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ABSTRACT

Key words:  Fuzzy Sliding Mode Control, Special Electric Machines, Field
Programmable Gate Array, Brushless DC motor, Permanent Magnet

Synchronous Motor, Switched Reluctance Motor.

An electric drive is a power conversion means that is utilized by most of
the industrial automation systems and processes to convert electrical power to
mechanical power for controlling the torque, speed or position of the load. A modern
electric drive system consists of a motor, an electric converter and a controller
integrated together to perform a mechanical manoeuvre for a given load. Electric
motors used in servo control applications for solar tracking, antenna positioning,
robotic arm movement, hybrid electric vehicles and aerospace vehicles are some of
the examples of special electric machines. Recent developments in advanced
manufacturing and automation in processing industry demands very fast and robust

techniques of characterization and control of these electric drives.

Drives are generally controlled by conventional Proportional plus Integral (PI)
controllers due to the advantages of its simple design, low cost, low maintenance and
their effectiveness. However, it has been known that conventional PI controllers
generally do not work well for non-linear systems, particularly for complex and
approximated mathematical models. Also, this control technique is not capable
enough in dealing with system uncertainties such as parameter variation and external
disturbances.Sliding mode control (SMC) is one of the widely used strategies to deal

with these disadvantages. The chattering effect in the conventional SMC is reduced
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by suitably modifying its control law. A Fuzzy Sliding Mode Controller (FSMC)
combines the intelligence of a fuzzy inference system with the conventional SMC for

further improvement in its performance characteristics and accuracy.

In this work, an intelligent FSMC for the speed/position control of special electric
drives such as DC servo motor, BrushlessDC (BLDC) motor, Switched Reluctance
Motor (SRM) and Permanent Magenet Synchronous Motor (PMSM) incorporating
their important nonlinearities is designed and its performance is compared with that
of modified SMC, Fuzzy PI and PI controllers under no load as well as loaded
condition to identify the most suitable technique. Simulation results show that when
FSMC is applied for the speed control, the peak overshoot is completely eliminated
and the rise time and settling time are drastically reduced compared with the other
controllers. Hardware in loop (HIL) simulation of FSMC using Field Programmable
Gate Arrays (FPGA) is carried out for BLDC motor and PMSM and the results are
validated with the hardware implementation of the original drive system.
Experimental results clearly indicate that FSMC is highly suitable for the speed
control of these special electric drives when accuracy and precision are higly

significant in the presence of parametic uncertainties and external disturbances.
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CHAPTER 1

INTRODUCTION

An electric drive is a power conversion means utilized by most of
the industrial automation systems and processes to convert electrical power to
mechanical power, and to control the torque, speed or position of the load. A modern
electric drive system consists of a motor, an electric converter and a controller
integrated together to perform a mechanical manoeuvre for a given load (Barrero and
Duran, 2016). Electric motors that are used in servo control applications for solar
tracking, antenna positioning, robotic arm movement, hybrid electric vehicles and
aerospace vehicles are some of the examples of special electric machines. Recent
developments in advanced manufacturing and automation in industries demand very
fast and robust techniques of characterization and control mechanisms of these
electric drives. Ultra precision and high speed machining are two major challenges
with great scientific relevance to meet the requirement of industrial automation (Rind
et al., 2017). Speed control of electric machines has become very fast and efficient
with the evolution of power electronic switches and various power converters that
help to convert and control electrical power from ac to dc, dc to dc, dc to ac as well as
ac to ac. DC Servo motors, Brush Less DC Motor (BLDC), Permanent Magnet
Synchronous Motor (PMSM) are some of the widely used special electric motors for
various industrial applications, viz. DC servo motor in traction, BLDC, PMSM and
Switched Reluctance Motor (SRM) motors in aerospace and electric vehicles(Bose,
2009). The basic criterion in selecting an electric motor for a particular application
depends on the power demand as well as characteristic performance during its steady

state and dynamic operations under no load as well as loaded conditions.



Characteristics of mechanical load, environmental factors and cost are also extremely
important factors that decide the selection of motor for its specific application. For
example, in applications like traction and elevators where high starting torque is
required, a DC series motor is a better choice than an induction motor where as in
petrochemical industries these motors are unsuitable as it produces sparking between
the brushes and commutator segments. Similarly PMSM find more promising
applications in Electric Vehicle (EV) / Hybrid Electric Vehicle (HEV) due to its
higher efficiency and lower rotor inertia even though they are more expensive than

induction motors (Rahman et al., 2006).

Drives are generally controlled by conventional Proportional — Integral — Derivative
(PID) controllers due to the advantages of its simple design, low cost, low maintenance
and their effectiveness. It is necessary to know the mathematical model of the drive
system or to setup some experiments for the tuning of PID parameters for its control.
However, it has been known that conventional PID controllers generally do not work
well for non-linear systems, particularly for complex and approximated mathematical
models (Pundaleek et al., 2010). Also, this control technique is not capable enough in
dealing with system uncertainties such as parameter variation and external disturbances.
A controller without D mode is preferred when large disturbances and noise are present
during the operation of the drive system. Subsequently alternate control mechanism
suitable for handling non-linearity in the system, machine parameter variations and load
variations are suggested. Recently developed control mechanisms like back stepping
control (Cai et al., 2017), adaptive control (Wai et al., 2015), H- infinity control (Zhou
and Hu, 2015) and Artificial Neural Network (ANN) based control (Ali ef al., 2014) can
be used for the control and stabilization of systems with parameter uncertainty and
disturbances. Even though these controllers perform better than the linear controllers,
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their algorithms are quite complex and computationally expensive which necessitates a
comparatively simple and effective controller for drive systems. Sliding Mode Control
(SMC), Fuzzy Logic Control (FLC) and their combination are found to be a better
solution from the point of view of design, implementation and economic considerations

for the control of drives.

SMC is a widely used method to handle uncertain non-linear systems (Young et al.,
1999). The main advantage of using SMC is that it is robust against external
disturbances and parameter variations (Decarlo et al., 1998). The control strategy in
SMC is designed such that the system states are directed and then constrained to lie on
a specified sliding surface or within a neighbourhood of a suitable switching surface as
long as the system trajectories stay on the surface. The closed-loop dynamics are
completely governed by the equations that define the surface (Spurgeon and Edwards,
1998). Conventional SMC has been successfully implemented to control drive systems
like DC motor (Dumanay et al., 2016) and BLDC motor (Chen et al., 2017) for the
control of position as well as speed. However for this SMC, the sliding surface uses a
discontinuous switching function resulting in chattering, a phenomenon of high
frequency oscillations in the output due to the high frequency switching of the control
action. The effect of chattering can be significantly reduced by boundary layer solution
(Lee and Utkin, 2007) in which, a boundary layer is introduced around the sliding
surface, which is achieved by replacing the discontinuous switching function with a
continuous form mostly by a saturation function. Performance of a chatter free SMC
using a continuous function with the gain made variable to adapt to the changes in load
as well as system parameters will definitely improve its performance. Fuzzy logic is an

effective method that can be used for varying parameters under certain rules.



Fuzzy Logic Controllers (FLC) that uses fuzzy set theory (Zadeh, 1965) expresses the
feedback control laws using heuristic knowledge, when parameters of the control
plants are unknown and is an effective tool to handle imprecise and uncertain
decision-making problems. FLC has been successfully applied to various industrial
control applications, such as speed control of DC motor (Montiel et al., 2007),
balancing of Ball and Beam system (Emhemed, 2013), vector control of Induction
motors (Uddin et al., 2002) etc. By combining the intelligence of Fuzzy logic with the
SMC, a considerable improvement in the controller output and thereby significant
enhancement in the system performance can be achieved (Baround et al., 2018).
FSMC is a combination of modified SMC and Fuzzy Inference system and it has been
successfully implemented in industrial applications like closed-loop vector control for a
grid-connected Wave Energy Conversion System (WECS) driven Self-Excited Induction
Generator (SEIG) (Elgammal, 2014), erection system with un-modelled dynamics (Feng

et al., 2017) and uncertain MIMO nonlinear systems (Roopaei et al., 2009)

BLDC motor is widely used in robotic arm movement where various linear as well as
nonlinear techniques are applied for its accurate position control (Camorali et al.,
2006). In order to achieve such precise control without overshoot and with fast
settling, a robust nonlinear intelligent controller is to be developed. Another key area
in which accurate speed control is essential is in electric vehicle where BLDC motor
and SRM are widely used. These motors are inherently nonlinear due to the presence
of variation in reluctance and magnetic saturation which results in coupled and
nonlinear dynamic system. Accurate speed control of the vehicle with continuously
varying load due to road condition can be accomplished with the use of a nonlinear
intelligent control method (Monteiro et al., 2015).
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For the realization of any designed controller, both Application Specific Integrated
Chip (ASIC) and Field Programmable Gate Array (FPGA) provide a good solution.
An FPGA is a large-scale integrated circuit, for which the hardware configuration can
be changed by programming using Hardware Description Languages (HDL) like
VHDL (Very High Speed Integrated Chip HDL) and Verilog. Digital Signal
Processor (DSP) like ASIC is having predetermined, unchangeable hardware function
and hence computation of any complex controller like Fuzzy SMC becomes a
challenge using this. For the implementation of digital systems, FPGA is preferred
over ASIC due to the fast computational ability, configurable hardware construction,
low power consumption, embedded processor and shorter design cycle (Kung and
Tsai, 2007; Chou et al., 2013). FPGA is successfully used for the implementation of
aircraft control (Hartley et al, 2014), power generation control of hybrid power

system (Nagraj and Panigrahi, 2015) and in various similar servo applications.

Performance of a controller is normally evaluated using simulation software like
MATLAB based Simulink, Pspice or Psim. In the present research work the design
and simulation of the modified sliding mode controller, fuzzy controller and fuzzy
sliding mode controller for various DC and AC drives are carried out and their
performance is compared with that of Fuzzy PI and conventional PI controllers.
Hardware in the loop simulation (HIL) and actual hardware of the fuzzy sliding mode
controller using FPGA are also implemented. The performance of this actual

controller is compared with that of the simulation results for the validation purpose.



1.1 MOTIVATION FOR THE RESEARCH

Industrial drive systems are generally controlled by conventional Proportional —
Integral (PI) controllers.The main problem associated with the conventional linear PI
controllers is its inverse relationship between the speed of response and the peak
overshoot. The peak overshoot can be reduced only at the cost of speed of response or
the settling time of the system. Other linear controllers like Linear Quadratic Regulator
(LQR) and Linear Quadratic Gaussian (LQG) also exhibit the same problem and this
point towards the need of an alternate simple and economic technique suitable to

achieve better steady state as well as transient performance indices.

Non-linear and adaptive control methods have been applied to the speed and position
control of drive systems to overcome the problems associated with liner control
techniques. Back stepping control, Adaptive control, ANN control, FLC, SMC are
some of them. Of these, back stepping control lacks robustness and its practical
implementation is laborious due to its complex algorithm. Adaptive control gives
better performance when an accurate model is available. ANN is also a modern
intelligent control technique used mainly in robotic applications (Chaoui et al. 2009),
speech recognition (Kamble, 2016), pattern recognition (Basu et al. 2010) and many
more. Due to its limitation of training using algorithms, this method can lead to
variations in the output of the drive systems with very fast dynamic response and
sudden load variations. Fuzzy control is a better solution for intelligent control that
depends on heuristic rules even though it lacks a perfect mathematical model. On the
other hand it is found that parameter variation and external disturbances are dealt with

SMC and it is effectively used to eliminate the peak overshoot along with



improvement in the speed of response (Spurgeon and Edwards, 1998). The problem
associated with chattering in conventional SMC is reduced by modifying the control
law. The performance of modified SMC is further improved by intelligently varying the

controller parameters within an optimized range using a fuzzy inference system (FIS).

1.2 OBJECTIVES OF THE RESEARCH

The main objective of this work is to design, develop and implement non-linear
controllers of DC & AC drives suitable for the industrial applications with the

following properties.

e Robust against machine parameter variation and external disturbances like
sudden load variation

e Having high speed of response with reduced overshoot and steady state error
e Less Complex and easy to design and implement
e Economical

A conventional DC motor, SRM, BLDC motor and PMSM are considered for the
performance evaluation of various controllers. Hardware implementation of the most
suitable controller using FPGA on a BLDC motor, for the verification of design and

corresponding validation of results, is also the objective of this research work.

1.3 OUTLINE OF THE THESIS

The proposed thesis is organized in 8 chapters. The first chapter introduces the
problem and defines the aim of the thesis. Chapter 2 contains review of background

literature on various developments in linear and non-linear control techniques



especially for DC and AC drive systems. Chapter 3 explains various DC and AC
drives and their characteristics that make them applicable in different industrial
environment. This chapter includes the mathematical modelling of conventional DC
motor, BLDC motor, SRM and PMSM. Various linear and non-linear control
strategies used in drive systems are discussed in chapter 4. Chapter 5 presents the
design of controllers for position/speed control of DC servo motor, BLDC motor and
SRM. Design and performance analysis of FSMC, chatter free SMC, Fuzzy
controller, Fuzzy PI controller and conventional PI controller for these motors are
carried out in this chapter. Design of various controllers for AC motor is discussed in
chapter 6. FSMC, chatter free SMC, fuzzy PI controller and conventional PI
controller are designed for the field oriented control of a PMSM and their

performance comparison and analysis are carried out in this chapter.

The hardware implementation of the FSMC using FPGA is explained in chapter 7.
HIL Simulation of FSMC for PMSM and BLDC motor are carried out using Xilinx
Virtex 4 FPGA board and the results are analysed. The hardware implementation of
FSMC for the BLDC motor using FPGA is carried out and the results are validated in
this chapter. Chapter 8 concludes with a summary of the work done along with

suggestions for the future research.



CHAPTER 2

LITERATURE SURVEY

A brief review of existing modern industrial drives, linear control strategies, necessity

of non-linear controllers and advanced non-linear control techniques are discussed here.

2.1 MODELLING OF INDUSTRIAL DRIVES

An electric drive is an electromechanical device for converting electrical energy into
mechanical energy to impart motion to different machines and mechanisms for
various kinds of industrial applications. It is the workhorse in a variable-speed drive
system and is generally classified as dc and ac machines. Traditionally, ac motors,
particularly induction motors are used in constant-speed applications whereas DC
motors are widely used in variable-speed applications. A modern electric drive
system has a power source that supplies the energy, a converter which provides
adjustable voltage/current and/or frequency and a controller to ensure the stability as
well as the system performance (El-Sharkawi, 2000). The adjustable speed drive
constitutes a multivariable control system and therefore, in principle, the general
theory of multivariable control system is applicable. Here, the voltages and the
frequency are the control inputs and the outputs may be speed, position, torque, air gap

flux, stator current or a combination of these (Leonhard, 1984; Dong et al., 2018).

Mathematical model of a system is a set of equations to describe the behaviour of it and
is used for the simulation and analysis. Naresh K. Sinha et al. describes three different

mathematical models of an armature-controlled dc servo motor: (i) a precise nonlinear



model, (i) a piecewise linear model, and (ii1)) a second-order linear model.
Experimental results are presented by comparing the various models, and a range of
applications for each is suggested (Sinha ef al., 2018). A mathematical model of DC
servo motor used for the position control of a robotic arm is found in literature
(Benksik, 2004). The non-linear model incorporating the saturation effect of the core of
a DC motor for its speed control is found in (Mahajan and Deshpande, 2013). Also
non-linear modelling and identification of a DC motor rotating in two directions

together with real time experiments is demonstrated in (Kara and Eker, 2003).

A brushless DC (BLDC) motor model is explained by (Pillai and Krishnan, 1989b) in
which the motor has a trapezoidal back EMF, and rectangular stator currents to
produce a constant electric torque. State space model of BLDC motor for the
Simulink simulation of its speed control is described by (Muruganatham and Palani,
2010). Mathematical model of an inverter fed BLDC motor with PI control is
described by (Purnalal and Sunil Kumar, 2015). A BLDC motor with improved
magnetic material having high B-H product that is suitable for high power
applications is modelled by (Luk and Lee, 1994). A simplified model for simulation
and experimental analysis of BLDC motor suitable for sensor less operation is
explained by(Kaliappan and Chellamuthu, 2012). Here the technique of zero crossing
of back EMF is used to estimate the rotor position for the sensor less operation

instead of measuring it using Hall Effect sensors.

Igbal Husain and Syed A. Hossain explain the modelling and control of switched
reluctance motor (SRM) including possible nonlinearities (Husain and Hossain,

2005). A novel model of SRM with C-core is explained by (Mao and Tsai, 2005).
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This motor has the advantages of low-cost production that possesses high slot space
for ease of coil winding which can be used for high power applications. A simplified
model of IGBT inverter driven three phase 6/4 SRM used for variable speed pumping
is described by (Parker, 2004). A simple model of SRM with nonlinear magnetization

characteristics is used for computer-aided designs is described (Roux and Morcos, 2002).

(Pillai and Krishnan, 1989a) describes the dynamic d-q model for the vector control
of Permanent Magnet Synchronous Motor (PMSM). As the vector control transforms
the PMSM to an equivalent separately excited dc machine, the transfer function
between the electric torque and current is linear. Model for the direct torque control
(DTC) of PMSM is explained by (L. Zhong et al., 1997) and the simulation results
show that the torque response is much faster than the one with current control. A
PMSM is modelled and the motor parameters are optimized using genetic algorithm
for the performance improvement is carried out in (Shahat and Shewy, 2010). This
model can be used in various applications such as automotive, mechatronics, green
energy applications, and machine drives. A flux-weakening control for a current-
regulated surface mounted PMSM to obtain an extended speed range is demonstrated

in (sudhoff et al., 1995).

Mathematical modelling and speed/position control of various special electric motors
are also given by (Krishnan, 2001). A detailed survey of various existing linear as
well as non-linear control techniques is carried for the purpose of design and

implementation of an effective control strategy for the industrial drives.
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2.2 LINEAR CONTROL TECHNIQUES

Proportional-integral-derivative (PID) controller is very widely used in many control
applications due to its simplicity and effectiveness (Ang et al., 2005). It is extensively
used in drive control applications such as speed control of DC motor (singh et al.,
2013), BLDC motor (Kumar et al., 2014), SRM (Nanda et al., 2016) and PMSM
(Chakravarthi and Karpagavalli, 2016). Even though the use of PID control has a long
history in the field of control engineering, the three controller gain parameters,
proportional gain Kp, integral gain K;, and derivative gain Kp, are usually fixed and
are obtained using the tuning process. The disadvantage of PID controller is its poor
capability in dealing with system uncertainty, i.e. parameter variations and external
disturbances. A very important step in the use of these controllers is the tuning
process which becomes complex due to its iterative procedure. Tuning a PID
algorithm generally aims to match some preconceived 'ideal' response profile for the
closed loop system. Many algorithms have been developed to guarantee the best
performance of the PID controller of which Ziegler-Nichols tuning method is the

most popular one (Wang et al., 1997; Lin and Jan, 2002; Yu and Hwang, 2004).

Another substitute to PID controller is the Linear Quadratic Regulator (LQR) for
which all the system states must be measurable, and its design methodology is
explained in detail by (Katsuhiko Ogata, 2002). If the system state variables are not
measurable, the alternative to LQR is the Linear Quadratic Gaussian (LQG) controller
in which all the state variables are estimated using a Kalman estimator and the
measuring noise is assumed to be Gaussian. Michael Athans, in his paper (Athans,

1971) has demonstrated the design philosophy of LQG controller based on
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deterministic perturbation control, stochastic state estimation and linearized stochastic
control. The LQR and LQG design is also explained by (Stephani et al., 1998) and
Balazs Kulcsar in his paper discusses the fundamental aspects of LQR/LQG control
theory with an example of aircraft, controlled by a flight controller (Kulcsar, 2000).
The LQG controller design for balancing an Inverted Pendulum Mobile Robot is

described by (Eide et al., 2011).

2.3 NON- LINEAR CONTROL TECHNIQUES

Many dynamic systems behave as almost linear, under certain operating conditions
and therefore linear control theory is widely applicable in reality. But quite often,
when operating a system on its limits, different kinds of nonlinearities make them
self-known and may degrade the stability and performance properties to such an
extent that they are no longer acceptable. These nonlinearities must then be taken into
account while designing and implementing the controller for real time applications.
Different popularly used novel non-linear control techniques found in literature are
sliding mode control (SMC), back stepping control, gain scheduling and feedback
linearization of which SMC and back stepping are the most popular and are discussed
below. For analysing the stability of non-linear systems Lyapunov Stability criterion

and phase portrait methods are generally used (Slotine, 1991).

2.3.1 Sliding Mode Control (SMC)

SMC is a variable structure control (VSC) method which is explained by (Utkin, 1977;
Dracunov and Utkin, 1992). It is a nonlinear control method that alters the dynamics of

a nonlinear system by application of a discontinuous control signal which forces the
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system to "slide" along a cross-section of the system's normal behaviour. The state-
feedback control law is not a continuous function of time. Instead, it can switch from
one continuous structure to another based on the current position in the state space. The
most distinguished feature of VSC is that it is completely insensitive to parametric
uncertainty and external disturbances (Hung et al., 1993; Manjunath, 1995). The term
"variable structure control" arises because the controller structure around the plant is
intentionally changed by some external influence to obtain a desired plant behaviour or
response. The multiple control structures are designed so that trajectories always move
towards an adjacent region with a different control structure, and hence the ultimate
trajectory will not exist entirely within one control structure, instead, it will s/ide along
the boundaries of the control structures. The motion of the system as it slides along
these boundaries is called a sliding mode and the geometrical locus consisting of the
boundaries is called the sliding surface. The important feature of it is the relative
simplicity of design, control of independent motion (as long as sliding conditions are
maintained), invariance to process dynamics characteristics and external perturbations.
This means the system is insensitive to any variation or perturbation of the plant

parameters (Decarlo et al., 1988).

The main drawback of SMC is the phenomenon of chattering which produces high
frequency oscillations in the output due to the high frequency switching in the input.
V.I.Utkin et al. presented a guide to sliding mode control for practicing control
engineers. It offers an accurate assessment of the so-called chattering phenomenon
catalogues implementable sliding mode control design solutions and provides a frame
of reference for future sliding mode control research (Young ef al., 1999). There are
many methods found in the literature to overcome the phenomenon of chattering and
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one of the best solutions is to introduce a boundary layer around the switching surface
(Slotine and Sastry, 1983). The applications of sliding mode controller for electric
drives are also presented by (Utkin, 1993). A novel DC drive control scheme based
on the VSC theory has been proposed in (Damiano et al., 2004; Sarwer et al., 2004).
A sliding mode controller is designed and implemented for the speed estimation and
control of permanent magnet synchronous motor (Corradini et al., 2012) and a
chattering free SMC is realized for an electromechanical actuator with backlash
nonlinearity (Ma et al., 2017). A second order SMC algorithm, that reduces the effect
of chattering, is used to control a robust dc-drive which demands only rough
information about the actual motor parameters, is proposed by (Damiano ef al., 2004).
The design of a PI-Sliding Mode controller for the speed control of an induction
motor used for electric vehicle is explained and the results are compared with that of
conventional SMC and PI controller by (Ltifi et al., 2014). Speed control of an
electromechanical system using back stepping integral sliding mode controller
(BSISMC) is implemented and its performance in the presence of uncertainties and
disturbances is compared with that of conventional SMC and the results indicate

robust performance with good tracking ability (coban, 2018).

2.3.2 Back stepping control

Back stepping is a novel non-linear design technique for non-linear systems where the
useful nonlinearities are not cancelled in the design process. It is a Lyapunov method
based versatile nonlinear control design approach that is particularly well suited for
addressing the problem of multivariable control problem of complex nonlinear

systems developed by (Kokotovic et al., 1995) for a special class of dynamical
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systems. This technique focuses on breaking down the complex nonlinear systems
into smaller subsystems for the design of Lyapunov functions for the control. The
virtual control for these subsystems is obtained by integrating the individual
controllers into an actual controller by stepping back through the sub system and re-
assembling it from its component subsystems (Joseph and Geetha, 2007). Because of
this recursive structure, the designer can start the design process at the known-stable
system and "back out" new controllers that progressively stabilize each outer
subsystem. The process terminates when the final external control is reached and

hence is known as back stepping control.

Back stepping control is applied for the stabilization of permanent magnet
synchronous motor (Merzoug, 2010) and linear induction motor (Hasirci et al., 2009;
Bousserhane et al., 2009). A model reference adaptive estimator with back stepping
control is used for the control of induction motor (Mehazzem et al., 2009), brushless
DC motor (Lin et al., 2009a) and interior permanent magnet (IPM) synchronous
motor (Lin et al., 2009b; Lin ef al., 2011a). Adaptive back stepping with PI sliding
mode position control for synchronous reluctance motor drives is found in (Lin ef al.,
2011b). A comparison between chaos synchronization using active control and back

stepping control is also found in (Vincent, 2008).

2.4 SOFT COMPUTING TECHNIQUES IN CONTROL

Soft-Computing is a collection of techniques spanning many fields that fall under
various categories in Computational Intelligence and Fuzzy Logic, Neural Networks
and Evolutionary Computation are three main branches of it. Soft computing deals
with imprecision, uncertainty, partial truth and approximation to achieve practicability,

robustness and low solution cost.
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2.4.1 Fuzzy Logic

Fuzzy logic is an approach to computing based on "degrees of truth" rather than the
usual "true or false" (1 or 0) Boolean logic on which the modern computer is based.
The idea of fuzzy logic was first advanced by Dr.Lotfi A. Zadeh of the University of
California at Berkeley in the 1960s (Zadeh, 1965). Fuzzy logic not only includes 0
and 1 as extreme cases of truth (or "the state of matters" or "fact") but also the various
states of truth in between. For example, the result of a comparison between two things
could be not "tall" or "short" but "0.38 of tallness". Fuzzy logic seems closer to the
way our brains work. Fuzzy theory is extensively used for the control of dynamic

plant and process control applications (Mamdani, 1974; Jang et al., 1997).

Fuzzy logic is used along with conventional controllers to encounter actuator
saturation has been reported earlier in the literature (Gharieb and Nagib, 2001), in
which ‘I’ term of PID controller is nullified in order to prevent integrator windup. A
comparison of fuzzy controller with a PID controller for the control of a DC motor is
explained in (Sousa and Bose, 1994) and the design of a fuzzy PID controller is
proposed in (Upalanchiwar and Sakhare, 2014). Sliding mode speed control and
fuzzy torque control of IPM synchronous motor (Abianeh, 2011), fuzzy gain
scheduling of PID controller (Vijamaa, 2002; Zhao et al., 1993) are also found in
literature. Fuzzy logic control when used for the speed control of BLDC motor gives
better adaptability compared to conventional PI controller and offers improved
transient as well as steady state performance (Usman and Rajpurohit, 2014). The
SRM drive with the angle position closed-loop speed control based on fuzzy logic

shows good dynamic performance and high efficiency (Chen et al., 2002).
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2.4.2 Artificial Neural Net work

Neural network controllers have emerged as a tool for difficult control problems of
unknown nonlinear systems and are used for modelling and control of physical systems
due to their ability to handle complex input-output mapping without detailed analytical
models (Haykins, 1999). The application of Neural Network for the speed control of DC
motor (Minkova et al., 1998; Nouri et al., 2008] and gain scheduling (Tan et al., 1997)
are found in literature. A wavelet-neural network can also be used along with sliding
mode controller (El-Sousy, 2011) for the PMSM drives for its speed control. Recently
much research has been done on the applications of fuzzy neural network (FNN)
systems, which have the advantages of both fuzzy systems and neural networks, in the
control fields to deal with nonlinearities and uncertainties of the control systems (Cirstea
et al., 2002). Moreover, the FNN’s are universal approximators which can approximate
any dynamics to a pre-specified accuracy by the learning process. Back stepping FNN
controller combines the advantages of the back stepping control with robust
characteristics and FNN with on-line learning ability for the accurate speed control of
PMSM (Lin and Lin, 2009). Optimum position control of a BLDC motor is achieved
using PID controller and the estimation of the mechanical parameters at various load

setting as well as PID parameters are carried out using ANN (Ganesh et al., 2012).

2.4.3 Genetic Algorithm

Genetic Algorithm (GA) is a soft computing technique used for optimization of
controller parameters, based on natural selection, a process that drives the biological

evolution (Chaiyaratana and Zalzala, 1997). The use of genetic algorithm for the
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tuning of a PID controller is proposed in (Lin et al., 2003) for the speed control of
linear model BLDC motor and a GA tuned PI controller is used for the vector control

of PMSM (Kuntol and Seok-kwon, 2013) and induction motor (Dey et al., 2009).

2.5 ADAPTIVE CONTROL

Adaptive Control is used for system with parameter variation and uncertainties and
this controller can modify the systems behaviour in response to changes in the
dynamics of the process and character of the disturbances. For example, when an
aircraft flies, its mass will slowly decrease as a result of fuel consumption and the
control law has to adapt itself to such changing conditions. The adaptive control
systems are mainly classified in to three categories namely Gain scheduling, Model
Reference Adaptive Control (MRAC) and Self tuning regulators (STR) (Astrom and
Wittenmark, 1997). Gain scheduling is an approach to control of non-linear systems
that uses a family of linear controllers, each of which provides satisfactory control for
a different operating point of the system (Lawrence and Rugh, 1995). Model
Reference Adaptive Systems (MRAS) may be regarded as an adaptive control
technique in which the desired performance is expressed in terms of a reference
model, which gives the response to the command signal. MRAC technique is found to
be used for the speed control of a BLDC motor (Bernat and Stepien, 2011) and the
design of a Model Reference Adaptive Controller using modified MIT rule for a
Second Order System is explained (Jain and Nigam, 2013). In Self tuning regulators,
the process parameters are estimated in real time and the controller parameters are
varied according to the process parameters and the algorithm and applications of STR
is explained by (Astrom et al., 1977). The use of STR for the tracking control of a DC

servo motor is explained in (Khamis, 2013).
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2.6 ROBUST CONTROL

Robust control originates with the need to cope with systems that has modelling
uncertainty and these methods aim to achieve robust performance in the presence of
bounded modelling errors. Most popular robust control techniques are H-infinity
control and p- synthesis. A robust H-infinity optimal speed control scheme for a DC
motor with parameters variations and disturbance torque using a linear matrix
inequality (LMI) approach is presented in (Lu ef al,, 2008) and an H-infinity
controller design for permanent-magnet DC motor is proposed in (Brezina and
Brezina, 2011). A p synthesis controller design method for a DC-motor-based active

suspension is described by (Zhang et al., 2012).

2.7 SENSOR LESS CONTROL

Sensor less control is used in drive system where the measurement of speed/ position
using sensors is difficult and in such cases, several rotor speed and position
estimation techniques have been applied. The back-EMF based rotor speed estimation
method works satisfactorily at higher speeds. However, the speed estimation becomes
very difficult at lower speeds, due to the small values and distorted EMF signal. State
observer methods based on Extended Kalman Filter (EKF) (Bolognani et al., 2003),
Extended Luenburger Observer (ELO) (Li and Zhu, 2008), and Sliding Mode
Observer (Li and Elbuluk, 2001) are used for the speed estimation of PMSM. Most of
these methods suffer from complex computation, sensitivity to parameter variation
and need of accurate initial conditions. The EKF has the advantage of estimating the

parameters and speed simultaneously by considering them as state. However, it is
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computationally extensive and requires a high sampling frequency so that a simple
discrete-time equivalent model can be used. The sliding mode observer is simple and
offers a limited robustness against the parameter variation. However, sliding mode
being a discontinuous control with variable switching characteristics has chattering
problems and it may affect the control accuracy. Recently, some more advanced
adaptive estimation techniques based on Artificial Neural Network (ANN) (Batzel
and Lee, 2000; Liu and Wang, 2006) and Fuzzy Logic Control (FLC) (Adam and
Gulez, 2008) have also been reported for the speed estimation of PMSM. However,
the estimation accuracy depends on number of neurons and number of fuzzy
membership functions used for rule base and requires off-line tuning. One of the
recent speed estimation techniques is Model Reference Adaptive System (MRAS)
which is based on the adaptive control (Liang and Li, 2003). MRAS method uses two
models one independent of rotor speed (Reference Model) and the other dependant on
rotor speed (Adjustable Model), both having same output. The error of these actual
and estimated outputs is fed to the adaptation mechanism that outputs the estimated
rotor speed. This estimated value of speed is used to tune the adjustable model till
error is zero where the estimated speed is equal to the actual speed. MRAS method
suffers from parameter dependence and pure integrator related problems in reference
model. To overcome this problem, an alternative MRAS structure along with
Adaptive Neuro-Fuzzy Inference System (ANFIS) is used in PMSM motor (Jain et
al., 2011) which is again facing the problem of computational complexity. From the
literature it is found that some of the speed/ position estimation techniques have
several limitations while some others are computationally complex. Also it is required

to use sensors to measure the other state variables such as voltage and current in order
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to estimate the speed/ position. Due to these disadvantages it is better to use the speed
/position sensors in applications where their use is not limited due to the

environmental conditions.

2.8 FUZZY SLIDING MODE CONTROL

By combining the intelligence of Fuzzy logic with SMC, a considerable improvement
in the controller performance can be achieved. This method has been successfully
implemented for the air flow control of a fuel cell (Baround et al., 2018), closed-loop
vector control for a grid-connected Wave Energy Conversion System (WECS) driven
Self-Excited Induction Generator (SEIG) (Elgammal, 2014), erection system with un-
modelled dynamics (Feng et al., 2017), and to handle uncertain MIMO nonlinear
systems (Roopaei et al., 2009). A two dimensional fuzzy sliding mode control of a
field-sensed magnetic suspension system is given in (Li and Chiou, 2014) and FSMC

with low pass filter in order to reduce chattering is given in (Balamurugan et al., 2017).

2.9 OPTIMIZATION OF THE CONTROLLER GAIN

Optimization can be defined as the act of achieving the best possible solution to
problem under given circumstances. In recent years, meta-heuristic algorithms have
been widely used for solving optimization tasks and are proven to be efficient when
compared to the other conventional methods based on the Linear and Non-Linear
programming. The main advantage of these algorithms is the avoidance of local
minima and the other benefits are simplicity, flexibility and derivation free structure
(yang, 2010). Some of the popular meta-heuristic algorithms are as follows. Genetic
algorithm (GA) is one of the evolutionary search algorithms, which was proposed by
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Holland in 1967 based on Darwinian evolution of survival of the fittest that uses
crossover and mutation as two operators (Holland, 1967). Simulated annealing is
another example which is inspired by annealing process of melts, proposed in 1983
(Kirkpatrick et.al., 1983). Particle Swarm Optimization (PSO) proposed by Kennedy
and Eberhart in 1995 in which the particles sharing the information of the best position
they ever found to find the global optimal (Eberhart and Kennedy, 1995). Ant Colony
Optimization (ACO) proposed by Dorigo et al. in 1996 inspired by the behaviour of
ants in nature in finding the nearest path between their nest and the food source (Dorigo
et al., 1996). Differential evaluation is proposed by Storn and Price in 1997 (Storn and
Price, 1997) and Bees Algorithm proposed by Pharm et al in 2005 (Pharm et al., 2005)
i1s a swarm-based optimization algorithm that mimics the food foraging behaviour of
honey bees. Optimizing the parameters of a PID controller using meta-heuristic
methods like Genetic Algorithm (GA), particle swarm optimization (PSO) and the
method of cross entropy (CE) for process control application is described in (Mora, et
al., 2016). An efficient algorithm based on Ant colony optimization (ACO) applied for
the parameter optimization of PID controller for DC motor speed control which can
preferably conquer the shortcomings of traditional optimization methods and efficiently
improve the global convergence speed is described in (Ibrahim et al., 2014). PSO is
applied for the parameter optimization of an H- infinity controller for the control of a

pneumatic servo actuator (Ali et al., 2010).

One of the recent bio-based swarm intelligence algorithms, called Krill Herd (KH),
proposed by Gandomi and Alavi in 2012 by idealizing the swarm behaviour of krill
(Gandomi and Alavi, 2012; Wang et al., 2014). For the krill movement, the objective
function used in KH is determined by the least distances from food and the highest
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herd density. By idealizing the swarm behaviour of krill, KH is a meta-heuristic
optimization approach for solving optimization problems. In KH, the position of Krill
is mainly affected by three actions, namely movement affected by other krill, foraging
action and physical diffusion. Comparing with other algorithms, one of the
advantages of the KH algorithm is that it requires only few control variables to
regulate. An optimal PID controller is designed for the frequency oscillation damping
of a wind-diesel hybrid system using Krill Herd (KH) algorithm by Shayanfar et al. in
(Shayanfar et al., 2015). In the present study, it is aimed to optimize the gain of Fuzzy
SMC controller based on Krill Herd Algorithm to control the speed with optimum
performance. The controller gain is optimized by using an objective function based
on improvements of parameters such as rise time, maximum overshoot, settling time

and minimum steady state error.

2.10 HARDWARE IMPLEMENTATION OF THE CONTROLLER

For the real time application of any controller its realization using a suitable processor
is essential. When, the model incorporating various system nonlinearities in the
presence of modelling error, disturbances and noise, an embedded processor capable
of fast computational ability and high switching speed, is required for its
implementation. Application Specific Integrated Chip (ASIC) like digital signal
processor (DSP) and field programmable gate array (FPGA) are the popularly used
processors for the realization of complex control algorithms. Implementation of a PI
controller for the speed control of an induction motor drive using DSP processor is
explained in (Mohznty and Muthu, 2011). However DSP operates in the KHz range
and becomes unsuitable when used for embedded applications with higher switching

frequency (Li, et al., 2011). Moreover, DSP has the limitation of fixed hardware
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configuration that makes it application specific and hence FPGA with programmable
hardwired feature, fast computation ability, shorter design cycle, embedding
processor, low power consumption and higher density is preferred for the
implementation of the digital controllers (Kung and Tsai, 2007; Chou et al., 2013). A
review of the state of art of FPGA design methodologies with a focus on industrial
control system applications is suggested in (Monmasson and Cirstea, 2007). Design
and implementation of PID controller based on FPGA for low voltage synchronous
DC to DC buck converter is described in (Chnader et al., 2010). The effectiveness of
a FPGA based lag-lead compensator for the position control of a CNC machine is
explained in (Osornio-Rios, 2017). FPGA implementation of SMC is found in many
literatures, viz. Voltage control of a DC-DC Single-Ended Primary Inductor
Converter (SEPIC) (Li, et al., 2011) and the position control of a robot manipulator
(Piltan et al., 2015; Piltan et al., 2011). Also an FPGA based adaptive back stepping
sliding-mode controller is proposed to control the mover position of a linear induction
motor (Lin et al., 2007). The implementation of fuzzy logic controller for the speed
control of electric vehicle with DC motor using FPGA is given in (Poorani et al.,
2005) and an improved adaptive fuzzy logic speed controller for a DC motor, based
on FPGA implementation is proposed in (Ramadan et al., 2013). Moreover the design
of the Fuzzy-PI controller for omnidirectional robot navigation system and its

hardware implementation using FPGA is explained by (Masmoudi et al., 2016).

Here we aim to analyse the suitability of Fuzzy SMC for the speed control of selected
industrial drives under real time conditions of parameter variation and external
disturbances. For this purpose modelling of DC servo motor, BLDC motor, SRM and

PMSM are designed incorporating their important nonlinearities.
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The development of various control techniques used for different drive system as

given in literature are summarised in table 2.1

Table 2.1 Evolution of Control Techniques

Linear Nonlinear Intelligent
Robust Control
Control Control Control Using |Adaptive Control
Techniques
Techniques Techniques soft computing
( ) : ( ) Fuzzy Logic(1965)
PID (1922 SMC (1977 H infinity (1978
() y ANN(1954) | STR(1978)
LQR/LQG Back stepping Mu synthesis
; ' MRAC (1978
(1972) (1990) (1995) Genetl(c1 ;A;lg)orlthm ( )
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CHAPTER 3

MODELLING OF DC AND AC DRIVES

An electric drive

the industrial automation system and process to convert electrical power to

mechanical power. Speed, position and torque control are the major functions of an

a power

electric drive in industrial applications.

A modern electric drive system has five main functional blocks, a power source, a
converter, a motor, a controller and a mechanical load as shown in fig 3.1. The power
source provides the energy required for the drive system. The converter interfaces the
motor with the power source and provides the motor with adjustable voltage/current

and/or frequency. The controller supervises the operation of the entire system to

conversion means

utilized by most

enhance overall system performance and stability (El-Sharkawi, 2000).

Power
source

"| converter

Electronic

Y

Mechanical
Load

Controller

Fig 3.1 Functional blocks of a drive system

The electric motor is the electro-mechanical energy conversion device which acts as
the work horse of the drive system whose speed/position and torque is to be

controlled in such a way that it matches with the application requirement. In order to




achieve the desired performance of the motor, an electronic converter along with a
suitable controller is employed. The most basic function of the controller is to
monitor the system variables, compare them with some desired values and readjust
the converter output until the system achieves the desired performance and this
feature is used in speed or position control applications in electric drives. The
controller is also used to enhance the stability of the system. For the design of a
controller, a suitable mathematical model represented by a set of equations that
describe the behaviour of the system and provides the complete specification of the

real drive is required.

Drives are broadly classified into two categories, namely DC and AC according to the
nature of the power source used. Traditionally DC drives are used for variable speed

applications where as AC drives are used for constant speed applications.

Conventional DC motors, Brushless DC Motor (BLDC), Permanent Magnet
Synchronous Motor (PMSM) are very widely used for various industrial applications,
viz. conventional DC motor in traction, BLDC, PMSM and Switched Reluctance
Motor (SRM) motors in aerospace and electric vehicles (Rind et al., 2017). The basic
criterion in selecting an electric motor for a particular application depends on the
power demand as well as characteristic performance during its steady state and
dynamic operations under no load as well as loaded conditions. Characteristics of
mechanical load, environmental factors and cost are also extremely important factors
that decide the selection of motor for its specific application. For example, in
applications like traction and elevators where high starting torque is required, a DC

series motor is a better choice than an induction motor where as in petrochemical
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industries these motors are unsuitable as it produces sparking between the brushes
and commutator segments. Similarly PMSM find more promising applications in
Electric Vehicle (EV) or Hybrid Electric Vehicle due to its higher efficiency and
lower rotor inertia even though they are more expensive than induction motors

(Rahman et al., 2006).

3.1 DC DRIVES

DC drives are the electro-mechanical power converters that use DC power as the
source of energy. Commonly available DC motors are conventional DC motor,
BLDC motor and Switched Reluctance Motor (SRM). In the present chapter the

mathematical modelling incorporating their important nonlinearities are carried out.

Table 3.1 Advantages and Disadvantages of DC motor

Advantages Disadvantages

1. Very precise speed and position | 1.Sparking in commutator results in

control reduced brush and commutator life
2. Wide range of speed and torque 2. High maintenance cost

3. More powerful than permanent | 3.Require more current than permanent

magnet motors magnet motors

3.1.1 DC Servo motor

DC motor plays a significant role in modern industry due to their simple, effective
and wide range of provision for speed and position control (Tripathi et al., 2013).
Numerous applications that demand good speed control with high accuracy and fast

dynamic responses are in various fields’ viz. rolling mills, pulp and paper mills,
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cranes, hoists, elevators, machine tools, transit system and locomotive drives
(Leonard, 1984). Various advantages and disadvantage of a conventional DC servo

motors are given in table 3.1.

Mathematical Modelling of a DC Servo Motor

The general approach in mathematical modelling of a DC motor is to neglect the
nonlinear effects due to the magnetic saturation and friction and build a linear transfer
function representation for the input—output relationship of the motor and the load it
drives. Some of the electromechanical systems driven by DC motor exhibits nonlinear
behaviour, because of the motor saturation, friction and quantization noise in the
measurement sensors. In the presence of these non-linear behaviours, it is difficult to
use a linear controller as the nonlinear effects need not predict and vary according to
the plant load as expected. Under such circumstances, the modelling of the machine

and their linear control strategies often fails to work in the real world system.

The electric circuit of the armature and the free body diagram of the rotor are shown
in fig. 3.2. Depending on the application, the speed/position of a DC motor is
controlled by varying the input voltage or field current. The desired speed is tracked
according to the shaft position of the motor and is determined by a reference signal
using a suitable controller. This controller is selected so that the error between the
system output and reference signal corresponding to the desired position and/or speed

eventually tends to its minimum value, ideally zero.
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Here the variation of input voltage is used as the control parameter for the position
control of the motor. A constant dc voltage is selected as a reference signal to obtain
the desired position of the motor. However, the method works successfully for any
reference signal, particularly for any stepwise time-continuous function, that may be a
periodic signal to get a desired shaft position, with desired angle between 0 and 360

degrees from a virtual horizontal line.

* Damping B
Inertia )%
load J

Torque ®

Fig.3.2 Structure of a DC Motor

The dynamics of a linearized DC servo motor is given in equations (3.1) to (3.5)

dI,

V.=RI,+1L, 7 +E, (3.1)
T=J62—C:+Ba)—TL (3.2)
T=K,0I,=K/], (3.3)
E =K, (3.4)
COZ%’ (3.5)
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Where R, is armature resistance [QQ], L, is armature self-inductance [H], V, is the
armature voltage [V], 1, is the armature current [A], E, is the motor back emf [V], T
is the torque developed [N-m], 7} is the load torque[N-m], J is the moment of inertia
of the rotor[kg'mz], B is the friction coefficient[N-m/rad/s], @ is the flux per pole
[wb], K; is the toque constant[N-m/A], K} is the back emf constant[V/rad/s], @ is the

angular velocity[rad/sec] and @ is the angular position[rad].

From the above equations, the state variable model of DC motor at no-load (7;=0)

and loaded condition are given by egs. (3.6) and (3.7) respectively

_R _K 0| 1]
I, L, L L |7
) K B @
o= 7’ 7 Ol @|+| O |V, (3.6)
0 o 1 o|@]]|o0
R K] L
Ia La Lb Ia La
o |= kB Ol @|+| O L v, 3.7
. J J J
0 0 1 ol¢] o o
The corresponding output equation is
Ia
=0 0 1] (3.8)
0
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Where Y is the position of the motor

Even though the machine normally operates in the linear range of its characteristics
where the saturation effect is neglected, under certain conditions like high starting current
and overloaded states this becomes very significant and adversely affect the accuracy of
the output. Without considering the effect of magnetic saturation, electrical torque
represented by eq. (3.3) will be lower than the expected value due to the armature
reaction that distorts the flux in the air-gap resulting in a nonlinear torque function.
Another significant nonlinearity present in the DC motor is the Coulomb friction. Stiction
(or starting friction) is the amount of force required to start the relative motion and is
greater than the amount required to sustain it. However the effect of Coulomb friction is
significant only at extremely low speeds and hence magnetic saturation is considered as
more predominant nonlinearity in an electric motor. The block diagram of the system

considering the effect of magnetic saturation is shown in fig 3.3.

>—>|>—> A
Current Torque

Gain Saturation

Fig.3.3 Motor torque with saturation

Considering the effect of magnetic saturation, eq. (3.3) is modified as

T=sat(K,I,) (3.9)

The complete state model incorporating the nonlinearity due to magnetic saturation

under loaded condition is
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' _R K 0| 1 0

I, L, L, sat(1,) L, i

w|= kK B 0 o |+ 0 _ L) (3.10)
. J J J|\T,

0 0 1 o 9 0 0 |

3.1.2 Brushless DC Motor (BLDC)

BLDC Motors are popularly used in many applications such as automotive,
computers, aerospace, medical, industrial automation equipment and instrumentation
(Mathew and Caroline, 2013). They have several advantages over brushed DC motor
such as lower maintenance due to the elimination of the mechanical commutator and
high power density which makes them ideal for high torque to weight ratio

applications (Luk and Lee, 1994).

Modern brushless motors are very similar to ac motors. A permanent Magnet AC motor
with a trapezoidal back EMF is referred to as BLDC motor and those with sinusoidal
back EMF is referred as permanent magnet synchronous motor (PMSM). The brushes
and commutator are eliminated in BLDC motor and it has a rotor with permanent
magnets and a stator with windings that are connected to an electronic commutator which

energizes the windings with particular sequence of switching pulses.

The structure of a typical three-phase brushless dc motor is illustrated in fig.3.4 (a)
and (b). The stator windings are similar to those in a poly phase ac motor, and the
rotor is composed of one or more permanent magnets. Brushless DC motors are
different from AC synchronous motors where, the former incorporates some means

for detection of rotor position (or magnetic poles) to produce signals to control the
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electronic switches (Puranalal and Kumar, 2015) where as in AC synchronous motor,
there are no position sensors and the rotor poles are magnetically locked with the
stator poles to continue the rotation. The BLDC motor operates either with sensors or
without any position sensors. When it operates with sensor, three Hall Effect sensors
are employed for sensing the rotor position whereas in sensor less operation the rotor
position is estimated from the back EMF. The Hall Effect sensor is a transducer that

varies its output voltage in response to the magnetic field.

Stator Windings

Hall Sensors Rotor Magnet S

Accessory Shaft
coesson Rotor Magnet

Driving End of the Shaft
Hall Sensor Magnets

Fig 3.4 (a) Structure of BLDC motor Fig 3.4(b) Cross section of BLDC motor.

Principle of Operation

The stator windings are energized in a predefined sequence in such a way that they
lead the rotor magnets and switches so that the rotor aligns with the stator and by this
continuous operation the motor rotates. The motor runs in the opposite direction by
reversing the sequence. The sequence defines the direction of the current flow in the
coils that determines the orientation of the magnetic field generated by the coil. The
equivalent circuit of the stator of BLDC motor is similar to that of an AC motor with
star connection. The stator is fed from a DC source through an electronic converter
which acts as the electronic commutator. The circuit diagram of a three phase BLDC

motor is shown in fig 3.5
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Three phase BLDC motor is operated by switching on two phases at a time. The
signals from the Hall Effect position sensors produce a three digit number which
changes at every 60 electrical degrees. These switching signals and the ideal back
EMF and current waveforms are shown in fig 3.6. Table 3.2 shows the switching
sequence, current direction and the position sensor signals.The voltage is applied to
each of the three stator winding for a duration of 120° electrical in each cycle with a
current limit to hold the stator current with in the motor capabilities, which results in
trapezoidal or quasi-rectangle shaped currents in the stator windings. Because the
phase currents are excited in synchronism with the constant value of the back EMF,
constant torque is generated. The electromagnetic torque of the BLDC motor is
proportional to the product of phase values of back EMF and current. The back EMF
in each phase is trapezoidal in shape and is displaced by 120 electrical degrees with
respect to each other in 3 phase machine and a quasi-rectangle current pulse is
injected into each phase so that current coincides with the back EMF waveform and

hence the motor develops an almost constant toque.

Q3 Q5 e

D4 D6

2 Q4 Q6 J{‘g
{} D2 c B

Fig 3.5 Circuit diagram of BLDC drive system
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360° electrical

180°  240°  300°

120°

Fig.3.6 Ideal back EMFs, Phase currents and Position sensor signals

Table 3.2 Switching sequence
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The main advantages and disadvantage of conventional BLDC motors are listed in

table 3.3(Dong et al. 2018).
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Table 3.3 Advantages and Disadvantages of BLDC motor

Advantages Disadvantages
1. No sparks during operation which | 1. Torque produced is less due to the
allows using the motor in hazardous use of permanent magnets.
areas.
2. No noise from commutating sparks 2. Higher cost.
3. Low maintenance cost, long life | 3. Require complex electronic speed
as there are no brushes to be replaced. controllers to run.
4. Smaller motor size. 4. Temperature limit on  rotor
5. Speed torque linearity,  capability due to the magnets.
of controlling the speed by 5. Harmonic  content in  back
changing the applied DC voltage EMF results in torque ripple.
6. No friction at commutator.

Mathematical Modelling

BLDC Motor has three stator windings a, b, ¢ and permanent magnets in the rotor.
The rotor is cylindrical in nature and hence the air gap is uniform. Since both the
magnet and the stainless steel retaining sleeves have high resistivity, the rotor induced
currents are neglected, and the presence of damper windings is not considered for
modelling. Stator has 3 phases with distributed winding structure and is star
connected. The dynamic equation of phase a, phase b and phase c are as given in

equations (3.11), (3.12) and (3.13) respectively.
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Va:Raia+Ladl“+ %+Mﬂ+ea

dt dt dt (3.11)
7 S S VLR VL

dt dt dt (3.12)
VC:RaiC+Laﬂ+ %+Mdl“+ec

dt dt dt (3.13)

Where L, is armature self-inductance [H], M is armature mutual inductance
[H], R, is armature resistance [Q], V, , V} and V. are terminal phase voltages [V], i, ,
ip and i, are motor input current [A], e, , e, and e. are motor back -EMF [V]. The
rotor does not have windings and hence it is not represented by any equation. The

stator equations can be represented in matrix form

Vd a O a a a a
Vol={ 0 R, O i |+|M L, Mipli |+]|e,
vl 1o o R|i| M M L]|]|i] |e (3.14)

where p is the differential operator.

But i, +i, +i, =0 therefore Mi, + Mi. =—Mi, and hence

v, R, 0 01 L -M 0 0 i e,
Vo=l 0 R, O |il+] O L -M 0 |p|i,|+]|e | B.15)
V. 0 0 R, |i. 0 0 L —-M]| |i e,
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Hence the matrix form of the equation is

il [yr,-m 0 0 v

pliy|=| 0 /L, - M 0 v,
i 0 0 /L, -M ||V,

c

The electro-magnetic torque is given by

T,=P,/w =(eaia +e,i, + ecic)/a)

The equation of motion is given by

T, =Jpw+Bo+T,

Rewriting the equation as

po =(T,~T,~Bw)/J

0 01|
R, 0|l
0 R, |]|i

Combining equations (3.16) and (3.19) state space form of BLDC motor is

x=Ax+ Bu

Where x=[i, i, i, @ 0]

R,/L 0 0
0 ~R,/L, 0
A= 0 0 ~R,/L

0 0
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(1, /7)1.0) (,/7)1,0) (2,/7)1.(0)

(,/L)1.(6)
(1,/1,)1,(60)
(,/L)1(0)
~B/J
P2

S O O O O

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)



/L, 0 0 0|

0 1/, 0 0
B=0 0 1L 0
o 0 0 1/J

0 0 0 0

Where L, =L, - M

u=ly, v, v. I
/Ap1s the flux linkage and

fa, fo, fo are trapezoidal functions

The corresponding output equation is

y=[0 0 0 1 0] (3.21)

Where Y is the speed of the motor

3.1.3 Switched Reluctance Motor (SRM)

SRM is an electric motor which runs by reluctance torque and is used for industrial
applications where very high speed of about 50,000 rpm is required. Simplicity,
ruggedness, and low cost of a SRM make it a viable candidate for various general-
purpose adjustable-speed and servo-type applications in electric vehicles, aerospace
applications and in hazardous environments like mines and petrochemical industries

(Mao and Tsai, 2005).
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An SRM is a singly excited, doubly-salient machine in which the electromagnetic
torque is developed due to variable reluctance principle. Both stator and rotor has
salient poles but only stator carries winding similar to the field winding of dc motor,
and the rotor has no attached coils or magnets (Parker, 2004). The projecting
magnetic poles of salient pole rotor are made of soft magnetic material. Figure 3.7

illustrates the 6/4 SRM drive which consists 6 stator poles and 4 rotor poles.

Fig.3.7 Structure of 3 phase 6/4 SRM

Principle of Operation

When the excitation is given to the stator windings, a force is developed by magnetic
reluctance of the rotor that bid to align the rotor pole with the adjacent stator pole. In
order to preserve the sequence of rotation, the windings of stator pole switches in a
sequential manner with the help of an electronic control system or an electronic
commutator, so that the magnetic field of the rotor pole that lead by the stator pole
pulls towards it. The rotor pole is said to be “fully unaligned position” when the rotor
pole is equidistant from the two adjacent stator pole. At this position the rotor has
maximum magnetic reluctance where as in fully aligned position the rotor poles with
the stator poles have minimum reluctance. Various advantages and disadvantage of

SRM are given in table 3.4. (Roux and Morcos, 2002)
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Table 3.4 Advantages and Disadvantages of SRM

Advantages Disadvantages
1. No permanent magnets 1. Lower torque capability and are
2. Can be employed in high- temperature generally noisy
and harsh operating environments. 2. High torque ripple
3. Low cost and less maintenance 3. Require complex electronic speed
4. Rigid construction and brushless controllers to run.

Mathematical Modelling

The equation governing an SRM is given by equations (3.22) to (3.26) (Parker, 2004)

d
v=Ri+¥ (3.22)
d
w=Li=Ng (3.23)
di (dL(do
dt l(d&j( dzj (3:24)
T (3.25)
i '“ae
r=lpd (3.26)
2! ao

Where V is the stator voltage [V], R is the stator resistance [ohm], i is the stator
current [A], L is the stator inductance, ¥ is the flux linkage, 6 is the Angular

displacement, w is the angular velocity and 7 is the Torque.
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The above equations show that the developed torque depends only on current
magnitude and phase inductance per rotor angle (dL/d0) direction but is independent
of current direction. An SRM has pronounced nonlinear characteristics in its torque
production due to the coupling effect of the state variables as given in equation

(3.25).State variable model of the SRM is given by

_R AL o] 1y
i L do i L _
B 1 v
ol=l 0 -2 olwl+|o -= (3.27)
P J Jlr
Z o 1 o2 o ol"
i | . |

Where p is the differential operator and the corresponding output equation is

i
y=[0 1 0]
Z

(3.28)

Where Y is the speed of the motor

3.2 AC DRIVES

AC drives are the electro-mechanical power converters that use AC power as the
source of energy. The commonly available AC motors are Induction motor,
Synchronous motor and Permanent Magnet Synchronous Motor (PMSM). PMSM is
known for having high efficiency, low torque ripple, superior dynamic performance,
high power density, high torque to weight ratio and ease for maintenance than the
other AC motors. Due to the above advantages these drives are often the best choice
for applications where the output with very precise, accurate and fast response is

required. Here the mathematical modelling of a PMSM motors is explained.
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3.2.1 Permanent Magnet Synchronous Motor (PMSM)

With the recent development of permanent magnetic materials and control
technology, PMSM is widely used for many industrial applications like CNC machine
tools, industrial robots and electric vehicles (Shahat and Shewy, 2010). This machine
uses permanent magnets to produce the air gap magnetic field rather than using
electromagnets. These are similar to Brushless DC motors, which has a wound stator
and permanent magnet rotor that provide sinusoidal flux distribution in the air gap,
making the back EMF sinusoidal. Due to the presence of permanent magnets in the
rotor it has high power efficiency and reduced motor size. Depending on how
magnets are attached to the rotor, PMSM motors are classified into two types: surface
PMSM in which all magnet pieces are mounted on the surface and interior PMSM in
which magnets are buried inside the rotor. Interior PMSM is used only for the high
speed applications due to their high cost and low power density whereas surface
PMSM are more popular due to the ease of construction and higher power density.

The cross section of a surface PMSM is shown in fig. 3.8

Stator

Air gap

Magnets

Fig.3.8 Cross section of surface PMSM
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Principle of operation

The working of a PMSM is similar to that of a conventional synchronous motor: the
difference is that the former uses permanent magnets in the rotor whereas the later
uses electromagnets. The stator carries windings connected to an AC supply to
produce a rotating magnetic field and at synchronous speed the rotor poles lock to this
magnetic field. The stator windings are usually fed by a variable frequency inverter in
order to achieve the desired speed. The main advantages and disadvantages of PMSM

are given in table 3.5.

Table 3.5Advantages and Disadvantages of PMSM

Advantages Disadvantages
1. High efficiency 1.More expensive
2. Small size 2. Require electronic controller.
3. Rigidness 3. Presence of torque ripple
4. High speed operation
5. Efficient heat dissipation

Mathematical Modelling

Dynamic model developed on a synchronously rotating reference frame describes the
behaviour of the motor for the vector control. The stator variables are transformed
into a synchronously rotating d-q frame. The stator of the PMSM is similar to that of
the wound rotor synchronous motor. The back emf produced by a permanent magnet
is similar to that produced by an excited coil. A PMSM can be mathematically
represented by the following equation in the d-q axis synchronously rotating rotor

reference frame for assumed sinusoidal stator excitation (Pillay and Krishnan, 1989a).
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v, =Ri, +py, +oy, (3.29)

v, =Ri,+py, — oy, (3.30)

where: v, and v, are direct and quadrature components of stator voltage, iy and i, are
direct and quadrature components of stator current, wy; and y, are direct and
quadrature components of flux linkage, R is stator resistance, p is differential

operator, o is rotor electrical angular speed. The d-q flux linkage equations are

l//‘]: Lqiq

(3.31)

Wa= Lty (3.32)

Where Ly and L, are the direct and quadrature axis inductances and yy is the flux
linkage due to permanent magnet. Fig. 3.9 shows the dynamic equivalent circuit of a

PMSM based on equations (3.31) and (3.32).
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(a) g-axis circuit (torque)

\/

(a) d-axis circuit (field)

Fig. 3.9 Equivalent Circuit of a PM Synchronous Motor
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The electromagnetic torque of motor is
3P . ..
T, = - [l//flq +(L, - Lq)ldlq]

]-'@ :Jmpa)r +Bma)r +];

T, : the developed electric torque,
T; : the load torque,

B . the rotor damping coefficient,
J . the inertia constant

For surface PMSM, L, =L,

The state variable model of surface PMSM is
x=Ax + Bu

Where x:[id i, @ 9J

_R L 0 0
L
R v,
A= 7 L L
3w,

Vep _B

2J J
0 0 1 0]
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The corresponding output equation is

Where Y is the speed of the motor
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CHAPTER 4

CONTROL TECHNIQUES FOR INDUSTRIAL DRIVES

The position/speed of an electric drive is precisely controlled using a power converter
and an embedded digital control unit that consist of control hardware, sensors,
processors and control algorithms. Selection of the controller and sensor is decided by
the type of the machine for which it is applied as well as the field of application.
A controller regulates the desired variables of the system such as speed, position,
current and torque using the feedback control loop. The control techniques are widely
classified into linear and non-linear methods according to the dynamics of the

controller as well as the plant.

4.1 LINEAR CONTROL METHOD - PID CONTROLLER

Proportional-Integral-Derivative (PID) controller is the most popularly used linear
control algorithm due to its simplicity and effectiveness and ease of implementation
(Bassi et al., 2011). The other popularly used linear control techniques are Linear
Quadratic Regulator (LQR) and Linear Quadratic Gaussian (LQG) algorithm. The
PID controller is a very popular choice in many control applications such as drives,
aerospace and process control as it has the capacity to produce satisfactory outputs for

linearized models.

The time domain representation of PID controller is given in equation (4.1)

u(t) =K e()+ K, %0

+K, j e(t)dt (4.1
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Where e(t) is the error (difference between reference input and output), u(t) is the
control variable, K, is the proportional gain, K, is the differential gain and K; is the
integral gain. Each of these coefficients makes changes in the characteristics of the
response of the system. A control without D mode is used when large disturbances
and noise are present during operation of the process. PI controllers are widely used
to control drive systems as they are subjected to large disturbances during their

operations and these are the most commonly used controllers in industry today.

The Control law of a PI controller is

u(t) = K{e(t) + % | e(t)dt} (4.2)

1

A very important step in the use of this controller is the tuning process where the best
values of the gains of K, K; and K are selected (Willis, 1999). The proportional gain
is tuned first, then the integral and then the derivative gains to stabilize the system
and reduce the overshoot. The tuning process is to be continued iteratively till the
desired transient and steady state performance is reached. Even though various
algorithms viz. Cohen Coon method, genetic algorithm etc. are available for tuning of
the PID controller, Ziegler-Nichols method is easier and guarantees good
performance (Bansal et al., 2012). It is also the most popular method for tuning PID
controller due to its simplicity and ease for implementation. Due to these advantages
Ziegler-Nichols tuning method is used in our system. PID controller parameters K,
K; and K, are selected for the Ziegler-Nichols Quarter Decay Response (QDR)
according to the table 4.1. QDR is the response in which the overshoot amplitude

reduces to one fourth of the previous value in each cycle.

51



Table 4.1. Zeigler-Nichols parameters for QDR response

Control Action K, K; K,
P K, /2
PI K,/2.2 1.2 K,/P,
PID K,/1.7 2K, /P, K, P./8

The main drawback of PID controller is its poor capability of dealing with system
uncertainty such as system parameter variations and external disturbances. Due to
these limitations of PID controllers, robust controllers have gained much more

attention to overcome the deficiency.

4.2 NONLINEAR CONTROL METHODS

Nonlinear control theory covers a wider class of systems that do not obey the
superposition principle and applies to more real-world systems as all systems are
practically non-linear due to the presence of common nonlinearities such as

saturation, friction, hysteresis, dead zone etc.

PMSM model (Pillay and Krishnan, 1989a) and SRM model (Parker, 2004) are
inherently nonlinear due to the coupling effect of their state variables, variation in
reluctance and magnetic saturation. BLDC motor model (Pillay and Krishnan, 1989b)
is also nonlinear due to the presence of trapezoidal function in the system matrix.
These nonlinearities are not taken into account while designing and implementing the
conventional linear controller. However, simple nonlinear controller can reasonably
compensate the nonlinearities present in the system for accurate control. Also, hard
nonlinearities like, saturation do not permit linear approximation of real-world

systems (Banos et al.,2001) After predicting these nonlinearities, nonlinear
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approaches properly compensate these to achieve unmatched performance. Moreover,
real drive systems often exhibit uncertainties in the model parameters primarily due to
sudden or slow change in the values of these parameters. A nonlinear controller with
robustness and adaptability can handle the consequences due to model uncertainties

(Igbal et al., 2017).

Recently developed control mechanisms like sliding mode control (SMC) (Decarlo et
al., 1999), back stepping control (Zhou and Zhang, 2004) , adaptive control(Marino et
al., 1993), H- infinity control (Alma et al., 2012), Fuzzy logic controller (FLC)
(Guillemin, 1996) and Artificial Neural Network (Wlas et al., 2004) etc. are used for
the control and stabilization of systems with parameter uncertainty and disturbances.
These control techniques find applications in various electric drives used in robotics,
textile mills and machine tools where high precision control is required even though

these are complex and expensive.

In recent years, with the development of modern control theory, many non-linear and
adaptive control methods have been applied to the speed and position control of drive
system. Back stepping control, Adaptive control, Artificial Neural network control,
are some of them. Even though the above modern controllers perform better than the
linear controllers, it is found that the practical implementations of these controllers

are difficult due to the complexity of algorithm and economic viability

SMC and FLC are found to be better solutions from the point of view of practical
implementation and economical aspects of control of drives. It is also found that
machine parameter variation and disturbances due to load variation can be adequately

addressed with sliding mode control.
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4.2.1 Sliding Mode Control (SMC)

SMC is a nonlinear method that alters the dynamics of a system by application of a
discontinuous control signal and forces the system to "slide" along a cross-section of its
normal behaviour. It is a robust control technique and the design is based on Lyapunov's
method. SMC, generally insensitive to external disturbances and changes in system
parameters, uses a high speed switching control law to drive the state trajectories on to a
specified and user chosen surface in the state space. The direction of a state trajectory

depends only on the position of the state with respect to the sliding surface.

State-feedback control law of SMC uses a signum function that can switch from one
continuous structure to another based on the current position in the state space. Hence
it is a variable structure control (VSC) method which is explained by V.I.Utkin with

control law as (Utkin, 1977)

u :—ksgn(s) (43)

where s is the switching surface, k is the gain of the controller and sign (*) is the

signum function representing the nonlinearity.

VSC has several subsystems and switching between these subsystems is done in order
to bring the plant states to a user defined surface called sliding surface. Usually the
switching among the subsystems is determined by a switching function. The term
"variable structure control" arises because the "controller structure" around the plant
is intentionally changed by some external influence to obtain a desired plant

behaviour or response. The multiple control structures are designed so that
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trajectories always slide along the boundaries of these structures. The motion of the
system as it slides along these boundaries is called a sliding mode and the geometrical

locus consisting of the boundaries is called the sliding surface.

Consider a plant with two accessible states and one control input as described by the

following state equations.

] Jo 17«7 [o
LR e

Open loop representation of a second order system is shown in Fig. 4.1. Let the

switching surface be o(x;, x3) =s;x; +x,=10

Where x; and x; are the state variables and s; is the slope of the sliding surface then

the control law is given by

u=sgn [o(x;, x2)] 4.5)
+1 o>0
where sgn(o) =
-1 o<0
11\U
r > or [ Xe DX;»
-1
Relay

Fig 4.1 Open loop representation of a second order system
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Fig 4.2 Block diagram of the closed loop system

Block diagram representation of the closed-loop system corresponding to equation (4.5)
is shown in Fig. 4.2. The phase-plane plots of the system with the above control law for
small and large value of s; >0 and are illustrated in fig. 4.3 and fig. 4.4 respectively.
Here upward motion in the trajectories is associated with # = +1 and downward motion
is for u = -1. The relay element in the block diagram of Fig. 4.2 has a small delay when
switching between the gains "+1" and "-1" .The resulting system behaviour as this
delay tends to zero and s; is small, then the switching line & = s; x; + x> =0 is described
by the first order differential equation s;x; + x, = 0. It is clear that the behaviour of our

system on u = 0 is dependent only on the slope s; of the switching surface.

X
O(XI.XZ) = SI X] + X'_'-‘ 4
s,>0
u=-1 =+l
X,
c=0

s, “small”, o =0,

Fig 4.3 Phase-plane diagrams of the closed-loop system for small s;
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o(X; X,) =8, X, + X,
s,>0

u=-1 u=-+I1

c 0

s, “large”, 6 = o,

Fig.4.4 Phase-plane diagrams of the closed-loop system for large s;

This means the system is insensitive to any variation or perturbation of the plant
parameters contained in the 4 matrix. Fig 4.4 shows that the state trajectory switches to
a new parabolic motion every time it intercepts the switching line # = 0 and the
parabolic motions "spiral" into the origin (Decarlo et al., 1988). So the most
distinguished feature of VSC is its ability to result in very robust control systems that
result in invariant control where it is completely insensitive to parametric uncertainty

and external disturbances.

V.L.Utkin et al presented a guide to sliding mode control for practicing control
engineers. It offers an accurate assessment of implementable sliding mode control
design solutions and provides a frame of reference for future sliding mode control
research (Young et al., 1999). The application of SMC for electric drives is presented
(Utkin, 1993) and the sliding mode control of a permanent magnet synchronous
motor is proposed in (Zhang et al., 2013). The main drawback in conventional SMC
is chattering, a phenomenon of high frequency oscillation in the output that limits its

applications in real time systems.

57



4.2.2 Modified Chattering free SMC (Modified SMC)

Use of signum function in the control law causes chattering due to the high frequency
switching between the functions and this adversely affects the performance of the
system significantly. One of the solutions to overcome this is to introduce a boundary
layer around the switching surface even though this leads to a finite steady state error.
The chattering in the sliding mode controller can effectively be reduced by modifying

the control law as

u=—ksat(s/ @) (4.6)

where the constant factor ¢ defines the thickness of the boundary layer around the

switching surface. Saf (S / ¢) is a saturation function defined by

Gl if|2 <1
sat(s/ @) = ¢ / 4.7)
sen(s/ @) if‘%‘ﬂ

The above control law guarantees the system trajectories move toward and stay on the
sliding surface s = 0 from any initial condition, provided the following condition is

satisfied:

5§ <—1s| (4.8)

where 1 is a positive constant that makes the system trajectories meet the sliding

surface in a finite time. This controller is actually a continuous approximation of an
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ideal relay control and the invariance of sliding mode control is eliminated here. The
system robustness becomes a function of the width of the boundary layer and the
control law of SMC of a plant of any order reduces the error and the derivative of
error to zero. The switching surface of the SMC determines the transient response of

the system if the sliding mode exists.

4.2.3 Fuzzy Logic Control (FLC)

Soft-Computing is a collection of techniques spanning many fields that fall under
various categories in computational intelligence and has three main branches: Fuzzy
Logic, Artificial Neural Networks (ANN) and Evolutionary Computation. Soft
computing deals with imprecision, uncertainty, partial truth, and approximation to
achieve practicability, robustness and low solution cost. ANN is widely used in the
areas such as robotics, machine learning and speech recognition where high
computational abilities are required and usually not preferred for the control of drive
system that undergo sudden load variations. The evolutionary computing technique
such as genetic algorithm is mainly for solving optimization problems and used in
combination with conventional controllers for their parameter tuning to improve the
performance of the system. On the other hand Fuzzy Logic is the most suitable and
widely used method for industrial control applications such as drive control, due to its
simplicity and ease of implementation. FLC has proven effective for complex
nonlinear and imprecisely defined process for which standard model based control

techniques are impractical (Guillemin, 1996).
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Fuzzy logic is an approach to computing based on "degrees of truth" rather than the usual
"true or false" (1 or 0) Boolean logic on which the modern computer is based. The idea of
fuzzy logic was first introduced by Dr.Lotfi A. Zadeh of the University of California at
Berkeley in 1960s (Zadeh, 1965). Lots of practical applications with FLC are performing
better than the conventional controllers like PID controller (Montiel et al., 2007). An
FLC consist of a fuzzification unit, a decision making unit, and a de-fuzzification unit as
shown in fig.4.5. The fuzzification unit converts the real inputs to corresponding fuzzy
values by using appropriate input membership functions. The decision making unit
performs the inference operation and generate the fuzzy output based on a number of
logic statements called fuzzy rules in the form of IF-THEN statements. The number of
fuzzy rules depends on the number of input membership functions. De-fuzzification unit
converts the fuzzy output back into the crisp or real control output values using the output
membership functions. There are several methods for de-fuzzification and the centroid
method is most popular and widely used method (Guillemin, 1996) and is applied in this

work.

One of the major challenges in the design of an FLC is the tuning of the membership
functions and fuzzy rules. Even though various methods for tuning fuzzy controller are
found in literature, it still lacks a standard method (Santos et al., 1994). Here the
universe of disclosure of input variables and output variable of the FIS are selected
from the performance of PI controller. Triangular, trapezoidal and gaussian are the
commonly used membership functions and combination of triangular and trapezoidal
membership functions are used in this thesis as it is giving better results than the
gaussian membership function (Prasad, K.M.A. et al., 2015). Initially trapezoidal

membership functions are used in both extremes and triangular membership functions
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are used in the middle portion of the universe of disclosure. During tuning the shapes
are slightly modified to achieve the best performance. The fuzzy rules are selected
according to the heuristic knowledge of the required variation in the controller output
according to the variation of error signal and its rate of change. Fine tuning of the rule
are done by trial and error to obtain improved results. Input- output nonlinearity in FIS
depends on the surface view of the system which is the graphical relation between the
inputs and output. Even with triangular membership function, nonlinear surface can be
produced. However in this thesis a combination of triangular and trapezoidal
membership functions are used which generate a nonlinear surface to address the

nonlinearities in the system.

The main advantage of the fuzzy logic control is that it can be used as standalone
controller as well as in combination with most of the linear as well as non-linear

control techniques (Mahendiran et al., 2011).

—» FUZZIFICATION MAKING DEFUZZIFICATION|———»

LOGIC

T

KNOWLEDGE
BASE

A 4

Fig 4.5 Block diagram of a Fuzzy Logic Controller

4.3 INTELLIGENT CONTROLLERS USING FUZZY LOGIC

The main drawback of a standalone FLC is that, it has no mathematical model and the

hence analysis of the system becomes difficult. It is being used in combination with
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various existing controllers like PI, LQR, LQG and back stepping controller that
gives intelligence and adaptability to it. Fuzzy PI is one of the most widely used

controllers of this category for drives.

4.3.1 Fuzzy PI Control

Conventional PI controller is stable, efficient, easy to implement and is highly reliable
when used for a linear model. But most of the industrial processes are having
different types of nonlinearities such as transport lag, saturation and backlash in
addition to parameters variations and external disturbances. Conventional PI
controllers cannot perform well under these conditions due to its fixed nature of the

controller parameters K, and K.

In adaptive-fuzzy PI controller the K, and K; are varied intelligently according to the
variation of error signal and its rate of change (Hu, et al., 1999). The inputs to the fuzzy
inference system are the error (difference between the set value and the actual value) and its
rate of change and the output is K, and K. Individual set of rules are formed for each K,

and K; by which the controller can adapt to changes in the system parameters.

4.3.2 Fuzzy Sliding Mode Control (FSMC)

Modified SMC and FLC have specific advantages of their own and have mode of
operation in achieving control under uncertain and imprecise conditions. However
there are highly demanding situation where the need for even more precise control
schemes are found to be very essential. To address such demands in drive control, a
suitable combination of modified SMC and FLC to achieve improved transient as

well as steady state performance is proposed.
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Conventional sliding mode controller has the problem of chattering and its effect can be
reduced using a modified control law that uses a saturation function instead of the
signum function in conventional SMC. For further improvement of the performance
characteristics of the system, a Fuzzy SMC (FSMC) that integrates a fuzzy inference
system with modified SMC is used. This also provides intelligence and adaptability of
the modified SMC. FSMC has been successfully implemented in industrial applications
like air flow control of a fuel cell (Baround et al., 2018), closed-loop vector control for
a grid-connected Wave Energy Conversion System (WECS) driven Self-Excited
Induction Generator (SEIG) (Elgammal, 2014), erection system with un-modelled
dynamics (Feng et al., 2017) and uncertain MIMO nonlinear systems (Roopaei et al.,
2009). Hence FSMC can effectively be used for control of drive system due to its

robustness and ease of hardware implementation.

In the proposed mode of combination of modified SMC and FLC, the value of the
gain constant k in the control law of modified SMC given by equation (4.7) is suitably
adjusted by the fuzzy inference system. With higher values of gain £, even though the
speed of response of the system improves the effect of chattering also increases
simultaneously. On the other hand with low values of gain & the speed of response
and the effect of chattering decreases. Hence it is desirable to have high value of gain
k during transient states to improve the speed of response and low value during steady

states for reducing the chatter effect.

In the proposed Fuzzy SMC, the gain k in the modified control law of the chatter free
SMC is varied according to the fuzzy rules decided by the variation in the error signal ‘e’
and the rate of change of error signal ‘e’. The block diagram of the proposed intelligent

Fuzzy SMC is given in fig. 4.6. Here the signals ‘e’ and ‘¢> are taken as the input to the

63



fuzzy system and its output is the value of controller gain & of FSMC. The final control
law u as given in equation (4.7) with adjustable gain is obtained by multiplying the output

of FIS with saturation function of the control law used in modified SMC.

»| Fuzzy Inference k
—»| wdt — System
A A
> -ksat(s)
Ref »| Sliding Function || Sat » x > 1
error
Multiply

Actual

Fig 4.6 Block diagram of a FSMC

The control structure of this proposed FSMC differs from that of the existing one
used in air flow control of a fuel cell (Baround ef al., 2018) is in the input variables of
the FIS. Here we use the error signal ‘e’ and its rate of change ‘¢’ where as the latter
uses the sliding function and its derivative as input to the FIS. Suitable variation of
the controller gain with variation in error is achieved in the proposed controller using
a faster algorithm which results in reduced complexity and easier implementation
compared to the other one. Also the controller output using ‘e’ and ‘e’ results in

better output than the existing one.
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CHAPTER 5

NON-LINEAR INTELLIGENT CONTROL OF DC DRIVES

Position and speed control of widely used special electric drives, viz. DC servo motor,
BLDC motor and Switched Reluctance Motor using various nonlinear control
techniques are discussed in this chapter. Fuzzy SMC, conventional SMC, Fuzzy PI and

conventional PI control are designed and the simulation results are presented here.

5.1 POSITION CONTROL OF DC SERVO MOTOR

There has been significant effort in improving the performance of electric motors,
during the last few years. DC motors are widely used in various industrial
applications such as robotic manipulators and servo systems, due to their relatively
simple control and reliable wide range of operating conditions. The position control
of DC motors is suitable for applications such as antenna positioning, robotic arm and

solar tracking (Mahendiran et al., 2011).

AC Source
Reference *
value
\ Controller »  Converfer
Position Sensor [ DC Motor

Fig. 5.1 Block diagram of the position control of DC Motor



DC motors are usually modelled as linear systems neglecting important nonlinearities
like saturation of the core and suitable linear control approaches are implemented. In
addition to this, controllers for nonlinear models of DC motor have also been
developed for more precise and accurate system operation (Mahajan et al., 2013). The
block diagram representation of the position control of DC motor by varying armature
voltage is shown in fig 5.1 where the DC input voltage to the armature is controlled

according to the reference value and the actual rotor position.

A Fuzzy SMC, modified SMC, Fuzzy Logic controller, Fuzzy PI controller and conventional

PI controllers are designed for a DC motor whose parameters are selected as shown in table 5.1.

Table 5.1 Parameters of DC servo motor

Motor Parameters Value

Rated Power 1.5 kW
Rated current 7A

Rated speed 1500 rpm
Armature resistance R, 0.05 ohms
Armature Inductance L, 0.001 ohms
Moment of Inertia J .001 Kg-m®
Viscous friction coefficient 0.001

Back EMF Constant K, 0.001 V/rad/s
Torque Constant K, 0.008 N-m/A

5.1.1 Stability Analysis of the System

The stability of the system model given in equation 3.10 is ensured before
considering the implementation various controllers. Stability analysis is carried out
using Lyapunov stability theorem. The state variables of the DC motor model are
armature current /,, speed w, and position §. The positive definite Lyapunov function

V(x) to analyse the stability is chosen as
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V(x)=x{+x;+xi (5.1

where x; =I, x> = w and x3 = 6 .Then the derivative of the Lyapunov function is

given by

V(x)=2x,%, +2x,%, +2x,X, (5.2)

By substituting the state variables and its derivatives in the above equation, it is found
that V' (x) =—2342 which is negative definite and hence, the system is stable as per

the Lyapunov stability criterion.

Controllability and observability are also verified by Kalman’s test using

controllability matrix Q¢ and observabilty matrix Qo respectively.

1000 —5x10* 24.92x10’
0.=[p 4B 4#B]=| 0  8x10° 408x10*
0 0 8x10’

-1

0
0,=|cm acm avc]=|o
1 0

S = O

It is clear that |Qc| = 64x 10° # 0 and |Qg| = - 8 # 0 and the rank of the matrices Q¢
and Qo are 3, which is equal to the dimension of the system and hence the system is

completely state observable and controllable as per the Kalman’s test.

The design and simulation of various control methods for the position control of DC

servo motor are explained as follows.
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5.1.2 PI Controller

A conventional PI controller is designed and simulated in order to compare the
performance of fuzzy SMC, modified SMC, FLC and Fuzzy PI controller with it. The
controller parameters are selected using Ziegler- Nichols tuning method for the Quarter
Decay Response (QDR) as described in chapter 4. For the DC motor system the ultimate
gain K, and the time period is P, are obtained as K,= 3.8, P, = 0.28sec using this method.

From these the controller parameters are obtained as K,= 2.23 and K= 27.14.

5.1.3 Fuzzy Logic Controller (FLC)

FLC is used independently for the control applications in security systems (Huang
and Cheng, 2004), antilock braking systems (ABS) (Mirzaei et al., 2005), speech
enhancement (Thevaril and Kwan, 2005) and robot path planning (Wang and Liu,
2005). For the position control of DC servo motor, the error between the actual
position and the measured position are taken as the first input and the rate of error as
the second input. Five membership functions are assigned to the inputs and its output.
The assigned membership functions are Negative Big (NB), Negative Small (NS),
Zero (Z), Positive Small (PS), Positive Big (PB) and Medium (M). Triangular and
trapezoidal membership functions are chosen for fuzzification and the universe of
disclosure for error and the error rate are taken as -40 to 40 and -10 to10 respectively
which gives the maximum variations in the normal operating region. For the output #,
the universe of disclosure is selected as -1 tol to get the best response. The input
MFs are shown in fig. 5.2 (a) and (b) respectively and the corresponding output

membership function is shown in fig.5.3.
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The system has 25 numbers of rules as given in table 5.2. For example the first rule is
if e and & are NB then u is NB and similarly for other values of e and & . Fig.5.4
shows the surface view of the fuzzy system which is a three dimensional graph
between the two inputs and the output. This shows the dependency of output on the
two inputs and from this it is clear that the variation of the output of the fuzzy
controller with inputs is non-linear. The non-planar surface is due to the non-linearity

incorporated in the controller whereas for a linear controller this surface will be plain.

Table 5.2 Fuzzy Rules

e_e NB| N| z | P | PB
NB |NB |\ NB| N | P | PB
N |NB | N | Z | P |PB
Z |NB | N | Z | P | PB
P |NB | N | Z | P |PB
PB|NB | N | P | PB| PB
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Fig 5.4 Surface view of the fuzzy system

5.1.4 Fuzzy PI Controller

The main problem associated with conventional PI controller is that the proportional
constant K, and integral time 7; are constants. The performance of the PI controller
can be improved by varying K, and T; appropriately using a fuzzy inference system.
In this work the gain of the controller K, is varied according to the error and the rate
of error. The inputs to the fuzzy system for the fuzzy PI controller are the error and
the rate of change of error and the output is the gain K,. The input and output
membership functions are shown in fig 5.5 and 5.6 respectively. The universe of
disclosure is taken according to the maximum range of variation of each variable and

the corresponding fuzzy rules are given in table 5.3.
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Table 5.3 Fuzzy Rules

o E NB NS Z PS PB
NB VS S M M VS
NS VS S N M VS

VA VS S N S VS
PS VS M N S VS
PB VS M M S VS

where 4,4, >0 are

5.1.5 Modified Sliding Mode Controller (Modified SMC)

The control law of modified SMC is u=—ksat(s) as explained in section 4.3.2 of

chapter 4 is designed for the position control of DC servo motor. The sliding surface is

s :é+ﬂ,le+/lzj‘edt

a strictly positive real constants. The value of 1;, A, and k are

selected as 10, 0.1 and 2.1 respectively by proper tuning. Also the value of ¢ is taken
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5.1.6 Fuzzy SMC (FSMC)

The performance of the sliding mode controller is improved further when the constant
k in the control law is intelligently varied according to the variation in the error signal
‘e’ and the rate of change of error signal & using fuzzy logic. e and & are the input
and value of £ is the output of the fuzzy system. The input membership function for e
and & are given in fig.5.7 (a) and (b) respectively. Triangular and trapezoidal
membership functions are used and the universe of disclosure is selected as -200 to
200 for e and -10 to 10 for & respectively. The assigned input membership functions
are Negative Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS) and
Positive Big (PB) for e and Negative (N), Zero (Z) and Positive (P) for&. The
corresponding output membership functions are given in fig.5.8 where triangular and
trapezoidal functions are used for de-fuzzification and the universe of disclosure is
selected as 0.5 to 1.8. The assigned output membership functions are Small (S),

Medium (M), Big (B). The fuzzy rules are given in in table 5.4.
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Table 5.4 Fuzzy Rules

NB | NS PS | PB
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5.1.7 Results and Discussions

When DC motors are used for applications such as antenna positioning and solar
tracking that are subjected to cyclic disturbances due to wind. The performance of
conventional SMC and PI controllers applied to DC servo motor under cyclic load
variations is shown in fig 5.9. Here the overshoot is completely eliminated when
conventional SMC is used for both no load as well as cyclic load conditions whereas
the corresponding values are very high for PI controller under similar conditions. But
the output with SMC is oscillating at high frequency due to the phenomenon of
chattering. In order to eliminate the effect of chattering a modified chatter free SMC
is employed and the step responses of the system with both modified SMC and PI
controller at no-load and cyclic load are shown in fig. 5.10 and 5.11 respectively.
From the figure it is clear that the high frequency switching effect is eliminated
without affecting other performance indices when the control law of conventional
SMC is modified. Corresponding performance comparison is given in table 5.5 and it
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shows that the performance of the modified SMC is improved from that of the PI

controller in terms of rise time, settling time, Peak overshoot and speed variation

while loading.

Step Response with PID and SMC in cyclically loaded condition Step Response with PID and modified SMC at no load
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Fig.5.10 Step response with PI and

Fig.5.9 Step response with PI and
modified SMC at no-load

conventional SMC in cyclic
loaded condition

Step Response with PID and modified SMC at cyclic load
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Fig.5.11. Step response with PI and modified SMC in cyclic loaded condition
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Table 5.5 Comparison of Modified SMC and PI controllers

Modified | Modified SMC PI at
SMC at cyclic load Fl cyclic load
Rise time (s) 0.4 0.43 0.6 0.63
Peak overshoot (%) 0 0 40 41
Settling time (s) 0.4 0.43 4 4
Steady state error (%) 0 0 0.05 0.05
Speed Variation due to load (%) 0 5 0 15

Now the system is simulated using the designed values of fuzzy parameters given in
section 5.1.3 for a FLC. The input is given as a square wave pulse of 5s duration in
order to get the performance during increasing and decreasing speed. Fig 5.12 shows
the response of the system with FLC and PI for the square wave input at constant load
and it is observed that the peak overshoot is completely eliminated with FLC whereas
it is 40 per cent for PI controller. The settling time is reduced from 4s with PID to
1.2s with FLC though there is a small increase in rise time in the case of FLC. These
improvements are due to the change in the gain of the controller according to the
fuzzy rules in FIS. This small increase in rise time can be neglected when compared
with other added advantages of reduction in settling time and elimination of

overshoot.
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Step Response with PID and FLC at constant load
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Fig.5.12 Step response with FLC and PI controller at constant load

The Fuzzy SMC is designed with modified control law and the fuzzy parameters
given in section 5.1.6 and the step response of the system with Fuzzy SMC, Fuzzy PI
and PI controllers are shown in fig 5.13. The performance comparisons with all these
controllers are tabulated in table 5.6. It is found that the performance with Fuzzy
SMC in terms of the rise time settling time, peak overshoot and speed variation while

loading, is improved from that of modified SMC, FLC, Fuzzy PI and PI controllers.

From table 5.6 it is clear that the rise time and settling time are high when FLC is
used independently. The main drawback of FLC 1is its absence of precise
mathematical representation that can lead to difficulties in accurate tuning of the
controller. Hence FLC alone is not considered for further speed/position control

applications in this thesis.
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Fig.5.13 Step response with Fuzzy SMC, Fuzzy PI and PI controller at constant load

Table 5.6 Performance comparison for the position control of DC servo motor
using various controllers

Modifie F
FSMC d CO‘:lthrf)l Fuzzy P1 PI
SMC
Rise time (s) 0.25 0.4 1.2 0.25 0.6
Peak overshoot (%) 0 0 0 28 40
Settling time (s) 0.25 0.4 1.2 1.8 4

5.2 SPEED CONTROL OF DC SERVO MOTOR

DC servo motor plays a significant role in modern industry where very accurate speed
control is required. The purpose of a speed controller is to drive a motor at a
demanded speed. There are numerous applications where speed control is required, as
in rolling mills, cranes, hoists, elevators, machine tools, transit system and locomotive
drives. These applications may demand high-speed control accuracy and good

dynamic responses. Home appliances, washers, dryers and compressors are good
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example for the application requiring accurate speed control. In conclusion, the
simplicity of speed control made DC motors a driving device in equipment ranging

from toys, home appliances and robotics to industrial applications.

The block diagram for the speed control of DC motor is shown in fig.5.14. Here the
DC input voltage to the armature of DC motor is controlled according to the reference

value and the actual rotor speed.

AC Source
Reference o ¢
value Controller »  Converter

Position Sensor

Fig. 5.14 Block diagram of the speed control of DC Motor

5.2.1 Stability Analysis of the System

Stability of the system model is ensured before considering the implementation of any
controllers. The stability analysis is carried out using Lyapunov stability theorem.
The state variables of the DC motor model are x;=I, and x, = w. The positive

definite Lyapunov function, ¥(x) for the stability analysis is chosen as

V(x):x12+x§ (5.1)

Then the derivative of the Lyapunov function is given by

V(x)=2x,%, +2x,%, (52)
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By substituting the state variables and its derivatives in equation (5.2) equation it is
found that V' (x) = —814 which is negative definite and hence, the system is stable as

stated by the Lyapunov stability criterion.

Controllability and observability tests are carried out on this model using Kalmans

test using controllability matrix Q¢ and observabilty matrix Qo respectively.

0 -[3 AB]:FOOO 50x103}

0 8x10°

0,=lc" ac]- [(1) _SJ

It is found that |Q¢| = 8x10°#0 and |Qp| = 8 # 0 and rank of the matrix is 2, which is
equal to the dimension of the system and the system is completely state controllable

and observable as per the Kalman’s test.

5.2.2 PI Controller

The PI controller parameters used for this speed control are selected using Ziegler-
Nichols tuning method for the Quarter Decay Response as described in chapter 4. For
the DC motor system the ultimate gain K, and the time period is P, are obtained as K,
= 6.8 and P,-0.14s. From these the PI controller parameters are obtained as K,=3.1

and K;= 33.2.
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5.2.3 Fuzzy PI Controller

Conventional PI controller has constant values of proportional constant K, and
integral time 7;, and this limitation is overcome by suitably varying these gain values
using a fuzzy inference system. In this work the gain of the controller K, is varied
according to the error and the rate of error. The inputs to the fuzzy system for the
fuzzy PI controller are the error and the rate of change of error and the output is the
gain K,. The input and output membership functions are shown in fig 5.15(a) and (b)
and 5.16 respectively. The universe of disclosure is taken according to the maximum

range variation of each variable and the fuzzy rules are given in table 5.8.
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Fig. 5.16 Output membership function k&
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Table 5.7 Fuzzy Rules

o E NB | NS | Z | PS | PB
NB VS S M M | VS
NS VS S N M | VS

VA VS S N S VS
PS VS | M N S VS
PB VS | M M S VS

5.2.4 Modified Sliding Mode Controller (modified SMC)

The modified SMC for the speed control of DC servo motor is designed. The control

law of SMC is , = —ksar(s) as explained in section 4.3.2. The sliding surface is given
by s=é+de+A4, j edt where A,,A, >0 are strictly positive real constant. The value

of 4;, A, and k are selected as 8, 0.3 and 3.8 respectively by proper tuning. Also the

value of ¢ is taken as unity.

5.2.5 Fuzzy SMC (FSMC)

The Fuzzy SMC for the speed control of DC servo motor is designed by selecting
suitable membership functions and fuzzy rules. For designing the Fuzzy SMC, the
error signal e and its rate of change & are taken as the input to the fuzzy system and
the value of £ is the output of the fuzzy system. The input membership function for e
and & are given in fig.5.17 (a) and (b) respectively. Triangular and trapezoidal
membership functions are used and the universe of disclosure is taken as -200 to 200
for e and -10 to 10 for & respectively. The output membership functions are
triangular and trapezoidal as shown in fig.5.18 are used for defuzzification with
universe of disclosure taken as and 0.5 to 1.8. The fuzzy rules are given in in table 5.8

where NB, NS, Z, PS, PB has the same explanation as before.
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5.2.6 Results and Discussions

The system shown in fig 5.14 is simulated using fuzzy sliding mode controller,
chatter free SMC, Fuzzy PI and conventional PI controller. A load torque of 20 Nm is
applied at 1.8 seconds after starting in each case. Fig.5.19 shows the step response of
the system with fuzzy SMC, SMC, Fuzzy PI and Conventional PI controller

respectively for a reference speed of 1500 rpm.
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The performance comparison as obtained from graph is tabulated in table 5.9. It is
observed that the rise time with proper tuning of PI controller is 90ms is reduced to
70ms by Fuzzy PI and it is further reduced to 50ms with FSMC. The rise time with
chattering free SMC is observed to be quite high and is 150ms. The peak overshoot is
completely eliminated with FSMC and modified SMC which is 6.67% with Fuzzy PI
controller and 14% with PI controller. Moreover the settling time of 440ms with PI
controller is reduced to 260ms with Fuzzy PI and further reduced to 150ms with
modified chatter free SMC and finally to 50ms with FSMC. The steady state error is
negligible with FSMC and modified SMC which is 0.1% and 0.15% respectively with
Fuzzy PI and PI controllers. The motor is showing momentary variation in speed
when load is applied suddenly at 1.8 s. The speed variation is 3% with PI controller,
2% with Fuzzy PI and 0.6% with chatter free SMC and finally with FSMC is only
0.4%. The rise time is reduced due to the fast action of sliding mode controller. The
peak overshoot and settling time are reduced by suitably varying its controller gain
using a properly tuned fuzzy inference system. Moreover the speed variation while
loading is also reduced and this shows the robustness of FSMC for the speed control
of DC servo motor.

Step Response with Fuzzy SMC,Modified SMC, Fuzzy Pl and PI
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Fig.5.19  Step response with Fuzzy SMC, modified SMC, Fuzzy PI and PI
controller for the speed control
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Table 5.9 Performance comparison of the speed control of DC servo
motor using various controllers

FSMC Mgﬁiéed F‘;,ley PI
Rise time (s) 0.05 0.15 0.07 0.09
Peak overshoot (%) 0 0 6.67 14
Settling time (s) 0.05 0.15 0.26 0.44
Steady state error (%) 0 0 0.1 0.15
Speed Variation while loading 0.4 0.6 2 3
(%)

5.3 SPEED CONTROL OF BLDC MOTOR

The block diagram for the speed control scheme of a BLDC motor is shown in fig
5.20. The position of rotor is sensed by the Hall Effect sensors and the corresponding
gate pulses generated by the pulse generator are used to drive the inverter. Error
detector compares reference speed and actual speed to generate error signal which is
given as the input to the controller. The signal from the controller is fed the converter
or DC source which in turn controls the speed. Different controllers, viz. conventional
PI, fuzzy PI, Fuzzy, chatter free SMC, Fuzzy SMC are designed for a 60W BLDC

motor whose parameters are given in table 5.10

Gate Pulse
Generator
Gate iti
Position
" DC Source
SRl;?ed—>®—> Controller}—yp. & or Inverter|— Ellt;lt)ocl'
g onverter m Speed

Fig 5.20 Block diagram of the speed control of BLDC motor
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Table 5.10 BLDC motor parameters

Motor Parameters Value
Rated speed 3000 rpm
Rated torque 0.16 Nm
No of stator pole pairs 4
Stator Resistance (R) 2.875 ohm
Stator inductance (L) 0.0085H
Maximum flux linkage (ym) 0.175 Wb
Voltage Constant 146.6
Torque constant 1.4 N-m/A
Moment of inertia (J) 0.0008 Kg-m’
Viscous friction coefficient (B) 0.001 N-m-s/rad

5.3.1 Stability Analysis of the System

The stability of the system model is ensured using Lyapunov stability theorem. The
state variables of the BLDC motor are the three stator currents 7, , I, 1., speed w and
rotor position O that is x; =1, x, =Iy, x3 =1, x4 = @ and x5 = 6. The positive definite

Lyapunov function, V(x) for the stability analysis is chosen as
V(X)=x+x; +x; +x, +x. (5.5)
Then the derivative of the Lyapunov function is given by

V(x)=2x,%, +2x,%, +2X,%; +2X,%, + 2X X, (5.6)
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By substituting the state variables and its derivatives in the above equation it is found
that V(x) = -24.617 x 10° which is negative definite and hence, the system is stable as

stated by the Lyapunov stability criterion.

Before designing the controller controllability and observability of the system are also
verified using Kalman’s test using controllability matrix Q. and observability matrix

Qo respectively.

O.=|B 4B 4B 4B 4'B]

[1.176x10>  0.3978x10° 3.0747x107 —1.627x10"° 1.512x10" |
0 0 1.7293x10" -1.172x10" 1.358x10"
= 0 0 1.7293x107  —1.172x10"  1.358x10°
0 147x10°  —4.99x10" 8.1729x10"° —4.99x10"
0 0 0.735x10"  —0.249x10" 0.409x10" |
0, =lc" ac” avcTavCT a'CT
(0 1.25x10° —4.24x10° 6.95x10° —4.23x10'"]
0 1.25x10° —424x10° 6.95x10° —4.23x10"
=10 125x10° —-4.24x10° 6.95x10° —4.23x10"
1 -13 441x10° —15x10° 2.45x10"
0 0 0 0.85x10°  1.23x10" |

It is found that |Qc| = 1.0131 x 10°"#0 and |Qo| = 1.9602 x10°® # 0 and rank of the

matrix is 5, which is equal to the dimension of the system and the system is

completely state controllable and observable as per the Kalman’s test.
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5.3.2 Sensitivity analysis

Robustness and linearity are important properties of a system. The slight changes in the
system parameters do not affect the performance of a robust system. Sensitivity analysis
is defined as the study of how uncertainty in the output of a model can be attributed to
different sources of uncertainty in the model. As the models are mathematical
approximations of real system, sensitivity analysis is used to ensure non linearity and

reliability of the system and determines how the input influences the output.

Table 5.11 Variation of speed with voltage

% of Rated voltage Speed (RPM)
P
10 510
20 1005
30 1485
40 1975
50 2260
60 2390
70 2495
80 2710
90 2890
100 3000

To analyse the sensitivity of BLDC motor the speed variation with 10% increment in
percentage of rated voltage is calculated and the results are tabulated in table 5.11.
Fig 5.21 shows the variation of Speed with applied voltage. The sensitivity for every

20% increment in applied voltage is given in table 5.12
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Fig 5.21 Variation of speed with voltage

Table 5.12 Sensitivity with change in voltage

% Voltage Speed Sensitivity
20 1005
48.5
40 1975
% Voltage Speed Sensitivity
40 1975
20.75
60 2390
% Voltage Speed Sensitivity
60 2390
16.5
80 2720
% Voltage Speed Sensitivity
80 2720
14
100 3000
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From the above table 5.12 it is clear that the sensitivity is varying with voltage. Fig 5.22
shows the variation of sensitivity with respect time. From this it is observed that the

sensitivity is varying continuously which confirm the nonlinear behaviour of the system.
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Fig 5.22 Variation of sensitivity with time

5.3.3 PI Controller

The controller constants K, and K; of the PI controller are tuned according to the Ziegler-

Nichols quarter decay response and the values are obtained as K, = 2.1 and K; = 26.6.

5.3.4 Fuzzy PI Controller

The performance of the PI controller is improved by appropriately varying the gain
K, and integral time constant 7; using a fuzzy inference system. In this work the gain
of the controller K, is varied according to the error and the rate of error. The inputs to

the fuzzy system for the controller are the error and the rate of change of error and the
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output is the gain K. Input and output membership functions are shown in fig 5.23
(a) and (b) and 5.24 respectively. Triangular and trapezoidal membership functions
are used and the universe of disclosure is taken as -300 to 300 for e and -30 to 30 for
& respectively and the corresponding fuzzy rules are given in table 5.13 where NB,

NS, Z, PS and PB has the same explanation as before.
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Table 5.13 Fuzzy Rules

. ' NB|NS| z | PS | PB
NB | VS| S | M| M| VS
NS | VS| S | N | M | VS

Z | vS| s | N | S |VS
PS | VS| M | N | S | Vs
PB | VS| M | M| S | VS




5.3.5 Modified Sliding Mode Controller (SMC)

The modified SMC for the speed control of DC servo motor is designed. The control

law of SMC is 4 = —ksaz(s) as explained in section 4.3.2. The sliding surface is given

bys=é+ e+ izjedt

where 4,4, >0 are a strictly positive real constant. The value of 1;, A, and k& are

selected as 12, 0.6 and 13.8 respectively by proper tuning. Also the value of @is

taken as unity.
5.3.6 Fuzzy SMC (FSMC)

The performance of the sliding mode controller is improved with an adjustable gain k&
using a fuzzy system according to the variation in the error signal e and its rate of
change ¢ . Error e and its derivative & are taken as the input and the value of % is the
output of the fuzzy system. The input membership function for e and & are given in
fig.5.25 (a) and (b) respectively. Triangular and trapezoidal membership functions are
used and the universe of disclosure is taken as -200 to 200 for e and -10 to 10 for &
respectively. Similarly output membership functions are also triangular and
trapezoidal as shown in fig. 5.26 and are used for defuzzifications with the universe
of disclosure is taken as and 0.5 to 1.8. The corresponding fuzzy rules for the system

are given in table 5.14 where NB, NS, Z, PS, PB has the same explanation as before.
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Table 5.14 Fuzzy Rules

. "' NB|NS| z | PS | PB
N B|B| M| S | B
VA B| M| s | M| B
P B| s | M| B | B

5.3.7 Optimization of Controller Gain using Krill Herd Algorithm

The performance of the controller is greatly influenced by the selected value of the
controller gain. Even though the rise time decreases by higher values of gain, other
specifications like peak overshoot and settling time are adversely affected and the
system stability reduces. Hence it is important to select an optimal controller gain

that results in minimum rise time, peak overshoot, settling time and steady state error.
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Krill Herd (KH) algorithm introduced by (Gandomi et al., 2012) is applied for this
purpose. This Algorithm is the simulation of krill’s behaviour of motion and it has
three main components that include induced motion, foraging motion and physical
diffusion to find optimum point. When hunters attack krills, predation removes
individual krills and this leads to diminish the krills density. Two main goals of
herding them after reducing density are increasing krill density and reaching food that
lead the krills to herd around the global optima. The objective function used in KH
for krill movement is determined by the least distances from food and the highest
herd density. The main advantage of this technique is that only few variables are
required for optimisation. The position of krill consists of three main components viz.
movement affected by other krill, foraging action, physical diffusion. The proposed
KH algorithm is based on Lagrangian model, which states the objective function as
combination of the highest density of the krill and the distance of food from the krill.
In n-dimensional space, the fitness function of the algorithm for i krill individual is

defined as:

—L=N,+F +D, (5.7

where N; is the motion induced by other krill individuals, F; is the foraging motion

and D; is the physical diffusion of the i krill individual.

According to theoretical arguments, the krill individuals try to maintain a high density
and move due to their mutual effects. The direction of motion induced is ¢; and is
estimated from the local swarm density, a target swarm density, and a repulsive

swarm density. For a krill individual, this movement can be defined as:
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N/ = N""a, + 0, N (5.8)

where N™ is the maximum induced speed, w, is the Inertia weight, N is previous

motion induced. The direction a; is the sum of local effect provided by the
neighbouring krill individuals and target effect provided by the best krill individual.
The foraging motion is the motion induced to a krill individual due to the presence of
food and its previous locations. The foraging motion value for the ith krill individual

is given by:
old
E=V,p, +oF (5.9)

where Vyis foraging speed, oy is inertia weight of the foraging motion and is the last
foraging motion value. The effect of food on the herding mechanism is defined
depending on the food’s location and fris the sum of effect due to the presence of
food and the effect due to the current krill’s best fitness value recorded. The random
diffusion is based on a maximum diffusion speed and a random directional vector and

is given by:

Di — Dmax5 (5.10)

Where D™ is the maximum diffusion speed and § is the random directional vector
and its arrays consist of random numbers. Here in, the position in KH from 7 to ¢ + At

is formulated as follows:

X,.(r+At)=X,(t)+AtiZ—)f (5.11)
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The flow chart of the KH algorithm is shown in fig.5.27. The aim of this algorithm is
to arrive at a minimum distance of the krill individual from the food and achieve
highest density of the krill swarm. In our case the objective of the optimization
algorithm in FSMC is to design an optimal value for the gain to minimize rise time ¢,
peak overshoot M, settling time f; and steady state error ss. The constraints of the
problem are to define the upper and lower limits for the gain &k such that optimum

performance without chatter effect is obtained.

The objective function wused to optimize the controller gain is

S(x)=0.5¢,+0.5¢, +3.5M , + lss2 subjected to 0 <k <60 and the KH parameters
2

selected are given in table 5.15.

Table 5.15 Parameter values initialized in KH algorithm

KH Parameters Value
Number of krills 30
Number of iterations 25
Foraging velocity 0.3
Inertia for foraging 0.4
Maximum diffusion 0.006
Maximum induced speed 0.2
Inertia for movement 0.1
Mutation 0.2
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The controller gain obtained for various values of error are listed in table 5.16. From
the above results it is clear that optimal performance of the controller can be achieved

by appropriately varying the gain according to the value of error.

Table 5.16 Optimized values of the controller gain

Error Optimized value of &
3000 18.75
2000 16.32
1000 15.13
500 13.85
50 12.12
10 11.28

5.3.8 Results and Discussions

Control system using FSMC, chattering free SMC, Fuzzy PI and PI controller with
tuned values of parameters for a 60 W BLDC motor is simulated. The gain of FSMC
is optimized to vary within the limits of 0 to 60 using KH algorithm. A load torque of
0.16 Nm is applied at 0.08 seconds after starting. Fig.5.28 shows the step response of
the system using these four controllers for a reference speed of 3000 rpm. The
performance comparison is given in table 5.17. It is observed that the rise time with
proper tuning of PI controller is 25ms which is reduced to 20ms by Fuzzy PI and it is
further reduced to 15ms with SMC and finally 8ms with optimized gain of FSMC.
The peak overshoot is completely eliminated with FSMC and SMC, while it is 2.5%

with Fuzzy PI and 3% with PI controller. The settling time of 46ms with PI
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controller is reduced to 38ms with Fuzzy PI and further reduced to 15ms with
modified SMC and finally to 8ms with FSMC. Moreover the steady state error is only
0.02% with FSMC which are 0.04%, 0.05% and 0.06% with chatter free SMC, Fuzzy
PI and PI controllers respectively. The motor is showing momentary variation in
speed when sudden load is applied. The speed variation is 5% with PI controller, 4%
with Fuzzy PI and 3% with chatter free SMC and is completely eliminated when
FSMC is used. The rise time is reduced due to the fast action of sliding mode
controller. The peak overshoot and settling time are reduced by varying its controller
gain appropriately using a fuzzy inference system. Moreover the speed variation
while loading is eliminated and this shows the robustness of the FSMC. Fig. 5.29
shows the current waveform in the three phases of the motor. It is observed that the
starting current is slightly higher with fuzzy SMC than that with other controllers, but
this has negligible effect on the performance as the staring current lasts only for few
milliseconds and there is only negligible variation under running condition. Fig. 5.30
shows the trapezoidal back EMF whose maximum value is almost the same with all
the controllers. The results clearly indicate that the performance is greatly improved
when FSMC with optimized gain is used, compared to other three controllers in terms
of rise time, overshoot, settling time, fluctuation in speed with sudden load variation.
However, the FSMC algorithm becomes more complex and hence suitable for

applications where very precise speed control is necessary.

The variation of controlled variable (speed) vs. the manipulated variable (current) is
shown in fig. 5.31. Rated load is applied at 0.08s and it is observed that in order to
keep the controlled variable (speed) constant, the manipulated variable (current) is
suitably adjusted by the controller according to the change in load.
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Table 5.17 Performance comparison

Fuzzy SMC | Modified | Fuzzy P1
SMC PI

Rise time (ms) 8 15 20 25
Peak overshoot (%) 0 0 2.5 3
Settling time (ms) 8 15 38 46
Steady state error (%) 0.02 0.04 0.05 0.06
Speed variations when 0 3 4 5
suddenly load is applied (%)

5.4 SPEED CONTROL OF SWITCHED RELUCTANCE MOTOR

The block diagram for the speed control scheme of an SRM is given in fig 5.32.

DC
supply
v
Reference K Controller > Converter
speed - circuit
Actual
speed
I Rotor
Position
Sensor

Fig.5.32 Block diagram of SRM speed control
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Table 5.18 Parameters of SRM

Motor Parameters of SRM Value
Rated Power 3.6kW
Rated phase to phase voltage 240V
Rated current 15A
Rated speed 2000 rpm
No of stator poles 6
Stator Resistance (R) 0.01ohm
Stator inductance 0.00067 H
Maximum flux linkage () 0.486 Wb
Moment of inertia (J) 0.0082 Kg-m
Viscous friction coefficient (B) 0.01

The rotor position sensor senses the speed and provides the signal corresponding to the
output to the error detector which in turn compares it with the reference speed to generate
an error signal that acts as an input to the controller. The resulting output signal controls
the speed of the motor by the excitation of their corresponding windings. The simulation
is conducted on a 3.6 kW SRM whose parameters are given in table 5.18. The controller
output signal is fed to the converter which generates the excitation required as applicable

to a particular winding of the SRM for its required speed.

5.4.1 Stability Analysis of the system

The stability of the system model is ensured using Lyapunov stability theorem before
considering the implementation of controllers. The state variables of the SRM are x;
=i, x; = w and x3 = 6. The positive definite Lyapunov function, V(x) for the stability

analysis is taken as
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V(x)=x+x]+x5 (5.5
Then the derivative of the Lyapunov function is given by

V(x)=2x,%, +2x,%, +2X,%, (5.6)

By substituting the state variables and its derivatives in the above equation it is found
that V(x)= -816 is negative definite and hence, the system is stable according to

Lyapunov stability criterion.

Controller design is carried out after verifying the controllability and observability of
the system using Kalman’s test with controllability matrix (. and observability

matrix Qo respectively.

100 —1493 2290
0.=[B 4B £B]=| 0 -12 144

I |
0 1 0

0, =lc" ac avcT]=|1 12 14
0 1 1

It is found that |Q¢| = 144 #0 and |Qo| = -1 # 0 and rank of the matrix is equal to the

dimension of the system and hence it is completely state controllable and observable.
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5.4.2 PI Controller

The controller constants K, and K; of the PI controller are tuned according to the
Ziegler- Nichols tuning method for quarter decay response and their values are K, =

3.8 and K; = 32.4 respectively.

5.4.3 Fuzzy PI Controller

The performance of the PI controller is improved by suitably varying the proportional
constant K, and integral time constant 7; using a FIS. The gain of the controller K, is
varied according to the error e and the rate of error & . The inputs to the fuzzy system
for the adaptive fuzzy controller are e and & and the output is the gain K,,. The input
and output membership functions are shown in fig 5.33 (a) and (b) and 5.34
respectively and the universe of disclosure are taken according to the maximum range

variation of each variable and the corresponding fuzzy rules are given in in table 5.19.
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Table 5.19 Fuzzy Rules

. ' NB|NS| z | PS | PB
NB | VS| S | M| M| VS
NS | VS| S | N | M| VS

Z | vS| s | N | S |vVs
PS | VS| M | N | S | Vs
PB | VS| M | M| S | Vs

5.4.4 Modified Sliding Mode Controller (SMC)

The modified SMC for the speed control of DC servo motor is designed. The control

law of SMC is , = —ksaz(s) as explained in section 4.3.2. The sliding surface is given
bys=é+Ae+ ﬂzj.edt where 4,4, >0 are a strictly positive real constant. The value

of 4;, A, and k are selected as 9, 1.1 and 8.2 respectively by proper tuning. Also the

value of @ is taken as unity.

5.4.5 Fuzzy SMC (FSMC)

Control law of chatter free SMC is u =—ksat(s/¢) where the gain k is constant. The

performance of the sliding mode controller is improved further if the constant £ in the
control law is suitably varied according to the variation in the error signal and the rate
of change of the error signal. For this purpose the error signal e and its rate of change

& are taken as the input and the value of & as the output for the fuzzy system.

The input membership function for ¢ and & are given in fig. 5.35(a) and (b)
respectively. Triangular and trapezoidal membership functions are used and the

universe of disclosure is taken as -200 to 200 for e and -10 to 10 for & . The output
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membership function is given in fig.5.36. Triangular and trapezoidal membership
functions are used as output membership functions for de-fuzzification and the
universe of disclosure is taken as and 0.5 to 1.8. The fuzzy rules corresponding to

this are listed in in table 5.20.
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1S 1S
5 %5 041
8 B o2t
g g
a ) , ) a o ,
-200 -100 0 100 200 -10 -5 0 10
Input variable 'e' Input variable 'de/dt'

Fig.5.35 (a) Input membership function e Fig. 5.35(b) Input membership function &
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Table 5.20 Fuzzy Rules

. "' NB|NS| z | PS | PB
N B| B | M| s | B
Z B S | M| B
P B|s | M| B | B
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5.4.6 Results & Discussions

Speed control of SRM is used in industrial applications like electric vehicle, fans,
aerospace and industrial automation. Hence considering the importance of the speed
control of this machine a Fuzzy Sliding Mode Controller is simulated in
MATLAB/Simulink and the results are compared with that of a conventional chatter
free SMC, Fuzzy PI and conventional PI controller. In order to achieve appropriate
variations of gain k, suitable membership function with universe of disclosure is
selected for the fuzzy system and proportional gain (K,) and integral time constant

(T)are calculated for the PI controller.

Step response of the SRM with Fuzzy SMC, chatter free SMC, Fuzzy PI and
conventional PI controller for a reference speed of 2000 rpm is shown in fig 5.37. A
load torque of 20 Nm is applied at 0.15 seconds after starting. Fig 5.38 shows the
enlarged view of the step response near 2000 rpm from which the speed variation
while loading becomes more clear. The performance comparison of rise time, peak
overshoot, settling time and speed variation while loading, are given in table 5.21. It
is observed that the rise time with proper tuning of PI controller is 62ms which is
reduced to 60ms with fuzzy PI and is again reduced to 45ms with modified SMC and
is further improved by FSMC to a value of 25ms. The peak overshoot is completely
eliminated with FSMC and modified SMC which is 0.4% and 1.25% respectively
with Fuzzy PI conventional PI controller. Moreover the settling time of 100ms with

PI controller is reduced to 80ms with fuzzy PI and which is again reduced to 45ms

107



with SMC and is improved by FSMC to 25ms. The steady state error is also
eliminated with FSMC and modified SMC whereas it is 0.1% each with Fuzzy PI
conventional PI controller. The speed variation while loading was also improved to
0.5% with FSMC from 1% with SMC, 2% with Fuzzy PI and PI controllers. From the
results it is observed that transient performance of the fuzzy sliding mode controller is
greatly improved in terms of rise time, peak overshoot, settling time and steady state
error compared to that of modified SMC, Fuzzy PI and PI controllers. Also the speed
variation while loading is minimum with Fuzzy sliding mode controller when
compared with the other controllers. The improvement in the performance of FSMC
is achieved by suitably modifying the control law of SMC as well as adjusting the

gain k of the controller using FIS.

Even though the FSMC algorithm is more complex and hence computationally
expensive, it results in the improvement of its transient as well as steady state
performances that leads to better precision and quality of the product when used

practically for industrial applications.
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Table 5.21 Performance comparison

Performance Indices Fuzzy SMC | Modified | Fuzzy PI PI
SMC

Rise time (s) 0.025 0.045 0.06 0.062
Peak overshoot (%) 0 0 0.4 1.25
Settling time (s) 0.025 0.045 0.08 0.1
Steady state error (%) 0 0 0.1 0.1
Speed Variation with rated load 0.5 1 2 2
(%)

The comparison of the performance indices of selected DC drives with various
controllers are represented in fig. 5.39 (a), (b), (¢) and (d) respectively. Among the
widely used DC drives of DC servo motor, BLDC motor and PMSM, the proposed
FSMC produces minimum values of rise time, peak over shoot, settling time and
steady state error compared to modified SMC, Fuzzy PI and PI controllers. The
improvement in the performance of FSMC compared to other controllers is highly

significant in spite of its design complexity.

Rise time

D.15

P
4

m DC Servo motor
—  mBLDC
— SRM

0.06

FSMC Modified Fuzzy PI PI
SMC

Fig, 5.39 (a) Comparison of rise time for DC servo motor, BLDC and SRM with
FSMC, Modified SMC, Fuzzy PI and PI controllers
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Fig. 5.39(b) Comparison of peak overshoot for DC servo motor, BLDC and SRM
with FSMC, Modified SMC, Fuzzy PI and PI controllers
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Fig. 5.39(c) Comparison of settling time for DC servo motor, BLDC and SRM
with FSMC, Modified SMC, Fuzzy PI and PI controllers
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Steady state error
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SRM with FSMC, Moditied SMC, Fuzzy PI and PI controllers
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CHAPTER 6

NON-LINEAR INTELLIGENT CONTROL OF AC DRIVES

Permanent magnet synchronous motors (PMSM) are extensively used for many
industrial applications like Computer Numerical Control (CNC) machine tools, industrial
robots, hybrid electric vehicle etc. due to high torque to weight ratio, high power density,
high efficiency, reliability and ease of maintenance (Sain et al., 2016). For the precise and
accurate speed control of PMSM, various control techniques using FSMC, modified
SMC, Fuzzy PI and conventional PI control are designed and their transient and steady

state performances are compared to decide the most suitable controller.

6.1 FIELD ORIENTED CONTROL OF PMSM

The control of AC drives become equivalent to that of DC drives due to the
introduction of Field Oriented Control (FOC) or vector control, in which the torque
and flux are controlled independently. To achieve high precision and accuracy in
performance, the vector control is employed in the PMSM drive. However, system
non-linearity, motor parameters variation and load torque variation make it difficult to
control the speed of the motor precisely. These problems can be solved by

incorporating a suitable control scheme capable of dealing with such cases.

Vector control is the most widely used control technique of AC motors (Krishnan,
2001). The main objective of the vector control of AC motors is to independently
control the torque and the flux where the control is usually performed in the reference

frame (d-q) attached to the rotor flux space vector. Hence the implementation of



vector control requires information on the modulus and the space angle (position) of
the rotor flux space vector. The stator currents of the AC machine are separated into
flux and torque producing components by utilizing transformation to the d-q
coordinate system, whose direct axis (d) is aligned with the rotor flux space vector
making the g-axis component of the rotor flux space vector always zero. Various

steps in the field oriented control are listed below:

1. Measure the motor quantities (phase voltages and currents).

2. Transform them to the 2-phase system (o, ) using a Clarke transformation.

v T2/3 —1/3 —1/-3] °
= 1%

vl 10 13 —143] " 6.29)
vC

3. Calculate the rotor flux space vector magnitude and position angle.

4. Transform stator currents to the d-q coordinate system using a Park
transformation.

v, | |cosf, —sing, |V, (3.30)
v, | |sin@, cos, | v, '
Where 6, is the rotor position

5. The torque producing component (iq) and flux producing component (iq) of
stator current are separately controlled.

6. The output stator voltage space vector is calculated using the decoupling
block.

7. An inverse Park transformation transforms the stator voltage space vector
back from the d-q coordinate system to the 2-phase system fixed with the
stator.

8. Using the space vector modulation, the output 3-phase voltage is generated.

114



NREF loREF V, V.
—(3 Fuzzy | 5 Pl 12l dgq ° >
SMC 3-Phase
3 SVM * Brid
\ B VB nage
a, » »
loRer '—‘@ Pl —l_’ y
N Inverse  Inverse
4 Park Clarke
e Tranf
£ Tranform  'raniorm
lq Ia IE
da /¢ aB /le—0
Y | |
b
a,p By ab.c ()]
Park Clarke +
Tranform Tranform ¥
Position
Position and Motor
Speed () Speed Sensor

Fig 6.1 Block diagram of the vector control of PMSM

The block diagram of the vector control of PMSM using a suitable controller is
shown in fig 6.1. Here the phase currents of the motor are measured and transformed
to the direct axis and quadrature axis components (ig and i4) respectively by using
Clarke and Park transforms. In order to make the PMSM system linear, the reference
value of d axis current is set to zero. The actual i4 is compared with the reference i4
and the resulting error signal is given as the input to the i4 controller that generates the
required value of v4. Similarly the actual speed is compared with the reference speed
and the corresponding error signal is given as the input to the speed controller that
generate the reference iq value. The actual 14 is compared with the reference iq and the
resulting error signal is applied to the iq controller that generates the required value of
vq. From v and vq4 thus generated, the required voltage is estimated by using inverse
of Clarke and Park transforms. The triggering of the three phase bridge converter is
established according to this voltage levels which in turn controls the speed of the

motor by varying its stator voltage and frequency.
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The PMSM control system by vector control is simulated for a 3.6 kW with motor

parameters listed in table 6.1

Table 6.1 PMSM parameters

Motor Parameters Value

Rated Power 3.6 kW

Rated phase to phase voltage 300V

Rated current 12A

Rated speed 1000 rpm

Rated torque 20N m

No of poles 6

Stator Resistance (R) 0.129

Direct axis inductance (Lg) 0.00153 H
Quadrature axis inductance (L) 0.00153 H
Permanent magnet flux 0.1821 Wb
Moment of inertia (J) 0.003334Nms?/rad
Viscous friction coefficient (B) 0.0004254Nms/rad

6.2 STABILITY ANALYSIS OF THE SYSTEM

Stability of the system model is ensured using Lyapunov stability theorem before
considering the implementation of controllers. The state variables of the motor model
are x; =ig, X» = iy x3 = @, and x4 = 6, The Lyapunov function, V(x) that is positive

definite and is selected as

2 2 2 2
V(x)=x +x;+x; +x; (5.1

116



Then the derivative of the Lyapunov function is given by

V(x)=2x% + 23,5, + 2%, + 2x,%, 52)

By substituting the state variables and its derivatives in the above equation it is found

that V(X)Z -664312 which is negative definite and hence, the system is stable

according to Lyapunov stability criterion.

Controllability and observability tests are carried out for the model using Kalmans

test using the controllability and observability matrices Q¢ and Qo respectively.

653.5 5.5x10° 4.64x10° 3.951x10"

~1.53
0= 48 48 4B]=| ° : : :
| 0 0 ~1 1
0 0 0 ~1.53
0o 0 ~1.53 1.53

0 2.69x10° —2.753x10° —2.843x10°
1  —1.53 —-1.7640x10° 1.487x10°
0 1 0 0

0,=lcr act atc 4]

It is found that |Oc| = 999# 0 and |Qo| = 4.354x10° # 0 indicating its non-singular
nature and rank of the matrix is 3 which is equal to the dimension of the system.

Hence the system is completely state controllable and observable.
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6.3 P CONTROLLER

In order to compare the improvement in performance of FSMC, modified SMC Fuzzy
PI controller, a conventional PI controller is also simulated. The PI controller
parameters are selected using Ziegler- Nichols tuning method for the Quarter Decay
Response (QDR) as described in chapter 4. For the PMSM system the ultimate gain
K, and the time period P, are obtained as K,= 6.8 and P,-0.14sec and the

corresponding PI controller parameters are obtained as K,=3.1 and K;= 33.2.

6.4 FUZZY P1 CONTROLLER

Constant values of proportional gain K, and integral time 7; which are suitably varied
using a fuzzy inference system to overcome the limitations of conventional PI
controller. In this work the gain of the controller K, is varied according to the error
and the rate of error. The inputs to the fuzzy system fare the error e and the rate of
change of error ¢ and its output is the gain K,. The input and output membership
functions are shown in fig 6.2 (a) and (b) and 6.3 respectively. The universe of
disclosure is taken according to the maximum range variation of each variable and the

fuzzy rules are given in table 6.2.
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Fig 6.2 (a) Input membership function e Fig 6.2 (b) Input membership function ¢
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Table 6.2 Fuzzy Rules
~NC|NB|NS| z | Ps | PB
e

NB VS S M M | VS
NS VS S N M | VS
VA VS S N S VS
PS VS | M N S VS
PB VS M M S VS

6.5 MODIFIED SLIDING MODE CONTROLLER (SMC)

The Fuzzy SMC for the speed control of PMSM is designed by selecting suitable

membership functions and fuzzy rules. The control law of chattering free SMC is
u=—ksat(s) as explained in section 5.1.2. The sliding surface is given by
s=e+Ae+ 4, _[ edt where /11,/12 >0 area strictly positive real constant. The value of

A1, A2 and k are selected as 8, 0.4 and 32.5 respectively by proper tuning. Also the

value of ¢ is taken as unity.

6.6 FUZZY SMC (FSMC)

For designing the Fuzzy SMC, the error signal e and its rate of change¢ are taken as the

input to the fuzzy system and the value of £ is selected as the output of the fuzzy system.
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The input membership function for e and ¢ are given in fig 6.4 (a) and (b) respectively.
Triangular and trapezoidal membership functions are used and the universe of disclosure
is taken as -200 to 200 for e and -10 to 10 fore. The output membership function is
shown in fig 6.5. Triangular and trapezoidal functions are used as output membership
functions for defuzzification and the universe of disclosure is taken as and 0.5 to 1.8. The

corresponding fuzzy rules are listed in in table 6.3.
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Fig. 6.4(a) Input membership functione  Fig. 6.4 (b) Input membership function ¢
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Table 6.3 Fuzzy Rules

é "' NB| NS| z | PS | PB
N B| B | M| s | B
Z B| M| s | M| B
P B|s | M| B | B
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6.6.1 Optimization of Controller Gain using Krill Herd Algorithm

In order to get the optimal values of controller gain to minimize rise time, peak
overshoot, settling time and steady state error, Krill Herd algorithm is used which is

explained in section 5.3.3. The objective function used to optimize the controller gain

is f(x)=0.5¢, +0.5¢, +3.5M , + %ss2 subjected to 0<k <46 which ensures chatter

free operation of the controller. The corresponding values of KH parameters are listed

in table 6.4.

Table 6.4 Details of parameter values initialized in KH algorithm

KH Parameters Value
Number of krills 30
Number of iterations 25
Foraging velocity 0.3
Inertia for foraging 0.4
Maximum diffusion 0.006
Maximum induced speed 0.2
Inertia for movement 0.1
Mutation 0.2

The values of the controller gain obtained using KH algorithm for various values of
error are given in table 6.5. From the results, it is clear that optimal performance of
the controller is achieved by varying the controller gain suitably according to the

value of error.
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Table 6.5 Optimized values of the controller gain

Error Value of &

1000 36.15
800 35.16
500 33.25
100 31.67
50 29.32

10 27.85

6.7 RESULTS & DISCUSSION

The Fuzzy Sliding Mode Controller for the vector control of PMSM is simulated
using MATLAB/Simulink and the results are compared with that of a modified
chatter free SMC, conventional PI Controller and a fuzzy PI controller. The
simulation is conducted on a 3.6 kW PMSM whose parameters are listed in Table 6.1.
A load torque of 20 Nm is applied at 0.02 seconds after starting the motor. Fig 6.6
shows the step response of the system with Fuzzy SMC, chatter free SMC, fuzzy PI
controller and conventional PI controller for a reference speed of 1000 rpm. Fig 6.7
shows the speed variation of the PMSM under loaded condition. The performances of
all four controllers are compared and are detailed in table 6.6. The rise time is 4ms
with FSMC and it is 6ms, 5Sms and 5ms with chatter free SMC, Fuzzy PI and
conventional PI controller respectively. The settling time is improved to 4ms with
FSMC whereas the corresponding values with chatter free SMC, Fuzzy PI and
conventional PI controllers are 6ms, 8ms and 12ms respectively. The peak overshot is

completely eliminated with FSMC and SMC which is 16% and 19.8 % with Fuzzy PI
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and conventional PI controller respectively. The steady state error is the minimum of
0.04% with FSMC that is 0.06%, 0.07% and 0.1% respectively with chatter free
SMC, Fuzzy PI and conventional PI controllers. It is also observed that the speed
variation when sudden load is applied is only 0.7% with FSMC while the
corresponding values are 1.7%, 1.7% and 2% respectively with chatter free SMC,
Fuzzy PI and conventional PI controllers. It is clear from the results that the transient
and steady state performance of the fuzzy PI controller is improved from that of the
PI controller in terms of its peak overshoot and settling time. This improvement is
achieved by suitably varying the controller gain within the selected range using FIS.
SMC with modified control law gives a satisfactory output performance; a great
improvement in output is achieved using a FSMC even though the control algorithm

becomes more complex and difficult to implement.

The variation of controlled variable (speed) vs. the manipulated variable (current) is
shown in fig.6.8. Rated load is applied at 0.02s and it is observed that in order to keep
the controlled variable (speed) constant, the manipulated variable (current) is suitably

adjusted by the controller according to the change in load.
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Table 6.6 Performance comparison

Fuzzy Modified Fuzzy PI
SMC SMC PI
Rise time (ms) 4 6 5 5
Peak overshoot (%) 0 0 16 19.8
Settling time (ms) 4 6 8 12
Steady state error (%) 0.04 0.06 0.07 0.1
Speed Variation with rated load (%) 0.7 1.7 1.7 2

The PI controllers are very simple to design, easy to implement and also produce

satisfactory performance under undisturbed conditions. But the performance is poor

under disturbed condition like sudden changes in the reference speed and sudden

variation load. PMSM with PI controller shows large overshoot, high settling time

and comparatively large speed variation while loading. The output in terms of settling

time and peak overshoot are improved by using a FIS integrated to PI controller that

helps to achieve variable gains. But with this controller the speed variation while
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loading becomes large and makes it unsuitable in many applications. The peak

overshoot is completely eliminated with chatter free SMC where the control law is
u=—ksat(s/§) in which the controller gain k is constant. High values of k gives fast

response of the system but results in high overshoot and also produce chatter. Low
values of k reduce the effect of chattering and overshoot but results in slow speed of
response. In order to get fast response without chattering and overshoot, the controller

gain k is varied according the change in error signal using an FIS.

Fuzzy Sliding Mode Controller combines the intelligence of fuzzy logic with the
modified SMC in which the controller gain k is appropriately varied using a fuzzy
system. The peak overshoot is completely eliminated and the rise time and settling
time are improved by the use of Fuzzy SMC for the speed control of PMSM. Speed

variation while loading is also negligibly less with Fuzzy SMC.

PMSM Performance characteristics
25

19.8

m FSMC

B Modified SMC
Fuzzy PI

m Pl

Rise time (5s) Peak Settling time Steady state
overshoot (s) error(%)
(%)

Fig.6.9 Comparison of performance indices of PMSM using FSMC, Modified
SMC, Fuzzy PI and PI controllers
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Comparison of rise time, peak overshoot, settling time and steady state error of
PMSM using proposed FSMC, Modified SMC, Fuzzy PI and PI controllers are
shown in fig. 6.9. It can clearly be observed that the improvement in performance of

the proposed controller compared to other selected controllers is highly appreciable.

127



CHAPTER 7

FPGA IMPLEMENTATION OF CONTROL ALGORITHM IN

INDUSTRIAL DRIVES

For the realization of any designed controller, Application Specific Integrated Chip
(ASIC) and Field Programmable Gate Array (FPGA) provide a good solution for the
hardware implementation. FPGA is a large-scale integrated circuit, for which the
hardware configuration can be changed by programming after it is manufactured,
whereas the ASIC like Digital Signal Processor (DSP) has a predetermined,
unchangeable hardware function. The term "field-programmable" indicates that the
hardware configuration of the device can be programmed in the field and the term
"gate array" refers to a cluster of logic gates in an integrated chip. FPGA are
semiconductor devices that are based around a matrix of configurable logic blocks
(CLBs) connected via programmable interconnects for desired applications or
functionality requirements and this feature makes it an ideal choice for different

industrial applications (Mitra ef al., 2018; Lupon et al., 2014).

FPGA configuration is generally specified using a hardware description language
(HDL). The most popular HDL are Very High Speed Integrated Chip Hardware
Description Language (VHDL) and Verilog. These two languages are standardized
and provide the description with different levels and are portable and compatible with
all FPGA technologies previously introduced. The speed, size and the number of
inputs and outputs of a modern FPGA far exceeds that of a microprocessor or DSP

Processor.


http://en.wikipedia.org/wiki/Hardware_description_language
http://en.wikipedia.org/wiki/Hardware_description_language
http://en.wikipedia.org/wiki/Hardware_description_language

The interest of FPGA technology is growing due to its applications in various fields
such as telecommunication (Solanakis et al., 2013), video signal processing (Meng et
al., 2005), embedded control systems (Shi et al., 2009), and electric vehicle control
systems (Poorani et al., 2005). Presently, the density of FPGA components can
achieve the equivalent of 10 million logic gates with switching frequencies of around
50MHz and this allows the implementation of complex algorithms in controls
systems with very fast response time and hence makes it suitable for applications in

drive systems used for industrial automation.
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Fig. 7.1 Xilinx System generator window

The leading manufacturers of FPGA are Xilinx, Altera, Actel etc., out of these Xilinx
is the most popular one. Software developed by Xilinx, Xilinx System Generator and
Xilinx ISE design suite can be deployed for the implementation of Simulink models

on the FPGA board. Xilinx System Generator is a DSP design tool from Xilinx that
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enables the use of the Mathworks model-based Simulink design environment for
FPGA design. All the downstream FPGA implementation steps including synthesis,
place and route are automatically performed to generate an FPGA programming file.
Over 90 DSP building blocks are provided in the Xilinx DSP block set for Simulink
that include the complex DSP building blocks such as forward error correction
blocks, FFTs, filters and memories in addition to the common ones such as adders,
multipliers and registers. The window of a Xilinx system generator is shown in fig
7.1. This window contains the system generator token in the Simulink environment
which is used for all the setting and other blocks like black box, counter, multiplier
etc. The black box is used for including VHDL programs in the Simulink
environment and the other system generator blocks can also be used along with
Simulink by using the system generator. The required controller can be implemented
using the proper interconnection of these building blocks and the VHDL code for

programming the FPGA board can be generated.

7.1 IMPLEMENTATION OF MATLAB AND SIMULINK ALGORITHMS ON

FPGAS

Matlab/Simulink algorithms are translated to VHDL using either a HDL Coder or a
Xilinx system generator. In the former case the VHDL generated from the simulated
model using Simulink and the HDL Coder is used to prototype the FPGA. The second
method uses Xilinx System Generator that is based on Mathworks model-based
Simulink design environment. In this work the second method is adopted due to its
user friendly approach and efficiency. Also writing programs for complex algorithms
in VHDL is computationally expensive and can lead to errors that need further

verification before implementing and hence the application of Xilinx System
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Generator is often used for the design of FPGA. Here the VHDL program is
generated using Xilinx system generator and is transferred to the FPGA board using

the Xilinx ISE Design suite.

Hardware Implementation of the control algorithm using Xilinx System Generator

involves the following steps

Develop the model using Xilinx System Generator blocks in Simulink
e Generate the VHDL Program

e Connect the FPGA board to system using J-Tag

e Program the FPGA board using Xilinx ISE Design Suite

e Implement Hardware in Loop Simulation (Hardware Co-Simulation)

e Assign the input and output pins using Xilinx ISE Design Suite for the actual
Hardware implementation

e Connect the assigned pins to hardware components like inverter and sensors

7.2 IMPLEMENTATION OF CONTROLLER ON FPGA

Xilinx Virtex 4 FPGA board is used for the implementation of the designed and
simulated FSMC, chatter free SMC and PI controllers. As the algorithm of fuzzy PI
controller are complex and the output results are not as efficient as chatter free SMC,
further analysis is carried out only using FSMC, modified SMC and PI controllers.
Algorithms of these controllers are executed in Matlab/Simulink environment using
Xilinx System Generator first and then it is translated automatically into VHDL
programming language. This program is then embedded into the Xilinx FPGA

application board.
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7.3 HARDWARE IN THE LOOP SIMULATION

Hardware in the loop (HIL) or Hardware co-simulation is a concept that as revealed
by the name uses the hardware in the simulation loop. Using this, the actual controller
behaviour of the model of the drive system is tested and their outputs are verified.
The VHDL code for the FPGA is generated using Xilinx System generator and the
program is embedded with FPGA board using the Xilinx ISE design suite. The FPGA
board is interfaced with the computer using the J-tag interface. After programming
the board, the HIL simulation is conducted using the Xilinx System generator. The

arrangement for the hardware in loop simulation is shown in fig. 7.2.

In HIL simulation, the computation of the controller part is executed by the FPGA
board and the simulation of other parts like converter, motor, sensor are carried out in

the Simulink environment of the PC.

Fig. 7.2 Arrangement for the hardware in loop simulation
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7.3.1 Hardware in the loop (HIL) Simulation for the speed control of PMSM

The block diagram for the FPGA implementation of FSMC for the speed control of
PMSM is shown in fig. 7.3. The motor is fed by an inverter from a rectifier. The
inputs to the FPGA board are the signals from speed and position sensors and two
phase currents of the motor. The output of FPGA board is the PWM signals for the

inverter corresponding to the reference speed.

HIL simulation for the vector control of PMSM is carried out using FPGA for FSMC,
chatter free SMC and PI controllers. From the simulation results it is clear that the
performance of Fuzzy PI is not greatly improved from that of conventional PI
controller and hence only PI controller is considered instead of Fuzzy PI controller
for HIL simulation. The rated load of 20 Nm is applied at 0.02 seconds after starting
the motor. The performance comparison of FSMC obtained from HIL simulation with
that of Simulink simulation is shown in fig. 7.4. Similar analysis is also carried out
for modified SMC and PI controller and is shown in fig 7.5 and 7.6 respectively. The
comparison of the transient response of all three controllers using HIL simulation and

Simulink simulation is tabulated in table 7.1.

The rise time obtained with HIL simulation for FSMC, modified SMC and PI
controller are 6ms, 8ms and 9ms respectively whereas the corresponding values are
4ms, 7ms and 8ms respectively with Simulink simulation. The rise time obtained is
slightly higher for HIL simulation than that of Simulink simulation and it is due to the
fact that the FPGA uses fixed point variables for its computation whereas floating

point variables are used in Simulink. The peak overshoot is found to be negligible
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with FSMC and modified SMC for both HIL simulation and Simulink simulation and
the corresponding values for PI controller are 19% and 19.8% respectively. The
Settling time obtained is 6ms, 8ms and 18ms respectively with FSMC, moditfied SMC
and PI controllers for HIL simulation whereas these values are 4ms, 7ms and 14ms
respectively for Simulink simulation. The values of steady state error are 0.06%,
0.08% and 0.12% respectively with FSMC, modified SMC and PI controllers for HIL
simulation whereas these values are 0.04%, 0.06% and 0.1% respectively for
Simulink simulation. Also the speed variation while loading 1s 0.7%, 1.8% and 2.2%
respectively with HIL simulation for FSMC, modified SMC and PI controllers and
the corresponding values with simulation are 0.7% , 1.7% and 2% respectively. From
the results it can be observed that the values obtained for rise time, peak overshoot,
settling time and speed variation due to loading with HIL simulation and simulation
are almost comparable and the slight variation are mainly due to the fixed point

variables used in the FPGA.
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Performance comparison of PMSM in HIL simulation and

Table 7.1
Simulink simulation
Fuzzy SMC Modified SMC PI Controller
HIL Simulink HIL Simulink HIL Simulink
simulation | simulation | simulation | simulation | simulation | simulation
Rise time 6 4 ] 7 9 ]
(ms)
Peak
overshoot 0 0 0 0 19 19.8
(%)
Setting 6 4 8 7 18 14
time (ms)
Steady 0.06 0.04 0.08 0.06 0.12 0.1
state error
Speed
variation
while 0.7 0.7 1.8 1.7 2.2 2
loading
(%)
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7.3.2 Hardware in the loop Simulation for the speed control of BLDC

The block diagram for the hardware implementation and HIL simulation of FSMC for
the speed control of BLDC motor is shown in fig 7.7. The motor is supplied by a DC
source through an inverter which is driven by the FPGA board. The input to the
FPGA board is the signals from the Hall Effect sensors embedded with the BLDC
motor corresponding to the rotor position of the motor and its output is the firing
pulses applied to the inverter through a driver cum isolator circuit. The control
algorithm is completed in Matlab/ Simulink environment using Xilinx System
Generator block sets and is translated to VHDL programming language which is
embedded into the Xilinx Virtex 4 FPGA application board. The HIL simulation of
FSMC is conducted and the comparison of the step response with that of Simulink
simulation is shown in fig. 7.8. The HIL simulation of the chatter free SMC and PI
controllers are also carried out and the comparison with that of Simulink simulation is
shown in fig 7.9 and 7.10 respectively. The performance indices of HIL simulation

and Simulink simulation of all three controllers are listed in table 7.2.

The rise time from HIL simulation is obtained as 13ms, 19ms and 30ms with FSMC,
modified SMC and PI controllers respectively whereas the corresponding values are
8ms, 15ms and 25ms respectively with Simulink simulation. From the results it is
observed that the values are slightly higher for HIL simulation than that of Simulink
simulation and this is due to the fact that the FPGA uses fixed point variables for its
computation whereas floating point variables are used for the Simulink simulation.

The peak overshoot is negligible with FSMC and modified SMC for both HIL
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simulation and conventional Simulink simulation and corresponding values for PI
controller are found to be 5.8% and 1.8% respectively. The values of settling time
with HIL simulation are 13ms, 19ms and 40ms respectively with FSMC, modified
SMC and PI controllers whereas the values with simulation are 8ms, 15ms and 43ms
respectively. The speed variation while loading with HIL simulation are 1%, 3%
and5% respectively for FSMC, modified SMC and PI controllers whereas values
obtained with simulation are 0.1%, 3% and 5% respectively. The steady state error
with HIL simulation are 0.03%, 0.05% and 0.08% respectively for FSMC, modified
SMC and PI controllers whereas corresponding values obtained with simulation are
0.02% , 0.04% and 0.06% respectively. The rise time and settling time are slightly
increased with hardware co-simulation and the other performance indices are almost
comparable. From the results obtained, it can be observed that the rise time, peak
overshoot, settling time and speed variation due to loading with HIL simulation and
Simulink simulation are almost comparable and the slight variation of the values are
mainly due to the fixed point variables used in the FPGA. It is also clear from these
results that FSMC outperform the other two controllers for its transient as well as
steady state behaviour. Moreover, the speed variation with sudden changes in load is
also negligibly less for FSMC. Hence it is desirable to analyse the performance of

BLDC motor using the FSMC implemented for its speed control.
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Table 7.2 Performance comparison of BLDC motor in HIL simulation and
Simulink simulation

Fuzzy SMC Modified SMC PI Controller
HIL Simulink HIL Simulink HIL Simulink
simulation | simulation | simulation | simulation | simulation | simulation
Rise time 13 8 19 15 40 25
(ms)
Peak
overshoot 0 0 0 0 5.8 1.8
(%)
Settling 13 8 19 15 40 43
time (ms)
Steady 0.03 0.02 0.05 0.04 0.08 0.06
state error
Speed
variation
while 0.28 0.25 3 3 5 5
loading
(%)

7.4 HARDWARE IMPLEMENTATION OF FSMC OF BLDC

The block diagram for the hardware implementation of FSMC for the speed control
BLDC motor is carried out as per the block diagram shown in fig 7.7. The BLDC
motor is supplied using a three phase power MOSFET inverter circuit which is
controlled by the PWM signals from the Xilinx FPGA chip. The speed and position
of rotor are measured from the signals of Hall Effect sensors embedded in the motor.
The input to the inverter is 24V DC generated from 230 V, 50 Hz AC supply by using
a transformer, rectifier and filter. The circuit diagram of the inverter is shown in

fig.7.11.

The signals from the Hall Effect sensors are used for the measurement of the motor
speed and for the electronic commutation. The PWM pulses generated corresponding

to the control action using FPGA are applied to a driver circuit. The function of the
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driver circuit is to amplify the PWM pulses and to give electrical isolation between
the FPGA board and the gate of the MOSFETs. The driver circuit shown in fig. 7.12
uses the TPL 250 opto-coupler IC for the electrical isolation. The output of each
driver is given to the gate of corresponding power MOSFET. Fig. 7.13 shows the
complete hardware setup for the implementation of FSMC for the speed control of the
BLDC motor. The motor is run at its rated speed of 3000 rpm and a load of 0.16 Nm
is applied at 0.08s after starting. From step response, the transient as well as steady

state performance analysis of the motor is carried out.

7.5 RESULT AND DISCUSSION

HIL simulation of FSMC, modified SMC and PI control of PMSM and BLDC motor
are carried out using FPGA and their performance are compared with corresponding
results obtained from Simulink simulation. From the results obtained it is clear that
the performance of FSMC is greatly improved when the control law of conventional
SMC is modified using saturation function and the gain is made variable using FIS.
Hence the hardware for the FSMC is designed and implemented using FPGA for the
speed control of BLDC motor. The performance obtained from the actual hardware
implementation is compared with that of HIL simulation as well as Simulink

simulation.

Step response of the performance of FSMC using real implementation, HIL
simulation and Simulink simulation for the speed control of BLDC motor is shown in
fig. 7.14. Fig. 7.15 shows the corresponding speed variation with rated load applied to

it. The comparison of various performance indices is shown in the table 7.3. The rise
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time and settling time obtained with actual FSMC implemented on the motor are
15ms each whereas the values with HIL simulation are 13ms each and these results
are very much comparable. The peak overshoot is negligible in all three cases. The
steady state error observed for the real hardware is 0.05% whereas it is 0.03% and
0.02% respectively with HIL simulation and Simulink simulation. The speed
variation while loading 1s 0.33% with original hardware which is 0.28% with HIL
simulation and 0.25% with Simulink simulation. From the experimental results it is
observed that the performance indices are almost similar with the simulation and HIL
simulation which validate the design of FSMC for the speed control of BLDC motor.
Even though these results are comparable, the values obtained from the hardware
setup are slightly higher than that of HIL simulation and Simulink simulation. This is
due to the small variation of actual parameter from that of the designed values. Also
the variation is due to the fact that FPGA uses fixed point variables for both HIL
simulation and hardware implementation while floating point variables are used for

Simulink simulation.
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Table 7.3 Performance comparison of Simulink

Simulation and actual hardware

simulation HIL

Simulink HIL Actual
Simulation | Simulation | Hardware
Rise time (ms) 8 13 15
Peak overshoot (%) 0 0 0
Settling time (ms) 8 13 15
Steady state error 0.02 0.03 0.05
Momentary Speed while variation while 0.25 0.28 0.33

loading (%)
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CHAPTER 8

CONCLUSION AND FUTURE DIRECTIONS

Advanced manufacturing and automation in industries require high precision and
accuracy in machining which in turn demands fast and efficient speed control
technique for the drive system used in it. Conventional DC servo motor, BLDC
motor, SRM and PMSM are popularly used as special electric drives in aerospace,
antenna positioning, solar tacking, electric and hybrid electric vehicle and robotics.
Speed control of electric machines has become very efficient and popular with the
introduction of power converters using power electronic switches, capable of
converting the power from AC to DC and vice-versa. Nonlinear models incorporating
the saturation effect of the magnetic core of these motors are more precise than their
corresponding linear models. Hence various efficient speed control techniques are
designed for these models and simulated to identify the most suitable controller and

realized it using FPGA for the selected motors.

8.1 CONCLUSIONS

Nonlinear models of DC servo motor, BLDC motor, SRM and PMSM are developed
and their stability is ensured using Lyapunov theorems. The system’s controllability
and observability are also verified using Kalman’s test. FSMC, chatter free SMC,
conventional PI controller and Fuzzy PI controller are designed for each of these
models and their transient and steady state behaviour under no load as well as loaded

condition are evaluated.



DC servo motor: Position control of DC servo motors are widely used in
industrial systems, such as robotic manipulators and servo systems like antenna
positioning and solar tracking because of their relatively simple control and
reliability for a wide range of operating conditions. FSMC, chatter free SMC,
FLC, Fuzzy PI controller and conventional Pl controller are designed and
simulated for the nonlinear model of the DC servomotor for its position control .
From the results it is observed that the rise time, peak overshoot and settling
time are improved with Fuzzy PI controller than that of conventional PI
controller. The peak overshoot is completely eliminated and settling time is
reduced with FLC, but it has increased rise time. A conventional SMC, that has
high frequency chattering effect in the output, is modified using a saturation
function in the control law to eliminate the unwanted oscillations. With this
modified SMC the peak overshoot is completely eliminated and it provides
improved rise time and settling time than that of FLC, Fuzzy PI and PI
controllers. Further improvement in the transient performance characteristics is
achieved using FSMC in which the controller gain of chatter free SMC is varied

with in an optimized range using FIS.

The speed control of DC motor is used in numerous applications such as
rolling mills, cranes, hoists, elevators, machine tools and locomotive drives.
All the above controllers are designed and simulated for the speed control of
DC servomotor also. From the simulation results it is observed that rise
time, peak overshoot, settling time, steady state error and speed variation while
loading are improved with Fuzzy PI controller than that of conventional PI
controller. Even though the modified SMC has increased rise time, all other
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steady state and transient parameters are improved and peak overshoot is
completely eliminated. It is clear that FSMC outperforms all of these
controllers in terms of its rise time, peak overshoot, settling time, steady state

error and speed variation while loading.

Switched Reluctance Motor (SRM): Simplicity, ruggedness, and low cost of
a SRM makes it a viable candidate for various general-purpose, adjustable-
speed and servo type applications. The mathematical model of SRM is
inherently nonlinear due to the coupling effect of its state variables.
Performance comparison of the speed control of SRM using FSMC, chatter
free SMC, Fuzzy PI controller and conventional PI controller is carried out.
The results indicate that all the transient as well as steady state performance
are improved with Fuzzy PI controller compared with that of conventional PI
controller and is further enhanced by the modified SMC in its speed variation
while loading. Finally it is observed that all the performance indices and the
speed variation while loading is greatly improved with FSMC as compared

with all other controllers, making it more suitable for industrial applications.

Brushless DC motor (BLDC): BLDC motors are increasingly gaining
importance in various application fields such as aerospace, automotive, medical,
industrial and consumer equipment, machine tool, fans and hybrid electric
vehicles. The mathematical model of BLDC motor is inherently nonlinear due
to its trapezoidal back EMF. FSMC, chatter free SMC, Fuzzy PI controller and
conventional PI controller are designed and simulated for the speed control of

BLDC motor and the performance comparison is carried out. From the results it
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is clear that all the transient as well as steady state performance are improved
with Fuzzy PI controller than that of conventional PI controllers. The speed
variation with sudden application of rated load is also improved with this
controller. A further improvement in the performance characteristics and speed
variation with sudden loading is obtained using modified SMC. Finally the
design of FSMC, optimized using KH algorithm to vary the gain of modified
SMC using FIS in a suitable range, to obtain an outstanding performance is
carried out. This controller outperforms all other controllers in terms of all the
steady state and transient performance indices including its speed variation with
sudden loading and becomes an excellent choice among the other ones. FSMC
algorithm is implemented using FPGA and its performance is evaluated using
both HIL simulation and its actual hardware implementation with the motor
connected. The output results validate the effectiveness of this controller for the

speed control of BLDC motor.

Permanent magnet synchronous motor (PMSM): PMSM are very
popularly used for many industrial applications like CNC machine tools,
industrial robots, electric vehicle etc. due to high torque to weight ratio, high
power density, high efficiency, reliability and ease of maintenance.
Mathematical model of the motor is developed and the design and simulation
for the vector control of PMSM using FSMC, chatter free SMC, Fuzzy PI
controller and conventional PI controller are carried out. From the results it is
observed that peak overshoot, settling time, steady state error and speed
variation with sudden loading are improved with Fuzzy PI controller than that

of conventional PI controller even though the rise time remains the same.
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These parameters are further improved with a modified SMC while it shows a
slight increase in the rise time. FSMC produces the best output performance,
compared to other controllers, under steady state and transient conditions with
PMSM, similar to the other motors. The speed variation with sudden loading
is also greatly improved with FSMC. Hence the implementation of FSMC
using FPGA 1is carried out using the HIL simulation and the results validate

the performance of this controller for the speed control of PMSM.

PI Controller is the most widely used technique for the speed control of industrial drives
due to its simple design and ease of implementation. This controller gives satisfactory
performance only under undisturbed conditions and its performance is poor with sudden
changes in the reference speed and load variations. Various DC and AC drives with PI
controller shows large overshoot, high settling time and comparatively large speed
variation while loading. The output in terms of settling time and peak overshoot are
improved by the Fuzzy PI controller where the gain is made variable using FIS. But with
this controller, the peak overshoot is not completely eliminated and shows large speed
variation while loading which is overcome using chatter free SMC with modified control
law that uses a saturation function instead of signum function in the conventional SMC.
The performance is further improved using a FSMC, which integrates the intelligence of
fuzzy logic with the Sliding Mode technique for appropriately varying the controller gain

within an optimized range.

The realization of the FSMC is carried out using FPGA which has complex
computational ability and high speed of calculation. The FPGA based algorithm of

the FSMC for the speed control of PMSM and BLDC motor are developed and their
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HIL simulation is carried out. The results are compared with chatter free SMC,
conventional PI controllers and Fuzzy PI controllers. Also FPGA based FSMC for the
speed control of a BLDC motor is implemented using Xilinx ISE design suite. The
performance of speed control of BLDC motor, with FSMC implemented using
FPGA, are compared with that of HIL simulation, Simulink simulation under no load
as well as on load conditions. Even though the design and implementation of FSMC
becomes more complex compared to other controllers, the transient and steady state
performances are greatly improved and speed variations with change in load is
reduced for all DC as well as AC drives considered here. These results validate the
effectiveness of the intelligent FSMC for the efficient speed control applications of

drive systems in industries.

8.2 RESEARCH CONTRIBUTIONS

With the aim of improving the transient and steady state performance of widely used
electrical drives in industrial applications, a fuzzy based intelligent FSMC with
adaptable gains and modified control law is designed and developed. To establish the
effectiveness of this controller for the speed/position control of DC servo motor,
BLDC motor, SRM and PMSM, their non-linear models are considered and the
performance of FSMC with modified SMC, Fuzzy PI and conventional PI controller
is compared. Also the FSMC algorithm for PMSM and BLDC motor are developed
using FPGA and tested with hardware in the loop simulation. Hardware
implementation of FSMC with BLDC motor connected for its speed control is

successfully carried out using FPGA and the results are validated.
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This work clearly brings out the effectiveness of FSMC for the accurate speed control

of both AC and DC drives used in industrial applications.

8.3 FUTURE DIRECTIONS

Some of the possible extensions of the work that maybe pursued are listed below.

* Hardware implementation of FSMC for motors like PMSM and SRM can be
carried out using FPGA and their performance can be evaluated to verify its
suitability for speed control applications in industries.

+ Artificial Neural Network can be deployed for varying the controller gain
instead of fuzzy inference system used in the present work. Performance from
the hardware implementation of ANN based SMC can be compared with
FSMC to verify its suitability in motor control.

* Design and performance evaluation of H-infinity, Adaptive and Robust
controllers for various drives can be developed.

* Suitable combinations of various controllers will further improve their
performance and can lead to an ideal controller suitable for industrial
automation.
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