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ABSTRACT

This thesis presents the design architecture and control methods of an
energy-efficient solar-powered brushless DC motor drive, focussing on its
application in low-power electric vehicles. The motor is primarily driven by
a battery in conjunction with a solar photovoltaic array that serves as the
secondary source of power. For the extraction of optimal solar power, a perturb
and observe maximum power point tracking algorithm using virtual resistance
as a control parameter is used. This allows for better adaptation to the dynamic
conditions and suppresses the frequent power oscillations observed in power
point tracking. The other aim of this research is to propose and realise a position
sensorless speed control technique for the brushless DC motor based on
zero-crossing detection of motor back-electromotive forces. The stabilisation
and control of the DC link voltage is achieved through a closed-loop speed
controller and a closed-loop voltage controller acting together. Simulations are
performed in MATLAB Simulink environment to validate the proposal under
diverse circumstances, and the results obtained are examined to justify the
effectiveness of the overall system model. The key contribution of this research
is to reduce redundancy in the design of the motor drive, thereby improving the
reliability of its commutation system by replacing the physical position sensors
with virtual ones. The other importance of the work lies in contributing to
saving energy bills through optimal use of available solar power applying the
proposed maximum power point tracking algorithm.

Keywords:- Brushless DC Machine, Solar Photovoltaic Array, Maximum
Power Point Tracking, Perturb and Observe Algorithm, Back Electromotive
Force, Sensorless Control, Zero Crossing Points
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CHAPTER ONE: INTRODUCTION

1.1 Background

The extraction and exploitation of non-renewable energy sources has been
increasing exponentially every year with an increase in world population.
This not only has led to the rapid depletion of such energy sources but
also has resulted in undeniable impacts on the environment and society.
The carbon-based fuels, like the fossil fuels that are widely used today,
are unsustainable and unsafe because they contribute to greenhouse gas
emissions, air pollution, water and soil contamination, climate change, global
warming, and many other adverse impacts, thereby causing a serious threat to
the modernising world. The transportation sector has been reported to have
one of the largest carbon footprints, contributing significantly to greenhouse
gas emissions and causing several environmental problems [1].

The extensive use of non-renewable energy sources, majorly coal and
petroleum in the transportation sector despite their limited availability and
high cost, has forced several countries to think of their best alternative in
the near future. It is now high time to reduce the carbon footprints of
the transportation sector due to pressing concerns such as pollution, global
warming, depletion of the ozone layer, and the health risks these issues pose

[2]. The search for a perpetual, safer, cleaner, environmentally friendly, and
affordable fuel is never-ending. The possible alternatives to conventional fossil
fuels are renewable energy sources such as the sun, wind, tides, hydropower,
and biomass. Among these alternatives, solar power is the most preferred since
it is the cleanest and most easily accessible sustainable form of energy with
minimum operating costs.

1.1.1 Trend in Low-Power Electric Vehicles

Efforts are being made to transform the transportation sector from fossil
fuel-based technology to clean and green technology with the integration
of several renewable energy sources. Governments in some countries with
expanding automotive markets have made some promising attempts to address
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the issues discussed above by promoting more efficient and decarbonised
electric vehicle (EV) [3]. Various research studies are conducted all over the
world every year to identify the optimal energy source that can be integrated
with EV to meet the desired performance criteria and power requirements. On
the other hand, the drive system of the EVs, including motor type, topology,
design structure, control scheme, etc. are being modified to harness the energy
available at the source end to the fullest extent so as to maximise the overall
efficiency and reliability of the vehicles. In recent years, most well-developed
countries have experienced a steady growth in the number of EVs being used.
According to global statistics, by now more than 10 million EVs are on the road,
and 47 % of these vehicles are only from China [4]. Similarly, in several other
countries, more than 1 % of its market share are contributed by these vehicles.

The increasing trend of low-power electric vehicle (LPEV), such as electric
scooters, electric bikes, and small electric urban cars, is driven by several
factors. Some of these factors are as follows:

e Urbanization and Traffic Congestion: Growing urban populations have
created the demand for compact, efficient, and manoeuvrable vehicles
that can navigate crowded streets.

e Environmental Concerns: Rising awareness of climate change and
air pollution has encouraged the adoption of cleaner, emission-free
transportation options.

* Cost-Effectiveness: LPEVs are generally more affordable to purchase,
operate, and maintain compared to traditional vehicles, which makes
them appealing to cost-conscious consumers.

* Technological Advancements: Improvements in battery technology have
extended the range and reduced the charging time of LPEVs, increasing
their practicality.

e Government Incentives: Many governments are offering subsidies, tax
benefits, and infrastructure development (e.g. charging stations) to
promote the use of EVs.
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e Convenience for Short Trips: LPEVs are ideal for short-distance
commutes and last-mile connectivity, which aligns with the needs of many
urban residents.

This trend reflects a shift towards more sustainable and efficient
transportation solutions in response to modern social and environmental
challenges. The demand for light commercial vehicles has grown rapidly in
recent years, forcing manufacturers to compete to maximise their performance
and minimise costs. The use of permanent magnet electric machines is growing
every year in these vehicles due to their higher efficiency, power density, and
ability to improve vehicle range and performance in contrast to conventional
full-winding-based electric machines [5]. The permanent magnet machines
commonly used in such vehicles include brushless DC (BLDC) motors,
permanent magnet synchronous machine (PMSM) motors, synchronous
reluctance motors, hybrid PMSM motors, etc. Although challenges related to
the cost of permanent magnets, their availability, and sustainability still prevail,
ongoing advancements in motor technology and manufacturing processes are
expected to overcome these barriers soon, thereby paving the path for wider
adoption across the globe.

1.1.2 Solar Powered Electric Vehicles

1 Produce electricity
! to power the engine

Charging point: -
For charging |
the battery

via alternative
energy points

Electric motor: Battery:

Can use direct solar Stores generated
or stored energy electricity to power the vehicle

Figure 1.1: Basic topology of a solar electric car (greenmatch.co.uk)
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Solar-powered EVs are a sustainable form of transportation that integrate solar
panels to harness the energy of the sun and use it to power the vehicle.
The concept combines renewable energy with EVs, offering a greener, more
eco-friendly alternative to traditional fossil fuel vehicles. Solar-powered EVs
typically have solar panels installed on their roofs or other surfaces. These
panels capture sunlight and convert it into electricity, which can be used either
to charge the vehicle’s battery or directly power the embedded electric motor.
This, in turn, loosens the reliance on conventional charging stations, which
is beneficial in reducing energy bills. However, the power generated from the
panels used might not be sufficient to fully power the vehicles used for long
trips. So, conventional charging is still required for longer distances. Figure
shows a typical topology of an electric car with integrated solar photovoltaic
panels on the roof.

With the latest developments in permanent magnet machines, the
manufacturers of EVs are rapidly shifting towards the adoption of permanent
magnet motors as the key element in the electric propulsion system of vehicles.
The integration of renewable energy sources such as solar photovoltaic arrays
into these vehicles has led to an improvement in the performance and energy
efficiency of the vehicles and therefore contributed significantly to saving
energy bills. BLDC motor being powered by a solar photovoltaic (SPV) system
is one of the compelling alternatives to improving the efficiency of such
EVs with minimal emissions [6]. Despite the limited literature available
on SPV-integrated BLDC motors, many researchers have shown interest in
extending the application of SPV systems in LPEVs [7-9]. This can potentially
be the best substitute for the induction motor, the giant in the industrial market,
which will indeed reduce the size and weight of the vehicle [10].

1.2 Statement of Problem

The implementation of a SPV system-driven BLDC motor drive must face
several technical challenges. The first challenge is the irradiance and
temperature dependence of solar power, leading to fluctuations in power
generation. The irradiance and temperature depend further on the altitude,
geographical, and climatic conditions of the place. Moreover, in an EV,
conditions such as shading and non-uniform irradiance on PV panels cannot
be ignored due to several reasons such as vehicle orientation with respect
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to sunlight, design constraints, nearby trees and buildings, cloud coverage,
smoke and fog, etc. In a conventional single-input single-output (SISO) DC-DC
converter-based system, the extraction of power from PV units is effective only
when uniform irradiance is available throughout the panel surface. In such a
system, solar power generation, while even working at MPPT, is significantly
reduced by partial shading and impedance mismatching of series and parallel
connected PV modules. Therefore, in the context where there are frequent
changes in the working conditions of the SPV array, a significant drop in drive
performance cannot be overlooked. Thus, to overcome this challenge, a rapidly
converging maximum power point tracking (MPPT) control algorithm for the
SPV array, along with a suitable converter topology to interface the array with
the DC bus is required.

The second challenge is stabilisation and control of the DC bus voltage in
the SPV system-driven BLDC motor drive against varying source (SPV array and
battery) power generation and load requirements. In BLDC motors, controlling
the speed above its base value is cumbersome and requires sophisticated
control techniques only to achieve a slightly higher speed. However, controlling
the speed below the base speed is easy and can be achieved by controlling
the armature voltage directly without affecting motor health in the long run.
However, the robustness and flexibility in speed control, in turn, depend
on the electrical characteristics of the components, such as the battery and
the DC-link capacitor. The inherent shortcomings of electrolytic capacitors
include their poor lifespan, low-frequency operation and overweight. Most
conventional EVs are still found to operate using these capacitors as a DC
link, because of their low cost. In addition, to improve vehicle performance, a
battery with a higher energy density, longer cycle life, fast charging capability,
and more resistant to temperature must be preferred, which should also
meet the desired safety standards. A combination of a film capacitor and
a Lithium-ion battery is treated as a good choice to meet both the dynamic
and steady-state requirements for LPEVs. However, an accurate study of the
electrical characteristics of the battery as well as the characteristics of the motor
drive is required before designing an appropriate control system to adjust the
DC link voltage.

The third challenge is associated with the sensors used in BLDC motors
that affect their design complexity and reliability. There are several inherent
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shortcomings associated with the BLDC motors that are based on position and
speed sensors. Adding such sensors increases the design complexity and cost
of the motor. Most of these sensors are sensitive to temperature, vibrations,
and electromagnetic interference (EMI) and can lead to device failure, thereby
reducing the reliability of the machine. They may require frequent maintenance
when operating in harsh environments. Constraints such as the volume and
weight of the machine could be a big challenge for sensor-based motors,
especially when used in critical applications. Thus, the omission of these
sensors contributes to reducing redundancy and thus improving the reliability
of the BLDC motor drive. This, however, is feasible solely when the output from
these physical sensors can be obtained through another method, by leveraging
the electrical and mechanical properties of the motor.

In summary, the major problems to be addressed in the design and control
of solar-powered BLDC motor drive can be listed as follows:

1. fluctuating input power from SPV array due to shading effect, varying
irradiance and temperature

2. stabilisation and control of DC bus voltage against varying source power
and load requirement

3. shortcomings of sensor-based motor drive such as poor reliability,
increased cost, more space and weight requirements, etc

1.3 Objectives of Research

The general objective of this research is to propose, design, and simulate an
energy-efficient and position sensorless model of solar-powered BLDC motor
drive for LPEVs. The control approaches to be implemented will focus on
overcoming the challenges/problems discussed in Section 1.2. The ultimate
goal is to contribute to improving the efficiency and reliability of the overall
system and reducing its redundancy through the careful selection and design
of all the major components that make up the system.
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The specific objectives of the project are listed below:

1. to extract optimal power available from SPV array through MPPT at any
weather and temperature conditions

2. to stabilise DC-link voltage at all load conditions irrespective of battery
state of charge (SoC) and solar power input

3. to realise sensorless commutation and speed control of BLDC motor

1.4 Overview and Scope of Research

The research work undergoes a comprehensive design of a solar-powered
BLDC motor drive especially meant for LPEV applications such as e-rickshaws,
electric cars, electric scooters, and e-bikes, followed by its control based
on load requirements and available input power. The study starts with a
detailed literature survey (presented in chapter TWO) on the existing MPPT
techniques for extracting maximum solar input power and position sensorless
control methods for a BLDC motor. Chapter THREE describes the overall
system framework and detailed steps involved in selecting and designing major
system components, accompanying calculations of several critical parameters
that justify the design requirements. The major components involved in the
design process include the BLDC motor, battery bank, SPV arrays, DC-DC
converters, voltage source inverter (VSI) and DC-link capacitor. The control
approaches of different components being used, such as MPPT control, DC-link
voltage control and sensorless speed control of BLDC motor are described
sequentially in detail including preliminary theoretical concepts wherever
required. Chapter FOUR deals with the MATLAB Simulink model of the
overall system. It explains various circumstances under which the simulations
are performed and the parameters selected for different components while
conducting the simulations. The results of these simulations are showcased
and discussed in chapter FIVE. Finally, chapter SIX presents the conclusion of
the research describing the effectiveness of the proposed model, its limitations,
and potential extension.

The findings of this research provide critical insight into the selection
of appropriate components, their sizes and capacities used in the topology
design of solar powered BLDC motor drives. The research work demonstrates
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robust and safe control techniques used in controlling the battery charge, DC
link voltage, motor speed, and solar power, which can be a helpful guide for
researchers and engineers in improving the control system models applied
in relevant applications. By demonstrating an adaptive and fast-converging
MPPT technique, the work is supposed to contribute to improving the energy
efficiency and performance of solar-driven EVs. Moreover, the proposed model
in the research can pave new paths in improving the reliability of the BLDC drive
system, since it introduces and validates a position sensorless commutation
mechanism for the motor. Last but not least, the research will also help
identify opportunities for further innovation by illustrating the limitations of
the proposed models and the potential room for improvement.
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CHAPTERTWO: LITERATURE REVIEW

2.1 Maximum Power Point Tracking Control

Solar power generation is mainly dependent on two parameters, irradiance and
temperature. These parameters further rely on conditions such as the altitude
and geography of the place, air quality, orientation of the panel with respect
to sunlight, weather conditions, etc. For a particular working temperature and
available irradiance, the power drawn from the panel varies with the input
impedance seen by the terminal. This input impedance decides the slope of
the load line, and the point of intersection of this line with the current-voltage
(i-v) characteristics curve, in turn, gives the working point in terms of current,
voltage, and power. Adjusting the slope of the load line so that the power being
extracted can be maximised for a given temperature and irradiance conditions
is called the maximum power point tracking (MPPT) control. Several algorithms
for the MPPT control have been proposed and implemented in different works
of literature over time. Each of these algorithms has its own benefits and
limitations, which are discussed here.

The perturb and observe (P&QO) algorithm is the most widely used and
oldest algorithm. The method involves making small perturbations in voltages
and monitoring the change in power (positive or negative) unless the change
reduces to an acceptable degree close to zero. With an increase in voltage, if
the change in power is positive, then the maximum power point (MPP) lies to
the right of the current operating point, and therefore the effect is to further
increase the voltage. However, if the change in power is negative, then the MPP
lies to the left of the current operating point, and thus the effect is to reduce
the voltage. Similarly, with the decrement in voltage, if the change in power is
negative, then the MPP lies to the left of the current operating point, and thus
the next step is to further decrease the voltage. However, if the change in power
is positive, then the MPP lies to the right of the current operating point, and
thus the effect is to increase the voltage. The perturbation in voltages is done at
fixed time intervals indirectly using the duty ratio of the interface converter as
a control variable. The conventional P&O method as described in [11, 12] uses

21



a fixed perturbation size. The downside of fixed perturbation step size is slow
convergence if the predetermined size is very small and higher oscillations if the
size is too large. This challenge of optimal trade-off between power oscillation
and convergence speed is overcome using modified P&O techniques discussed
in [13] through adaptation of the perturbation size with the degree of change in
the controlled power. Although the method is easy to implement and facilitates
fast tracking of the MPP, the method still has an inherent inability to track global
MPP under partial shading conditions where multiple MPPs arise.

The problem of oscillations around the MPP, as seen in P&O is mitigated
in the incremental conductance (IncCond) algorithm as proposed in [14, 15].
The algorithm suits better in dynamic working conditions and performs well
under partial shading. The technique employs the calculation of incremental
conductance, which is the ratio of change in current to change in voltage of the
SPV array. This value (di/dv) is compared with the negative of the measured
current and voltage ratio, i.e. —i/v at the same time instant. If di/dv < —i/v,
then the current operating point lies to the right of the MPP; therefore, the
voltage must be reduced in the next step. However, if di/dv > —i/v, then the
current operating point lies to the left of the MPP; therefore, the voltage requires
an increment in the following step. Condition di/dv ~ 0 implies near-to-MPP
operation. The method requires more computational resources for the precise
measurement of current and voltages and calculation of derivatives.

The simplest and lowest-cost method, called the constant voltage method
[16, 17], is often used for its simplicity and the least-cost requirement. The
method uses a fixed voltage value as the MPP voltage, which is usually between
70% and 80% of the open circuit voltage of the SPV array based on standard
test conditions (1000 W m~2 irradiance and 25 °C temperature). The method
can be realised using both analogue and digital circuits. The demerit is that
the method is not suitable for dynamic conditions since it assumes a fixed MPP
voltage and offers less accuracy under non-standard working conditions.

Apart from the aforementioned classical algorithms, various intelligent
MPPT control techniques harnessing machine learning principles have been
proposed. The most common of these algorithms are fuzzy logic controller
(FLC) based [18, 19] and artificial neural network (ANN) based [20,21]. Both
algorithms offer a high degree of accuracy at the expense of computational
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resources such as training data and experiments. They can better adapt
to varying irradiance and temperature conditions, resulting in a reduced
oscillation of the operating point. The differences between these methods are
that the former uses a predefined rule-based lookup table to make decisions
on the output, whereas the latter requires training a model based on input and
output data sets. In addition, the former can be less accurate at times despite
offering a faster response, whereas the latter is relatively more accurate once
trained.

In recent times, the applications of evolutionary algorithms have been
extended to the MPPT control, inspired by their ability to optimise complex
mathematical objective functions involving multiple optimal points. These
algorithms are generally used in integration with the intelligent control
algorithms discussed earlier to extend their strength. The most dominant ones
are based on genetic algorithm (GA) [22, 23] and particle swarm optimization
(PSO) [24, 25]. Unlike other methods that often fail to track the global MPP
arising during partial shading conditions, these methods are very reliable in
tracking the global or actual MPP and are less affected by noise. However, the
setback of GA and PSO-based MPPT algorithms is that they take relatively more
time to converge to the global optimum, offering a slower response. Besides,
they require higher computational resources for real-time applications. The
study of various evolutionary algorithms proves the superiority of PSO over
GA in terms of the speed of convergence. In [26], a hybrid method has been
proposed combining the conventional PSO with the P&0O method to harness
the higher accuracy offered by the PSO method and the fast response feature of
the P&0O method.

A summary of the MPPT techniques discussed is presented in Table 2.1. The
solar panel mounted on the roof of an EV experiences fluctuating irradiance
due to several reasons such as vehicle direction of motion and its orientation
relative to sunlight, design constraints, nearby trees and buildings, cloud
coverage, smoke and fog, etc. Thus, the vehicle operates most of the time under
dynamic conditions and therefore requires an adaptive and fast convergent
MPPT algorithm to stabilise the operating point at or close to the actual
MPP suppressing power oscillations. As mentioned in [27], a virtual optimal
resistance (VOR)-based P&O algorithm seems to be highly effective under such
dynamic working conditions. The resistance is simply the voltage to current
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ratio seen by the SPV array that can be used as a hidden control parameter
to indirectly adjust the operating point to the actual MPP by generating an
appropriate duty ratio. The study shows that the change in array’s current
rather than the array’s voltage is more sensitive to the shift in the MPP due to
fluctuation in temperature and irradiance. Hence, unlike in the conventional
P&O MPPT technique where voltage is used as the perturbation parameter,
optimisation of solar output power can be better achieved by perturbing the
ratio of current to voltage (i.e. the inverse of VOR).
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Table 2.1: Summary of MPPT control algorithms

Control .. o .
Refs. Techniques Description Key Features Limitations
U struggles under partial
Perturb and perturbs voltage and simple shading
observes power implementation, fast « trade-off between
Observe (P&0O) X e
changes tracking of the MPP power oscillations and
(11-13] convergence
. * requires more
; ¢ better for dynamic .
Incremental uses incremental conditions computational
Conductance oG I CD JESOULCES
(IncCond) determine MPP * good performance . . ¢
direction under partial shading precise measuremen
[14,15] needed
* not suitable for
uses a fixed voltage dynamic conditions
Constant (70%-80% of simple and low-cost .
Voltage Method | open-circuit voltage) as | implementation * less accurate in
MPP voltage o s
(16,17] conditions
Fuzzy Logic s sl * fast response requires expert
rule-based lookup .
Controller table for decision * adapts to varying knowledge for rule
(FLC) making conditions formulation
[18,19]
« hich * needs training data and
Artificical requires training with It ey experiments
Neural input-output datasets « adapts well to varying | _ tionall
Network (ANN) | for MPPT tracking conditions GoRnPUEETemELY
[20,21] expensive
. evolutionary effective in finding * slower response
Genetic .. . . .
Algorithm (GA) optimization technique | global MPP under * high computational
applied to MPPT partial shading demand
[22,23]
* faster convergence * higher computational
Particle Swarm inspired by swarm than GA requirements
Optimization intelligence to optimize . . .
(PSO) MPP tracking . rellal?le under partial | ¢ may take more time to
(24,25] shading converge
Hybrid PSO - combines ESO s optlmlzed tracking computational
accuracy with P&O’s with better speed and L
P&O fast response accuracy complexity increases
[26]

2.2 Position Sensorless Motor Control

To overcome the challenges associated with sensor-based operation discussed
in Section 1.2, many methods have been proposed in the literature that describe
and validate the operation of BLDC motors without any position or speed
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sensors. These methods can be broadly classified as:- back-electromotive
force (BEMF) estimation methods [28-30], BEMF integration methods [31,
32], free-wheeling diode current detection methods [33], and third-harmonic
voltage component detection methods [34, 35].

The BEMF estimation methods depend on the detection of zero-crossing
instants of the BEMF across each phase, harnessing the measured stator phase
or line voltages. In [28], terminal voltages are measured with respect to a virtual
neutral point, and low-pass filters have been used to eliminate higher-order
harmonics. The limitations of this approach are the oscillation of the neutral
point during PWM switching and delays introduced by the filters, which does
not make this approach suitable for a wide speed range. In [29], a method
to estimate BEMF indirectly without using the true neutral or virtual neutral
potential has been proposed. The technique used in [30] is defining a function
to indicate the switching instants, that depends on measured voltages, currents
and the derivatives of the currents. Although the EMF is sensed without the
need for the true or virtual neutral point, the technique still relies on the
complex computation of derivatives and could be affected by sensor noise.

The BEMF integration method used in [31] and [32] is based on integrating
the BEMF of the open phase. The integration starts right at zero-crossing point
(ZCP) of BEMF and is stopped when the integration result reaches a preset
threshold value that indicates the commutation instant. The benefit of this
method is that it is less sensitive to noise and offers good performance at high
speeds. The downside is that the method still requires neutral potential and
may result in accumulated error, especially at low speeds due to the integration
operation.

The free-wheeling diode current detection methods [33] involve sensing
the current in a free-wheeling diode connected across the open phase, which
facilitates in knowing the position of the rotor. The method is well suited for
wide operating regions. However, the implementation of this method requires
six comparators, each with its own power source, to detect the free-wheeling
currents. Thus, the implementation of this method demands a complex and
more costly control circuitry.

26



The third harmonic component of the BEMF is obtained by adding all three
terminal voltages [34,35]. Integrating this component gives the third harmonic
flux linkage whose zero crossing corresponds to the commutation instants. The
limitation of this approach is that it requires the neutral point of the stator
winding, which is normally not provided by the manufacturer. Besides, the
amplitude and phase of harmonic components could be affected by magnetic
saturation, thereby preventing the detection of true zero-crossing instants.

Apart from these methods, an extended Kalman filter (EKF)-based
estimation method has also been proposed in [36]. Though this method being
based on machine learning, is very little affected by the noise in measurement
and processing data, it requires a precise mathematical model of the motor to
work with. The major challenge in applying this method is the initialisation
of the covariance matrices, which indicate uncertainties in the measured and
estimated parameters. Poorly initialised values can often lead to divergence and
instability. In addition, the method does not fit well, especially under low-speed
conditions because of low estimating accuracy.

Table presents the summary of the methods discussed. The choice
of the best sensorless control technique depends on various factors such
as applicable speed range, safety standards, commutation accuracy, noise
tolerance, components requirements, etc. Taking into account all these
factors, the most robust and easy-to-implement control method is still based
on zero crossing detection of BEMFs. The method is the optimal choice
for engineers when constraints like commutation accuracy, speed range,
hardware requirements, and cost are to be kept in view while maximising
performance. However, the method as proposed in [37], demands filter circuits
to mitigate false zero-crossings of the BEMF waveforms, which would then
require compensation for the delays introduced by these circuits to maintain
the accuracy of the estimated zero-crossing points. On the other side, tuning
the clock frequency of the delay counters as per the motor speed, discussed
in the proposed method, is not a hassle-free task. Thus, the method requires
seeking an alternative way to eliminate the need for filters and counters and
thereby enhance the accuracy and ease of control.
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Table 2.2: Summary of sensorless motor control methods

Control .
Refs. Techniques Description Key Features Limitations
* oscillation of the
neutral point during
Direct BEME ator terminal volt pulse width rnpdulation
estimarion. | directdetectionof | | o switehing
methods ZCPs of phase BEMFs neutral point * not suitable for a wide
speed range due to
delays introduced by
[28] the filters
e stator terminal . "
voltages measured * noise-sensitive method
Indirect BEMF | . .. . BTy L%amyrlﬁfai?oﬁlsﬁd
e indirect detection of true/virtual neutral ; o
estimation instabilit
methods ZCPs of phase BEMFs point y
« computation of * not suitable for
[29,30] derivatives of current ECRPEET et
e requires neutral
* less noise-sensitive potential
BEMF integration of BEMF of .
integration open phase from ZCP * offers good ) * not suitable for
ek to commutation point performance at high low-speed operation
speeds due to accumulated
(31,32] error in integration
Freewheeling sensing of current in pRICULITESIS T L
diode current free-wheeling diode comparator circuits inherent design
detection connected across the e suitable for wide complexity
methods open phase speed range
[33]
Third detection of ZCPs of
harmonic third harmonic flux
voltage linkages obtained by requires access to affected by magnetic
component adding and integrating | stator neutral potential | saturation
detection measured terminal
methods voltages
[34,35]
¢ less affected by * poorly initializeq
speed estimation using measurement noise lc ov;nangg matrices d
extended mathematical model of . . . sbt'(l)' INEEINEE Ela)
Kalman filter motor and real-time O 0 SliEp el sl
d algorithm: prediction .
ata and update * not suitable for low
(36] P speed operation
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CHAPTERTHREE: METHODOLOGY

3.1 System Architecture
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Figure 3.1: Schematic of the proposed model

A topology of the proposed model to drive a 2.5 kW, 240 V BLDC motor
is shown in Figure 3.1. The system comprises two SPV array units and a
battery bank connected to a common DC link capacitor via a multiple input
single output (MISO) boost converter and a bidirectional buck-boost converter
respectively. The BLDC motor is powered through the insulated gate bipolar
transistor (IGBT) based three-phase two-level VSI serving as an electrical
commutator circuit for the motor. The switching pulses for the buck converter
are generated from the MPPT control algorithm for the SPV arrays to ensure
the extraction of the maximum solar power available. The switching pulses
for the bidirectional converter are derived from the battery DC-link voltage
controller. The bidirectional converter facilitates the charging of the battery
from the SPV arrays when the motor is disconnected from the DC bus and
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its discharging to feed the load when the motor is connected to the DC bus.
The DC-link voltage controller acts to establish a fairly constant voltage level
as per the speed requirement by adjusting the duty ratio of the bidirectional
converter. The reference voltage required for the voltage controller is provided
by the speed controller. The position sensorless electronic commutation logic
is implemented, where the switching pulses required for the VSI are synthesised
by detecting the ZCPs of the measured line voltage differences. The frequency
of these switching pulses is controlled by the speed controller so as to acquire
the desired speed level.

3.2 System Design

3.2.1 Selection of BLDC Motor

Table 3.1: BLDC motor specifications

Parameters Values
Number of phases 3
Number of poles (p) 2
Rated Voltage (V;4zeq) 240 V
Rated Speed (N 4req) 1500 rpm
Rated Torque (Tr4zeq) 159 Nm
Stator Resistance (R) 1.2 Q
Stator Inductance (L) 8.5 mH
Moment of Inertia (J) 0.08 kgm?
Damping Coefficient (B) 0.001 Nms/rad
Back-EMF constant (k;;;) 1.346 Vs/rad

A 240 V, 2.5 kW, 1500 rpm BLDC motor with 85 % efficiency (n) is selected
for the proposed model. The detailed specification of the motor is presented in
Table 3.1. For the motor BEMF constant of 1.346 V's/rad, the BEMF at full load
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is calculated as:

Erp = km X Nrgtea = 1.346 X 1500 X % =21143V (3.1)

Ignoring friction and windage losses in the motor, the peak value of motor
armature current at full load can be computed as:

Pratea _ 2500

= =11.82A 2
Err 211.43 8 5.2

Imot(FL) =

Also, the power consumed by the motor at full load is calculated as:

j2
rated _ 5 94 kW (3.3)

Pmot(FL) =

3.2.2 Selection of Battery

Table 3.2: Battery specifications

Parameters Values
Nominal Voltage (Vi,4¢) 48V
Nominal Capacity (W hpq;) 155 kWh
Maximum Full-Charge Voltage (V;,4x) 512V
Discharge Cut-off Voltage (V;,in) 40V
Maximum Discharge Current (I4;s(max)) 100 A
Maximum Charge Current (Ic;g(max)) 50 A
Cycle Life (at 80 % DoD) >2000 cycles
Operating Temperature -20°Cto 60°C

Considering the losses in the VSI, converters and the DC bus to be around 5 %
of the full load motor input power (P;;0/(rr)), the power injected into the DC
bus becomes approximately 3.1 kW. The battery size is determined such that
the motor can run at full load for around 3 hours. With permissible depth of
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discharge (DoD) of 60 %, the required battery capacity is given by the following

equation.
3.1x3

0.6
To achieve such capacity, a Lithium-ion (LiFePO4) battery bank with nominal

=155kWh (3.4)

that =

voltage (V4:) of 48 V (16 cells each of 3 V connected in series) is chosen.
Thus, the Ampere-hour capacity of the battery bank becomes 323 Ah. Other
specifications of the battery are presented in Table 3.2. Care should be taken
to ensure that the maximum charging and discharging currents of the battery
are well within the safe limits specified by the manufacturers. The purpose of
choosing a lithium-ion battery is due to its superior characteristics, such as fast
charging/discharging, long life, and high energy density, which are favourable
for electric vehicles [38]. Moreover, these batteries exhibit charge and discharge
properties with the most consistent flat region, as demonstrated in Figure
Thus, such batteries operate at constant voltage most of the time throughout
the charging and discharging processes, allowing them to form a stiff DC bus.

60

40

Epat (V)

20

0 L L L 1
100 80 60 40 20 0
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Figure 3.2: Charge/discharge characteristics of a Li-ion battery

32



3.2.3 Design of SPV Array

Table 3.3: PV module specifications at standard test conditions

Parameters Values
No. of Cells (IN¢(moa)) 60
Open-Circuit Voltage (V(;n0a)0c) 365V
Short-Circuit Current (I(0a)sc) 8.78 A
Voltage at Maximum Power (V{0q)m) 295V
Current at Maximum Power (I(;;04)m) 8.1A
Temperature Coefficient of V(,nod)0c (K(mod)oc) -0.3305 %/ °C
Temperature Coefficient of I(,0a4)s¢ (K(mod)sc) 0.0638 %/ °C

The size of the SPV array is constrained by the available space in the vehicle
and its geometry, load requirements, and cost of the array units. Two SPV array
units of different sizes are proposed - the larger unit is to be mounted on the
roof and the smaller one on the rear side of the vehicle. The split distribution of
array panels allows for reducing the drop in power generation due to shading,
vehicle motion, and orientation with respect to incident sunlight. The peak
power capacity of the larger array unit (Py,1(,)) is chosen to be 0.48 kW and
that of the smaller unit (Py,2(,)) is selected to be half of the larger unit’s capacity,
considering standard test conditions (i.e. 1000 W m~2 Irradiance; 25 °C cell
temperature; 1.5 air mas (AM) spectrum). Thus, the total capacity of the array
units is approximately 0.72 kW. This is achieved using PV modules belonging
to the TATA Power Solar Systems TP240 MBZ model with specifications as
shown in Table

For the larger unit (unit 1), the maximum array voltage (Vou1(m)) is set to 59
V. The maximum current of the unit (,,,(,1) can be estimated as:

val(m) _ 480

=8.1A (3.5)
Voviomy 59

Ipvim) =
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If N5 and N, represent the number of series-connected PV modules per string
and number of such strings connected in parallel, respectively, to form the array
unit of desired power rating, then their values can be approximated as:

V; 59
Ny = pvl(m) _ _9
Vmod(m) 29.5
Ipvl(m) 8.1
Ny = =—=1 (3.6)

Therefore, a string containing 2 series-connected PV modules is required to
form the larger SPV array unit.

Similarly, for the smaller unit (unit 2), the maximum array voltage Vpv2(m))
is set t0 29.5 V. The maximum unit current (I;,(»»2) can be computed as:

vaZ(m) _ 240

Vovaimy  29.5

Lyyom) = =8.1A (3.7)

Also, the number of series-connected PV modules per string and number of
such strings connected in parallel can be approximated as:

vaZ(m) _ 29.5 _

Ny, = = =1
7 Viod(my 295
Ipv2(m) 8.1
N, = = =1 (3.8)
PS Lnoaomy 81

Therefore, a string containing only one PV module is required to form the
smaller array unit.

3.2.4 Design of Boost Converter

As proposed in some works of literature [39,40], MISO DC-DC converter-based
systems help in overcoming the sudden drop in power generation due to
non-uniform irradiance and impedance mismatching of SPV arrays operating
in parallel. Since each array unit will have its own MPPT controller, optimal
power extraction from one array unit is unaffected by the change in operating
conditions (irradiance and temperature) of the other units. Thus, a MISO
topology comprising of two boost converters, each interfacing one SPV array
unit to the DC bus, is proposed. The duty ratios to control these converters are
derived and fed from separate MPPT controllers.
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For both converters (converter 1 and converter 2), the output voltage is the
DC bus voltage (V; = 240 V). Let d; and d, represent the duty ratios for
converter 1 and converter 2 respectively. Setting their input voltages to be the
maximum respective array unit voltages, the corresponding duty ratios can be
computed using the following equations [41]:

v
dp=1- P2 _ 5754 (3.9)
dc
v
dy=1- 22" _ 577 (3.10)
dc

Let, L; and L, denote the value of the inductors to be used in converter 1 and
converter 2 respectively. For each converter unit, taking inductor ripple current
(Alp) to be 20 % of the maximum average current drawn from the respective SPV
array unit (I, (py)), switching frequency (f;) of 5 kH z, the sizes of the inductors
are then calculated as follows [42]:

;o= GV 0754 %59
"7 T XA, 500002 x8.1

=549mH (3.11)

X Vpoimy  0.877%x29.5

L= = =3.19mH 3.12
T T fixAI,  5000%0.2x8.1 m (3.12)

3.2.5 Design of Bidirectional Buck-Boost Converter

The bidirectional converter, as shown in Figure 3.1, operates in boost mode
during discharging of the battery and in buck mode throughout the battery
charging period with current direction reversed. However, during buck mode
operation, the motor is disconnected and the array units feed the battery.
Hence, the converter control is triggered by two different duty ratios based on
its operating mode. The values of these duty ratios depend on the magnitude
of the DC-link voltage (V;.) and the battery’s nominal voltage (V;4;). During
boost mode operation, the input to the converter is the battery voltage and the
output is the DC link voltage, whereas during buck mode operation, the input
and output are reversed.
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Firstly, the duty ratio for its boost mode operation d3(pe0s:) is computed
using the following relation:
Vbar 43

=1-——=0.8 3.13
Vace 240 G.13)

d3(boost) =1-

Secondly, the duty ratio for its buck mode operation d3(py k) is computed using
the following relation [41]:

Voar _ 48

24— T —02 3.14
Vae 240 0 G149

A3(buck) =

Whether the converter is operating in buck mode or in boost mode, the
average inductor current is equal to the average battery current. The average
current fed by the battery operating in parallel with the two SPV array units (at
standard operating conditions) while the motor being fully loaded is obtained
using (3.2), (3.5), (3.7), (3.9), (3.10) and (3.13) as:

Imot(FL) - Ipvl(m) X (1 - dl) - Ipv2(m) X (1 - dZ)

=44.07A (3.15)
I- d3(boost)

Ipar(rr) =

Again we choose the inductor ripple current (Alr,) to be 20 % of the average
battery discharge current at full load (Ip4;(rr)), and the switching frequency ( fs)
of 5 kHz. Then, the value of inductor L, for boost mode operation can be
calculated using the following relation [42]:

d3(boost) X Vpar _ 0.8 x 48

- =0.87mH 3.16
fs X AIL, 5000 x 0.2 x 44.07 m (3.16)

L3(boost) =

During buck mode operation, the DC link voltage is always set to 240 V
despite arise in battery voltage due to the charging action or fluctuation of solar
power. The average current input to the bidirectional converter, considering the
standard SPV operating conditions, is obtained using (3.5), (3.7), (3.9) and (3.10)
as:

Lic(pv) = Tpvi(m) X (1 = dy) + Ipyom) X (1 —da) =3 A (3.17)

Using the same current ripple criteria and switching frequency parameter as in
(3.16), the value of inductor L, for buck mode operation can be obtained using
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the relation described in [42] as:

(1 = dapuck)) X Vbar _ (1 —0.2) x 48
fs 02X Ige(py  5000% 0.2 %3

L3(puck) = =12.8mH (3.18)

The size of an inductor is inversely proportional to the magnitude of the
current ripple that it handles. The inductor ripple currents for the boost mode
and buck mode operations are different. The actual size of the inductor to be
chosen for the design is decided by the lowest magnitude ripple current and is
thus given by the following equation:

Ly = max{L3poost)» L3buck)} = 12.8 mH (3.19)

Now, for selecting the size of the capacitor C, connected across the battery
bank, a capacitor voltage ripple (AV,) of 2 % of the battery nominal voltage Vj,4;
is considered. The value of the capacitor is computed using [41] as:

_ 0.2 X Idc(py) _ 0.2 X 3
88X fix AV, 8% 5000 x 0.02 x 48

Cp = 15.6 uF (3.20)

3.2.6 Selection of DC-link Capacitor

A film capacitor is selected as the DC-link capacitor because of its superior
electrical and thermal characteristics. Since the boost converters and the
bidirectional buck-boost converters all share the common DC-link capacitor,
the selection of its appropriate size relies on the minimisation of the ripple
voltage. Due to the inverse relationship between the capacitor size and the
magnitude of the voltage ripple across it, the capacitor size is maximised if the
voltage ripple is minimised.

The common consideration in computing the capacitor size for any
converter is the percentage of ripple voltage, which is 2 % of the standard DC
bus voltage 240 V. For the boost converter 1, the size of the capacitor is given
by [41],

o dix (I —dy) XIpyigm) 0754 x (1 -0.754) x 8.1
LT A X 002X Vg ~ 5000 x 0.02 x 240

=626 uF  (3.21)
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For the boost converter 2, the size of the capacitor is given by,

_ dyx (1 =d) X Ipyo(m) _ 0.877 x (1 —0.877) x 8.1
2T fs x0.02 X Vg 5000 x 0.02 x 240

=36.40 uF (3.22)
Again, considering the bidirectional converter’s boost mode operation, the

capacitor size is computed as:

_ d3(boost) X (1 = d3(poost)) X Ipar(rr) _ 0.8 X (1 —0.8) x 44.07
- fs X 0.02 X Ve ~ 775000 x 0.02 x 240

Cs =293.8 uF

(3.23)

Hence, as discussed before, the actual size of the DC-link capacitor is given
by,
Cic = max{Cy, C;,C3} =293.8 uF (3.24)

3.2.7 Design of Voltage Source Inverter

The motor is driven using a two-level three-phase VSI consisting of 6 IGBT
switches, as shown in Figure 3.1. Overloading of these switches can lead to
inverter failure. Therefore, the capacity of these switches should be carefully
selected to prevent such a failure. To accommodate transients likely to occur
in the inverter switches, as suggested in [43], a voltage safety factor of 1.4 and a
current safety factor of 1.3 are considered. Therefore, the required voltage rating
(Wsr) and current rating (Iysy) of each IGBT switch are calculated as:

Visi = 1.4 X Vye = 1.4 x 240 = 336V
Tysi = 1.3 X Inor(rry = 1.3 x 11.82 = 1537 A (3.25)

Thus, the Volt-Ampere (VA) rating of the IGBT switches is estimated as:

(VA)VSI =Wsr X Iysy = 336 X 15.37 =5.16 kVA (3.26)

3.3 Control Strategy

The control technique employed in the proposed model mainly focusses on
the extraction of maximum power from the SPV array through MPP operation
for all weather and atmospheric conditions, establishment of constant voltage
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across the DC link capacitor despite variations in source and load conditions,

and sensorless electronic commutation of the motor followed by its closed-loop

speed control.

3.3.1 MPPT Control
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Figure 3.3: Flowchart of conventional P&O MPPT algorithm

To set the operating point at or near the actual MPP suppressing power

oscillations due to rapid changes in working conditions of the SPV array and

step perturbation size of the control parameter, a modified VOR based P&O
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algorithm [34] is used. In the conventional P&O algorithm illustrated in Figure

, the duty ratio is used as the control parameter to adjust the solar voltage to
affect the output power. The voltages and currents are measured and sampled
at appropriate time intervals and are multiplied to get the power output (Py;).
The difference in current and previous power output (dPy,) is calculated and
based on the positivity or negativity of dPp,, an appropriate decision is made
whether to increase or decrease the voltage. However, this algorithm leads to
slow convergence and power oscillations at the optimal point of operation. The
proposed VOR based P&O algorithm is supposed to overcome the issues that
have been discussed by ignoring very small changes in measured power but
reacting very quickly to any considerable shift in the optimal operating point
due to sudden changes in temperature or irradiance.
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Figure 3.4: Shift in MPP of SPV module under varying irradiance

The MPPT control algorithm is initialised by setting the operating point
close to the MPP point based on the standard test conditions where V,, =
0.8 X Vyy(oc) and Ipy = 0.9 X I,y (5¢). The method proposed first measures the
array voltage V,,, and current I,,,, followed by the computation of power as Py, =
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Vyy X Iy In addition to this, the method also computes the ratio of the array
voltage to current, resulting in a value called input resistance (Rpy = Vo / Lyy).
This is the virtual resistance as seen by the array unit across its terminals. Under
constant irradiance and temperature conditions, the increment (or decrement)
in this input resistance leads to an increment (or decrement) in the operating
voltage. This can be verified from the i-v characteristics curve shown in Figure

of the solar module, where the current decreases with an increase in voltage.
Thus, input resistance can be treated in some way as a monotonic function of
the voltage and, therefore, can be used as a control variable instead of voltage.
Moreover, the figure clearly explains that under varying irradiance, the change
in operating voltage is much less sensitive to the shift in MPP, whereas the
change in current is more. In other words, the input resistance is more sensitive
than the voltage to the change in irradiance. Hence, the other advantage of
using virtual input resistance as a control parameter to replace the voltage is
that it offers faster convergence in dynamic conditions.

After computing the power and resistance in the current step, the difference
between the power in the current step and the power of the previous step (dPy,)
is calculated. If r > O represents a small positive step change in the input
resistance (i.e. perturbation in resistance), then the difference in the resistance
in the current step and the resistance in the previous step (dRp, = +r) is known.
The following two cases arise based on the previous step actions.

Case 1: dRy,, > 0
If dP,, > 0, Ry, is further increased to Ry, + dRy,.
If dPy,, <0, Ry, is decreased to Ry, — dRy,

Case 2: dR;,, <0
If dPy, > 0, Ry, is further decreased to Ry, — dRy,.
If dPy, <0, Ry, is increased to Ry, + dRy,

The change in resistance is realized through an emulator, and its effect
is monitored. The resulting output voltage of the array is used to compute
the new duty ratio required for the converters. The resistance is a hidden
control parameter as there exists no such physical resistance in the system
architecture. The virtual resistance is, however, useful in computing the duty
ratio and thereby adjusting it to an appropriate value, ensuring MPPT control.
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3.3.2 DC-link Voltage Control

The smooth control of the speed of the motor, as well as the charging of
the battery, is only possible through the control of the DC-link voltage. The
battery charge controller controls the charging and discharging of the battery
depending on the state of charge (SoC) level of the battery to regulate the DC
bus voltage. The purpose of a battery charge controller is to monitor the SoC
level of the battery and decide when to charge and when to discharge based
on predefined rules. The battery is neither allowed to charge to the fullest limit
nor allowed to completely discharge in order to enhance the cycle life of the
battery. Thus, the upper limit of the permissible SoC is set to 95 %, and the lower
limit is set to 35 %, allowing DoD range of only 60 %. If the battery SoC level is
greater than or equal to 95 %, then the discharging mode is initiated; else, if it
is less than or equal to 35 %, then the charging mode starts. The bidirectional
converter operates in boost mode while the battery is discharging to drive the
motor along with the SPV array and operates in buck mode while it is being
charged from the SPV array. During boost mode operation, the gate signal Gy is
generated, which makes the shunt IGBT switch functional and during the buck
mode operation, gate signal G is generated that triggers the series IGBT switch.

Vbat
Boost
v, V, D3poosy| PWM | pwm
c(re Voltage PI p Mode —»| Pulses |—P G
P! Controller Duty Generator -
Generator >
v Enable Signal —
de(act) (from Battery

Charge Controller)

Figure 3.5: DC-link voltage controller for discharging mode

The battery, along with the support of the DC-link capacitor, is supposed
to mitigate any voltage fluctuations across the DC bus due to sudden changes
in motor load and solar power injection. Two different voltage control loops
with complementary action are proposed. One of them is functional during
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the battery charging mode, whereas the other one operates during the battery
discharging mode. However, the objective of both control loops is to stabilise
the DC bus voltage to a fairly constant value as per the requirement. At first,
the voltage control loop presented in Figure 3.5 for battery discharging mode is
discussed. The reference voltage is the desired voltage level which is generated
by the speed controller. The control scheme compares the measured speed
with the reference speed to produce some error, which is then processed by a
proportional integral (PI) controller. The output of the PI controller is converted
to an equivalent duty ratio through a mathematical function which implements
the relation described by the equation (3.13) to compute the required duty ratio
d3(poosr) and feeds to the PWM generator block. The PWM generator block
generates the equivalent PWM signal Go, which is used for triggering the shunt
switch of the bidirectional converter.

lacpv) SoC
Buck
Vdc(ref) \"/ D PWM PWM
N Voltage PI dc | Mode 3(buck) -
Controller g Duty »| Pulses Gio
Generator
Generator >
\Y) Enable Signal ——
defact) (from Battery

Charge Controller)

Figure 3.6: DC-link voltage controller for charging mode

Figure shows the DC-link voltage controller for the battery charging
mode. Unlike the other control loop for battery discharging mode, this control
loop always takes a fixed value of 240 V as the reference DC bus voltage. The
purpose of this is to set the DC bus voltage at its standard level (V;. = 240V)
despite the increase in SoC and the terminal voltage of the battery over time
during the charging process. The reference V. is compared with the actual Vy,
and the error (difference) is processed through a PI controller. A mathematical
function block derived from the electrical characteristics of the battery is used
to produce the appropriate duty ratio for the charging action. The inputs to
the block are battery SoC, current injected into the DC bus (i.e. () and
the output of the PI controller. The output duty ratio is then converted to an
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equivalent PWM signal G to trigger the action of the series IGBT switch of the
bidirectional converter. A mathematical model to explain how the duty ratio is
generated by exploiting a mathematical model of the battery is discussed below.

Ignoring battery charge dynamics, thermal and ageing effects, a battery can
be modelled such that the battery EMF (E,;) is a function of SoC and has the
following relationship [44]:

Epar = Ebat(max)(soc - ﬁ(l - SOC)) (3.27)

where, SoC is the ratio of current charge capacity to rated battery capacity,
Epat(mayx) is the maximum battery EMF when fully charged, and f is a constant
whose value lies between 0 and 1 and decides the droop in battery voltage with
charge.

Let, Rpar(chg) represent the battery charging resistance which is typically
lower than its discharging resistance. Then, the battery terminal voltage (V)
can be related to the battery EMF Ejp,; and charging current (Ipq¢(cng)) using the
following relationship.

Vbar = Epat + Ipat(chg)Rbat(chg) (3.28)

Since Vpqr and Ipae(cng) are the output voltages and currents of the bidirectional

converter during boost mode operation, substituting Vyar = d3puck)Vac and
Lac(pv)
A3 (buck)

Ipar(chg) = in (3.28) and solving we get the equation quadratic in d3(pyck)
as:

Vdcdg(buck) - Ebafd3(bu0k) - Idc(pv)Rbat(chg) =0 (3.29)

On solving ((3.29) and considering only positive solution,

Epar + \/Eﬁat + Vaclac(pv)Rbat(chg)

d = 3.30
3(buck) 7 ( )

(3.13), (3.27) and (3.30) are the equations which are realised inside the duty
generator block for battery charging mode to produce the appropriate duty
ratio. The duty ratio thus generated ensures a constant DC bus voltage, as well
as a steady and safe battery voltage when the battery is charging.
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3.3.3 Sensorless Speed Control

A. Sensorless Commutation
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Figure 3.7: Schematic of proposed sensorless commutation of BLDC
motor drive

In this research, we propose a straightforward method to estimate the
rotor position by detecting the ZCPs of the trapezoidal (ideal) BEMFs induced
across the stator windings for a three-phase star-connected permanent magnet
BLDC motor. Figure presents the schematic of the proposed sensorless
commutation method. The method does not require neutral potential, since
it involves measurement of the line voltages instead of the phase voltages and
estimates the BEMF with respect to the negative terminal of the DC source. Also,
the method is easy to implement since it does not involve mathematical steps
like derivatives or integrations. Unlike suggested in [37], the use of low-pass
filters is not required, since the ripples in the BEMF waveforms are mitigated
by utilising PWM switches (IGBTs) with Snubbers. The filters would otherwise
introduce some considerable delay and, therefore, the system would require
compensation for those delays introduced. The proposed model requires
the introduction of a 30° commutation delay for a phase current right after
the zero-crossing instant of the respective phase back-EME Also, a relatively
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very small delay should be introduced by the sample and hold circuit for
zero-crossing detectors to perform as needed. However, the effect of these very
small delays is later neutralised while introducing the 30 ° phase commutation
delay.

Figure 3.8: Segmentation of the circular path described by rotor

Figure 3.8 shows the 60 ° segmentation of the circular path described by the
rotor, which is useful in locating the actual rotor position. Figure 3.9 describes
the ideal waveforms of the motor line/phase current and the phase BEMFs
against the different rotor angles. The figure also illustrates the inverter switches
to be turned on following different segments describing the position of the
rotor.

From the equivalent circuit of the stator windings shown in Figure 3.7, the
stator phase voltage equations can be expressed as

Van R 0 O0Of|ig L 00 d iq €an

where, v,,, vy, and v, are the three-phase to neutral voltages, i,, ip and i, are
the stator phase currents, e,,, ey, and e, are the phase to neutral BEMFs, R
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Figure 3.9: Ideal line current and BEMF waveforms of BLDC motor

is the stator phase resistance and L is the phase inductance. Using (3.31) and
subtracting vy, from v,;,, v., from vy, and v,;, from v, gives the following line
voltage equations:

. d(ig —ip

Vab = Van — Vbn = R (ig — ip) + L% + €an — €hn (3.32)
.. d(ip—1i

Ube = Upn — Ven = R (ip —ic) + L% + €pn — €cn (3.33)
. . d(i,—1i

Vea = Ven — Van = R (ic — ia) + L% + €cn — €an (3.34)
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Subtracting (3.33) from (3.32), (3.34) from (3.33) and (3.32) from (3.34), yields
the following equations:

Vabbe = Vab — Upbc

d(ig —2ip+i
=R (iy —2ip+i;)+L U dt” C)+ean—2ebn+ecn (3.35)

Ubcca = Ube — Uca
d (ip —2i. +ig)
dt

Ucaab = VUca — Vab

=R (i, —2ig+ip)+L o +ecn —2e4n + Chn (3.37)

Consider the time interval throughout which the rotor lies in sector 6. From
Figure 3.9, it can be observed that during this time interval, e,, = —ecy, ip =
—i. and i; = 0 while e, transitions from a negative value to a positive value
crossing zero. This condition occurs when phase c is connected to the positive
terminal of the DC source, phase b is connected to the negative terminal of the
DC source, while phase a is kept open. Thus, when the rotor is in sector 6, (3.37)
can be reduced to (3.38) as

Ucaab = —2ean, for 8 € Sector 6 and Sector 3 (3.38)

The condition described by (3.38) also holds when the rotor lies in sector 3.
However, during this time interval, e,, transitions from a positive value to a
negative value, crossing zero as connections to phases b and c are reversed.
Similarly, (3.35) can be reduced to (3.39) when the rotor lies in sectors 1 and
4. Also, (3.36) can be reduced to (3.40) when the rotor lies in sectors 2 and 5.

Vabbe = —2epn, for 0 € Sector 1 and Sector 4 (3.39)
Ucaab = —2€an, for 0 € Sector 2 and Sector 5 (3.40)
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Figure 3.10: Line-line voltage difference V,,45 and back-emf e,

Therefore, the BEMF waveform of each phase crosses zero twice in an
electrical cycle. Further, from (3.38) - (3.40), it can be concluded that during
the commutation intervals, the line-to-line voltage difference is of the opposite
polarity to the corresponding BEMF undergoing transitions and is scaled by a
factor of 2. These relations have been validated using the waveforms of v.44p
and e, as presented in Figure and are applied afterwards to accurately
decide the rotor position and generate appropriate switching signals. Table
presents the future rotor position information in terms of sectors based on the
zero-crossing detection of line-line voltage differences and the corresponding
switching states to be applied after a 30° electrical interval. The symbols 1
and | are used to denote the zero-crossings when a line-line voltage difference
transitions from negative to positive polarity (positive zero-crossing) and from
positive to negative polarity (negative zero-crossing), respectively.

In this way, the information of zero-crossing of any line-voltage difference is
availed to produce the correct combination of switching pulses for the inverter.
However, the rate at which these pulses are generated should adapt to the
speed of the rotor otherwise, the system might become unstable due to loss in
synchronization of switching frequency with motor speed. Therefore, the motor
requires a dynamic adjustment of the switching delay period as per rotor speed.
For instance, during the starting period, the pulse width of both stator currents
and BEMFs are longer, indicating low speed (frequency), which gradually gets
shorter with time as the motor speeds up, indicating an increase in switching
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frequency. This requirement for dynamically adapting to the changing speed is
met by incorporating a time delay adjustable as per the measured speed.

Table 3.4: Rotor position estimation and switching states

liizl:(l)i:;(‘)/f)slitgge Next Rotor Position | Next Switches to turn
difference (after 30° delay) on (after 30° delay)
Veaab (1) Sector 1 S5S,
Vabbe (1) Sector 2 S}, Sa
Ubcca (1) Sector 3 S}, Se
Veaab (D) Sector 4 S5 S;
Vabbe () Sector 5 Sy, S,
Upcea () Sector 6 Se) S,
B. Speed Control
Wre J seeear @ fJEEEE L v
Controller Generator aetren

act

Figure 3.11: Closed loop speed controller

Speed control of the BLDC motor is achieved through the armature voltage
control method applicable to a wide speed range below base speed. A
closed-loop speed controller shown in Figure is used to attain any speed
below the rated (base) speed of 1500 rpm. The actual speed can be measured
either directly through speed sensors or indirectly by counting the number
of BEMF pulses that have passed per unit time. Thus, the information of
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rotor positions with respect to time is sufficient to compute the motor speed
without requiring any physical speed sensors. The desired (reference) speed
is compared with the actual (measured) speed, and the resulting error is
processed through a PI controller. The output signal of the PI controller is
used by a reference DC voltage generator which is a mathematical function
block that contains equations describing the mathematical model of the motor
drive system. The controller acts to reduce the difference between the reference
speed and the actual speed so as to reach a steady state with the desired motor
speed in the minimum time possible. The output of the controller at a steady
state is the reference DC bus voltage (Vic(ref), which serves as the input to
DC-link voltage controller during battery discharging operation.

The fundamental steady-state voltage equation for a DC motor is expressed
as:
Vie = Eeq + IReg (3.41)

where, Eeq, 1 and R, represent the average back-emf, DC motor current and
effective resistance. Since at any time instant, any two of the three phases are
conducting, R,; = 2R where R is the resistance per phase. Also, the average
back-EMF is related to the angular speed by the relation E,; = k. The EMF
constant k,, is defined by considering the back EMFs across two phases. On
substituting in (3.41), we get,

In our case, the load torque being considered is a friction torque (speed
proportional component), which is a purely passive torque. Consideration
of traction torques (gravitational torques), useful in the study of regenerative
braking, lies outside the scope of this research and is thus ignored. Thus, in
balanced condition, ignoring all sorts of losses, where developed torque (74.,)
is equal to load torque (7;044) following relations hold:

Tdev = Tload
or, k,,I = Bw
Bw
or,] = — (3.43)
km
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where, B is the coefficient of friction that defines the load torque acting on the
shaft of the motor. Substituting I from (3.43) to (3.42), we obtain,
2BR
Vie = w(kpm + —) (3.44)
km

The mathematical block generates the reference voltage for the inner voltage
control loop, exploiting the relations between DC link voltage and angular speed
of the motor described by (3.44).
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CHAPTER FOUR: SIMULATIONS
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Figure 4.1: Simulink model of overall System

Simulations of the proposed model were done in the MATLAB Simulink
environment. The effectiveness of the presented system model was tested by
splitting the entire model into several subsystems and blocks and observing
their individual performance and behaviour. Once the performance described
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by the outputs of the individual block and subsystem met the required
standards, the block/subsystem was integrated into the main model. All the
parameters required for the major components like BLDC motor, battery bank,
SPV array units, DC-DC converters, VSI were set as per the design calculations
and assumptions done in Section 3.2 to accurately examine the performance
and working of the overall model. Furthermore, the validation of control
techniques introduced in Section 3.3 was tested by simulating them exactly in
the form described. An emphasis was placed on studying the behaviour of the
system under different circumstances to examine the robustness and flexibility
of the system. Figure 4.1 shows the overall Simulink model designed according
to the proposed architecture.

4.1 SPV Array and MPPT Control Models
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Figure 4.2: Simulink model of SPV array unit
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Figure 4.3: Simulink model of MPPT Controller
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The SPV array model used for the simulation is shown in Figure 4.2. The
model was designed according to the specifications described in Table
The inputs to the array model were temperature (in °C) and irradiance (in
Wm™2). The outputs were voltages and currents fed to the DC bus through
a boost converter. The duty ratio for the boost converter required to ensure
MPP operation was generated through the MPPT control model shown in Figure

. Array currents and voltages were sampled, and measurements were passed
to the MPPT block at discrete time intervals through zero-order hold blocks.
For computing changes in voltage, power, and input resistance, their previous
values need to be stored in the memory. As displayed in the figure, the block
executes VOR based P&O MPPT algorithm to output a suitable duty ratio. It also
accepts a reference DC voltage generated by the speed controller block to adjust
the duty ratio (or input resistance) instead of taking the actual DC bus voltage.
This enables quick settlement of the DC bus voltage during load fluctuations to
the desired level and also reduces the dependency of the SPV array units on the
battery.

4.2 DC Bus Voltage Control Model

As can be observed in Figure 4.4, the DC bus voltage controller model works in
integration with the battery charge controller to decide its mode of operation.
The battery charge controller takes the measured SoC of the battery as input
and compares it with the predefined upper and lower permissible limits of SoC
to decide whether to charge or discharge the battery. The two antiparallel NOT
gates are for resetting the other switch when one of the switches is triggered due
to SoC touching the predefined limit. The design enables the complementary
action of the shunt and series switches used in the bidirectional converter and
ensures that neither of them is turned on simultaneously.

In simulation time, the DC link voltage controller subsystem for discharging
mode took the desired DC bus voltage generated by the outer speed controller
subsystem as reference input and the actual DC bus voltage measured through
the voltage sensor as feedback. It then computed the required duty ratio based
on the output of the voltage PI controller 1 and the battery terminal voltage that
it received as the additional input. Based on the duty ratio, the PWM signals
required for the boost operation of the bidirectional converter were generated.
The signal was ANDed with one of the control signals from the battery charge
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controller and served as gate pulses to the shunt switch of the bidirectional
converter.

DC-Link Voltage Controller for Discharging Mode
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Figure 4.4: Simulink model of DC bus voltage controller

The operation of the DC link voltage controller subsystem for the charging
mode was almost similar to that for discharging mode. However, it took
additional inputs such as the DC-bus current and SoC of the battery. Also, the
reference was set to a fixed standard value of 240 V. As a battery cannot endure
varying voltage at its terminals, it is necessary to suppress voltage fluctuations
caused by changes in solar power or sudden disconnection of the motor. To
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meet such a requirement, a precise mathematical model of the battery that
described its electrical characteristics was realised in the duty generator block
so as to produce the appropriate duty ratio, and thereafter the PWM signals for
the buck mode operation of the bidirectional converter were generated. Again,
this signal was ANDed with the other control signal before using it as gate pulses
to trigger the series switch of the converter.

4.3 Sensorless Speed Control Model
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Figure 4.5: Simulink model of BEMF ZCPs detector and rotor segment
selector

The motor parameters selected for simulating and testing the proposed model
for sensorless speed control are mentioned in Table 3.1. Figure presents
the Simulink model to realise sensorless commutation. First, the line terminal
voltages were measured, and their differences were sampled and fed to the
zero-crossing detectors. Each zero-crossing detector senses the ZCPs (positive
and negative) and generates pulses. Each of the six different ZCPs is uniquely
associated with a sector that defines the current and next (after 30°) rotor
positions. Based on the next rotor position defined by the sector selector
block and according to Table 3.4, the pulse generator generated the required
switching pulses. These switching pulses served as PWM pulses to drive the
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inverter. The mechanism of dynamically adjusting the time delay for selecting
and holding a particular sector was implemented inside the sector selector
blocks by taking the measured speed as feedback. This ultimately framed a
closed-loop system, thereby making position-sensorless speed control possible.
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Figure 4.6: Simulink model of speed controller

The Simulink model of the BLDC motor speed controller is shown in Figure

. It is a closed-loop PI based controller. Compared to the DC-bus voltage
controller, this controller is slow-acting. It serves by setting a reference DC-link
voltage for the inner voltage controller loop that is functional during battery
discharge mode. The desired motor speed was compared with the actual speed
to generate an error signal, which was then handled by the PI controller. The PI
controller’s command was a speed signal. The reference DC voltage generator
block used was a mathematical block that related the speed of the motor to its
armature voltage and resulted in the desired DC-link voltage.
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CHAPTER FIVE: RESULTS

5.1 MPPT Control

The effectiveness of the MPPT control model of the SPV arrays was tested
against varying working conditions (temperature and irradiance). Since
both array units belonged to the same SPV model, shared the same control
architecture, but differed only in size, the study of the output of only one unit
was sufficient to test the validation of the model. To effectively test the model,
its performance was evaluated first under varying irradiance and then under
varying temperature. In both cases, the motor was operated at full load with
the rated speed. Since changes in irradiance and temperature are naturally
slow processes, their impact on the SPV parameters was studied by choosing
a relatively longer simulation time.

5.1.1 Irradiance Variation

Keeping the temperature of the SPV arrays constant, irradiance (Irr) was
varied in 3 phases for different time durations. Figure shows the impact
of varying irradiance on the performance of the system in terms of different
output parameters such as (b) voltage (Vpu), (c) current (Ip,) and (d) power
(Ppy). The dashed lines indicate the reference MPP output parameters, which
were evaluated based on the SPV inputs (irradiance and temperature) and its
mathematical model. The solid lines indicate the actual outputs. In the first
phase (from ¢t = O0s to t = 50s), the irradiance is set at its standard level of
1000 Wm™2. In the second phase (from ¢ = 505 to t = 1505), the irradiance
is reduced to 600 Wm ™2 and then increased to 800 Wm ™2 in the third phase
(from ¢ = 150 s to t = 250 s). Since the system was initialised from a point very
close to the MPP at 1000 W m~2 and 25 °C, the controller took no time to track
the optimal power point from the very beginning. From the figure, it is evident
that the controller can quickly respond to any changes in irradiance and track
the shift in MPP with negligible errors. The figure reports a negligible impact of
irradiance variation on output voltages; however, changes in current and, thus,
on power are considerable.
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Figure 5.1: SPV array outputs under variable irradiance: a) irradiance, b)
voltage, c) current, and d) power vs time

5.1.2 Temperature Variation

The effect of temperature variation was also studied in 3 distinct phases of
different time durations, keeping irradiance fixed at 1000 Wm ™2 as shown in
Figure 5.2. In the first phase (from ¢ = 0s to t = 50s), temperature is set to
25 °C and in each successive phases (from ¢t = 50sto¢t = 150sand t = 150 s
tot = 250s), the temperature is increased by 5 °C. This leads to a noticeable
decrease in solar voltage (V},,) and power (Pp,) at each phase, although almost
no change is reflected in terms of current (Upy). Like irradiance variation, the
controller is able to track any changes in temperature of the SPV array units
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Figure 5.2: SPV array outputs under variable temperature: a)
temperarture, b) voltage, c) current, and d) power vs time

in a very short time with minimal error. Moreover, the flat solid lines indicate
almost no power oscillations while operating in the steady state. Thus, the
effectiveness of the proposed MPPT model against power oscillations and rapid
input fluctuations was endorsed by the results obtained.
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5.2 Sensorless Speed Control

5.2.1 Sensorless Commutation
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Figure 5.3: Commutation of motor: a) phase ‘@’ current, b) phase ‘b’
current, ¢) phase ‘c’ current, and d) rotor position vs time

Electronic commutation of the BLDC motor without using any position sensor
was validated through its current and line voltage waveforms. These waveforms
were generated during the steady state operation of the motor for the rated
speed of 1500 rpm. Figure presents the phase/line current waveforms
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and rotor positions in terms of sector number at different time intervals for a
total time duration of 0.16 s (4 cycles). The phase currents roughly take the
quasi-square wave shape and are mutually displaced by electrical 120°. The
ripple contents in the current, which depend on stator resistance, inductance,
and switching frequency, are dominant during the commutation (or phase
switching) instants. The figure shows that the phases are being switched in a
sequence at the end of every sector, resulting in a successful commutation. The
time gaps corresponding to every sector are uniform, implying a constant rotor
speed. At rated speed, the motor draws an average source current of 11.8 A,
which is evident from the flat-topped region of the current waveforms.
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Figure 5.4: Commutation of motor: a) line voltage V,j, b) line voltage
Wue, and (c) line voltage V., vs time
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Figure 5.4 portrays the waveforms of the motor line voltages V3, V3, and V.,
for a total time duration of 0.4 s (10 cycles), which were used in the detection of
ZCPs of the back-EMFs. The shape of the line voltages is roughly trapezoidal, as
expected, with a peak value of 240 V, same as the magnitude of the standard DC
bus voltage for rated conditions. This is because any two out of the three phases
keep conducting together for a duration of electrical 60 °. In this duration, the
full DC bus voltage appears across these two phases, resulting in a flat-topped
region in the wave shape for a 60 ° interval.
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5.2.2 Speed Control
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Figure 5.5: Motor mechanical outputs: a) torque b) speed, and c) angular
displacement vs time

Keeping the irradiance and temperature of SPV arrays fixed at standard
conditions, the speed control of the motor was realised. The results of the
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battery charging operation (with different phases of speed variations) and the
discharging operation are demonstrated in a single frame in Figures 5.5 and 5.6.
During the battery discharging mode, the motor was disconnected from the DC
bus, and braking was applied to bring it to rest.

Figure depicts the variations in mechanical outputs of the motor
((@torque, (b) speed and (c) angular displacement) over time as per
requirements. The dashed line in the speed vs. time curve indicates the
reference speed set by the speed controller, whereas the solid line represents
the actual speed. The reference speed is varied in three different stages, each
with a span of 2 seconds. In the first phase (from ¢t = 0s tot = 2 s), the motor
reference speed is set to 1200 rpm (= 126 rad/s). In the second phase (from
t =2stot =4s),thespeedisreduced to 1000 rpm (~ 105 rad/s). Again, in the
third phase (from t = 4s to t = 65), it increases to 1500 rpm (=~ 157 rad/s).
The actual speed clearly seems to be tracking the reference speed in all the
cases within a very short time duration, thereby validating the effectiveness of
the speed controller. The magnitude of the speed overshoot and undershoot
depends on the range of variation. For example, the speed increment range
is highest 1200 rpm in the first (starting) phase, and therefore the overshoot
is maximum in this phase. The angular displacement (plot (c)) varies from
0 to 360° in each cycle as the motor runs, starting from 60° initial angular
orientation of the rotor. The plot (a) represents the motor torque. The ripple
content in the torque is due to ripples in the current, as the torque developed
is directly proportional to the phase current magnitude. For a high-inertia
motor, the ripple in the torque is not a problematic issue since it does not affect
the speed much and thus has very little contribution to vibration and noise.
However, for a low-inertia motor used, especially in position control, ripples in
the torque may be a critical issue to address.

In the last phase of motor control (f = 5.8s tor = 10s), the circuit is
opened to isolate the motor from the DC bus and the braking torque is applied
to quickly bring it to rest. This is demonstrated by the exponential decay in
the rotor speed. Moreover, this is the instant when battery charging is initiated
(because SoC reached its lower limit) and continued unless SoC reaches its
maximum limit. In Figure 5.6, the variation in the magnitude of the motor line
currents is demonstrated over time in different phases of speed control. In the
initial starting phase, the line current magnitude is very high because of the
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low speed and high starting torque. The magnitude of the current waveforms
gradually decreases as the motor gains speed due to an increase in BEMF that
opposes the current. Also, it can be figured out that the width of the line current
waveforms also reduces with increasing speed, indicating the synchronisation
of the inverter switching frequency with motor speed. However, when the line
currents at steady state for different motor speeds are relatively compared, then
the magnitude and frequency of the line currents are found to increase with the
increase in speed and vice versa.
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Figure 5.6: Motor line currents: a) phase ‘a’ current, b) phase ‘b’ current,
and c) phase ‘c’ current vs time
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5.3 DC-link Voltage Control
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Figure 5.7: Voltages across different units: a) SPV array 1, b) SPV array 2,
¢) battery, and d) DC bus vs time; e) SoC vs time

Figure illustrates the variation in voltages with respect to time across all
major components such as SPV arrays, battery and DC link capacitor in addition
to battery SoC throughout the battery discharging phase (speed control) and
charging phase. In fact, to control the speed, adjustment of the DC bus
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voltage to a desired level is a must when following an armature voltage control
approach. Thus, the figure depicts adjustment of the bus voltage proportional
to the reference speeds indicated by the dashed line in Figure (b) during
battery discharge mode and to the standard voltage level of 240 V during
battery charge mode. This was achieved through a DC link voltage controller.
During discharge mode, from Figure 5.7, it is notable that although battery
voltage (V34¢) and SoC declined over time, the controller, as expected, was
able to maintain a fairly constant DC bus voltage level according to the speed
requirement. This verifies the essence of the DC bus voltage controller. Besides,
it should be noted that despite the changes in load conditions, the voltages
across the SPV array units (V,,; and V,,2) were held constant. This implies
that the MPP operation is always maintained by the respective MPPT controller
despite variations in battery and load conditions. In addition, the reason for the
large drop in battery voltage in the starting phase was due to the high starting
current drawn by the motor, resulting in a high internal resistive drop (IR) of
the battery. In fact, the drop is proportional to battery current, which in our
case constituted roughly 80 % of the motor current. Thus, whenever the range
in speed variation is high, the change in battery current is high, resulting in an
overshoot/undershoot in battery voltage roughly proportional to that range.

The waveforms of the voltages in the last phase are associated with the
battery charging mode. Some critical changes are made before switching to
battery charging mode, which include motor disconnection, braking, and a
change in reference DC voltage magnitude. Since the motor got isolated by the
breaker, the current that was being fed by the SPV arrays to the motor diverted
towards the battery to initiate battery charging. Thus, the converters, which
initially were operating in parallel, started to operate in series with the reversal
of current (power flow) in the battery and the bidirectional converter. This
critical condition got reflected in the form of DC bus voltage oscillations that
lasted for a few cycles starting at t = 5.8 s as shown in Figure 5.7 (d). Although
these oscillations appear apparent, they actually contribute to the oscillation of
the battery terminal voltage to a certain degree, which is not desirable. From
the figure, it is evident that the voltage oscillations across both the DC bus
and the battery during the transient phase were suppressed to a considerable
extent, thereby justifying the appropriateness of the converter and controller
design. The shape of the battery voltage curve is supported by the battery
current curve, which is illustrated in Figure 5.8. The figure also describes the
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(a)

Figure 5.8: Current shared by different units: a) SPV array 1, b) SPV array

2, and c) battery vs time
current outputs of the array units and the total DC bus current over time for
the different working phases discussed earlier. The high current requirement
of the motor during the starting phase was met by the battery, which explains
why the starting battery current was high. The peak inrush current of the motor
typically ranges from 2 to 7 times the full load current. Figure 5.8 shows the full
load battery current (at the standard operating condition of SPV arrays) to be
around 44 A and the starting battery current to be around 250 A, which seems
obvious theoretically. However, in practice, to deal with such high currents,
thick conductors are required. This battery current can increase slightly more
during low irradiance conditions or autonomous operation. The overshoots
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in battery currents can be lowered by gradually increasing the load, taking
more time. The other way of reducing high starting current is to gradually
increase the DC-link voltage instead of slamming the full voltage across the
input terminals of the inverter. Regarding the currents of the array units, since
the MPP operation is not affected by changes in load, the current profile remains
fairly flat unless temperature and irradiance vary.
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CHAPTERSIX: CONCLUSION

A model of the solar-powered BLDC motor drive, especially applicable to
low-power electric vehicles, was presented, and its design and control methods
were discussed in detail. The integration of two SPV array units and a battery
bank with appropriately selected and designed DC-DC converters to power the
motor at the required speed was validated. The simulation result justified the
suitability of the proposed design and the accuracy of the control approaches
adopted against the varying source power and load conditions.

The proposed virtual resistance-based P&0O MPPT control technique
performed well as expected, resulting in much less oscillation of the operating
point and yielding a very quick and accurate response under dynamic working
conditions. The findings of the in-depth study of the mechanical characteristics
of the BLDC motor drive and the electrical characteristics were used to
appropriately design the voltage and speed controllers, followed by a proper
tuning of the respective PI controller parameters. As a result, remarkable
accuracy and fast response of the speed and voltage controllers were noticed. In
addition, the work featured an improved model of position sensorless electronic
commutation system for the motor to dynamically adapt to the varying speed.
Denying the need for low-pass filters and delay compensation circuits, and
without relying on mathematical steps such as integrations and derivatives,
the model could easily and accurately sense ZCPs of the BEMFs. This was
successfully validated, though slightly increased ripple levels in currents and
torque were observed.

The proposed MPPT model and the speed control model justified the
energy efficiency and smooth operation of the drive under varying working
conditions, such as irradiance and temperature, as well as under variable speed
requirements for the load. The battery charge controller and DC bus voltage
controller ensured safe operation, flexibility, and robustness in the control
system. The sensorless commutation scheme depicted reduced redundancy in
the motor drive system. In this way, the overall contribution of the work lies
in enhancing the energy efficiency and reliability of solar powered BLDC motor
drives.
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Although this research provides valuable insights into improving the
efficiency and performance of the solar-driven EVs, several limitations should
be acknowledged. One of the limitations is the increased torque ripple that
is likely to increase the noise and vibrations in the drive system. The other
challenge is the poor duty cycle of the battery and its slow charging (often taking
several hours to days) due to the low power available from the photovoltaic
arrays. This results in reduced driving range and more charging bills. Also,
the proposed model was evaluated in a simulated environment, which may not
fully represent real-world conditions, since experimental validation is lacking.

This research lays the groundwork for further exploration in minimising
ripple torques observed in sensorless control by different means. The proposed
model could be extended further to harness the traction torques in terms of
regenerative braking that helps to increase the battery duty cycle to some extent.
An additional topology has to be integrated into the existing system to connect
it to the power grid that facilitates in rapid battery charging. The next research
step should focus on the practical implementation of the proposed model
through experimental validation.
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Abstract—This paper presents a multiple inputs single output
(MISO) DC-DC converter-based model of an energy efficient
solar-powered brushless DC motor drive for small commercial
vehicles. Energy efficiency of the system is ensured by extracting
maximum power available from the solar photo-voltaic (SPV)
arrays at different working conditions using a novel Black Widow
Optimization (BWQO) based Maximum Power Point Tracking
(MPPT) algorithm. For smooth and reliable operation of the
drive a battery bank is integrated to the system that operates
in parallel with the SPV arrays to establish a constant dc
bus using a bidirectional converter as an interface to the bus.
The effectiveness of the system under varying scenarios of
temperature and irradiance is validated through Simulation
results.

Index Terms—Small Commercial Vehicles (SCVs), Solar pho-
tovoltaic (PV), Black Widow Optimization (BWO), BLDC Motors
(Brushless DC Motors).

I. INTRODUCTION

The extraction and exploitation of non-renewable energy
sources has been increasing exponentially every year with
increase in world population. This has not only led to rapid
depletion of such energy sources but has also resulted in
serious impacts to the environment and the society. It has been
reported that the transportation sector has one of the biggest
carbon footprints contributing significantly to greenhouse gas
emissions and resulting in a number of environmental issues
[1]. It is now high time to lessen its carbon footprints due to
pressing concerns like pollution, global warming, ozone layer
depletion, and the health risks these issues pose [2].

Efforts are being put to transform the transportation sector
from fossil fuel-based technology to clean and green technol-
ogy with the integration of several renewable energy sources.
Government of some countries with expanding automotive
markets have made some promising attempts to address such
issues by promoting more efficient and decarbonized electric
vehicles (EVs) [3]. Especially, the demand of small commer-
cial vehicles has rapidly grown in the recent years, enforcing
the manufacturers to compete for maximizing performance
and minimizing cost. Solar photovoltaic (SPV) system driven
BLDC motor drives can be one of the compelling alternatives
for improving energy efficiency of such vehicles with minimal

Snehil Verma Alok Ranjan

Electrical Engg. Department Electrical Engg. Department Electrical Engg. Department

IIT Dhanbad IIT Dhanbad
Jharkhand, India Jharkhand, India
23MT0395 @iitism.ac.in alokr9918 @gmail.com

emissions [4].

Despite limited literature available on SPV-integrated BLDC
motors, many researchers have shown interest in extending
the application of SPV arrays in SCVs driven by BLDC
motors [5], [6]. This can potentially be the best substitute
for the Induction Motor, the giant in industrial market, which
will indeed reduce the size and weight of the vehicle [7].
However, the implementation of SPV system driven BLDC
motor drive has to face several technical challenges. The
first challenge is the irradiance and temperature dependence
of solar power generation leading to fluctuation of power
generation. In an electric vehicle, conditions such as shading
and non-uniform irradiance on PV panels cannot be ignored
due to several reasons such as vehicle orientation with respect
to sunlight, design constraints, nearby trees and buildings,
cloud coverage, smoke and fog etc. In conventional Single
Input Single Output (SISO) dc-dc converter-based system,
extraction of power from PV units is effective only when
uniform irradiance throughout the panel surface is available.
In such system, solar power generation while even working
at MPPT is significantly reduced by partial shading and mis-
matching of series and parallel connected PV modules. Thus,
if there are frequent changes in working conditions of SPV
array then it will indeed impact the performance of the drive
greatly. The second challenge is the slow convergence and
power oscillations issues of the conventional MPPT control
algorithms such as Perturb and Observe and Incremental
Conductance that prevents the vehicles from achieving a good
steady state and dynamic performance. The third challenge is
the inherent shortcomings of electrolytic capacitor such as its
poor lifespan, low-frequency operation and overweight as most
of the conventional EVs are still found to operate using these
capacitors as a dc link owing to their low cost. Lastly, there still
lies a hassle of sophisticated control of the speed and torque
of the vehicle for meeting the varying load requirements.

As proposed in some literatures [8], [9], Multi Input Single
Output (MISO) dc-dc converter-based systems help in over-
coming the sudden drop in power generation due to non-
uniform irradiance and impedance mismatching of SPV arrays
operating in parallel. Since each array unit will have its
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own MPPT controller, the optimal power extraction from one
array unit is unaffected by the change in operating conditions
(irradiance and temperature) of the other units. Further, the
battery bank working in parallel with SPV arrays can be used
to establish a constant dc bus voltage and supply additional
load current to the motor thereby fulfilling the load speed
and torque requirements. To overcome the limitations of
conventional MPPT control algorithms discussed above, a new
nature inspired meta-heuristic algorithm called Black Widow
Optimization (BWO) proposed in [10] and implemented in
[11] can be used as a better alternative. The algorithm,
being inspired from the unique mating behaviour of black
widow spiders and their lifecycle, is well known for its fast
convergence especially in dynamic conditions. As suggested
in [12], [13], a film capacitor stands as a better substitute for
the conventional electrolytic one despite its higher cost as a
dc link interface. This is because of its superior characteristics
like longer lifespan, wider operating temperature range, lower
losses, better voltage surges and current ripple handling etc.

Based on the challenges and their potential solutions dis-
cussed above, the paper proposes a model of Multi Input
Single Output (MISO) dc-dc converter-based BLDC motor
drive system where two SPV arrays along with a battery
bank, being used as the power sources, feed the BLDC motor
through a common dc bus. One of the key features of proposed
system is the implementation of the BWO based MPPT
algorithm to control the power flow from MISO converters.
A film capacitor is used to establish a dc bus which connects
to the inverter terminals of the BLDC motor drive.

The organization of the paper is as follows. Section II
presents the proposed system architecture and its design ac-
companying the calculations of various parameters to justify

the design requirements. Section III discusses the control
approaches of different components being used in detail such
as MPPT control, battery charge control and speed control of
BLDC motor. Section IV presents the simulation results under
different circumstances that validate the proposal and Section
V contains the conclusion.

II. SYSTEM ARCHITECTURE AND ITS DESIGN

The BWO-MPPT-based SPV-driven BLDC motor integrated
with battery is illustrated in Fig 1. The system comprises
an SPV array powering the BLDC motor through a boost
converter and VSI, while also feeding the battery (during
charging) via a boost converter and a bidirectional converter.
BWO-MPPT generates the switching pulses for the boost
converter. Meanwhile, Hall-sensor-based control strategy gen-
erates the pulses for VSI. The battery charging/discharging is
governed by a Bidirectional Converter (BDC) controller.

TABLE I: PV Array Parameters

Parameter Symbol Value
Open-Circuit Voltage Ve 449V
Short-Circuit Current Ise 8.88 A
Voltage at Maximum Power Vint 36.9 V
Current at Maximum Power It 8.41 A
Temperature Coefficient of V. Noct -0.32 %/°C
Temperature Coefficient of I, Nsct 0.058 %/°C

A. Design of SPV Array
Power rating of the SPV array is decided considering rated
power output of the motor and losses that occur in different
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parts of the system such as dc-dc converters, battery and VSI.
For this, 2 SPV array units each with a peak power capacity
Pm(arr) of 1.5 kW extractable at standard test conditions (1000
w/ m?2 Trradiance; 25 °C cell temperature; 1.5 spectrum AM)
is proposed. This is achieved using PV modules belonging
to TATA Power Solar TP250 model with specifications as
shown in Table L. Its I-V and P- V characteristics at different
irradiance as depicted in Fig. 2. The maximum output voltage
of the SPV arrays (Vm(arr)) is chosen based on the magnitude
of constant DC-bus voltage (Vjys) and the topology of the
interfacing converter selected as shown in Fig. 1. Thus, V7",
is set to 91 V.

The maximum current of SPV array I,,,(4,) can be esti-
mated as:

m m
m _ Parrl m _ Parr? (1)
arrl — vm v tarr2 — m

arrl arr2

where N, and N, represent the number of series connected PV
modules per string and number of such strings connected in
parallel respectively to form the array of desired power rating,
then their values can be approximated as:

m m

arrl arr2
Nsl - vm ) N82 - vm
mod 1 mod 2 (2)
m m
N, Iarrl N, Iarrl
pl — m ’ P2 — m
mod 1 mod 1

where N,; and Ny are the number of series connected
modules for SPV1 and SPV2 respectively. The N, and Ny
are the number of parallel connected modules for SPV1 and
SPV2 respectively

Therefore, 2 strings each containing 3 series connected PV
modules are required to form an SPV1 array of desired rating.
Thus, at MPP the total solar power generation will be 3 kW
at 182 V.
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Fig. 3: Schematic block diagram of the system

B. Design of Boost Converter
The boost converter output is given as follows [14]:

1 1
Vol — (]-_dl) Vvina V02 - (1 —d2> sz (3)

where, V,1, Vyeand V;,, are the output of SPV 1 and 2,and
input voltage of the boost converter respectively and d; and
do are the duty ratio.

To determine the value of the inductor (L;), duty ratio and
switching frequency (fs,,) is required, f,, is taken as 5 kHz
and the duty ratio, which is integral to the design process, is
subsequently determined using (3).

o dy X Vm(arr) da X Vm(arr)
B fsw X AILl fsu) X AILQ

Here, A}, denotes the ripple in the inductor current, which
is assumed to be 20% of the maximum inductor current (I, =
Ima)-

C. Design of BDC and BES

Fig 3 illustrates the bidirectional Buck-Boost converter
circuit, which serves as the interface between the battery
and the VSI. The converter must operate efficiently in buck
and boost mode to ensure precise parameter determination.
Considering this, the value of inductor (L;) can be calculated
using [14], [15]:

Ly , Lip = €]

L — dX (%us_%)
’ fszAIb

. The common DC-link capacitance will serve as output
capacitance of the converter. To ensure optimal regulation of
power flow and maintain reliable and efficient operation, it
requires a sophisticated control scheme for both charging and
discharging the battery which will be discussed in Section III.

To ensure reliable motor operation when SPV power is
unavailable, Li-ion batteries are the optimal choice due to
their superior energy density, which provides a prolonged
driving range - vital for SCVs. Furthermore, their fast charging
capabilities offer significant benefits to EV users.

D. Selection of TPTL Inverter

The motor is driven by using a TPTL VSI consisting of six
IGBT switches. The overloading of these switches may lead
to inverter failure. Therefore, the capacity of these switches
should be carefully selected to prevent such failure. To ac-
commodate transients likely to occur in the IGBT switches,
as suggested in [15], voltage safety factor of 1.4 and current

(&)
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safety factor of 1.3 are considered. Therefore, the required
voltage rating (Vi s7) and current rating (I s;) of each IGBT
switch are calculated as:

Visi = 1.4 % Vs = 336 V
(6)

Tosi = 1.3% Ipus = 15.37A

rating __
V81 -

The VA rating of inverter can be calculated as V' A
Vvsi * Ivsi~

E. Selection of Common DC-Link Capacitor

A film capacitor is used as a DC-link capacitor due to its
various advantages over electrolytic capacitors such as high
current conduction capability, lower ESR (Equivalent series
resistance), and can be operated at high frequency.

In a VSI, the DC link capacitor primarily serves two
functions: 1) It provides a low impedance path for high-
frequency currents, and 2) It stiffens the DC bus by decoupling
the effects of stray inductance between the DC voltage source
and VSL

To mitigate the safety concerns associated with excessive
capacitance for DC-bus, it’s important to compute the correct
capacitance which can be determined as follows [15].

‘/bus
32L5A‘/bu5 f,s2w

where, AV}, is the ripple in the dc-bus voltage.

C= @)

III. PROPOSED CONTROL APPROACH

The control strategy focuses on optimizing LCV perfor-
mance by integrating solar-powered BLDC motors with a bat-
tery system. It comprises BWO-based MPPT control, charging
and discharging of battery, and speed control of BLDC motor.
All these control strategies are evaluated across different cases
to optimize overall energy management and boost vehicle
performance.

TABLE II: BLDC Motor Parameters

Parameter Value
Number of Phases 3

Number of Poles 8

DC Voltage (Viys) 240 V
Rated Power (Prqtedq) 2.5 kW
Rated Flux (®,qteq) 0.175 Wb
Stator Resistance (R;) 2.4 Q
Stator Inductance (L) 8.5 mH
Moment of Inertia (J) 0.089 kg-m?
Damping Coefficient (B) 0.001 Nm-s/rad
Sampling Time (7%) 10 us

A. MPPT Control Approach

The proposed model integrates the Black Widow Opti-
mization (BWO) algorithm, esteemed for its fast convergence
and superior attainment of optimized fitness values relative
to alternative algorithms [10]. It incorporates a distinctive
phase—cannibalism, which endows it with the capacity to
expunge species with suboptimal fitness from the exploration
domain.

Fig. 4 shows the BWO-based flow chart for MPP tracking.
Initially, crucial parameters are defined such as Population
size (IN), Number of iterations (k), Mutation rate («), and
Cannibalism rate (5). Then the random duty cycle (d) is
generated:

W= {dy,d5, ds, ...,

where, 0 < df < 0.95, The fitness of a widow is determined
by the evaluation of fitness function M:

Maz. M =V, (df) L (df)
fitness = M{W} = M{d%,d5,d5, ...,

di}, 0<df <095 (8

€ [1, N]
)

After random selection of parents assuming d; and ds, off-
spring d,; and d,, are produced using:

di iy = a-df + (1 —a) - dy,
dg,lm:CI"d'lf?Ld‘_(l_Cl)'d;€7

i
dy }

1<Im<N, Il#m

(10)

The optimal duty cycle obtained is then fed into the pulse
generator shown in Fig. 3 to control the boost converter,
ultimately facilitating maximum power extraction from SPV.

B. Charging and Discharging of Battery

In the proposed system, a Proportional-Integral (PI) control
strategy is implemented to manage the battery charging and
discharging processes. The BDC facilitates a flawless power
transfer between the battery and the BLDC motor, efficiently
managing any power deficits and surpluses. Fig 3 illustrates
a sophisticated implementation of the Battery control. The
BDC, equipped with an inductor (L) and switch S; (with
gate pulse G7) and Sy (with gate pulse Gg) with anti-parallel
diodes (D; and D), regulates the battery charging/discharging
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current (I;). The I can be calculated as follows:

k;
I:—(k n )(Vbus Vi)

When the SPV power generation is not sufficient to run the
motor, the battery discharges and the converter operates in
boost mode with S; and D; active; conversely, in surplus
conditions, it operates in buck mode with Sg and Dy active.
The Battery control system regulates the dc-link voltage (Vi)
at a constant value, with any deviations promptly corrected
by a PI controller, thereby ensuring smooth operation of the
BLDC motor.

Y

C. Speed Control of BLDC Motor

Fig. 1 shows the BLDC motor incorporating Hall effect
sensors that detect the rotor position and provide essential
feedback for precise control of speed and torque via efficient
electronic commutation. The signals from the Hall sensors
determine the switching sequence of the inverter’s power elec-
tronic devices. The actual motor speed is perpetually compared
with the reference speed, and the resultant error is fed into
a proportional-integral (PI) controller which modulates the
PWM pulses (G; — Gg) accordingly, ensuring that the motor
adheres to the desired speed by fine-tuning the voltage applied
to the motor. This adjustment facilitates optimal and seamless
motor performance, even amidst varying load conditions.

IV. SIMULATION RESULTS AND DISCUSSIONS

The proposed system undergoes comprehensive simulation
within the MATLAB environment, where its performance
and behavior are evaluated under two distinct scenarios: (1)
with varying irradiance and (2) with varying temperature.
Furthermore, steady-state performance of the BLDC motor
across various load conditions is examined. The simulation
parameters utilized are detailed in Table I and II.

A. Under Varying Irradiance

Keeping the temperature of the SPV arrays constant, irradi-
ance (I,.,) is varied in 4 phases, each with time interval of 0.5
seconds. Fig. 5 shows the impact of varying irradiance on the
performance of the system in terms of different parameters.
In the first phase (from 0.5 to 1 second), irradiance is set
at 200 W/m? which initiates the charging process of the
battery and is depicted by the gradual increase in its SoC.
In the second phase (from t=1 to t=1.5 second) and the third
phase (1.5 second to 2 seconds), the irradiance is further
increased to 500 W/m? and 1000 W/m? respectively which
causes the battery SoC to rise more steadily because of the
increased photovoltaic current (I, ). In the third phase, (from
2 to 2.5 seconds), SoC further keeps increasing but at lower
rate than earlier, owing to decreased irradiance or current.
The solar power (P,,) being generated at any stage for the
corresponding volage (Vj,,) ensures MPP operation thereby
proving the effectiveness of BWO-MPPT algorithm. The other
key thing to notice is that though the battery voltage (V})
keeps increasing as the battery charges with time, the DC bus
voltage (V,us) is held fairly constant at approximately 240
V. This justifies the effectiveness of the controller associated
with the bidirectional converter and the battery.

B. Under varying Temperature

The effect of temperature variation is also studied in 4
distinct phases each with time interval of 0.5 seconds keeping
irradiance fixed at 700 W/m? as shown in Fig. 6. In the first
phase (0.5 to 1 second), temperature is set to 25°C and at
each successive phases, the temperature is increased by 5 °C.
This leads to a small decrement in solar voltage V},, and power
(Ppy in each phase however a very negligible impact is seen
over solar current [, throughout the temperature variation
steps. Since I, is not much affected, the battery continues
to charge at a constant rate described by almost linear SoC
curve. Further, the DC bus voltage is also held constant like
in previous case irrespective of the battery voltage.
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The steady state performance of the motor as shown in Fig.
5(c) and Fig. 6(c) clearly validates the linear relationship of
motor back-electromotive force (EMF) (e,) with the motor
angular speed (w) and that of motor torque (7") with stator
current (i,). The shape of the motor back-EMF waveform
is roughly trapezoidal as expected and that of stator current
is like a quasi-square wave. Ripples in these waveforms is
clearly visible which is due to commutation of stator current
and depend on the stator resistance and inductances.

V. CONCLUSION

The paper proposes a model of the BWO MPPT based-
solar-powered BLDC motor drive powered by two SPV arrays
interfaced with MISO DC-DC converter and a battery bank
interfaced with a bidirectional DC-DC converter to a common
DC bus. It illustrates the selection and integration of the major
components that form the system followed by their suitable
control techniques that justifies energy efficiency and smooth
operation of the drive under varying working conditions like
irradiance and temperature. This is validated through the
simulation results which ensures the effectiveness of the model
and proves it to be a suitable alternative for driving SCVs. The
next research step will be focused on practical implementation
of the proposed model and its extension for dealing with
dynamic load conditions.

REFERENCES

[1] P. Pl6tz, C. Moll, G. Bieker, and P. Mock, “From lab-to-road: Real-world
fuel consumption and co2 emissions of plug-in hybrid electric vehicles,”
Environmental Research Letters, vol. 16, no. 5, p. 054078, 2021.

S. Gnanavendan, S. K. Selvaraj, S. J. Dev, K. K. Mahato, R. S. Swathish,
G. Sundaramali, O. Accouche, and M. Azab, “Challenges, solutions and
future trends in ev-technology: A review,” IEEE Access, 2024.

D. Zhao, M. Zhou, J. Wang, T. Zhang, G. Li, and H. Zhang, “Dispatching
fuel-cell hybrid electric vehicles toward transportation and energy sys-
tems integration,” CSEE Journal of power and Energy Systems, vol. 9,
no. 4, pp. 1540-1550, 2021.

P. Kumar, D. V. Bhaskar, U. R. Muduli, A. R. Beig, and R. K. Behera,
“Disturbance observer based sensorless predictive control for high

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

performance pmbldem drive considering iron loss,” IEEE Transactions
on Industrial Electronics, vol. 69, no. 6, pp. 5442-5452, 2021.

, “Iron-loss modeling with sensorless predictive control of pmbldc
motor drive for electric vehicle application,” IEEE Transactions on
Transportation Electrification, vol. 7, no. 3, pp. 1506-1515, 2020.

P. Mandre, S. Gupta, and S. Nema, “Bldc motor driven by ann-
based solar-pv and battery fed ev system with regenerative braking,” in
2023 IEEE Renewable Energy and Sustainable E-Mobility Conference
(RESEM). IEEE, 2023, pp. 1-6.

E. E. A. Zahab, A. M. Zaki, and M. M. El-sotouhy, “Design and control
of a standalone pv water pumping system,” Journal of Electrical Systems
and Information Technology, vol. 4, no. 2, pp. 322-337, 2017.

K. Nguyen, T. Taufik, R. N. Hasanah, and T. Nurwati, “Multiple input
single output converter with mppt for renewable energy applications,”
in 2020 10th Electrical Power, Electronics, Communications, Controls
and Informatics Seminar (EECCIS). 1EEE, 2020, pp. 81-86.

A. Tomar, S. Mishra, and C. N. Bhende, “Modified miso dc-dc converter
based pv water pumping system,” in 2016 IEEE 7th Power India
International Conference (PIICON). 1EEE, 2016, pp. 1-6.

V. Hayyolalam and A. A. P. Kazem, “Black widow optimization al-
gorithm: a novel meta-heuristic approach for solving engineering opti-
mization problems,” Engineering Applications of Artificial Intelligence,
vol. 87, p. 103249, 2020.

N. Shobanadevi and M. PheminaSelvi, “Adaptive black widow optimiza-
tion based mppt controller in high-gain non-isolated dc-dc converter for
pv applications,” 2023.

J. Huo, N. Zhao, R. Gao, G. Zhang, G. Wang, and D. Xu, “Analysis and
compensation of position estimation error for sensorless reduced dc-link
capacitance ipmsm drives,” IEEE Transactions on Industrial Electronics,
vol. 70, no. 3, pp. 3213-3221, 2022.

Y. Lu, B. Zhou, Y. Zhang, and Q. Chang, “Doubly salient electro-
magnetic motor-drive system with small dc-link capacitance,” IEEE
Transactions on Industrial Electronics, 2023.

A. Ranjan, A. Prakash, and D. V. Bhaskar, “Comparative study of
power factor correction converter topologies for pmbldc motor drives,” in
2023 First International Conference on Cyber Physical Systems, Power
Electronics and Electric Vehicles (ICPEEV), 2023, pp. 1-6.

R. Kumar and B. Singh, “Grid interactive solar pv-based water pumping
using bldc motor drive,” IEEE Transactions on Industry Applications,
vol. 55, no. 5, pp. 5153-5165, 2019.




IOE Graduate Conference
[Placeholder for

Publication

Information]

Sensor-less Commutation of Brushless DC Motor Based on Zero-
Crossing Detection of Line Voltage Differences

Aashish Acharya 2, Devara Vijaya Bhaskar °, Jeetendra Chaudhary ¢, Madhusudan Nyaupane ¢

@ Department of Electrical Engineering, Pulchowk Campus, IOE, Tribhuvan University, Nepal

b Department of Electrical Engineering, IIT (ISM) Dhanbad, Jharkhand, India

C Department of Electrical Engineering, Pulchowk Campus, IOE, Tribhuvan University, Nepal

d Department of Electrical Engineering, Pulchowk Campus, IOE, Tribhuvan University, Nepal

¥ 2 aashishacharya555@gmail.com, ® devara@iitism.ac.in, © jeetendra@ioe.edu.np, 9 nyaupanemadhusudan.hr@gmail.com

Abstract

In this paper, an electronic commutation strategy for Permanent Magnet Brushless DC motors without using position sensors
is presented. Harnessing the difference of the line voltages measured across stator terminals, the proposed method precisely
senses the zero-crossing instants of the back-electromotive forces indirectly by detecting their change in polarities with time as
the motor rotates. This information is processed to generate appropriate switching pulses for the inverter switches, which in turn,
facilitates electronic commutation without the need for position sensors. Furthermore, the method used omits the need for the
motor neutral potential and does not involve mathematical steps such as derivatives and integrations. The validity of the method
is examined in MATLAB Simulink where the results verify its accuracy and robustness describing the expected electrical and
mechanical characteristics of the motor. The key contribution of the paper is proposing a less redundant design and improving the

Keywords

Modulation (PWM)

reliability of motor commutation through the replacement of the physical position sensors with virtual ones.

Brushless DC (BLDC) motor, sensor-less commutation, back-electromotive force (EMF), zero-crossing point (ZCP), Pulse Width

1. Introduction

Permanent magnet machines are widely used in applications
such as industrial automation, domestic appliances, robotics,
electric vehicles, aerospace, manufacturing processes, etc
mainly because of their higher reliability and efficiency [1].
These machines are typically superior to conventional
machines that usually contain windings on both rotor and
stator, owing to their compact size, quiet operation and higher
power-to-weight ratio. A BLDC motor is the simplest
permanent magnet machine that replaces rotor windings with
permanent magnets and mechanical commutation with
electronic commutation. The function of the mechanical
commutator and carbon brushes is achieved by using a Pulse
Width Modulated (PWM) inverter and rotor position decoder.
The rotor position decoder first senses the rotor position,
decodes it, and accordingly generates appropriate switching
pulses for the inverter. The electronic commutation thus
achieved allows the rotor speed to synchronize with the
inverter frequency.

Today, many BLDC motors are three-phase trapezoidal EMF-
based equipped with Hall sensors as the rotor position decoder
[2]. In such motors, the circle described by the rotation of
the rotor can be divided into 6 distinct sectors each with an
angular span of 60 electrical degrees. The rotor occupies any
one of these sectors at any time instant. The three Hall sensors,
which are ideally placed 120 electrical degrees apart, generate
electric signals based on the Hall effect, unique to the rotor
angular orientation. These signals are processed to develop
appropriate switching pulses for the inverter via commutation
logic that decides which phases to conduct and their duration

of conduction. This is called electronic commutation. The goal
of commutation is to establish a fairly constant angle close to
90 ° between the stator flux and the rotor flux, forcing the rotor
to rotate continuously and developing maximum torque [3].

The inverter is generally operated either in 180° or 120°
conduction mode. In the 180° conduction mode, each inverter
switch conducts for 180° in one electrical cycle and thus all
three phases are conducting at any time instant whereas, in
120° conduction mode, each switch conducts for 120° which
causes any of the two phases to conduct at any time instant.
Thus, the result is an increase in current continuity [4] and a
higher power delivery [5] in the 180° conduction scheme
compared to the 120° conduction scheme. However, the 120°
conduction mode is still very common in several applications
because the switching losses are relatively lower, and it assures
approximate Maximum Torque per Ampere (MTPA) operation
[6] despite reduced DC bus voltage utilization and
discontinuous current.

There are several challenges and shortcomings associated
with the BLDC motors that are based on position and speed
sensors. Adding such sensors increases the design complexity
and cost of the motor. Most of these sensors are sensitive to
the temperature, vibrations and EMI and can lead to device
failure thereby reducing the reliability of the machine. They
may require frequent maintenance when operated in harsh
environments. Constraints such as the volume and weight of
the machine could be a big challenge for sensor-based motors.
To avoid these challenges and shortcomings, several methods
have been proposed in many works of literature that describe
and validate the operation of BLDC motors without any
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position and speed sensors. These methods can be broadly
categorized as:- back-EMF estimation methods [7, 8, 9],
back-EMF integration methods [3, 10], freewheeling diode
current detection methods [11], and third harmonic voltage
component detection methods [12, 13].

The back-EMF estimation methods depend on detecting
zero-crossing instants of the back-EMF across each phase
harnessing the measured stator phase or line voltages. In [7],
the terminal voltages are measured with respect to a virtual
neutral point and low pass filters have been used to eliminate
the higher-order harmonics. The limitations of this approach
are the oscillation of the neutral point during PWM switching
and delays introduced by the filters which does not make this
approach suitable for a wide speed range. In [8], a method to
estimate back-EMF indirectly without using true neutral or
virtual neutral potential has been proposed. The technique
used in [9] is defining a function to indicate the switching
instants, that depends on measured voltages, currents and the
derivatives of the currents. Though the EMF is sensed without
the need for the true or virtual neutral point, the technique
still relies on the complex computation of derivatives and
could be affected by sensor noise. The back-EMF integration
method used in [3] and [10] is based on integrating the
back-EMF of the open phase. The integration is started right
at the ZCP of the back-EMF and is stopped when the
integration result attains a preset threshold value, which
indicates the commutation instant. The benefit of this method
is that it is less sensitive to noise and offers good performance
at high speeds. The downside is that the method still requires
neutral potential and may result in accumulated error,
especially at low speeds due to the integrating operation.

Free-wheeling diode current detection methods [11] involve
sensing the current in a free-wheeling diode connected across
the open phase which facilitates knowing the rotor position.
The method suits well for wide operating regions. However,
the implementation of this method requires six comparators
each with its own power source to detect the freewheeling
currents. The third harmonic component of the back-EMF is
obtained by adding all three terminal voltages [12, 13].
Integrating this component gives the third harmonic flux
linkage whose zero crossing corresponds to the commutation
instants. The limitation of this approach is that it requires the
neutral point of the stator winding which is normally not
provided by the manufacturer. Besides, the amplitude and
phase of harmonic components could be affected by magnetic
saturation thereby preventing the detection of true zero
crossing instants. Apart from these methods, an Extended
Kalman Filter (EKF)-based estimation method has also been
proposed in [14]. The major challenge in applying the EKF
method is the initialization of the covariance matrices which
indicate uncertainties in measured and estimated parameters.
Poorly initialized values may often lead to divergence and
instability.

This paper proposes a straightforward method to estimate the
rotor position by detecting the ZCPs of the trapezoidal (ideal)
back-EMFs induced across the stator windings, for a
three-phase star-connected permanent magnet BLDC motor.
The method does not require the neutral potential since it
involves measurement of the line voltages instead of the phase
voltages and estimates the back EMFs with respect to the

negative terminal of the DC source. The method is easy to
implement since it does not involve mathematical steps like
derivatives or integrations. Unlike suggested in [15], usage of
low-pass filters is not required since the ripples in the
back-EMF waveforms are mitigated by utilizing PWM switches
(IGBTs) with Snubbers. The filters would otherwise introduce
some considerable delay and therefore would require some
compensation. Moreover, the effect of delays introduced in
sample and hold circuits is compensated while introducing
the 30-degree delay in switching (commutation) instant of a
phase current, being measured from the zero-crossing instant
of the back-EMF of the respective phase.

The paper is organized as follows. Section 2 illustrates the
proposed sensor-less commutation strategy. Section 3
presents the MATLAB Simulink model of the proposed system.
In Section 4, simulation results are presented with their
interpretation to validate the proposal. Finally, conclusions
are drawn regarding the effectiveness and future scope of the
model in Section 5.

2. Proposed Sensor-less Commutation
Method

Line Voltages
Measurement
45

Line-Line Voltages
Difference Computer

Commutation Logic
& PWM Generator

T \’a:xl Vmal V:aahl

Sector Selector | 6 p o4

with 30° Delay Detector
Figure 1: Schematic of proposed sensor-less commutation of
BLDC motor drive

Schematic of the proposed model is shown in Figure 1. The
BLDC motor being considered has a three-phase
star-connected stator winding with permanent magnets
mounted on the rotor that can generate an ideal trapezoidal
back-EME It is driven through a 3-phase inverter (120°
conduction mode operation) in which the switches are
triggered based on the pulses derived from the commutation
logic. In position sensor-equipped motors, the commutation
logic typically receives 3 signals from the Hall sensors that
have encoded rotor position information. However, the
proposed back-EMF zero-crossing estimation method
involves the measurement of terminal line voltages, followed
by the calculation of their differences and detection of their
ZCPs to decode the current sector where the rotor is lying.
This information is used to generate appropriate switching
pulses through the commutation logic for the next sector
where the rotor should be positioned. These switching pulses
decide the switching states of the inverter. The process is
continuous and ensures smooth rotation of the motor without
the need for position sensors.  Figure 2 shows the
segmentation of the circular path described by the rotor useful
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in its position detection. Figure 3 shows the ideal back-EMFs
waveforms, current waveforms and switching states based on
the clockwise angular displacement of the rotor.

Figure 2: Segmentation of the circular path described by rotor
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Figure 3: Ideal current and back-EMF waveforms

From the equivalent circuit of the stator windings shown in Fig.

1, the stator phase voltage equations can be expressed as

vanl [R 0 01[ig] [L 0 0 i1 Tean
vpn|l =10 R Of |ip|{+]0 L O R ip|+lepn]| )
Ven o o R||i| o o r]%|i] lewn

where, vu,, UVpn, and v, are the three-phase to neutral
voltages, i,4, ip and i, are the stator phase currents, e, ey,
and e.; are the phase to neutral back-EMFs, R is the stator
phase resistance and L is the phase inductance. Using
equation 1 and subtracting vy, from v,,, v., from vy, and
Van from v, gives the following line voltage equations:

. . d (ia - ib)

Vab = Van—Vpn = R(iqg—ip) + LT +ean—epn (2)
. . d (ib - ic)

Upe = Vpn—Ven = R(ip—ic) + LT +epn—ecn (3)
., d(ic—1ig)

Vea = Ven— Van = R(ic—ig) + LT +ecn—ean (4)

Subtracting equation 3 from equation 2, equation 4 from
equation 3 and equation 2 from equation 4, yields the
following equations:

Vabbc = Vab — Ubc
d(ig—2ip+ic)
dt

R(ig—2ip+i)+L +eqn—2epn+ecn

®)

Ubcca = Vbc — Vca
d(ip—2ic+1ig)

=R(ip—2i.+ig)+L
(b c a) dt

+epn—2€ecn+ean

(6)

Vcaab = Vca — Vab
d(ic—2ig+ip)

=R(i.—2ig+ip)+L i

+ecn—2eqn+epn

@)

Consider the time interval throughout which the rotor lies
in sector 6. From Figure 3, it can be observed that during
this time interval, ep,, = —ecn, ip = —i. and i, = 0 while e,
transitions from a negative value to a positive value crossing
zero. This condition occurs when phase c is connected to the
positive terminal of the DC source, and phase b is connected
to the negative terminal of the DC source while phase a is open.
Thus, when the rotor is in sector 6, equation 7 can be reduced
to equation 8 as

Ucaab = —2ean, for B e Sector 6 and Sector 3 (8)

The condition described by equation 8 also holds when the
rotor lies in the sector 3. However, during this time interval, e,
transitions from a positive value to a negative value crossing
zero as connections to phases b and c are reversed. Similarly,
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equation 5 can be reduced to 9 when the rotor lies in sectors 1
and 4. Also, equation 6 can be reduced to equation 10 when
the rotor lies in sectors 2 and 5.

Vabbe = —2epn, for 0 e Sector 1 and Sector 4 9)

Veaab = —2eapn, for @€ Sector 2 and Sector5  (10)

Voltages (V)

I | | | |
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600 -

Figure 4: Line-line voltage difference V,,,}; and back-EMF

€an

Therefore, the back-EMF waveform of each phase crosses zero
twice in an electrical cycle. Further, from equations 8 - 10, it
can be concluded that during the commutation intervals, the
line-to-line voltage difference is of the opposite polarity to the
corresponding back-EMF undergoing transitions and is scaled
by a factor of 2. These relations have been validated using the
waveforms of v.,,;, and e, as presented in Figure 4 and are
applied afterwards to accurately decide the rotor position and
generate appropriate switching signals. Table 1 presents the
future rotor position information in terms of sectors based on
the zero-crossing detection of line-line voltage differences and
the corresponding switching states to be applied after a 30°
electrical interval. The symbols 1 and | are used to denote the
zero-crossings when a line-line voltage difference transitions
from negative to positive polarity (positive zero-crossing) and
from positive to negative polarity (negative zero-crossing)
respectively.

Table 1: Rotor position estimation and switching states

Zero-crossing Next Rotor | Switches to turn
line-line voltage | Position (after | on next (after 30°
difference 30° delay) delay)
Veaab () Sector 1 S, S,
Vabbe (D Sector 2 S}, Sa
Vbeca (1) Sector 3 ;S
Veaap () Sector 4 S}, S,
Vabbe (1) Sector 5 S S,
Ubcca (1) Sector 6 S, S,

3. Simulations

Table 2: BLDC motor specification

Parameters Values
Number of phases 3

Number of poles 2

Rated Voltage 240V

Rated Speed 1500 rpm
Rated Torque 159 Nm
Stator Resistance 1.2Q

Stator Inductance 8.5 mH
Moment of Inertia 0.08 kgm?
Damping Coefficient | 0.001 Nms/rad
Back-EMF constant | 1.3468 Vs/rad

A 240 V, 2.5 kW, 1500 rpm BLDC motor is selected for
simulating the proposed model. Other parameters of the
selected motor are mentioned in Table 2. Figure 5 and Figure 6
show the MATLAB Simulink model of the proposed scheme.
The line terminal voltages are measured and their differences
are sampled and fed to the zero-crossing detectors. Each
zero-crossing detector senses the zero-crossing points
(positive and negative) and generates pulses. Each of the six
different zero crossing points is uniquely associated with a
sector that defines the current and next (after 30°) rotor
positions. Based on the next rotor position defined by the
sector selector block and according to Table 1, the pulse
generator generates the required switching pulses. These
switching pulses serve as PWM pulses to drive the inverter.

(Gate Signal_ PWM PWM  Sector| Sector V_ab_line M
Sensorless Rotor
Position Decoder

Gate Driver

Commutation Logic

V_abe_line

Torque

DC Vollage “‘T -
Source o/ \
T
o
=0 3-Phase Line Voltage

vsi & Current
Measurement

Mechanical Load

Visualization

PMBLDC
Machine

Figure 5: Simulink model of the overall system
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4. Results

The steady-state electrical and mechanical characteristics of
the motor at full load speed of 1500 r pm (rated conditions)
are studied and validated through simulation results. Under
electrical characteristics, phase/line currents and line-line
voltages are observed whereas under mechanical
characteristics motor torque (7) and angular speed (w) are
examined.

8

Phase a Current (A)
b & 3 o

rrent (A)
3 8

IS

Phase ¢ Cui

&

otor Position (sector) ¢,

| | |
002 004 w06 [ o 0tz 014 016
Time (seconds)

Figure 7: Commutation of motor (phase currents and rotor
position)

Figure 7 shows the phase current waveforms of three phases
and rotor positions in terms of sector number at different time
intervals for a total time duration of 0.16 seconds (4 cycles).
The phase currents roughly take the quasi-square wave shape
and are mutually displaced by 120° electrical. The ripple
contents in the current which depend on stator resistance,
inductance and switching frequency, are dominant during the
commutation (or phase switching) instants. The figure shows
that the phases are being switched in a sequence at the
mid-point of every sector, resulting in a successful
commutation. The time gaps corresponding to every sector
are uniform implying a constant rotor speed. At rated speed,
the motor draws an average source current of 11.8 A which is
evident from the flat-topped region of the current waveforms.

Line Voltage Vab (V)

Line Voltage Vbc (V)

200

Line Voltage Vea (V)

]
i
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0 0.05 04 0.15 0.2 025 03 0.35 04
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Figure 8: Motor line voltages

Figure 8 presents the waveforms of line voltages V,;, V3, and
Vea, for a total time duration of 0.4 seconds (10 cycles) which
are used in the detection of ZCPs of the back-EMFs. The shape
of the line voltages is roughly trapezoidal as expected with a
peak value of 240 V same as the magnitude of the DC voltage
source used. This is because any two out of three phases keep
conducting together for a duration of 60° electrical. In this
duration, full DC bus voltage appears across those two phases
thus resulting in a flat-topped region in the wave shape for a
60° interval.
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Figure 9: Motor torque and speed at steady state

It is evident from from Figure 9 that the motor is being
operated at approximately 1500 rpm (157.08 rad/s) meeting
the full load (rated) torque requirement of 15.9 Nm. The
ripple in the torque is due to ripples in the current since the
torque developed is directly proportional to the phase current
magnitude. For a high inertia motor, the ripple in the torque is
not a problematic issue since it does not affect the speed
much and thus has very little contribution to vibration and
noise. However, for a low inertia motor used especially in
position control, ripples in the torque may be a critical issue
to address. The speed and torque characteristics confirm a
smooth and stable operation which is only possible due to
successful commutation .

5. Conclusion

A position sensor-less commutation strategy is proposed that
relies on the measurement of only line terminal voltages
without the need for stator neutral potential. The method
proposed does not use any low pass filters as the ripples in
back-EMFs and currents are mitigated using inverters that
employ switches with Snubbers. Therefore, the need for
compensating delays in sensing the ZCPs that could have been
introduced due to dedicated low-pass filters is omitted. The
proposal has been validated through simulation in a much
easier way without relying on mathematical steps such as
integrations and derivatives. The results show that the motor
runs smoothly with the position sensors being replaced by
sensor-less commutation strategy depending on zero crossing
detection of line-line voltage differences. Future work will
involve the practical implementation of the proposed scheme
and its applications in dynamic conditions with varying loads.
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