algorithm 2 are depicted for

comp arison.
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(b) For sensorless field oriented control drive based on proposed algorithm 2

Fig. 5.7: 3-phase back EMF of field oriented controlled PMBLDC motor drive without position
Sensor
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(b) For sensorless field oriented control drive based on proposed algorithm 2

Fig. 5.8: Per phase back EMF and corresponding phase current for field oriented controlled
current fed drives without position sensor
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Fig. 5.9: Comparison of per phase actual back EMF with calculated back EMF for field oriented
current fed drives without position sensor
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Comparison of actual and estimated flux for sensorless field oriented vector controlled PMBLDC
motor drives for both proposed al gorithm 1 and algorithm 2 are shown in Fi 2. 5.10. Fluxes are
estimated by using the algorithom shown in Fig. 5.3. From Fig. 5.10, it is seen that, the estimated
flux for both algorithm 1 and al gorithm 2 is exactly same. Because for these two al gorithms,
similar flux estimation block is used. From Fig. 5.10 it can be said that, at the initial transient
time of starting of PMBLDC motor (before 0.085 second), there exists little mismatch between
the actual flux and estimated flux. Actual and estimated rotor position for sensorless field
oriented vector controlled PMBLDC motor drives for both proposed algorithm 1 and al gorithm 2
are shown in Fig.5.11. Since rotor positions are calculated by using the estimated flux. So, there
is little misalignment between the actual and estimated rotor position at the initial time of starting
as shown in Fig. 5.11. After 0.085 second, estimated flux fully traced actual flux. So, estimated
rotor position can be fully matched with actual rotor position. It is one of the novelties of the
proposed algorithms.
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b Fig. 5.10: Actual and estimated rotor flux for field oriented control drives without position sensor
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Fig. 5.11: Comparison of actual rotor position with estimated rotor position for field oriented
control drives without position sensor

Fig. 5.12 depicts developed electromagnetic torque in PMBLDC motor according to the load
torque 0.4 Nm for sensorless field oriented current fed drives. Fig. 5.12 also represents the
comparison between the actual developed torque with the estimated developed torque. Torque
estimation is done using estimated flux. This estimated developed torque is used to calculate
speed of the PMBLDC motor for proposed algorithm 2. From Fig. 5.12, it is seen that, developed
electromagnetic torque oscillates more for proposed algorithm 2 based field oriented vector
controlled PMBLDC motor drive than algorithm 1 based drive. For both of these proposed
algorithms, estimated developed torque exactly follows the actual developed torque in PMBLDC
motor.
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Fig. 5.12: Actual and estimated developed torque according to load torque for sensorless field
oriented vector controlled PMBLDC motor drives
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In Fig. 5.13, stator flux linkage trajectories i.e. flux orientation representation in the stationary of
axes reference frame for sensorless field oriented vector controlled PMBLDC motor drives are
pictured both for proposed al gorithm 1 and algorithm 2.
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Fig. 5.13: Stator flux linkage trajectories in the stationary of8 axes reference frame for sensorless
field oriented vector controlled PMBLDC motor drives
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5.6.2 Variable Speed Characteristics

For dynamic speed changing condition, estimated speed nearly follows the actual speed of
PMBLDC motor for both two cases. When speed command is changed to 75 rad/s from 100
rad/s with load torque 0.4 Nm, there is a small amount of mismatch between the actual speed and
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(a) For sensorless field oriented control drive based on proposed algorithm 1
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Fig. 5.14: Comparison between speed responses of PMBLDC motor for sensorless field oriented
vector controlled drives at dynamic speed chan ging condition

From 3-phase stator current for variable speed condition of sensorless field oriented vector
controlled PMBLDC motor drives are shown in Fig. 5.15. It is seen that, at 1.0 second when the
reference speed changes from 100 rad/s to 75 rad/s, there exists no high value of transient current
beyond the limit of rated current (2.5 Amp) and no undershoot from reference speed for both of
these two different algorithm based drives. Besides there is no overshoot at 1.5 second, when the
reference speed goes to 150 rad/s from 75 rad/s. Condition of back EMF at the time of variable
speed change for sensorless field oriented current fed drives are pictured in Fig 5.16.
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Fig. 5.15: 3-phase current of PMBLDC motor for sensorless field oriented control drive for
variable speed condition considering transient current at the interface of speed changes
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Fig. 5.16: 3-phase back EMF at dynamic speed changing condition for field oriented vector
controlled PMBLDC motor drive without position sensor

Condition of actual and estimated flux at variable speed changing interface for sensorless field
oriented current fed drives are shown in Fig. 5.17. When speed command changes from 100 rad/s
to 75 rad/s, i.e. for decreasing motor speed transient condition, there is very small mismatch
between actual and estimated flux for both of these two proposed algorithms. When speed
command changes from 75 rad/s to 150 rad’s, i.e. for increasing motor speed transient condition,
there is no mismatch between actual and estimated flux for both of these two proposed
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algorithms as shown in Fig. 5.17. In Fig. 5.18, actual and estimated rotor position of the
PMBLDC motor at variable speed changing interface for sensorless field oriented current fed
drives are plotted. Rotor position of the motor is estimated using estimated stator flux linkage. So
estimated rotor position shows the similar behavior as described for estimated flux earlier.
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(b) For sensorless field oriented control drive based on proposed algorithm 2

Fig. 5.17: Actual and estimated rotor flux in per unit value at dynamic speed changing condition
for field oriented vector controlled PMBLDC motor drive without position sensor
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Fig. 5.18: Actual and estimated rotor position at dynamic speed changing condition for field
oriented control drive without position sensor

The scenario of actual and estimated developed electromagnetic torque according to the response
of constant load torque at dynamic speed changing condition for sensorless operation of field
oriented vector controlled PMBLDC motor drives for both proposed algorithm 1 and algorithm 2
are shown in Fig. 5.19.
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Fig. 5.19: Actual and estimated rotor developed torque according to the response of load torque
at dynamic speed changing condition for current fed field oriented controlled PMBLDC motor
drives without position sensor
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5.6.3 Motor Characteristics due to Load Torque Change

Now performance of sensorless field oriented vector controlled PMBLDC motor drives are
determined under the condition of load torque change. At first motor runs at 150 rad/s rated speed
with initial load torque 0.4 Nm. At time 1.5 second motor is loaded with 1.55 Nm load torque. At
that condition sensorless field oriented control drives for both the proposed algorithm 1 and
algorithm 2 can sustain motor speed to its rated value 150 rad/s as shown in Fig. 5.20. Fig. 5.20
depicts that, there is no change in speed characteristic at the time 1.5 second when the motor is
loaded with 1.55 Nm torque. Both actual and estimated motor speed sharply follows the given
reference speed command. Maximum load torque have to be applied to a field oriented controlled
drive is 1.55 Nm for the specific PMBLDC motor as shown in chapter III for position sensored
operation. This statement is also true for these two position sensorless field oriented PMBLDC
motor drives. So the maximum load torque have to be given to the sensorless field oriented
controlled PMBLDC motor without drive hampering the system stability is 1.55 Nm for both of
these two proposed algorithms.
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Fig. 5.20: Speed characteristics of PMBLDC motor for sudden load torque change at 1.5 second
from initial load torque 0.4 Nm to load torque 1.55 Nm for sensorless field oriented control drives

From graphical representation of 3-phase stator current for sudden load torque change of
sensorless field oriented current fed drives as shown in Fig. 5.21, it summaries that, though
applying 1.55 Nm load torque, stator current remains within the rated current (2.5 Amp) limit.
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Fig. 5.21: 3-phase stator current of sensorless field oriented vector controlled PMBLDC motor
drives for sudden load torque change at 1.5 second
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Rotor position of sensorless current fed field oriented controlled PMBLDC motor drives for
sudden load torque change at 1.5 second are pictured in Fig. 5.22. At the time 1.5 second when
the motor is loaded with the rated load torque 1.55 Nm, there is no difference between the actual
and estimated rotor position for both proposed algorithm 1 and algorithm 2.
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Fig. 5.22: Comparison of actual and estimated rotor position of sensorless field oriented vector
controlled PMBLDC motor drives for sudden load torque change at 1.5 second

The scenario of actual and estimated developed el ectromagnetic torque according to the response
of dynamic load torque change for sensorless operation of field oriented vector controlled
PMBLDC motor drives for both proposed algorithm 1 and algorithm 2 are shown in Fig. 5.23.
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Fig. 5.23: Actual and estimated rotor developed torque according to the response of dynamic
load torque change for field oriented vector controlled PMBLDC motor drives without position
sensor

5.7 Conclusion

Algorithm 1 and algorithm 2 based position sensorless field oriented vector controlled current
fed delta modulated PMBLDC motor drives are desi gned in this chapter. Expect initial starting
time error (before 0.085 second), estimated flux exactly traced out the actual flux linkage of the
PMBLDC motor for both algorithm 1 and algorithm 2. That is the performance of flux
estimation algorithm is working well. Similar to the estimated flux, there is no mismatch
between actual and estimated rotor position excluding the initial starting time error. So. the
performance of rotor position estimator is satisfactory. With the speed estimator, there are
negligible amount of speed error between the estimated and actual motor speed at the transient
time of starting and transient time of dynamic speed decreasing interface for algorithm 1. The
performance of algorithm 2 for speed estimation is better than the algorithm 1 for sensonless
operation of field oriented control. There are less oscillation in stator phase current currents and
developed electromagnetic torque for proposed algorithm 1 than algorithm 2. Considering this
point of view, algorithm 1 is better than algorithm 2. By considering starting, dynamic speed and
load torque changing characteristics, it is clear that, the performance of these sensorless field
oriented vector controlled PMBLDC motor drives for both algorithm 1 and algorithm 2 are
similar to sensored field oriented PMBLDC motor drive. Instead of using position sensor, two
different algorithms are used for sensorless operation of field oriented vector controlled
PMBLDC motor drive. But the performance of this drive remains unchan ged.
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Chapter Vi
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6.1 Introduction

In this section, position sernorless trapezoidal current fed field oriented vector controlled
PMBLDC motor drives are proposed. Field oriented vector control is used in this proposed
PMBLDC motor drive. Because the advantages of field oriented control drive over scalar control
drive have been discussed in chapter III. Trapezoidal current fed drive is chosen because the
torque handling capacity of a specific PMBLDC motor can be enhanced 25% than the
conventional 120° conduction square current fed drive without exceeding the maximum current
rating of the motor as shown in chapter IV.

Instead of rotor position encoder and speed sensor, two different algorithms will be used to
estimate the rotor position and speed as shown in chapter V. Because in PMBLDC motor, for
proper commutation of the phase currents, the conventional PMBLDC motor rotor position
information must be obtained by the position sensors such as hall-effect sensors or optical
encoders. But there are some constraints to the position sensors including high cost, installation
difficulty for misalignments in position sensors, and poor reliability. Therefore, strategy for
position sensorless operation is considered for this chapter.

So, in this chapter, position sernorless trapezoidal current fed field oriented vector controlled
PMBLDC motor drives are considered. Because all the advantages of field oriented control,
trapezoidal current fed drive, sensorless operation are tried to incorporate into a single PMBLDC
motor drive. Therefore, this motor drive is called high performance controlled PMBLDC motor
drive.

Two different algorithms to estimate rotor position and speed for sensorless operation are used to
enhance the torque handling capacity of a PMBLDC motor drive without exceeding the
maximum current rating of the motor. For algorithm 1 both rotor position and speed of the motor
is determined from the estimated flux linkage. For algorithm 2 only rotor position of the
PMBLDC motor is determined from the estimated flux and the speed of the motor is detected by
the estimated developed electromagnetic torque and power equation as discussed in chapter V.

The starting and dynamic speed and load torque variation performances of algorithm 1 based
sensorless trapezoidal current fed field oriented vector controlled PMBLDC motor drive are
compared with algorithm 2 based sensorless drive. The performance of these two different
position sensorless trapezoidal current fed field oriented vector controlled PMBLDC motor
drives are also verified by comparing with the performance of sensored trapezoidal current fed
field oriented vector controlled PMBLDC motor drive as discussed in chapter IV.
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6.2 Proposed Control Scheme

Two different PMBLDC motor control drives are proposed in this section. Both of these two
control drives are proposed for position sensorless operation. Position sensorless means that,
rotor position encoder or speed sensors are absent in these proposed system. In Fig. 6.1, block
diagram of high performance trapezoidal current fed field oriented PMBLDC motor drive
without rotor position are depicted based on algorithm 1 for sensorless operation. In this control
drive, instead of using position sensor, flux estimation block, rotor position and speed estimation
block are used to estimate the rotor position and the speed of PMBLDC motor. In this drive both
rotor position and speed of the motor is estimated by using the estimated flux linkage as
discussed in chapter V. Block diagram of high performance trapezoidal current fed field oriented
PMBLDC motor drive without rotor position based on algorithm 2 for sensorless operation are
shown in Fig. 6.2. In this drive rotor position is estimated by using the estimated flux linkage and
speed of the motor is determined by using the estimated developed torque and power equation.
Detail operation of flux estimation algorithm, rotor position and speed estimation blocks are
discussed in the section 5.3, 5.4 and 5.5 in chapter V respectively.
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Fig. 6.1: Block diagram of high performance trapezoidal current fed field oriented PMBLDC
motor drive without rotor position or speed sensor (Based on Algorithm 1)
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Fig. 6.2: Block diagram of high performance trapezoidal current fed field oriented PMBLDC
motor drive without rotor position or speed sensor (Based on Algorithm 2)

Each of these proposed control drive also consists of an adaptive PI controller, trapezoidal
reference current generator, delta modulated PWM current controller, IGBT voltage source
inverter, current sensors and PMBLDC motor as shown in Fig. 6.1 and Fig. 6.2. Adaptive PI
controller and delta modulated PWM current controller are designed in the section 3.4.1 and
3.4.3 respectively in chapter III for field oriented vector controlled PMBLDC motor drive.
Trapezoidal reference current generator block is discussed in the section 4.3.1 in chapter IV by

using the Eq. (4.2-4.4).
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6.3 Simulation Results and Discussion

High performance trapezoidal current fed field oriented PMBLDC motor drive has been
simulated in a digital computer with software written in C++ environment. The sampling time
used for this simulation is 0.0000025 second. The specifications of the simulated PMBLDC
motor are given in Appendix.

6.3.1 Starting Characteristics

The PMBLDC motor starts with an initial load torque 0.4 Nm. Starting speed characteristics 1.€.
time taken by the motor to reach its rated speed (150 rad/s) with its initial torque (0.4 Nm) for
proposed algorithm 1 and algorithm 2 for trapezoidal current fed field oriented controlled drives
is shown in Fig. 6.3. From Fig. 6.3, it is seen that, PMBLDC motor takes 0.39 second for both
proposed algorithm 1 and algorithm 2 to gain rated speed. Trapezoidal current fed field oriented
PMBLDC motor drive with position sensor also takes 0.39 second as shown Fig. 4.5 in chapter
IV. Comparing Fig. 6.3(a) with Fig. 6.3(b), estimated speed sharply follows actual speed of
PMBLDC motor for proposed algorithm 2. lL.e. speed estimation for proposed algorithm 2 is
better than the proposed algorithm 1. For both of these two cases, there exists negligible amount
of speed deviation between the actual and estimated speed at the initial time of starting. Because
at initial state (before 0.085 second), there exists deviation between the actual and estimated flux
and rotor position as shown in Fig. 6.8 and Fig. 6.9. After 0.085 seconds estimated speed follows
actual speed exactly for both proposed algorithm 1 and algorithm 2. Similar scenario is found for
position sensorless field oriented PMBLDC motor drive as discussed in chapter V for both of
these proposed algorithm 1 and algorithm 2. So by using proposed algorithm 1 and algorithm 2,
trapezoidal reference current fed drive without position sensor can takes minimum time to reach
its rated speed than square and sinusoidal reference current fed drives, because the torque
handling capacity of trapezoidal reference current fed PMBLDC motor drive is greater than the
other two reference current fed PMBLDC motor drives as shown in chapter V.
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——_Estimated Speed

Speed (rad/s)
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(a) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 1
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.3: Starting characteristics of PMBLDC motor drives for trapezoidal current fed field
oriented control without position sensor

Phase currents of PMBLDC motor at the time of starting for vector controlled trapezoidal current
fed drives both for proposed algorithm 1 and algoritm 2 for sensorless operation are depicted in
Fig. 6.4. It shows that the amplitude of 3-phase current is 2.5 Amp (rated current of the motor) at
the transient time of starting for these two control drives. Starting current is limited using the
current limiter. Fig. 6.4 also describes that after gaining rated speed i.e. at steady state PMBLDC
motor takes maximum 0.75 Amp current for both of these two position sensorless trapezoidal
current fed drives for initial torque 0.4 Nm. At steady state PMBLDC motor also takes maximum
0.75 Amp current for initial torque 0.4 Nm for position sensored trapezoidal current fed drive as
shown in Fig. 4.6(a) in chapter IV. From 3-phase steady state stator cuurent as shown in Fig 6.4,
there is less oscillation in stator current for proposed algorithm 1 as compared with proposed
algorithm 2.
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(a) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 1
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.4: 3-Phase stator current of PMBLDC motor for high performance trapezoidal current fed
field oriented control drive without position sensor

3-phase back EMF at the time of starting for field oriented trapezoidal current fed PMBLDC
drives for both proposed algorithm 1 and algorithm 2 for sensorless operation are shown in Fig.
6.5. Now the per back EMF and corresponding phase current of these two sensorless drives for
steady state condition are pictured in Fig. 6.6. In Fig. 6.7, actual back EMF and corresponding
calculated back EMF for algorithm 1 and algorithm 2 are depicted for comparison.
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.5: 3-phase back EMF of trapezoidal current fed field oriented controlled PMBLDC motor
drive without position sensor
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(a) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 1

Per Phase Stator Current (Amp)

Per Phase Back-EMF (V)

3

i

|

|
I} .
| | (
15 4 L_J L L
20 T T T T ]
1.00 1.01 1.02 1.03 1.04 1.05
Time (Sec)

(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.6: Per phase back EMF and corresponding phase current for trapezoidal current fed field
oriented control drives without position sensor
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Fig. 6.7: Comparison of per phase actual back EMF with calculated back EMF for proposed
algorithm 1 and algorithm 2 of trapezoidal current fed FOC drives without position sensor

Comparison of actual and estimated flux for sensorless trapezoidal current fed field oriented
PMBLDC motor drives for both proposed algorithm 1 and algorithm 2 are shown in Fig. 6.8.
From Fig. 6.8, it is seen that, the estimated flux for both algorithm 1 and algorithm 2 is exactly
same. Because for these two algorithms, similar flux estimation block is used. From Fig. 6.8, it
can be said that, at the initial time of starting of PMBLDC motor (before 0.085 second), there
exists little mismatch between the actual flux and estimated flux. Actual and estimated rotor
position for sensorless trapezoidal current fed field oriented PMBLDC motor drives for both
proposed algorithm 1 and algorithm 2 are shown in Fig. 6.9. Since rotor positions are calculated
by using the estimated flux. So, there is little misalignment between the actual and estimated
rotor position at the initial time of starting as shown in Fig. 6.9. After 0.085 second, estimated
flux fully traced actual flux. So, estimated rotor position can be fully matched with actual rotor
position. It is one of the novelties of the proposed algorithms.
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.8: Actual and estimated rotor flux for trapezoidal current fed field oriented control drives
without position sensor
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Fig. 6.9: Actual and estimated rotor position for trapezoidal current fed field oriented control
drives without position sensor
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Fig. 6.10 depicts developed electromagnetic torque in PMBLDC motor according to the load
torque 0.4 Nm for sensorless trapezoidal current fed field oriented control drives. Fig. 6.10 also
represents the comparison between the actual developed torque with the estimated developed
torque. Torque estimation i1s done using estimated flux. This estimated developed torque is used
to calculate speed of the PMBLDC motor for proposed algorithm 2. From Fig. 6.10, it is seen
that, developed electromagnetic torque oscillates more for proposed algorithm 2 based
trapezoidal current fed field oriented PMBLDC motor drive than algorithm 1 based drive. For
both of these proposed algorithms, estimated developed torque exactly follows the actual
developed torque in PMBLDC motor.
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.10: Actual and estimated developed torque according to load torque for sensorless
trapezoidal current fed field oriented controlled drives
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In Fig. 6.11, stator flux linkage trajectories i.e. flux orientation representation in the stationary af3
axes reference frame for sensorless trapezoidal current fed vector controlled PMBLDC motor
drives are pictured both for proposed algorithm 1 and algorithm 2. These stator flux trajectories
are same as the stator flux trajectory for position sensored trapezoidal current fed field oriented
controlled PMBLDC motor drive as shown in Fig. 4.10(a) in chapter IV.
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Fig. 6.11: Stator flux linkage trajectories in the stationary af axes reference frame for sensorless
trapezoidal current fed vector controlled PMBLDC motor drive
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6.3.2 Variable Speed Characteristics

To measure the dynamic performance for these two different algorithms based high performance
trapezoidal current fed field oriented PMBLDC motor drives, variable speed command is given.
Motor runs at speed 100 rad/s. At 1.0 second the speed command is changed to 75 rad/s and
finally at 1.5 second speed command is changed to 150 rad/s. Motor speed follows the reference
speed for both proposed algorithm 1 and algorithm 2 based field oriented PMBLDC motor drive
as shown in Fig. 6.12. For dynamic speed changing condition, estimated speed nearly follows the
actual speed of PMBLDC motor for both the two cases. When speed command is changed to 75
rad/s from 100 rad/s with load torque 0.4 Nm, there is a small amount of mismatch between the
actual speed and estimated speed for algorithm 1 at transient time interval 1.0 second to 1.05
second. When steady state occurs (after 1.05 second), estimated speed exactly traced out the
actual speed of the motor as shown in subplot of Fig. 6.12(a). On the other hand, when speed
command is changed to 150 rad/s from 75 rad/s, i.e. for increasing speed dynamics, estimated
speed follows the actual motor speed without any mismatch. But for proposed algorithm 2 as
shown in Fig. 6.12(b), there are no misalignment between the actual motor speed and estimated
motor speed for both transient and steady state condition.
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(a) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 1
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Fig. 6.12: Comparison between speed responses of PMBLDC motor for sensorless trapezoidal
current fed vector controlled drives at dynamic speed changing condition

From 3-phase stator current curve for variable speed condition for two different proposed
algorithm as shown in Fig. 6.13, it is seen that, at 1.0 second when the reference speed changes
from 100 rad/s to 75 rad/s, there exists no high value of transient current beyond the limit of
rated current (2.5 Amp) and no undershoot from reference speed for both algorithm 1 and
algorithm 2 for sensorless operation. Besides there is no overshoot at 1.5 second, when the
reference speed goes to 150 rad/s from 75 rad/s. Condition of back EMF at the time of variable
speed change for sensorless trapezoidal current fed field oriented control drives are shown in Fig.
6.14.
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Fig. 6.13: 3-phase current of PMBLDC motor for sensorless trapezoidal current fed field
oriented controlled drive for variable speed condition considering transient current at the
interface of speed changes
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Fig. 6.14: 3-phase back EMF at dynamic speed changing condition for trapezoidal current fed
vector controlled PMBLDC motor drive without position sensor

Condition of actual and estimated flux at variable speed changing interface for sensorless
trapezoidal current fed drives are shown in Fig. 6.15. When speed command changes from 100
rad/s to 75 rad/s, i.e. for decreasing speed condition, there is very small mismatch between actual
and estimated flux for both of these two proposed algorithms. When speed command changes
from 75 rad/s to 150 rad/s, i.e. for increasing motor speed transient condition, there is no
mismatch between actual and estimated flux for both of these two proposed algorithms as shown
in Fig. 6.15. Comparison of actual and estimated rotor position at variable speed changing
interface for sensorless trapezoidal current fed drives are illustrated in Fig 6.16. Since rotor
position of the motor is estimated using estimated flux linkage. So, estimated rotor position
shows the similar behavior as described for estimated flux.
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.15: Actual and estimated rotor flux in per unit value at dynamic speed changing condition
for trapezoidal current fed field oriented PMBLDC motor drive without position sensor
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.16: Actual and estimated rotor position at dynamic speed changing condition for
trapezoidal current fed field oriented PMBLDC motor drive without position sensor

The scenario of actual and estimated developed electromagnetic torque according to the response
of load torque 0.4 Nm at dynamic speed changing condition for sensorless operation of
trapezoidal current fed field oriented PMBLDC motor drives for both proposed algorithm 1 and
algorithm 2 are shown in Fig. 6.17.
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6.3.3 Motor Characteristics due to Load Torque Change

Now performance of position sensorless trapezoidal current fed vector controlled PMBLDC
motor drives are determined under the condition of load torque change. At first motor runs at 150
rad/s rated speed with initial load torque 0.4 Nm. At time 1.5 second motor is loaded with load
torque 2.0 Nm. At that condition sensorless trapezoidal current fed drives for both the proposed
algorithm 1 and algorithm 2 can sustain motor speed to its rated value 150 rad/s as shown in Fig.
6.18. In chapter IV, it is shown that, by using trapezoidal current fed drive, the maximum load
torque handling capacity of a specified PMBLDC motor can be increased 25% than the
conventional 120° conduction square current fed drive. From Fig. 6.18, it can be said that, the
maximum load torque handling capacity of a specified PMBLDC motor can also be possible to
increase 25% using trapezoidal current fed drive without rotor position or speed sensor. Fig. 6.18
depicts that, there is no change in speed characteristic at the time 1.5 second when the motor is
loaded with rated load torque 2.0 Nm. Both actual and estimated motor speed sharply follows the
given reference speed command. Maximum load torque have to be given to the trapezoidal
current fed field oriented PMBLDC motor drive without hampering the system stability is 2.0 Nm
for both of these two proposed algorithms. L.e. when trapezoidal current fed drive is used to
control the specified PMBLDC motor (From Appendix), the maximum torque generating capacity
is increased to 2.0 Nm by keeping the maximum current of the PMBLDC motor to its rated value
2.5 Amp.
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(a) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 1
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(b) For sensorless trapezoidal current fed FOC drive based on proposed algorithm 2

Fig. 6.18: Speed characteristics of PMBLDC motor for sudden load torque change at 1.5 second
from initial load torque 0.4 Nm to rated load torque 2.0 Nm for sensorless trapezoidal current fed
field oriented control drives

From graphical representation of 3-phase stator current for sudden load torque change of
sensorless trapezoidal current fed field oriented control drives as shown in Fig. 6.19, it summaries
that, though 2.0 Nm load torque is applied, stator current remains within the rated current (2.5
Amp) limit.
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Fig. 6.19: 3-phase stator current of sensorless trapezoidal current fed field oriented PMBLDC
motor drives for sudden load torque change at 1.5 second
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Rotor position of sensorless trapezoidal current fed field oriented PMBLDC motor drives for
sudden load torque change at 1.5 second are pictured in Fig. 6.20. At the time 1.5 second when
the motor is loaded with rated torque 2.0 Nm, there is no difference between the actual and
estimated rotor position for both proposed algorithm 1 and algorithm 2.
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The scenario of actual and estimated developed electromagnetic torque according to the response
of dynamic load torque change for sensorless operation of trapezoidal current fed field oriented
PMBLDC motor drives for both proposed algorithm 1 and algorithm 2 are shown in Fig. 6.21.
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6.4 Conclusion

High performance trapezoidal current fed field oriented vector controlled delta modulated
PMBLDC motor drives based on algorithm 1 and algorithm 2 for sensorless operation are
designed in this chapter. Estimated speed sharply follows actual speed of PMBLDC motor for
proposed algorithm 2. Speed estimation for proposed algorithm 2 is better than the proposed
algorithm 1. For both of these two cases, there exists negligible amount of speed deviation
between the actual and estimated speed at the initial time of starting. Because speed of the motor
is estimated by using estimated rotor flux linkage and there exists deviation between the actual
and estimated flux at initial starting transient time (before 0.085 second). Expect initial starting
time error (before 0.085 second), estimated flux exactly traced out the actual flux linkage of the
PMBLDC motor for both algorithm 1 and algorithm 2, i.e. the performance of flux estimation
algorithm is very good. Similar to the estimated flux, there is no mismatch between actual and
estimated rotor position excluding the initial starting time error. So, the performance of rotor
position estimator is satisfactory. There is less oscillation in stator phase current currents and
developed electromagnetic torque for proposed algorithm 1 than algorithm 2. Considering this
point of view, algorithm 1 is better than algorithm 2. This chapter mainly presents how to increase
the load torque handling capacity of field oriented PMBLDC motor drives only by changing the
reference current of a current fed delta modulated inverter without rotor position sensor. In this
chapter approach to enhance the torque handling capacity, approach for position sensorless
operation and approach for field oriented control are incorporated in a single PMBLDC motor
drive to make a most high performance system. All advantages of these three strategies are
present in this high performance PMBLDC motor drive.

By considering both transient and steady state chracteristics, it is clear that, the performance of
these sensorless trapezoidal current fed field oriented PMBLDC motor drives for both algorithm 1
and algorithm 2 are similar to sensored trapezoidal current fed field oriented PMBLDC motor
drive. Instead of using position sensor, two different algorithms are used for sensorless operation
of trapezoidal current fed field oriented PMBLDC motor drive to enhance the torque handling
capacity of PMBLDC motor without exceeding the maximum current rating of the motor.
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Chapter VIl
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7.2 Conventional DTC Drive Using Two Phase Conduction Mode

The key issue in the conventional DTC of a PMBLDC motor drive in the constant torque region
is to estimate the electromagnetic torque correctly. For a PMBLDC motor the back-EMF
waveform is trapezoidal, therefore irrelevant to conducting mode (two or three-phase), Eq. 7.1
should be used for the electromagnetic torque calculation in the stationary reference frame.

where P is the number of poles, 6, is the electrical rotor angle, w,. is the electrical rotor speed,
and @qr, Ppr, €a. €g, Las, Igs are the stationary reference frame (af-axes) rotor flux linkages,
motor back-EMFs, and stator currents respectively. Eq. 7.2 and Eq. 7.3 describes the machine
equations in @f-axes. Where Vg, Vpo, R and Lg are the aff-axes stator voltages, per phase
resistance and per phase inductance respectively. The rotor flux linkages in aff-axes @, and @g,
can be obtained by taking the integral of both sides of Eq. 7.2 and Eq. 7.3 as follows by Eq. 7.4
and Eq. 7.5.

Vi = Raigs + L “;‘f Ser (7.2)
Vs = Ryigs + Ly 4 “2Lr (7.3)
Par = Pas — Lslas (7.4)
©pr = Pps — Lsips (7.5)

In which, @, and @g; are the a and £ axis stator flux linkages respectively. A PMBLDC motor
is operated ideally when the phase current is injected at the flat top portion of the phase-to-
neutral back-EMF. The back-EMF is usually flat for 120 electrical degrees and in transition for
60 electrical degrees during each half cycle. In the constant torque region (below base speed)
when the phase-to-phase back-EMF voltage is smaller than the dc bus voltage there is no reason
to change the amplitude of stator flux linkage. Above base speed, however, the motor
performance will significantly deteriorate because the back-EMF exceeds the dc bus voltage, and
the stator inductance X, will not allow the phase current to develop quickly enough to catch up to
the flat top of the trapezoidal back-EMF. Beyond the base speed, the desired torque cannot be
achieved unless other techniques such as phase advancing, 180 degree conduction etc. are used.
Operation of the DTC of a BLDC motor above the base speed is not in the scope of this chapter.

Conventional two-phase conduction quasi-square wave current control causes the locus of the
stator flux linkage to be unintentionally kept in hexagonal shape if the unexcited open phase
back-EMF effect and the free-wheeling diodes are neglected, as shown in Fig. 7.1 with dashed
lines. If the freewheeling diode effect which is caused by commutation is ignored, more circular
flux trajectory can be obtained similar to a PMSM drive.
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Fig. 7.1: Actual (solid-line) and ideal (dashed-line) stator flux linkage trajectories, representation
of two-phase voltage space vectors, and placement of the three hall-effect sensors in the
stationary aff-axes reference frame [46]

When conventional two-phase PWM current control is used, sharp dips occur at every 60
electrical degrees in the stator flux linkage trajectory. This is due to the operation of the
freewheeling diodes. The same phenomenon has been noticed when the DTC scheme for a
PMBLDC motor is used, as shown in Fig. 7.1 with solid lines. Due to the sharp dips in the stator
flux linkage space vector at every commutation and the tendency of the currents to match with
the flat top part of the phase back-EMF for smooth torque generation, there is no easy way to
control the stator flux linkage amplitude. On the other hand, rotational speed of the stator flux
linkage can be easily controlled and therefore fast torque response is obtained. The size of the
sharp dips is quite unpredictable. The best way to control the stator flux linkage amplitude is to
know the exact shape of it, but it is considered too cumbersome in the constant torque region.
Therefore, in the DTC of a PMBLDC motor drive with two-phase conduction scheme, the flux
EITOL, Qg0 1N the voltage vector selection look-up table is always selected as zero and only the
torque error, 7 is used depending on the error level of the actual torque from the reference torque.
If the reference torque is bigger than the actual torque, within the hysteresis bandwidth, the
torque error 7 1s defined as "1", otherwise it is "-1", as shown in Table 7.1.
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Table 7.1: Two-phase voltage vector selection for PMBLDC motor

T 8,

0, 6, 03 0, 05 0

1| V2 (001001) | V5 (011000) | V, (010010) | V; (000110) | V (100100) | V, (100001)

-1 | Vs (000110) | Ve (100100) | V; (100001) | V, (001001) | V (011000) | V, (010010)

A change in the torque can be achieved by keeping the amplitude of the stator flux linkage
constant and increasing the rotational speed of the stator flux linkage as fast as possible. This
allows a fast torque response to be achieved. It is shown in this section that the rotational speed
of the stator flux linkage can be controlled by selecting the proper voltage vectors while keeping
the flux amplitude almost constant, in other words eliminatin g the flux control.

PMBLDC Motor
& = Model
5
TN o Swf_l W&—] M
—t— a
Ve b
c—Ilimk C
(_'l’
4 I N' m | - ? [ : ; I
5| & £ £ £ 8

Two-Phase Voltage |
Vector Selection Table J

Fig. 7.2: Two-phase switching states of the inverter voltage space vectors for a PMBLDC motor

When the primary symmetric windings are fed by an inverter using two-phase conduction mode,
as shown in Fig. 7.2, the primary phase voltages Vans Vpn and 1, are determined by the status of
the six switches SW;, SW,, SW, SW,, SW: and SWs. Since the upper and lower switches in a
phase leg may both be simultaneously off, irrespective of the state of the associated freewheeling
diodes in two-phase conduction mode, six digits are required for the inverter operation, one digit
for each switch. Therefore, there is a total of six non-zero voltage vectors and a zero voltage
vector for the two-phase conduction mode which can be represented as Vo, ¢ (SW;,
SWs,........, SWg), as shown in Fig. 7.1. The six nonzero vectors are 60 degrees electrically apart
from each other, as depicted in Fig. 7.1, but 30 electrical degrees phase shifted from the
corresponding three-phase voltage vectors which are used in DTC of a PMSM drive. The overall

Page 126



Direct Torque Control of PMBLDC Motor without Position Sensor

block diagram of the closed-loop DTC scheme of a PMBLDC motor drive in the constant torque
region is represented in Fig. 7.3.
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Fig. 7.3: Block diagram of conventional two phase conduction direct torque controlled PMBLDC
motor drive

[n the two-phase conduction mode the shape of stator flux linkage trajectory is ideally expected
to be hexagonal, as illustrated with dashed-lines in Fig. 7.1. However, the influence of the
unexcited open-phase back-EMF causes each straight side of the ideal hexagonal shape of the
stator flux linkage locus to be curved and the actual stator flux linkage trajectory tends to be
more circular in shape, as shown in Fig. 7.1 with solid lines. In addition to the sharp changes,
curved shape in the flux locus between two consecutive commutations complicates the control of
the stator flux linkage amplitude because it depends on the size of the sharp dips and the depth of
the change may vary with sampling time, dc-link voltage, hysteresis bandwidth, motor
parameters especially the phase inductance, motor speed, snubber circuit, and the amount of load
torque. Generally, to achieve torque estimation for trapezoidal PMBLDC motor, Eq. 7.1 is used.

Hall-effect position sensors or speed sensors are most important components of this two phase
conduction DTC drive. But misalignments in position sensors, running in extreme ambient
conditions, or electromagnetic interference introduce error in the position information. Moreover,
there are some constraints to the position sensors including high cost, installation difficulty of
mechanics, and poor reliability. On the other hand, the derivative of the rotor af axes fluxes over
electrical rotor position 8., which is described in Eq. 7.1, will cause problems mainly due to
sharps dips at every commutation point. Besides the accurate value of estimated torque greatly
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depends on the resolution of the position sensor, when torque is calculated by using the af axes
motor back EMFs e,, eg and electrical rotor speed w, according to Eq. 7.1. So position or speed

sensorless two phase conduction DTC scheme for PMBLDC motor is proposed in the next
section.

7.3 Novel Position Sensorless DTC Drive Using Two Phase Conduction Mode

Two phase conduction direct torque control (DTC) of a PMBLDC motor drive in the constant
torque region, with novel electromagnetic torque and rotor position estimator, without
considering flux control is proposed as shown in Fig. 7.4. Sensorless means that, rotor position
encoder or speed sensors are absent in this proposed system. No Hall sensors or optical encoders
are used to detect the rotor position. The proposed control drive consists of an adaptive Pl
controller, Hysteresis controller, two phase voltage vector selection table, IGBT voltage source
inverter, current sensors and PMBLDC motor as shown in block diagram in Fig. 7.4. There is no
speed sensor or rotor position encoder and electromagnetic torque calculation blocks as needed
in conventional two phase conduction DTC drive as shown Fig. 7.3. Instead of position sensors,
rotor position estimation algorithm is used for the detection of rotor position information.
Developed electromagnetic torque is also estimated using estimated rotor flux. Thus complicated
electromagnetic torque calculation blocks as used in conventional DTC drive can be avoided for
this proposed sensorless two phase conduction DTC scheme.
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Fig. 7.4: Block diagram of two phase conduction direct torque controlled PMBLDC motor drive
without rotor position or speed sensor
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Novel flux estimation algorithm used in Fig. 7.4 has been discussed in the section 3.5 in chapter
V. Three phase back EMF e,, e, e, have to be calculated for the flux estimation algorithm by
using Eq. (7.6-7.8). Three phase flux linkage ¢,., @5, @, can be estimated by using three phase
back EMF e, e;, e, according to the following algorithm as shown in Fig 5.3.

€a = Vas — Rolgs —(Ls-M) 52 (7.6)
= —r i — - % [T
€y Vbs Rslbs (Ls M) At { . )
. digg -
e.=Vis—Reics —(LM)— (7.8)

Rotor position 6, is estimated by using estimated flux ¢,, ¢, and ¢, according to the Table 5.1
as discussed in chapter V. At a specific time, rotor position is determined only by using estimated
flux of a single phase as tabulated in Table 5.1. This phase is selected on the basis of a simple
rule. At every instant flux of any two phases have constant value and flux of other phase changes
with rotor position. This phase have to be chosen to determine the rotor position according to the
value of flux of that phase.

Generally motor speed can be determined by the differentiation of the rotor position of a motor.
But this conventional approach is not applicable for estimated rotor position of a PMBLDC
motor for two phase conduction DTC drive. Because there exist oscillation in the estimated rotor
position which is incorporated from oscillated stator phase currents due to the oscillation of
developed electromagnetic torque. So new approach to determine motor speed has to be found
out. PMBLDC motor speed can be estimated by using the estimated flux linkage ¢, @5, @, and
calculated three phase back EMF e, e, e, according to the Table 5.2 as tabulated in chapter V.
Flux of one phase and the calculated back EMF of that phase are used to determine the motor
speed. Similar to the rotor position estimation, the phase has to be selected to determine the
motor speed according to a rule that, the value of flux of selected phase changes with rotor
position and other two phases have constant value of flux. Developed electromagnetic torque can
be estimated by using estimated rotor flux ¢,, ¢,, ¢. according to Eq. 7.9.

Tem = Kt((paias"—@hi!;s+rpcic5‘] (7-9:]
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7.4 Simulation Results and Discussion

Two phase conduction DTC scheme for PMBLDC motor drive without rotor position or speed
sensors in the constant torque region has been simulated in a digital computer with software
written in C++ environment. The sampling time used for this simulation is 0.0000025 second.
The specifications of the simulated PMBLDC motor are depicted in Appendix.

7.4.1 Starting Characteristics

The PMBLDC motor starts with an initial load torque 0.4 Nm. Starting speed characteristics i.e.
time taken by the motor to reach its rated speed (150 rad/s) with its initial torque (0.4 Nm) for
direct torque controlled PMBLDC motor drives is shown in Fig. 7.5. From Fig. 7.5(a), it is seen
that, PMBLDC motor takes 0.48 second for proposed sensorless DTC drive to gain rated speed.
Coventional sensored DTC PMBLDC motor drive also takes 0.48 second as shown Fig. 7.5(b).
Phase currents are limited to its rated value by implementing torque limiter. There exists
negligible amount of speed deviation between the actual and estimated speed at the initial time of
starting for proposed sensorless two phase conduction DTC drive. Because at initial transient
state (before 0.08 second), there exists little deviation between the actual and estimated rotor flux
and rotor position as shown in Fig. 7.8 and Fig. 7.9. After 0.08 seconds estimated speed follows
actual speed accurately. That is, at steady state there is no error for speed estimation for proposed
sensorless DTC drive.

Proposed DTC
4
150
135 J —Reference Speed
. —— Actual Speed
120 - —— Estimated Speed
o8 105 - 120
= | :
E 90 - 120-
b -
.§ 75 . 90-
8 60- ]
2 o
45 ': 2%
30 u'
15 - 00 01 02 03 04 05 06
0 T T T T T T T T s T ' T v T ¥
0.0 0.3 1.0 155 2.0 25 A0 35
Time (Sec)

(a) For proposed position sensorless two phase conduction DTC PMBLDC motor drive
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i Conventional DTC
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(b) For conventional two phase conduction DTC PMBLDC motor drive

» Fig. 7.5: Starting characteristics of PMBLDC motor drives for two phase conduction direct
torque control
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3-phase back EMF at the time of starting for direct torque controlled PMBLDC drives for both
proposed sensorless DTC and conventional sensored DTC are shown in Fig. 7.6. In Fig. 7.7,
actual back EMF and corresponding calculated back EMF for proposed sensorless two phase
conduction DTC drive is depicted. It is seen that, calculated back EMF fully matched with actual
back EMF.
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(a) For proposed position sensorless two phase conduction DTC PMBLDC motor drive

20 - SIS

1 ——=Eh
15 4 | Ec

10 -

3 Phase Back-EMI (V)

0.0 01 02 0.3 0.4 0.5 0.6
Time (Sec)
(b) For conventional two phase conduction DTC PMBLDC motor drive

Fig. 7.6: 3-phase back EMF of two phase conduction direct torque controlled PMBLDC motor
drive
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Fig. 7.7: Comparison of per phase actual back EMF with calculated back EMF for two phase
@ conduction DTC drive without position sensor

A comparison of actual and estimated flux for sensorless direct torque controlled PMBLDC
motor drive is shown in Fig. 7.8(a). From Fig. 7.8(a) it can be said that, at the initial transient
time of starting of PMBLDC motor (before 0.08 second), there exists little mismatch between the
actual flux and estimated flux. Actual and estimated rotor position for sensorless direct torque
controlled PMBLDC motor drive is pictured in Fig. 7.9(a). Since rotor positions are calculated
by using the estimated flux. So, there is little misalignment between the actual and estimated
rotor position at the initial time of starting as shown in Fig. 7.9(a). After 0.08 second, estimated
flux fully traced actual flux. So, estimated rotor position can be fully matched with actual rotor
position. Rotor per phase flux linkage and rotor position for conventional sensored direct torque
controlled PMBLDC motor drive are illustrated in Fig. 7.8(b) and Fig. 7.9(b) respectively.
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Fig. 7.8: Per phase rotor flux for two phase conduction direct torque controlled PMBLDC motor
drives with and without position sensor
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Fig. 7.9: Rotor position for two phase conduction direct torque controlled PMBLDC motor
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Fig. 7.10 depicts developed electromagnetic torque in PMBLDC motor according to the load
torque 0.4 Nm for sensorless two phase conduction direct torque controlled PMBLDC motor
drive. Fig. 7.10 also represents the comparison between the actual developed torque with the
estimated developed torque. Torque estimation is done usin g estimated rotor flux. This estimated
developed torque is compared to the reference torque to select the proper voltage vectors while
keeping the stator flux linkage amplitude almost constant by using two phase voltage vector
selection Table 7.1. For the proposed sensorless DTC drive, there exist little mismatch between
estimated torque and actual torque at the starting transient time. But at steady state, estimated
developed torque exactly follows the actual developed torque in PMBLDC motor. It is the
novelty of this proposed torque estimation algorithm. Fig. 7.11 depicts the developed
electromagnetic torque according to the load torque 0.4 Nm for conventional sensored DTC
drive of PMBLDC motor. Comparing Fig. 7.10 with Fig. 7.11, it can be said that, oscillation
ripple in the developed electromagnetic torque for proposed sensorless DTC drive is same to the
conventional sensored DTC drive. That is, the performance of the proposed sensorless DTC
drive meets with the performance of conventional sensored DTC drive. The extra benefit for the
proposed drive is that, no high cost high resolution position sensors or speed sensors are used as
compared to the conventional sensored DTC drive.
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Fig. 7.10: Actual and estimated developed torque according to load torque for proposed position
sensorless two phase conduction DTC PMBLDC motor drive
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Fig. 7.11: Developed electromagnetic torque according to load torque for conventional sensored
two phase conduction DTC PMBLDC motor drive

In Fig. 7.12, stator flux linkage trajectories i.e. flux orientation representation in the stationary af§
axes reference frame for PMBLDC motor drives are pictured both for proposed position
sensorless DTC drive and conventional position sensored DTC drive of PMBLDC motor.
Similar stator flux linkage trajectories are obtained from both the proposed and conventional
DTC drives. Ideally, conventional two-phase conduction direct torque control causes the locus of
the stator flux linkage to be kept in hexagonal shape if the unexcited open phase back-EMF
effect and the free-wheeling diodes are neglected, as shown in Fig. 7.1 with dashed lines.
Though the PMBLDC motor is loaded with 0.4 Nm load torque, for both of the proposed and
conventional DTC drives, stator flux linkage trajectories are nearly hexagonal shape and there
are no noticeable sharp dips in stator flux linkage trajectories.
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Fig. 7.12: Stator flux linkage trajectories in the stationary af} axes reference frame for two phase
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7.4.2 Variable Speed Characteristics

Variable speed command is given to measure the dynamic performance of two phase conduction
direct torque controlled PMBLDC motor drives. Motor runs at speed 100 rad/s. At 1.0 second the
speed command is changed to 75 rad/s and finally at 1.5 second speed command is changed to
150 rad/s. Motor speed follows the reference speed for both proposed and conventional DTC
drives as shown in Fig. 7.13. For dynamic speed changing condition, estimated speed nearly
follows the actual speed of PMBLDC motor for proposed position sensorless DTC drive. When
speed command is changed to 75 rad/s from 100 rad/s with load torque 0.4 Nm, there is a small
amount of mismatch between the actual speed and estimated speed for proposed DTC drive at
transient time interval 1.0 second to 1.05 second. During this interval, estimated speed traces the
actual speed like staircase as depicted in subplot of Fig. 7.13(a). When speed command is
changed to 150 rad/s from 75 rad/s at 1.5 second, there is no noticeable error between the
estimated and actual motor speed for proposed DTC drive, At steady state condition, estimated
speed exactly traced out the actual speed of the motor. Proposed position sensorless DTC drive
shows similar performance to the conventional position sensored DTC drive for dynamic speed
changing condition.
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(a) For proposed position sensorless two phase conduction DTC PMBLDC motor drive
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Fig. 7.13: Comparison between speed responses of PMBLDC motor for proposed position
sensorless DTC drive and conventional position sensored DTC drive at dynamic speed changing
condition
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Condition of back EMF at the time of variable speed change for both proposed position
sensorless and conventional sensored DTC drives are pictured in Fig. 7.14.
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(a) For proposed position sensorless two phase conduction DTC PMBLDC motor drive
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(b) For conventional two phase conduction DTC PMBLDC motor drive

Fig. 7.14: 3-phase back EMF at dynamic speed changing condition for two phase conduction
direct torque controlled PMBLDC motor drives
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Fig. 7.15: Per phase actual and estimated rotor flux (in PU) at dynamic speed changing condition
for proposed position sensorless two phase conduction DTC drive of PMBLDC motor
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Fig. 7.16: Actual and estimated rotor position at dynamic speed changing condition for proposed
position sensorless two phase conduction DTC drive of PMBLDC motor
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Condition of actual and estimated per phase rotor flux at variable speed changing interface for
proposed sensorless DTC drive is shown in Fig. 7.15. When speed command changes from 100
rad/s to 75 rad/s, i.e. for decreasing motor speed transient condition, there is no mismatch
between actual and estimated rotor flux. When speed command changes from 75 rad/s to 150
rad/s, i.e. for increasing motor speed transient condition, there is also no mismatch between
actual and estimated rotor flux for as shown in Fig. 7.15. In Fig. 7.16, actual and estimated rotor
position of the PMBLDC motor at variable speed changing interfaces for proposed sensorless
two phase conduction DTC drive are plotted. Rotor position of the motor is estimated using
estimated stator flux linkage. So estimated rotor position shows the similar behavior as depicted
for estimated rotor flux.

The scenario of actual and estimated developed electromagnetic torque according to the response
of constant load torque at dynamic speed changing condition for proposed position sensorless
two phase conduction direct torque controlled PMBLDC motor drive is shown in Fig. 7.17.
Estimated developed torque exactly traced out the actual developed torque. Developed
electromagnetic torque for conventional sensored two phase conduction direct torque controlled
PMBLDC motor drive is illustrated in Fig. 7.18 for the comparison with the proposed DTC
drive.
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Fig. 7.17: Actual and estimated rotor developed torque according to the response of load torque
at dynamic speed changing condition for proposed position sensorless two phase conduction
DTC PMBLDC motor drive
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Fig. 7.18: Developed electromagnetic torque according to the response of load torque at dynamic
speed changing condition for conventional position sensored two phase conduction DTC drive of
PMBLDC motor
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7.4.3 Motor Characteristics due to Load Torque Change

Now the performance of proposed and conventional DTC drives is determined under the
condition of load torque change. At first motor runs at 150 rad/s rated speed with initial load
torque 0.4 Nm. At time 1.5 second motor is loaded with its load torque 1.55 Nm. At that condition
two phase conduction DTC drives for both proposed position sensorless and conventional
sensored schemes can sustain motor speed to its rated value 150 rad/s as shown in Fig. 7.19. Fig.
7.19 depicts that, there is no change in speed characteristic at the time 1.5 second when the motor
is loaded with torque 1.55 Nm. Both actual and estimated motor speed sharply follows the given
reference speed command for proposed DTC drive. Maximum load torque have to be given to
these two phase conduction direct torque controlled PMBLDC motor drives without hampering
the system stability is 1.55 Nm for both proposed and conventional DTC drives.

Rotor position of proposed position sensorless direct torque controlled PMBLDC motor drive for
sudden load torque change at 1.5 second is pictured in Fig. 7.20. At the time 1.5 second when the
motor is loaded with the rated load torque 1.55 Nm, there is no difference between the actual and
estimated rotor position.
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(a) For proposed position sensorless two phase conduction DTC drive of PMBLDC motor
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(b) For conventional two phase conduction DTC drive of PMBLDC motor

~ Fig. 7.19: Speed characteristics of PMBLDC motor for sudden load torque change at 1.5 second
from initial load torque 0.4 Nm to load torque 1.55 Nm for proposed and conventional DTC
drives
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Fig. 7.20: Comparison of actual and estimated rotor position of proposed position sensorless two
phase conduction DTC drive for sudden load torque change at 1.5 second
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The scenario of actual and estimated developed electromagnetic torque according to the response
of dynamic load torque change for proposed position sensorless direct torque controlled
PMBLDC motor drive is shown in Fig. 7.21. The developed electromagnetic torque according to
the response of dynamic load torque change for conventional direct torque controlled PMBLDC
motor drive as shown in Fig. 7.22, shows similar behavior like the proposed DTC drive.
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Fig. 7.21: Actual and estimated developed torque according to the response of dynamic load
torque change for proposed two phase conduction direct torque controlled PMBLDC motor drive
without position sensor
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Fig. 7.22: Developed torque according to the response of dynamic load torque change for
conventional position sensored direct torque controlled PMBLDC motor drive
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7.5 Conclusion

Conventional two phase conduction direct torque technique for PMBLDC motor operating in the
constant torque region is presented due to the higher power/weight and torque/current ratios.
Voltage space vectors are directly controlled while the stator flux linkage amplitude is kept
almost constant by ignoring the flux control in the constant torque region because of achieving
faster torque response. A novel position sensorless DTC drive is proposed, which has the all
benefits of conventional two phase conduction DTC scheme. Moreover, in this proposed DTC
drive, the necessity of high cost and high resolution speed sensors or position encoders are totally
eliminated. These sensors are mandatory for conventional two phase conduction DTC drive.

There are negligible amount of speed error between the estimated and actual motor speed at the
transient time of starting and transient time of dynamic speed decreasing interface for proposed
sensorless DTC drive. After initial transient time 0.08 second, estimated motor speed, estimated
rotor flux and estimated rotor position sharply follows actual motor speed, actual rotor flux and
actual rotor position respectively. So, there is no error for speed estimation, flux estimation and
rotor position estimation algorithms for proposed position sensorless DTC drive.

For the proposed sensorless DTC drive, there exist little mismatch between estimated torque and
actual torque at the starting transient time. But at steady state, estimated developed torque
exactly follows the actual developed torque in PMBLDC motor. Oscillation of developed
electromagnetic torque for proposed sensorless DTC drive is same to the conventional sensored
DTC drive. In spite of using no position sensors or speed sensors, the performance of torque
estimation of the proposed sensorless DTC drive is exactly similar with the performance of
conventional sensored DTC drive. It is the novelty of this proposed torque estimation algorithm.

Exactly same stator flux linkage trajectories are obtained for both proposed position sensorless
DTC drive and conventional position sensored DTC drive of PMBLDC motor. The obtained
stator flux linkage trajectories are nearly hexagonal shaped there are no noticeable sharp dips in
stator flux linkage trajectories. These criteria are nearly matched with the ideal condition. By
considering starting, dynamic speed and load torque changing characteristics, it is clear that, the
performances of proposed position sensorless direct torque controlled PMBLDC motor drive is
fully matched with the performances of conventional position sensored direct torque controlled
PMBLDC motor drive.
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8.1 Conclusion

High performance position sensorless adaptive PI controller based vector controlled current fed
delta modulated PMBLDC motor drives are designed tested in this study. Field oriented vector
controlled PMBLDC motor drive is proposed and compared with the scalar controlled PMBLDC
motor drive. The performance of field oriented control drive (iy = 0.0) is compared with the
scalar controlled PMBLDC motor drive at iy=1.0 and iq=l, through the simulation results. By
considering starting condition, dynamic speed and load torque changing characteristics, it is clear
that, the performance of vector control PMBLDC drive is superior to scalar control drives.
Keeping maximum rated current of the PMBLDC motor constant, the performance of scalar
controlled drives degrades with the increasing of iy. Load torque handling capacity of scalar
confrolled PMBLDC motor drives decreases with increasing the value of direct axis current
component in scalar control drives. Both the transient and steady state characteristics of vector
control current fed PMBLDC motor drive are outstanding. Performance of the field oriented
vector controlled and scalar controlled PMBLDC motor drives are tested due to the change of
PMBLDC motor parameters. There are no effects of 25% increase or decrease of motor inertia,
damping constant, stator resistance per phase, self-inductance, and mutual inductance from its
rated value on the performance of PMBLDC motor drives for both vector and scalar control.

A novel approach to enhance the torque handling capacity of a PMBLDC motor without
exceeding the maximum rated current of the motor is proposed in this thesis. An adaptive Pl
speed controller based high performance vector controlled three different trapezoidal, square and
sinusoidal reference current fed delta modulated PMBLDC motor drives are designed. Torque
handling capacity of a PMBLDC motor can be increased up to 25% from the conventional 120"
conduction square wave current fed drive by only using the novel trapezoidal current fed field
oriented control drive. Load torque handling capacity of square current fed PMBLDC motor drive
(1.60 Nm) is higher than the sinusoidal current fed drive (1.55 Nm). Performance of trapezoidal
current fed vector controlled drive is superior to the square and sinusoidal vector controlled drives
considering response time, load torque handling capacity, dynamic speed and load torque
changing condition, settling time of the system. For trapezoidal current fed drive, the developed
electromagnetic torque is periodic in nature and has constant average value.

Instead of using rotor position or speed sensor, two novel algorithms have been proposed to
estimate the rotor position and speed to perform the operation of position sensorless field
oriented vector control of PMBLDC motor. Novel rotor flux estimation and rotor position
estimation algorithms are proposed for position sensorless operation. Two different approaches
to estimate the speed of PMBLDC motor have been illustrated for speed sensorless operation.
Algorithm 1 and algorithm 2 based position sensorless field oriented vector controlled current
fed delta modulated PMBLDC motor drives is designed. Excluding initial starting time
negligible error, estimated flux exactly traced out the actual flux linkage of the PMBLDC motor
for both algorithm 1 and algorithm 2. That is, the performance of flux estimation algorithm is
outstanding. Similar to the estimated flux, there is no mismatch between actual and estimated
rotor position excluding the initial starting time error. So, the performance of rotor position
estimator is satisfactory. The performance of algorithm 2 for speed estimation is better than the
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algorithm 1 for sensonless operation of field oriented control. But there are less oscillation in
stator phase current currents for proposed algorithm 1 than algorithm 2. These oscillations of
stator phase current incorporate in the developed electromagnetic torque. Therefore, developed
electromagnetic torque for proposed algorithm 2 oscillates more than the algorithm 1.
Considering this point of view, algorithm 1 is better than algorithm 2. Performances of these
sensorless field oriented vector controlled PMBLDC motor drives for both algorithm 1 and
algorithm 2 are similar to sensored field oriented PMBLDC motor drive. Instead of using
position sensors, two different algorithms are used for sensorless operation of field oriented
vector controlled PMBLDC motor drive. But the performance of this drive remains unchanged.

High performance trapezoidal current fed field oriented controlled PMBLDC motor drive without
position sensor has been also proposed in this thesis work. This drive is proposed to increase the
torque handling capacity of a PMBLDC motor drive without exceeding the maximum current
rating of the motor and without high cost and high resolution speed sensor or rotor position
encoder. In this proposed drive, approaches of the torque handling capacity enhancement, position
sensorless operation and field oriented control are incorporated in a single PMBLDC motor drive
to make a high performance system. All advantages of these three strategies are present in this
high performance PMBLDC motor drive. Torque handling capacity of this high performance field
oriented vector controlled PMBLDC motor is 25% more than the conventional 120° conduction
square wave current fed drive without using position or speed sensors. Similar to the position
sensorless field oriented controlled PMBLDC motor drives, speed estimation for proposed
algorithm 2 is better than the proposed algorithm 1 for this high performance controlled
PMBLDC motor drive and there exists less oscillation in stator phase current currents and
developed electromagnetic torque for proposed algorithm 1 than algorithm 2. Because of similar
flux, rotor position and speed estimation algorithms are used in this high performance control
drive as used in field oriented controlled PMBLDC motor drives for position sensorless
operation. By considering both transient and steady state characteristics, the performance of this
position sensorless trapezoidal current fed field oriented PMBLDC motor drives for both
algorithm 1 and algorithm 2 are similar to sensored trapezoidal current fed field oriented
PMBLDC motor drive. Instead of using position sensor, two different algorithm is used for
position sensorless operation of trapezoidal current fed field oriented PMBLDC motor drive to
enhance the torque handling capacity of PMBLDC motor without exceeding the maximum
current rating of the motor.

A novel position sensorless two phase conduction DTC drive has also been proposed, which has
the all benefits of conventional two phase conduction DTC scheme. Moreover, in this proposed
DTC drive, the necessity of high cost and high resolution speed sensors or position encoders are
totally eliminated. These sensors are mandatory for conventional two phase conduction DTC
drive. For the proposed sensorless DTC drive, there exist negligible amount of mismatch
between estimated torque and actual torque at the starting transient time. But at steady state,
estimated developed torque exactly follows the actual developed torque in PMBLDC motor.
Oscillation of developed electromagnetic torque for proposed sensorless DTC drive is same to
the conventional sensored DTC drive. In spite of using no position sensors or speed sensors, the
performance of torque estimation of the proposed sensorless DTC drive is exactly similar with
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the performance of conventional sensored DTC drive. It is the novelty of this proposed torque
estimation algorithm. The stator flux linkage trajectory is nearly hexagonal shaped and there are
no noticeable sharp dips in stator flux linkage trajectories for proposed position sensorless DTC
drive. Performances of proposed position sensorless direct torque controlled PMBLDC motor
drive is fully matched with the performances of conventional position sensored direct torque
controlled PMBLDC motor drive. Both of these drives, flux control are ignored by keeping stator
flux linkage amplitude almost constant in the constant torque region due to achieve faster torque
response.

8.2 Recommendation for Future Work

Here it is focused on the performance enhancement of PMBLDC motor drives. Performance of
field oriented vector controlled PMBLDC motor drive is compared with scalar control drives. A
novel approach to enhance the torque handling capacity of a field oriented vector controlled
PMBLDC motor drive is proposed in this thesis. Two different novel algorithms are proposed to
estimate rotor position and speed of PMBLDC motor for position sensorless operation of
PMBLDC motor drives. Unique position sensorless direct torque controlled PMBLDC motor
drive is also proposed in this thesis and compared with the conventional DTC drive.

Simulation work has been done for the analysis of these high performance PMBLDC motor
drives. However, due to equipment limitations these control methods could not tested practically.
So in the future work, the results obtained for proposed control techniques from simulation
environment will be validated with experimental results. In addition to that, these high
performance PMBLDC motor drives can be analyzed by implementing further advanced and
intelligent controller like adaptive Fuzzy controller, ANN based controller and ANN-Fuzzy
controller in both speed and current loop.
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Appendix

Table App. 1: PMBLDC Motor Specifications

SL No. Specifications Quantity
01 No. of Poles 8
02 Rated Voltage 48V
03 Peak Value of Rated Current 2.5 Amp
04 Rated Speed 150 rad/s
05 Rated Torque 2.0 Nm
06 Initial Torque 0.4 Nm
07 Per Phase Resistance 0.36 Q
08 Per Phase Self-Inductance 2.1 mH
09 Mutual inductance 1.5mH
10 Flux linkages constant 0.105
11 Moment of Inertia 0.0048 kg-m”
12 Damping constant 0.002 N-m/rad/sec
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