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Abstract

Nowadays, the main concern of policy makers across the world is global warming due to
the emission of CO, in the atmosphere and researchers have an important role to play in this
regard. Furthermore, India is facing severe energy shortage eventhough the installed capacity
of Indian power sector is increasing continuously. To mitigate the shortages, Government of
India has set a goal “Mission 2012: Power for All' and one of its objectives is optimal utilization
of electrical energy. The energy shortage in India is due to the inefficiencies in power
generation, distribution and end use system. Economical and more practical method to limit the
energy shortage is “energy conservation”, particularly for industrial consumers who account for
more than 50 percent of the total energy consumption. In end use systems, the induction motor
can be considered as one of the largest consumers of electrical energy due to its well known
advantageous including robustness, reliability, low price and maintenance free operation. The
induction motors are used in both industrial and commercial sectors in a wide range of
applications, such as fans, compressors, pumps, conveyors, winders, mills, transports,
elevators, home appliances and office equipments. The influence of these motors (in terms of
energy consumption) in energy intensive industries is significant in total input cost. A small
increment in the efficiency of these motors by providing better control or optimum design can
result in substantial saving in the long period.

Induction motor is a high efficiency electrical machine when working closed to its rated
torque and speed. However, at light loads, imbalance in copper and iron losses, results
considerable reduction in its efficiency. The part-load efficiency and power factor can be
improved by making the motor excitation adjustment in accordance with load and speed. To
achieve this objective, the induction motor should either be fed through an inverter or
redesigned with optimization algorithms. The research in the present work is carried out both in
optimal design and control of induction motor to achieve maximum efficiency or minimum
operating cost.

The optimization of induction motor design with Artificial Intelligence (Al) and Nature
Inspired Algorithms (NIA) has received considerable attention recently. The optimized design of
a three-phase induction motor can be obtained by using standard non-linear programming
techniques. But these techniques are computationally very expensive and inefficient whereas
NIA is competent tool to solve non-linear programming problems. Different NIA based

optimization algorithms for induction motor design have been reported in literature. Particle



Swarm Optimization (PSO) technique has become very popular since last decade to solve
multi dimension non linear programming problems due to its less complexity, fast convergence,
etc., than Genetic Algorithm and Evolutionary Programming. Although the rate of convergence
of PSO is good due to fast information flow among the solution vectors, its diversity decreases
very quickly in the successive iterations resulting in a suboptimal solution. Aiming at this
shortcoming of PSO algorithms, many variations have been developed by the researchers to
improve its performance. Improved version of PSO called Quadratic Interpolation based
Particle Swarm Optimization (QIPSO) is used in the present work which gave better results
than reported in the literature in terms of fitness value. SPEED/IMD (Scottish Power Electronics
and Electric Drives), a motor design software is used to validate the optimization algorithms in
induction motor design.

Moreover, many researchers have focused their research on efficiency optimization of
induction motors that are working in industries through optimal flux control. In optimal flux
control, there are three main approaches to improve the induction motor efficiency at light
loads, namely loss model controller (LMC), search controller and hybrid controller (retain good
features of loss model and search control by mixing them). Since the induction motor is a large
consumer of electrical energy in the industries and its influence is more in energy intensive
industries, it is required to focus industrial loads. Economic analysis of some of the industrial
loads such as textile and mining industries are carried out in the present work. To maintain
good stability (minimum torque ripples and less overshoots in speed) of the motor during flux
adjustment, Fuzzy Pre-compensated Proportional Integral (FPPI) controller is used.

A comprehensive literature survey on the induction motor drives, design of materials during
construction and efficient control of part-load machine,. is carried out in the present work.
Common sources affecting induction motor efficiency and their solutions to improve it are
discussed in brief. An experimental study is investigated on induction motor with unbalance
voltages to study the negative effects of it on motor's efficiency. Economic losses due to
voltage unbalance are determined and the available potential of efficiency improvement
opportunities in the industrial sectors is discussed.

Induction motor design optimization is carried out in the present work with the help of
QIPSO algorithms and explored its superiority in comparison with normal design, Rosenbrock,
basic PSO and Simulated Annealing (SA) methods. The design of the induction motors
includes determination of geometry and data required for manufacturing the machine so as to

satisfy the vector of performance variables together with a set of constraints. Optimal design of



motors refers to ways of doing efficiently synthesis by repeated analysis such that the objective
function is maximized or minimized while all constraints are satisfied. There are large number
of design parameters involved in the design of the induction machine. Selection of objective
functions, variables and constraints are the main steps. The proper optimization of induction
motor design is achieved by intelligent selection of objective function and constraints according
to the requirement, and further selection of variables which affect the objective function and the
constraints. Material cost, efficiency, starting torque, temperature rise and operating cost are
taken as objective functions and nine performance indices as constraints. The design variables
which are most sensitive to the objective functions have been judiciously chosen. They are:
ampere conductors, ratio of stack length to pole pitch, stator siot depth to width ratio, stator
core depth, average air gap flux densities, stator winding current density, and rotor winding
current density. The objective functions and constraints are expressed in terms of the above
variables.

The effectiveness of PSO and QIPSO in terms of variable and constraint values selection is
realized by using SPEED software. By using the ranging function of SPEED, effect of various
design parameters are plotted against the objective function and some of the constraints. The
performance based optimal design of induction motor is also carried out to reduce the required
number of variables to design the motor. To achieve this, motor design is carried out by QIPSO
algorithm with seven variables. The design realization is then done by SPEED software and
selects minimum variables which are affecting the performance of the motor in depth. Again the
motor is optimized by QIPSO with reduced variables.

In practice, induction motors experience unbalanced terminal voltage when fed from power
supply and subjected to harmonics when fed through inverter. It results increased losses due to
time harmonics/negative sequence currents. These losses reduce motor's life and hence,
derating must be applied to avoid the damages. Moreover, to ensure consistent, efficient and
reliable operation of motors, accounting unbalanced stator voltage and harmonics in supply,
optimized design of the motor receives considerable attention from industry. The present work
investigates the performance and design of the induction motor under both unbalance and
harmonics in the supply. For unbalance voltage consideration, positive and negative sequence
currents are derived and incorporated in the motor design. For inverter supply, harmonic
currents are derived from the equivalent circuit and use them as additional constraint so that

motor design is carried out with limited harmonics.
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For optimal energy control of induction motor, flux level in a machine is adjusted to give
minimum operating cost for the industrial load. The flux controller improves the economics in
terms of operating cost (energy cost and demand charge cost) and the test results show that
the flux level in the most economic motor is adjusted according to load and speed, particularly
at light load. PSO is utilized to calculate optimal flux when LMC is considered and ramp search
method is used to decrement the flux when search controller is considered. Hybrid controller is
designed by mixing both LMC and search controller.

At any operating point of induction motor characterized by the speed and torque, an optimal
flux (in other words, optimal ratio of voltage and frequency) can be found that meets the
requirement of the operating point and minimizes the overall losses. To implement LMC,
induction motor loss model is developed and optimal value of flux is obtained to give maximum
efficiency of the motor. Maximum and minimum levels of flux and stator currents are forced as
constraints in the algorithm. In search control method, which does not require the knowledge of
the motor loss model, DC link or input power of the machine drive is measured regularly at
fixed interval and optimal flux producing current or flux value is searched which results in
minimum power input or stator current of the motor for the given values of speed and torque.
Once the DC link power is minimized the adjustment of flux is stopped and the current flux is
maintained. Hybrid controller is also used to retain good features of individual controllers, while
eliminating their major drawbacks. By this hybrid controller, slow convergence (drawback of
search control) and parameter variation (drawback of LMC) due to saturation and temperature
variations are eliminated and good results are obtained with rough knowledge of parameters.
To increase the stability of the motor drive during flux changes at variable speed and load
operation, Fuzzy Pre-compensated Proportional Integral Controller is used and compared its
results with conventional Proportional Integral (Pl) controller. Fuzzy pre-compensation means
that the reference speed signal is altered in advance using Fuzzy Logic in accordance with the
rotor speed, so that a new reference speed signal is obtained which helps to improve dynamic
performance of the motor. The combination of PSO and FPPI results in improved performance
of the motor compared with conventional controllers. In order to illustrate the importance of
efficiency optimized controllers in industries, a medium scale textile industry is considered for
economic analysis.

To summarize, the loss models of scalar and vector controlled induction motor are derived
with the consideration of saturation effects. The broad approaches of induction motor loss

minimization, namely loss model, search and hybrid controller are discussed with the special



attention of their advantages and drawbacks. Design improvements of induction motor by
selecting optimal values of variables and constraints using Particle Swarm Optimization and its
variant, called QIPSO, are given. Optimized results given by PSO and QIPSO are validated by
one of the electrical motor design software named SPEED/IMD and some benchmark
problems. The performance based optimal design of induction motor is also carried out and
achieved reduction in number of required design variables. Supply voltage unbalance and
harmonics are taken into account while designing the motor. A detailed study along with
simulation results of induction motor optimization though NIA based efficient control is
presented. FPPI controller is used to maintain good stability of the drive when the flux is
adjusted. Case study in a medium scale textile industry for economical analysis is also
presented. The results of both optimal design and control show excellent performance of the
~ motor with proposed optimization algorithm, in terms of efficiency, operating cost,

manufacturing cost, starting torque and temperature rise.
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Chapter 1

Introduction and Literature Review

%

Edison, a famous inventor and industrialist has said that only rich people can use

|

candles in the future which is still a distant reality. Nowadays, the main concern of policy
makers across the world is global warming due to the emission of CO, in the atmosphere
and researchers have an important role to play in this regard. Kyoto protocol, an
international agreement between more than 170 countries, has been created to bring down
the level of emission of greenhouse gasses (include carbon dioxide, methane and nitrous
oxide) to the levels of early 1990s. This agreement provides an opportunity to developing
countries like india, China for setting up new eco friendly technologies, thereby earn carbon
credits. In the year 2007, the contribution of India to carbon trading was around 20%.

Even though the installed capacity of Indian power sector is increasing continuously, the
country is still facing severe energy shortages. To mitigate the shortages, Government of
India has set a goal “Mission 2012; Power for All” and its objectives [74] are as follows,

o Sufficient power to achieve GDP growth rate of 8%.

e Reliable of power

e Quality power

e Optimal utilization of electrical energy

» Commercial viability of power industry

e Power for all

The Bureau of Energy Efficiency (BEE) created under the Energy Conservation Act in
India which is responsible for taking up both promotional and regulatory function required
for successful implementation of energy conservation measures. Bridging the demand-
supply gap through capacity addition alone is an expensive option. Therefore, cheaper and
more practical solution is the “energy conservation”, particularly for industrial consumers
who account for more than 50 per cent of the total energy consumption.

The Induction Motor (IM) can be considered the largest consumer of electrical energy
due to its well known advantageous including robustness, reliability, low price, maintenance
free operation. It is used in both industrial and commercial sectors over a wide range of
applications, such as; fans, compressors, pumps, conveyors, winders, mills, transports,
elevators, home appliances and office equipments. Pumping systems account for nearly

20% of the world’s electrical energy demand and range from 25-50% of the energy usage in

1
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certain industrial applications. The influence of these motors (in terms of energy
consumption) in energy intensive industries is significant in total input cost

Induction motors consume around 70% of the electricity used in industries and hence, a
small increment in the efficiency of these motors by providing better control or optimum
design can result in substantial saving in the long period. Furthermore, increasing oil prices
on which electricity and other public utility rates are highly dependent are rapidly increasing.
It, therefore, becomes imperative that major attention be paid to the efficiency of induction
motors [183].

Induction motor is a high efficiency electrical machine when working closed to its rated
torque and speed. However, at light loads, no balance in between copper and iron losses,
results considerable reduction in the efficiency. The part-load efficiency and power factor
can be improved by adjusting the motor excitation in accordance with load and speed. To
implement the above goal, the induction motor should either be fed through an inverter or
redesigned with optimization algorithms.

To conserve electrical energy in the industrial sector through a reduction in losses of
induction motor, it is particularly interesting to deal with energy intensive industries like
textile industry and mine industry. Because textile industries are found to be energy
intensive (4% energy cost in total input cost) compared to other industries like chemical,
food, computer manufacturing, etc. [122], and hence such industries are considered in the
present work to reduce the energy cost and the total input cost.

Apart from optimal control, the induction motor efficiency can also be improved by
modifying materials and construction with the help of advanced optimization techniques.
Optimum design of induction motor is a non-linear multi dimension problem whereas
optimal control is a single or two dimension problems. Therefore the role of optimization
techniques is more important in design than control of IM to get global optimum.

This dissertation deals with both the techniques (optimal control and design) to achieve
minimum energy losses or maximum efficiency of the induction motor in a wide range of
load and speed variations. To complete this goal, induction motor loss model and the load
diagrams of textile and mineral industries are collected for optimal control of induction
motor. One of the Nature Inspired Algorithms (NIAs), Particle Swarm Optimization (PSO)
and its improved version have been developed for optimal design of induction motor with

careful selection of variables and constraints.
1.1 Design Optimization of Induction Motor

The optimization of induction motor design with Al and NIA has received considerable

attention recently. The design optimization of a three-phase induction motor can be
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formulated as a general non-linear programming problem and standard non-linear
programming (NLP) techniques can be used to solve it. But these NLP techniques are
computationally very expensive and inefficient whereas NIA is competent tool to solve NLP.
Extensive work has also been reported in the past on inverter-fed induction motor design in
order to minimize torque ripples and harmonic currents.

The digital computer has made this task much simpler than the old techniques (using
previous experience of the engineer to select variables and constraints), but even so the
number of possible designs is too large that it is not practical to check all the alternatives
[152]. Furthermore, optimal controi of IM is also essential one because it is not possible to
optimize the motor efficiency for every operating point by optimizing machine design.

1.2 Energy Efficient Control of Induction Motor

The first principle of electrical energy conservation through optimal control is: don’t need
electrical energy in the form of light, heat and others turn it off The next option is that use
energy efficiently in consumer appliances. One of the most common practices contributing
to sub-optimal induction motor efficiency is that of partial loading. Under-loading of induction
motor is common for several reasons. Original equipment manufacturers tend to use a large
safety factor in motors they select. Under-loading of the motor may also occur from under
utilization of the equipment. For example, machine tool equipment manufacturers provide
for a motor rated for the full capacity load of the equipment example, depth of cut in a lathe
machine. The user may need this full capacity rarely, resulting in under-loaded operation
most of the time. Another common reason for under loading is selection of a larger motor to
enable the output to be maintained at the desired level even when input voltages are
abnormally low. Finally, under-loading also results from selecting a large motor for an
application requiring high starting torque where a special motor, designed for high torque,
would have been suitable [26].

Some industrial examples of induction motor drive with partial load are spinning drive in
textile industry, mine-hoist load in mineral industry and pumps in all types of process
industries. In these applications, induction motor should operate at reduced flux causes a

balance in between iron losses and copper losses results efficiency improvement.

a) Spinning Drive in Textile Industry
A ring spinning frame manufactures the cotton into yarn that is wound on spindles (Fig.
1.1) and used to feed cone winding machine. After that it can be used to make end products

such as clothing with the help of weaving machine.
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Fig. 1.1 Textile spinning ring frame

The induction motor is employed as main drive with a power rating in the range of 25
kKW to 75 kW. The shaft load of motor is depending on the quantity of yarn in the spindies.
The quantity of the yarn in the spindles varies from zero (when the process starts) to full
(when process completes), hence the motor shaft load varies from zero to rated. Discrete
nature of load points is considered for ease of analysis, shown in Fig.1.2. Energy saving

potential is mainly available in the motor up to time t; from start.
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Fig.1.2 Average load diagram of a typical spinning ring frame drive motor

b) Mine Hoist Load

The load diagram of mine hoist in a mineral industry is shown in Fig.1.3 [32]. Region ‘3’
of this load diagram offers light load (0.14 pu) and half rated speed of the motor. This
dissertation focuses this region for optimal energy control using PSO because the

adjustment of flux level is mainly required at lightly loaded condition.
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Fig. 1.3 Mine hoist load diagram

¢) Energy Saving in Pumps

Pump drives have applications in all the industries and their importance is more in
chemical plants, refineries and boilers. Earlier the pumps were run at a constant speed by
induction motor and control the fluid flow was obtained by mechanical arrangements such
as throttling valve.

Fig. 1.4 [43] shows pump and load characteristics by controlling fluid flow (a) throttling
valve and (b) pump speed with the help of Adjustable Speed Drives (ASD). Load curve has
two components: one to lift the fluid to the required height and other to overcome friction.
The steady state operating point is obtained where the two curves are intersected. The
operating point P corresponds to maximum opening of the valve, and therefore, provides

maximum flow of fluid.
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Fig. 1.4 Control of flow in a pump by control of: (a) Valve opening (b) pump speed.

If the fluid flow is controlled by adjusting throttling valve, which added extra resistance in
the tube, the friction component is increased and load characteristic is changed from P to Q
(shown in Fig. 1.4 (a)). This change in operating point clearly indicates the reduction in fluid
flow but the pump head has increased. It is noted that the power consumption by the pump

remains same (or somewhat higher due to increase in head) even lower fluid flow.
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If the pump is fed through ASD, no need to adjust valve to control the fluid flow and kept
the valve at maximum opening. To control the fluid flow in this case, simply reduce the
speed of the drive and hence the operating point is shifted from P to Q' (shown in Fig. 1.4
(b)). Here, pump head is largely reduced and the fluid flow is same as point Q. Since output
power of pump is the product of head and fluid flow the power to be supplied by ASD is
significantly lower. Thus energy conservation is taking place and the saving is much large if

the pumps have ratings in megawatt range.
1.3 Literature Review

Efficiency optimization is very much essential not only to electrical systems, but also
helpful in reduction of global warming. This section presents a review of the developments
in the field of efficiency optimization of three-phase induction motor through optimal control
and design techniques. Optimal control covers both the broad approaches namely, loss
model control (LMC) and search control (SC). Optimal design covers the design
modifications of materials and construction in order to optimize efficiency of the motor. The
use of Artificial Intelligence (Al) techniques such as Artificial Neural Network (ANN), fuzzy
logic, expert systems and NIAs in optimization of induction motor design and control are
also included.

Since engineering problems require global optima academic as well as industrial experts
are giving more attention to evolutionary search techniques such as genetic algorithm,
PSO, simulated annealing (SA), differential evolution, etc. Some of the design optimization
results using conventional algorithms [8], [15], [19], [34], [51], [52], [55], [56], [58], [68], [72],
[75], [83], [96], [110], [113], [114], [138], [144], [151], [152], and Al and nature inspired
algorithm based techniques [16], [37], [84], [121], [156], [170], [181] are available in the
literature. In optimal control, there are two main approaches to improve the induction motor
efficiency at light loads, namely loss model controller (LMC) [1] - [4], [13], [25], [28], [30],
[39], [48], [60], [61], [66], [67], [76], [80], [85], [86], [88], [94], [97], [98], [115], [129], [130],
[133], [134], [136], [145], [146], [157] - [161], [165], [171], [172], [177], [180], [182] and
search controller (SC) [22], [35], [47], [59], [81], [86], [89], [104], [109], [111], [119], [154],
[161] for minimum power input. References [29], [63], [178] described both LMC and SC.
References [6], [27], [42], [61], [64], [123] described some other controls of IM efficiency
optimization and [18], [24], [41], [117], [141], [184] described soft starting to improve motor
performance. LMC determines the optimal air gap flux through the motor loss model. In
case of search control, it measures the input power of the drive and searches for optimum

flux or excitation current of the motor.
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1.3.1 Optimal Design of Induction Motor

a) Conventional Algorithms

Statistical method [68], Monto Corlo [8], Sequential Unconstraint Minimization
Technique (SUMT) [113], [138], [151], Hook Jeeves (HJ), [52], modified Hook Jeeves [56],
[96], Han Powel method [58], modified Han Powel method [144] are the few methods which
have been applied successfully in induction motor design in the past.

In [58], Modified Hook Jeeves (MHJ) search method was applied to an induction motor
design based on efficiency optimization and its results were compared with Han Powel
method and simple HJ method. Same authors in Ref. [56] have used HJ method to optimize
a new motor and their results were compared with conventional industrial motors.
Efficiency, efficiency-cost and cost are considered as objective functions. Authors analyzed
the effects of supply voltage variation in the motor performance and concluded that higher
efficiency can be obtained by increasing the voltage. Optimal design of induction motor for
the application of electric vehicles was performed in [65] using MHJ method with the
objective of a weighted summation of motor losses. Voltage and current harmonics were
considered in their work. Service condition has been considered in [110] before taking the
design optimization of IM. Authors of above paper concluded that the following
modifications have helped to consume minimum energy in pump load systems, (i) stator
core length increased up to 130%, (ii) number of stator winding turns decreased up to 10%.

Hydraulic pump in aerospace applications have been considered in [34] for design
optimization. Supply frequency, environment and inrush current are considered as
constraints in addition with normal constraints. Induction motor design with two objective
functions was carried out in [75], one was of material cost and other was of operating cost.
A global optimization approach has been introduced in [72]. Here error is taken as an
objective function (for efficiency maximization, calculate efficiency in each step and find
error (100-efficiency)). If error is more, large step size was used for adjusting variables.

Sequential unconstraint minimization technique (SUMT) was successfully applied to
optimize IM in [113], [138], [151]. Torque pulsation has been considered in [151] as an
additional constraint for an inverter fed IM design. Authors suggested that the flux and
higher order harmonic currents should be as low as possible to have least pulsation.
Reactance should be maintained at least 4 times greater than normal machine. Stack length
and stator and rotor current densities to be decreased. Also to have a least pulsation, select
stator core depth greater, rotor slot depth deeper and larger stator bore dia. Energy efficient

irrigation pump was designed using SUMT with interior penalty function approach in [113].
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In [14], constraint Rosenbrock method (Hill Algorithm) used to optimize the motor.
Material cost was considered as an objective function and concluded that higher value of
current densities required for getting optimum value. Six to four pole machines are to be
selected for adjustable speed applications even upto 3600 rpm speed required, suggested
in [51].

Sequential Quadratic Programming (SQP) for non-linear constraint optimization
technique was successfully implemented to IM design in [152]. In this paper, authors have
included practical considerations to reduce the computation time. The following are the
practical considerations,

o Effects of different starting vectors:

Here the starting values of variables are taking their lower limit, upper limit and
intermediate values. Then the analysis was carried out in the objective function value
iteration by iteration. The values of the variables available in the literature were also
considered for analysis. Out of four combination of variables, the upper limit value of
variation offered poor results at starting but good results at final iteration.

e Effect of different step size

Authors have observed that the step size for increasing variable values is either too
small (less than 10°) or too big (greater than 0.1) deteriorates the result in 30 kW IM and
recommended to set the value 0.005 as step size to get good results.

o Effect of constraints:

Authors reported that there was no distinct difference between different sets of
constraints considered for analysis.

e Effect of changing objective function:

Authors considered various types of objective function like efficiency, power factor and
torque and observed that efficiency was slightly affected when torque was considered as an
objective function.

e Change of variables and performance parameters with iteration:

Authors set the entire variables to upper limits and analyzed the performance related
parameters with iteration. From the observation, efficiency and power factor were almost
same from second iteration onwards.

Stator copper losses and core losses including harmonic losses are reduced by optimal
selection of stator slot design in [83]. Authors used finite element method (FEM) to design
the same and reduced core and winding losses by 2.22%. IM efficiency has been improved
in Ref. [19] by modifying production technological process and is called as no tooling cost
(NTC). It does not require a complete redesign of laminations. Authors modified the

following in a totally enclosed fan cooled standard induction motor, (i) the rotor with copper
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bar included in the slot before the aluminium die cast of the cage, (ii) increase of the core
axial length, (iii) Annealing of the stator core. Authors finally concluded that the production
cost for higher efficiency motors in considerably reduced by NTC.

b) Al and NIA Based Algorithms

Most of the NIA have been considered in [121] for IM efficiency maximization. GA was
applied to IM design and achieved 25% reduction of the total cost [37]. In Ref. [181], genetic
algorithm was used and good resuilts were achieved in terms of convergence time/global
convergence and the ability to handle discrete variables. In Ref. [170], GA was used to the
design of permanent magnet brushless DC motor with the focus of efficiency optimization
and achieved improvement by 1.5% than computer aided design. Hybridization of
evolutionary programming (EP) and simulated annealing (SA) also proposed and applied to
IM design [121]. Authors used EP to search the optimum point where as SA assists EP to
converge towards the optimum point. Authors concluded that EPSA (hybrid) performed well
for the design of induction motor.

Improved evolution strategy (ES) (hybrid of SA and GA) has been considered in [84] for
the motor design serving to electric vehicle. Shaking technique was included to avoid local
minima which appear in conventional ES. In Ref. [16], authors used SA to design three-
phase induction motor and concluded that SA performed better than conventional methods.
In Ref. [156], fuzzy logic was used as expert system to design the electromagnetic systems.

1.3.2 Optimal Control of Induction Motor

Optimum control of IM is essential one because it is not possible to optimize the motor
efficiency for every operating point by optimizing machine design. In many applications of
constant speed operation, induction motors operate under partial load for prolong periods,
such as spinning drive in textile industry, mine hoist load, drill presses and wood saw. A
simplest method to improve efficiency of induction motor operate at light load is to keep the
motor connection in star results reduced power consumption. In the operation of motor at
star mode, however, the developed torque and temperature rise are to be measured and
keep at normal. Even though this method is not suitable for wide range of partial loads, still
it is working at many textile industries in India.

1.3.2.1 Loss Model Based Controllers

The role of loss model controller is to measure the speed and stator current and
determines optimal air gap flux through the loss model of the motor. The inner part of the
control algorithm may be in scalar (1], [3], [4], [25], [61)], [76], [85], [86], [94], [115], [129],
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[134], [145], [146], [157], [158], [180], [182] or vector [2], [13, [28], [30], [39], (48], [60], [66],
[67], [80], [97], [98], [130], [133], [136], [159] —[161], [165], [171], [172], [177]. In scalar
control technique, variables are controlled in magnitude only whereas in vector control,
variables are controlled in magnitude and phase. The complex induction motor can be
modelled as DC motor by performing simple transformation in the vector control scheme.
One advantage of loss model controller is that there is no delay in calculation of optimal flux
and drive performances but time delay occurs in case of search control due to the search.
Artificial intelligence controllers like artificial neural network, fuzzy, PSO, GA can also be
used for finding optimal flux level with minimum time. The exact values of machine
parameters including their variations due to core losses and main inductance flux saturation
are required in this approach. Many researchers have reported several strategies using
different variables to minimize losses in IM. Some algorithms use slip speed [66], [67],
[134], [158], rotor flux [39], [60], [85], excitation current [177], voltage [146], [159] — [161]

etc. as variables.

a) Scalar Controlled Drives

The behaviour of an ac induction motor drive is described by three independent
variables- the speed, the terminal voltage, the terminal frequency- and the parameters of
the motor and its power supply [94]. At any operating point characterized by the speed and
torque, an optimal flux (in other words, optimal ratio of voltage and frequency) can be found
that meets the requirement of the operating point and minimizes the overall losses. Losses
of the IM are represented by resistances in the equivalent circuit [85]. The stray load losses
are represented by the additional resistance in the stator side. The power losses in the
resistances depend on stator current and should be measured to calculate optimal air gap

flux as well as to avoid over current flow in the motor [86].

(i) Conventional Controllers

In Ref. [85], a loss model controller with detailed analysis for minimizing the losses in
scalar controlled induction motor is presented and suggested that the air gap flux is always
kept greater than 0.3 pu independently on LMC command. This is because very low flux
creates more motor currents and disturbs torque, and finally losses will be more. Authors of
the above paper have concluded that rated flux operation essential during transient
(starting) to maintain good dynamics. The detailed study on efficiency optimization of scalar
controlled IM is available in [88].

The procedure described in Ref. [158] is based on optimal slip control of current source

inverter fed induction motor. First, the optimal slip is searched by trial and error with the help
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of loss model and the results are tabulated in the microprocessor memory. Then the motor
is operated at optimal efficiency by simply tracking the optimal slip given in the table.
Optimization was carried out successfully at centrifugal pump drives and is available in [34].

The variables, input voltage and frequency are considered to optimize the motor
efficiency in [146]. Authors achieved 10-15% of efficiency improvement in a 2 hp induction
motor at 0.4 pu load. Core saturation, source harmonics and skin effects are included in
their research.

The flux level of the motor can be adjusted to get maximum efficiency without
considering inverter losses in small drives less than 10 kKW, but the effect of inverter losses
in medium size (10-1000 kW) drives is significant [4]. Authors conciuded from their
experiments that there was no critical issues in the drive operation when the converter
losses are neglected but the robustness decreases when disturbance occurs. More studies
on efficiency optimization of scalar controlied IM was carried out in (11, [3], [25], [61], [76],
[87], [115], [129], [145], [182].

(ii) Al and NIA Based Controllers

Many recent developments in science, economics and engineering, demand numerical
techniques for searching global optima to corresponding optimization problems [180]. As
discussed earlier, the effect of motor parameter variations has been focused in [157] and
GA is used to search motor parameter to avoid error in the loss model. Then optimum
values of voltage and frequency were arranged in a table for the energy saving controller. A
3-3-1 feed forward neural network (NN) was used in [136] to implement loss model
controller. The inputs to the NN are torque, speed and rotor resistance of the IM and the
output is the optimum rotor flux to minimize total losses. In Ref. [159], [160] authors used
offline NN to find optimal voltage values to attain the best efficiency of the IM in a short time
with only two step changes in the voltages, irrespective of load, to settle at the desired
speed or torque.

In Ref. [48], [66], [67] authors used particle swarm optimization (PSO) as a searching
tool to find the optimal value of variables for which the objective is maximum/minimum. Slip
speed is considered in [66], [67] and the values of flux and hysteresis bands are considered
in a direct torque controlled IM [48] as a variable to minimize losses. ANN is used for
impiementing optimum variables in the controllers. PSO is used to adjust proportional

integral differential controller gains in [25] and get less torque and speed ripples in the drive.
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b) Vector Controlled Drives

In vector control, the variables are considered in magnitude and phase. This technique
of control needs more calculation than scalar control. The field oriented controller (FOC)

generates the required reference currents based on the reference torque.

(i) Conventional Controller

Generalized d-q loss (vector) model including core saturation effects is presented in [13]
and optimized IM, permanent magnet synchronous motor, direct current motor,
synchronous reluctance motor through optimal excitation current (ids). Authors took optimal
igs calculation less than 7ps in an experimental set up and concluded that minimum losses
are reached when d-axis power losses equal to g-axis power losses. Induction motor
equivalent circuits in d-q coordinates with stator and rotor core loss resistances are given in
[171]. Parameter variations effects during losses minimization in induction motor through
the simple IM loss models including iron losses are studied in [60] and achieved minimum
electromagnetic losses by proper adjustment of magnetic flux. The procedures to get
minimum energy in [39] are: (i) derive the study state values of currents and fluxes for the
given load, (ii) design the steady state feedback control based on lyapunov, and (iii)
implement the steady state values in real time and finally got good torque stability when
minimum energy operation of induction motor.

In Ref [98], Loss Minimization Algorithm (LMA) has been simplified with a voltage
dependant source and loss resistance. Authors considered current and voltage constraints
when searching the optimal flux level and suggested that the model without leakage
reactance yield a higher loss than the actual one.

The modified equivalent circuit of IM in d-q coordinates is presented in [165] with the
consideration of inverter switching losses. The newly defined parameters R, R, are stator
and rotor resistances respectively. Stray load losses are associated with stator and rotor
leakage fluxes. Authors of Ref [165] determined harmonic iron losses in laminated iron
cores under non-sinusoidal excitation. Minimum time- minimum loss speed control of IM is
described in [30].

Two common problems on lightly loaded motor are highlighted in [177] that are: (i) large
speed drop when increasing sudden load torque, and (ii) slow acceleration. Authors
proposed one algorithm which distributed stator current optimally into the flux producing
current and torque producing current during a sudden load torque impact occurring at light
load. The algorithm was accounted for main flux saturation effects in the machine and was

shown the dynamics of the flux variation.
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(ii) Al Based Controller

A hybrid technique, GA-PSO based vector control of induction motor for loss
minimization as well as torque control is presented in [80]. PSO was used for mutation
process of GA to improve the learning efficiency of GA. Floating point GA is applied in [130]
for minimizing IM losses through flux adjustment. Basic GA is used in [172] to identify rotor
time constant from the error between motor and commanded stator currents, which helped
in on-line adjustment of slip angular speed. Optimum flux producing current and
corresponding efficiency are focused in [2], [130] by using neural network. Change in core

loss resistance (R,,) due to flux and frequency have taken into account. The variation in the

iron loss resistance can be found from the equation (1.1) [2], where R, is the value of R, at

rated frequency and flux.

_ f IR 2
Rm Rmb( frated) (/Drated) (1.1)

1.3.2.2 Search Controller

Search Control (SC) does not require the knowledge of the motor loss model for
implementing optimization controllers. This controller measures the input power of the
machine drive regularly at fixed interval and searches optimal fiux value which results in
minimum power input or stator current for the given values of speed and torque. Torque
ripple is always present in SC due to the oscillations in the air gap flux.

Induction Motor efficiency optimization through search control was successfully carried
out in [22], [35], [47], [59], [81], [86], [89], [104], [109], [111], [119], [154], [161] for minimum
power input. The advantages of search control in induction motor efficiency optimization are
as follows [89],

e If the power input is measured on the source side of the rectifier, the
minimization is not restricted to the motors but affects the entire system and
thus reduces the total amount of energy consumed.

* Since the source voltage and current waveforms have a much smaller
harmonic content than the corresponding motor waveforms, the power
measurement is more accurate and easier to obtain.

* Insensitive to parameter variation in the motor due to thermal and core

saturation effects.
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a) Scalar Controllers

In Ref. [57], the authors described the problems that arise while considering input power
instead of stator current as the controlled variable to optimize the efficiency of IM. When
stator current is used as variable, its minimum can be more easily detected than the input
power. Stator current leads to more loss reduction and less torque ripple due to the
absence of oscillation in the air gap fiux. In Ref. [86], the authors presented the loss
minimization process in the 1 hp drive when both the controlled variables are considered
and it is revealed that power input to the drive is smaller in stator current minimization than
the power input minimization.

Minimum power input to the drive is achieved by adjusting inverter input frequency in
[86]. Authors have shown a significant efficiency improvement as compared to v/f control
and concluded that large energy saving potentials available in pump and fan drives. In Ref
[35], three controllers, first controller carried out voltage adjustment according to losses for
minimum power input. The second controller changed the frequency to correct rotornspeed
losses caused by voltage drops. The third controller produced an initial commanded

frequency which compensates the variation in slip with changing load and speed.

b) Vector Controllers

Smooth variation instead of step change in control variable to minimize input power of
IM was proposed in [171]. Flux producing current (igs) was considered as variable. Torque
producing current (i;s) also adjusted in accordance with ids to avoid deterioration in the
torque. From the experience of the authors in [89], a 7.5 hp motor took 7 seconds for
completing minimization program (reduces flux step by step until input power is minimized)
and the minimization process depends on the motor time constant. Thus longer is the time
for high rated motor and shorter is the time for larger rated slip. Moreover fast convergence
produce more ripples in the torque. The squared rotor flux was adjusted in [81] until the
measured input power reached to minimum. Since the controller depends on rotor
resistance its variations were also taken into account. Three indirect vector control schemes
namely, stator flux field orientation, rotor flux field orientation and air gap flux field
orientation were used in [119] for optimizing IM torque and efficiency and it concluded that

rotor flux field orientation offers best optimal efficiency.
¢) Al and NIA Based Controllers
Fuzzy logic based search control for optimizing IM efficiency is described in {47], [109],

[154], [161]. Loss minimization during transient state by adjusting flux level using fuzzy logic

has been proposed in [47]. Voltage was considered as a controlling variable in [161]. For
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both steady state and transient state, fuzzy logic was used to optimize motor efficiency in
[154]. In [109], fuzzy logic was used to decrement flux till the drives settled down to
minimum input power. But the speed or torque command changes, the efficiency
optimization using fuzzy abandoned and the rated flux was established to get the best
transient performance. Feed forward torque compensator was used to reduce torque

pulsation.

1.3.2.3 Combination of Loss Model and Search Based Controllers

Ref. [29], [63], [178], use both LMC and SC to analyze induction motor efficiency
optimization. The controller developed in [178] ensures to retain good features of both the
LMC and SC, while eliminating their major drawbacks. Authors used input power in order to
identify on-line the loss function parameters and optimize flux value. Therefore slow
convergence (drawback of SC) and parameter variation (drawback of LMC) were
eliminated. Hybridization of LMC and search control was performed in [27] and it achieved
good results with rough knowledge of parameters. LMC compared with SC in [63] and
concluded that the LMC is more appropriate in FOC because optimal flux can be imposed in
a short time where as search control varies the flux continuously and produces more
oscillation in the torque.

A new approach to IM efficiency optimization using natural variables is presented in [42].
Core loss resistance and saturation dependent magnetizing inductance were used as
variables to find optimal rotor flux and corresponding minimum losses. The controller was
implemented in stationary reference frame through input-output linearization with
decoupling technique.

Optimal slip control has been used to implement maximum torque per ampere control of
IM in [27]. The specialty of this technique is that it can be implemented in the same drive
which is already having v/f control. Torque command of the torque loop in IM drive is set
based on the optimal slip control in [61].

Ref. [64] explained how energy saving work can be applied in IM through proper
ventilation. Authors compared the properties of a machine with its own and outside
ventilations. In a 3 hp motor with foreign ventilation, the lowering of temperature is the most
significant for a supply voltage frequency near the rated one. In case of own ventilation, low
temperature is obtained when the supply frequency is much less than the rated one. Own
ventilation helped to decrease the winding temperature.

Ref. [6] presented terminal impedance control for energy saving in induction motor and it

is good for practical applications because no speed transducer is required. Authors
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suggested that this controller is effective up to 35% load and can save up to 10% of total
energy consumed by the motor.

Intermittent disconnection of the supply is one method to conserve energy which is
described in [123]. It is applicable only to low hp motors due to transient problems during
switching. Authors achieved up to 50% energy saving in the motor and suggested that the
switching off one phase of three phase supply during partial load of motor does not
contribute any savings.

Performance optimization of IM during soft starting by eliminating supply frequency
torque pulsation and keeping line current constant was presented in [184]. Starting torque
pulsation is eliminated by triggering back to back connected thyristors at power points at the
first cycle of the supply voltage. This technique is not suitable for the motors which require

more starting torque.

1.4 Scope of Work and Author’s Contribution

Induction motor is a large consumer of electrical energy in the industries and that its
influence is more in energy intensive industries like textile and mine. industries. It is a high
efficiency electrical machine when working close to its rated torque and speed. However,
the influence of many factors like partial load, rewinding, time and space harmonics and
power quality disturbances, results in considerable reduction in the efficiency. A small
increment in the efficiency of these motors by providing better control or optimum design
can result in substantial saving in the long period. In general, there are two broad
approaches to improve the induction motor efficiency, namely optimal design and optimal
control.

After exhaustively review of the existing literature in the field of optimal design and
control of induction motor, it is found that extensive efforts are being made to improve the
performance of these motors, particularly for industrial motors where partial loading occur,
with the help of advanced energy optimal controllers. Furthermore, efforts are also being
made to improve the motor design with the consideration of non-ideal supply voltages
(unbalanced and non-sinusoidal voltages).

Spinning drive motor in textile industry and hoist-load in mineral industry are identified
as partially loaded motors which suffer from poor efficiency and more operating cost in the
plant as well. These loads are concentrated to focus in the present work with NIA based
optimal control of induction motor fed with Pulse width Modulated (PWM) Voltage Source
Inverter (VSI). In this control, the flux level in a machine has been adjusted to give minimum
operating cost for the industrial load. The flux controller improves the economics in terms of

operating cost (energy cost and demand charge cost) and the test results (presented in
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chapter 6) show that the flux level in the most economic motor will be adjusted according to
load and speed, particularly at light load. To increase the stability of the motor drive during
flux changes at variable speed and load operation, Fuzzy Pre-compensated Proportional
Integral (FPPI) Controller is used and its results have been compared with conventional
Proportional Integral (Pl) controller.

Apart from optimal control, induction motor design optimization has also been
concentrated with the help of PSO algorithm, which is very familiar since last decade to
solve multi dimension non linear programming problems. Variant of PSO, called Quadratic
Interpolation based Particle Swarm Optimization (QIPSO) is also used and explored its
superiority in comparison with normal PSO, Simulated Annealing (SA) and constrained
Resenbrock method. To realize the importance of PSO in terms of variable and constraint
values selection, SPEED (Scottish Power Electronics and Electric Drives) - IMD (Induction
Motor Drives) software is used and the results are analyzed in detail.

The variables required to design induction motor are reduced based on the motor
performance which was carried out by SPEED/IMD and much reduction in computation time
without compromising optimum design results was observed. Harmonic current is derived
from the harmonic equivalent circuit and it has been forced as an additional constraint so
that motor design is carried out with limited harmonics when fed from inverter supply.

In practice, induction machines experience over-voltages and under-voltages,
depending on the location of the motor and the length of the feeder used. Furthermore, the
supply voltage is not always balanced. Therefore, the motor will experience a combination
of over- or under-voltages with unbalance voltages [132]. Moreover, consistent, efficient and
reliable operation of motors, accounting unbalanced voltage in the stator terminals and its
optimized design will receive considerable attention from industry. Effects of unbalanced
stator voltage in the design variables, motor torque, temperature rise and efficiency are also
analyzed.

Thus the main contributions of the author can be summarized as follows:

1. Optimal control of industrial motors by adjusting the flux level during variable
load and speed operation-
* A complete mathematical modeling of the drive is carried out with the special
attention of their losses.
e Data of industrial loads such as spinning drive motor in textile industry and
mine-hoist in mineral industry are collected.
e Simulation model of the induction motor drive with loss model control,

search control and their hybridization is developed. Fuzzy Pre-Compensated
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Controller is designed to achieve better dynamic performances of the motor
during flux adjustment.

e Exhaustive simulations are carried out to evaluate the performance of the
motor operating with given ioad diagram.

e Various performance indices such as input power, operating cost, speed and
torque are evaluated.

e Case study in a medium scale textile industry for economical analysis is

presented.

2. Optimal design of induction motor using Particle Swarm Optimization (PSO) and
its improved version called Quadratic Interpolation based Particle Swarm
Optimization (QIPSO) algorithm-

e Formulated the induction motor design problem with seven variables,
nine constraints and five objective functions.

e Developed PSO and QIPSO algorithms to solve induction motor design
problem.

e Supply voltage unbalance and harmonics are taken into account while
designing the motor.

e Optimized results given by PSO and QIPSO are validated by SPEED
software.

e The performance based optimal design of induction motor using SPEED
is carried out and achieved reduction in number of required design

variables.
1.5 Thesis Organization

The thesis is divided into seven chapters and are organized as follows,

Chapter 1, which reports the methodologies to optimize the induction motor drives,
design of materials during construction and also efficient control when the motor is operated
in part load. The potential of efficiency improvement opportunities available in the industrial
sectors are presented. Furthermore, a comprehensive literature survey on improvement of
efficiency of induction motor through optimum design and control with conventional, Al and
NIA based controllers or algorithms are presented.

Chapter 2, which presents the common sources affecting induction motor efficiency and
their solutions to improve it are briefly discussed. An experimental study on the induction

motor operation under unbalance voltages is conducted to see the negative effects of it on
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motor’s efficiency. The broad approaches of induction motor loss minimization, namely loss
model controller and search controller are discussed. Finally the design aspects of induction
motor and the role of SPEED software used in design optimization are discussed.

Chapter 3, which deals with the mathematical model of vector controlled induction
motor drive. The complete induction motor drive scheme is explained in detail. The drive
model consists of a front end diode converter, Pulse Width Modulation (PWM) inverter,
induction motor, energy optimal controller, current control and a speed controller. Stator
reference frame induction motor model equations are derived. Optimal energy controller is
designed through the loss models of entire variable speed drive systems to adjust the flux in
accordance with the load. Fuzzy Pre-Compenstaed Proportinal Integral (FPPI) controiler is
designed to solve stability problems in the drive during flux adjustment.

Chapter 4, which investigates the design improvements of induction motor by selecting
optimal values of variables and constraints using Particle Swarm Optimization (PSO). How
the improved version of basic PSO called Quadratic Interpolation based PSO (QIPSO) is
effective in design optimization of induction motor is also shown. Five objective functions
namely, material cost minimization, efficiency maximization, starting torque maximization,
temperature rise minimization and operating cost minimization are focused in this chapter.
The design is also performed for the motor under unbalance and harmonics in the supply.

Chapter 5, realises the induction motor design results of chapter 4 which are obtained
by Particle Swarm Optimization (PSO) and Quadratic Interpolation based Particle Swarm
Optimization (QIPSO) via SPEED (Scottish Power Electronics and Electric Drives) software.
The effects of variables (width of the stator slot, depth of the rotor slot and length of the
stator stack), which are more dominant to give good design, in the performance indices are
plotted by the help of ranging function in the SPEED. The number of required variables to
get optimum design results of motor is reduced. Performance based optimal design of
induction motor using SPEED is carried out and its results are analyzed. Theoretical
justification is also given for the design with minimum material cost.

Chapter 6, presents simulation studies on the energy optimal control of an inverter-fed
three-phase induction motor. The first part gives an overview of various controllers example:
loss model controller, search controller and their hybridization. Second part considers mine
hoist drive of a mineral industry and the implementation of efficiency optimization controllers
with the help of Particle Swarm Optimization (PSO) and fuzzy logic. Fourth part analyzes
the efficiency improvement of spinning drive of textile industry along with a case study in a
medium scale industry. Fuzzy Pre-Compenstaed Proportinal Integral (FPPI) is used to

improve motor's dynamic performances during the activation of energy optimal control.
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Motor is also simulated for the possible wide ranges of speed and torque in addition with
industrial loads.

Chapter 7, concludes on the whole thesis and gives its future scopes.

Appendices (design expressions, test motor specifications, MATLAB/SIMULINK models
and the various standards involved induction motor efficiency measurement) are given in
the end.



Chapter 2

Efficiency Improvements in Induction Motor Drive

—— —_— — —_— ————)

[The factors affecting induction motor efficiency are discussed in this chapter. Energy
optimal control and design techniques of induction motor are described. An experimental
study on operation on induction motor with unbalanced supply voltage is carried out. How
nature inspired algorithms based algorithms are utilized in optimal control and design of

induction motor are presented. Finally the design aspects of induction motor are discussed. ]
2.1 Introduction

Electrical energy, measured in kWh, represents more than 30% of all used energy and it
is on the rise. Part of the electrical energy is used directly to produce heat or light. The
larger part of electrical energy is converted into mechanical energy in electrical motors.
Among electric motors, induction motors are most used both for home appliances and
various industries [20]. Motors rarely operate at or even close to their name-plate conditions
because [179]: (a) operation at exact rated load is unusual, as industrial users are generally
very conservative in their applications; hence, most motors operate well below their rating;
(b) the consequences of under-voltage on motor performance are generally known to be
serious; hence, many users deliberately set plant voltages higher than the rated value: (c)
although over-voltage is most common, under-voltage operation is also possible; (d) there is
a frequent necessity to connect single-phase loads to three-phase supplies, which can
cause unavoidable unbalances of supply system equipment; hence, motor terminal voltages
are rarely perfectly balanced.

Among the above practical situations, efficiency of induction motor is more affected at
the part load operating conditions and hence researchers are focusing their research on the
optimal control techniques like loss model controller and search controller for the industrial
motors already in use. For newly designed motor, efficiency can be improved by using
quality of materials and choosing optimal values of design variables with the help of
advanced optimization algorithms. Various energy optimal controllers of induction motor at
part-load and design optimization techniques are discussed in section 2.4 and 2.5

respectively.

21
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2.2 Factors Affecting Induction Motor Efficiency

As mentioned earlier induction motor is a high efficiency electrical machine when
working closed to its rated torque and speed. However, the influence of many factors like
partial load, rewinding, time and space harmonics and power quality disturbances, results

considerable reduction in the efficiency.

a) Partial Loading

Partial loading in induction motor is common for several reasons and are following,

e Motor manufacturer may use a large safety factor

e Under utilization of the motor by the industrial/domestic customers

e Due to under voltage in the remote areas, customers tend to use larger motor to
maintain desired torque

e The applications which require large starting torque so the customer tends to use

special designed motor with higher starting torque.

The Table 2.1 [163] shows the impacts of partial loading in the performances (efficiency
and power factor) of induction motors. From the Table 2.1, it is seen that the motor which
are operating at 75% load there is no significant difference in the efficiency and power factor
in comparison with the motor operate at 100% load. Therefore, replacement of motor which

operate at 75% load or above by a lower ratting one is not recommended.

b) Rewinding Effect

Normally there are two options in front of motor users when it fails, they must be
repaired or replaced quickly to avoid production loss. Careful rewinding by using good
quality of materials and workmanship can sometimes maintain motor efficiency at previous
level, but the poor rewind results in greater energy consumption and shorter life due to
higher operating temperatures.

The impact of rewinding on motor efficiency and power factor can be easily assessed if
the no-load losses of a motor are known before and after rewinding. Maintaining
documentation of no-load losses and no-load speed from the time of purchase of each
motor can facilitate assessing this impact [26].

It is economically attractive to replace failed motors rather than spending the expenses of
rewinding. Though common practice is to replace failed motors below 20 hp and repair
those above 20 hp, replacing all failed motors up to 50 hp is almost always economical

[120].
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Table 2.1 Efficiency and Power Factor of the Induction motor with Different Load

Efficiency Power factor
HP kW Pole
100% load | 75% load | 50% load | 100% load | 75% load | 50% load

2 83.1 81.2 77.3 0.84 0.80 0.70
5.0 3.7 4 82.0 82.0 80.0 0.88 0.84 0.75

6 85.0 84.3 81.3 0.78 0.69 0.53

2 84.3 83.2 79.4 0.91 0.88 0,80
10.0 7.5 4 85.5 84.6 81.3 0.85 0.77 0.64

6 87.0 85.5 82.5 0.76 0.68 0.53

2 88.5 87.7 85.0 0.95 0.93 0.86 T
25.0 18.5 4 89.5 89.4 87.9 0.89 0.85 0.75

6 89.8 90.0 89.0 0.82 0.78 0.67

2 38.5 87.5 85.0 0.92 0.90 0.86
50.0 37.0 4 91.3 91.0 89.5 0.84 0.81 0.73 T

6 91.3 91.2 90.2 0.86 0.83 0.77

2 - - - - - -
75.0 55.0 4 927 92.5 91.0 0.85 0.81 0.69

6 93.7 93.9 934 0.80 0.74 0.67

2 - - - - - -
100 75.0 4 92.9 92.6 91.2 0.91 0.89 0.36

6 927 92.6 91.4 0.80 0.75 0.64

¢) Time and Space Harmonics Effect

Induction motors constitute the most popular traction devices and are sensitive to
harmonic voltages. Induction motors, even under normal operating conditions, involving
perfectly sinusoidal voltage supply produce a relatively limited amount of current harmonics
due to the winding arrangement and nonlinear behaviour of the iron core. The most
important effect of such phenomena is reduction of motor efficiency, especially under
important loading, and the associated losses are usually referenced as stray losses [173].

When induction motors are connected to an inverter supply, the losses increase due to
time harmonics. The increased losses reduce motor’s life and derating must be applied to
avoid the damages.

Space harmonic fields are produced by the distributed type of windings, slotting of stator

and rotor, magnetic saturation and inequalities in air gap length [153]. The space harmonics
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caused by the variation of air gap reluctance are called slot harmonics. The effect of these
harmonics in the air gap flux wave is to give birth to unwanted parasitic torques, vibration
and noise [153]. These torques are responsible for generation of asynchronous crawling
and synchronous crawling or cogging, respectively, in induction machine particularly cage
type.
d) Power Quality Disturbances
Nowadays, Induction Motors (IMs) are mostly working on the non-ideal supply voltage
environments like, non-sinusoidal (inverter supply), under, over and unbalanced sinusoidal
voltages. This leads to more power losses and increases the interest in studying power
quality (PQ) issues in the industrial equipments. Some of the PQ problems are as follows
[11]:
e Short interruptions
e Voltage dips
e Voltage swells
¢ Voltage and current transients
o Voltage and current harmonics distortion
o Voltage flicker
e \oltage unbalance
e Phase angle imbalance and/or jump
One case study on the effects of voltage swell in the industrial equipments such as
induction motor is explained here. In 1999, two 5 HP induction motors in the pirn winding
section, which is one of the preparatory sections of the weaving process, were burnt out at
the same instant in a medium scale textile processing industry (Haitima Textiles Limited,
Coimbatore), resulting in a fire accident. The piant engineer found that the connections and
the input supply voltages to the motors were correct. Further investigations with the insitu
personnel revealed that there was a big sound from the motor followed by a brightening of
the tube lights. Then the engineer thought that the problem was due to the excess of supply
voltage at a short duration but he didn’t confirm because no facility was available in his plant
for the storage of on-line voltage monitoring. However, he contacted with the electricity
supplier (Somanur sub-station, Tamil Nadu Electricity Board) through telephone and
validated that it was voltage swell (over voltage) due to the fault occurred in the distribution
system near by plant. It is one of the Power Quality (PQ) disturbances in the electrical
supply used to consumer appliances.
Among the above mentioned PQ problems voltage unbalance effects in the induction

motor is more severe in terms of reduction in efficiency and increase in temperature rise.



Efficiency Improvements in IM Drive 25

An experimental study is conducted to see the effects of the same and is presented in the

next section.
2.3 Effects of Voltage Unbalance

Supplying a three-phase induction motor with unbalanced voltages has many negative
effects on its performance. These effects include increased losses due to more negative
sequence current and, consequently, temperature rise, a reduction in efficiency, torque and
insulation life of the motors. Some of the studies on the effects of voltage unbalance in the
performance of induction motor are available in [54], [55], [131]. [132], [179], [33], [149]. An
experimental study is performed in the present work which investigates the negative effects
of a small quantity of unbalanced sinusoidal voltage (0.96% unbalance and 2.9% THD) over
balanced (inverter supply) non-sinusoidal voltage (23.7% THD) on the performance of
induction motor in terms of line currents, power factor and efficiency. Performance of a 5 HP
three-phase squirrel cage induction motor under the above stated supply conditions was
measured through a real load test. This study has given an idea as to how the unbalanced
voltage affects the performance of induction motor even sinusoidal one.

The testing of the 4 pole, 400V, 5 HP (parameters: R¢=242 R, =205, L, =0.23mH,
Ls = L, = 0. 237mH, R, = 95.5 Q) squirrel-cage induction motor covered stator and rotor
copper losses, slip, power factor and iron losses were measured. The experimental set up
for testing induction motor is shown in Fig. 2.1. This experimental set-up is capable to
handle non-sinusoidal quantities experienced by inverter supplied drives. The input power,
input voltages and currents are measured using voltage and non-contacting current probes,
and the signals are digitally processed by the power quality (PQ) analyzer (Fluke 434). A

DC generator is used as variable load to the motor.

‘—motor load

I Tackmeter

PQ analyser

3-phase supply

Fig. 2.1. Test bench layout
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One common reason for occurrence of voltage unbalance in the industry is uneven load
sharing of single phase loads like tube lights, single phase motors (mostly cooling fans),
computer systems, etc. Apart form this, unbalanced transformer banks, malfunction of
automatic power factor correction equipments and the faults in the equipments and the lines
are the main contributors of voltage unbalance. Quantification of voltage unbalance levels is
based on the following three definitions,

(1) Line Voltage Unbalance Rate (LVUR) as defined by National Electrical
Manufactures Association (NEMA), the ratio of maximum voltage deviation from the

average line voltage magnitude to the average line voltage magnitude [33]:

max ||Vab- Vavg||Vbc- Vavg|[Vca- Vavg|
LVUR = — [ = ]*100 (2.1)
Vavg

Vab+ Vbc+ Vca
3

Vab, Vbe, Vea are line-to-line voltages
(2) Phase Voltage Unbalance Rate (PVUR) as defined in IEEE std 141, the ratio of

maximum voltage deviation from average phase voltage magnitude to the average phase

where V4 =

voltage magnitude [33]:

max || Va- Vavg||Vb- Vavg||Vc- Vavg|
PVUR = [ ] *10

0 (2.2)
Vavg

Va+ Vb+ V¢
3

where Vg = -

V,, Vb, V. are phase voltages.
(3) Voltage Unbalance Factor (VUF) has been given by the IEC as follows [62],
Y%

VUF = : (2.3)
V o+

where V. and V. represent the voltages of the positive and negative sequence components,

respectively.

2.3.1 Performance Investigation

At the time of testing, a 5.5 kW voltage source inverter is used for setting balanced non-
sinusoidal voltage. In order to match the frequency of both supplies (sinusoidal and non-
sinusoidal), set the voltages nearly to 425 V which is somewhat higher than rated voltage of
the motor. If the three-phase voltages are higher than the rated value and are not equal, it is
known as three-phase over-voltage unbalance (3®0V). Equation 2.1 is used for calculating
voltage and current unbalance since only the magnitude of the line voltages was collected

at the time of testing. Summation of losses method, as stipulated in IEC 34-2, is used for
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efficiency determination of the motor. Additional load losses are assumed to be equal to an
estimated 0.5% of the power input of the motor and to vary as the square of the stator
current. The rotor Joule losses are evaluated as the product of the rotor slip for the air gap
transmitted power. The waveform and phasor diagram of both unbalanced sinusoidal and
non-sinusoidal supply voltages applied to the test motor are shown in Fig. 2.2 and 2.3. The
percentage of Total Harmonic Distortion (THD) in the supply voltages and currents are
shown in Fig.2.4. THD (23.7%) is much higher in non-sinusoidal supply whereas only 2.9 %
THD presents in the unbalanced sinusoidal supply

a) No-Load Test

The motor was first operated in the unbalanced sinusoidal voltage no load condition to
establish the baseline for normal performance. Tests were then performed at no load for the
non-sinusoidal balanced condition. Table 2.2 gives a summary of the performance of the
motor characteristics during no load testing for the 0.96% unbalanced sinusoidal voltage
condition and balanced non sinusoidal voltage. In Table 2.2, the voltage unbalance is
0.96% which creates the current unbalance is 6.58%. The no-load losses have increased at
unbalanced voltage by 12.82% from 0.195 kW to 0.22 kW.

Table 2.2. No- Load Performance of Motor

096% unbalanced Balanced non-

Parameters
sinusoidal voltage sinusoidal voltage
Line voltage, Volts 425.5, 4254, 4193 425
Line current, Amps 22,27,2,5 2.1
Input power, kW 0.22 0.195
Power factor 0.13 0.14

i SN 42 |

Al PACE oM OFF | CURSOR .,.,_jmf'.?

(a) (b)

Fig. 2.2. Input supply waveforms of the test motor: (a) Sinusoidal (b) non sinusoidal
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(b) Current THD: (i) Sinusoidal supply, (ii) Non sinusoidal supply
Fig. 2.4 Harmonic spectrum of input supply (a) Voltage, (b) Current

b) Load Test
Motor is indirectly loaded with the help of DC generator and lamp load. Measurements

were taken for the entire range of loading i.e. from no-load to full load. The summary of the

load tests is tabulated in Table 2.3 and 2.4.
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Table 2.3. Load Test under Unbalanced Sinusoidal Voltage

Power input Line currents Total losses | Efficiency Power
(kW) (Amps) (kW) (%) factor (%)
0.72 28,326 0.27 62.5 35
1.46 3.5,36,32 0.31 78.8 58
2.1 42,43 38 0.35 83.2 70
3.09 5.3.56, 5.1 0.49 84.3 80
3.9 6.5,6.7, 6.1 0.61 84.5 84
4.66 75,78,73 0.74 84.0 85

Table 2.4. Load Test under Balanced Non-sinusoidal Voltage

Power input Line currents Total losses | Efficiency Power w
(kW) (Amps) (kW) (%) factor (%)
0.6 23 0.23 59.4 33
1.26 3.0 0.26 79.4 58
225 43 0.35 84.6 72
2,76 51 0.40 85.4 75
3.74 6.5 0.57 84.7 78
4.39 75 0.68 84.5 79

2.3.2 Results and Discussion

Fig. 2.5 - 2.7 shows the experimental results for a 5HP, 400V, three-phase squirrel-cage
induction motor supplied by both unbalanced sinusoidal and balanced non-sinusoidal
supply voltages. Efficiency of the tested motor under unbalanced sinusoidal voltage is
slightly smaller than the motor operated with balanced non-sinusoidal (inverter) voltage
shown in Fig. 2.5. Line currents drawn by the motor under both operating conditions is
shown in Fig. 2.6. This figure shows that the current drawn by the motor under unbalance
supply is higher than the current under balanced supply at low loads and this situation
reverses at high loads. Also, improved power factor is obtained by use of non-sinusoidal
balanced supply at low loads and unbalanced sinusoidal voltage at high loads. Lower power
factor is obtained by use of unbalanced sinusoidal voltage at low loads and non-sinusoidal

voltage at high loads shown in Fig. 2.7. Overall, this study reveals that the motor offers
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more negative effects even small amount of voltage unbalance is present in the supply

voltages.
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Fig. 2.5. Efficiency of motor at different load.
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Fig. 2.6. Line current of motor at different load.
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Fig. 2.7. Power factor of motor at different load
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a) Economical Analysis

From the consumer’s point of view, efficiency reduction means paying more for energy as
a result of unbalanced voltage supplies. From the power system point of view, operation of
motor with lower efficiency implies an increase of the system load and a reduction of the
power plant reserves [54].

An analysis of a 5 HP motor operating under small unbalanced sinusoidal voltage
(0.96%) compared with balanced non-sinusoidal voltage at the following electricity tariff
(TNEB, HT tariff | for the industries situated in Non-Metropolitan localities) and assuming
8000 hours of operation/year is summarized in Table 2.5. Extra KW consumption by the
motor due to unbalanced voltage is 0.27 KW (4.66 - 4.39). US $ 188 additionally paid per
year to the electricity supplier due to 0.96% voltage unbalance in one motor compared to
non-sinusoidal supply.

Maximum demand (KVA) charges: US $ 6.66/month
Energy (kWh) charges: US $ 0.077/kWh
(1 US $= IRS 45 approximately)

Table 2.5 Economic Losses due to 0.96% Voltage Unbalance in a 5 HP Motor

Extra kW consumption Extra consumed Extra demand charge Extra payment ]
at full load energy (kWh/year) (US$/year) (US$/year)
0.27 2160 215 187.8

b) Simulation Results up to 5% Unbalance

For theoretical analysis of the same test motor, MATLAB SIMULINK model of three-phase
induction motor with stationary reference frame has been created for getting different
parameters (stator and rotor copper losses, torque and temperature rise) of the motor under
different PVUR.

The rotor and stator copper losses, torque and temperature rise of the motor are shown in
Fig. 2.8 for balanced voltages and in Fig. 2.9-2.11 for unbalanced voltages, 1%, 2.5% and
5% respectively. Simulation results show that torque ripple, losses and temperature rise are
increased when unbalanced voltage level is increased. It is seen that there is no oscillation
in the torque of the motor under balanced voltage shown in Fig 2.8, but in case of
unbalanced (5%) voltage, there is much oscillation in the torque and temperature rise
increased by 3°C. Stator and rotor losses also increased by 1.4 times and 1.73 times

respectively and are shown in Fig.2.11.
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Fig.2.8. Simulation results of the motor under balanced voltages: 1) rotor copper loss, 2)

stator copper loss, 3) torque, and 4) temperature rise
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Fig.2.9. Simulation results of the motor under 1% unbalanced voltage: 1) rotor copper loss,
2) stator copper loss, 3) torque, and 4) temperature rise
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Fig.2.10. Simulation resuilts of the motor under 2.5% unbalanced voltages:1) rotor copper

loss, 2) stator copper loss, 3) torque, and 4) temperature rise
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Fig.2.11. Simulation results of the motor under 5% unbalanced voltages: 1) rotor copper
loss, 2) stator copper loss, 3) torque, and 4) temperature rise.
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The experimental study leads to the following conclusions:

- Despite sinusoidal supply, unbalanced voltages affected the efficiency of induction
motor very much.

. Although balanced non-sinusoidal supply has more THD, it gave superior performance.

. Additional payment of US $ 188 per year, to the electricity supplier, due to a small
amount of voltage unbalance (nearly 1%) in a 5 HP motor.

« Industry personnel should not ignore voltage unbalance even its value is very less.

« Increase of rotor copper loss is more than stator copper in the motor under unbalanced

stator voltages.
2.4 Optimal Energy Control of Induction Motor

The losses in the IM drive system are divided into a number of loss terms, connected
with specific parts of the machine. The total losses shown in Fig. 2.12 comprises of copper
losses in stator and rotor, iron losses due to eddy current and hysteresis, stray losses arise
on the copper and iron of the motor, friction losses, converter losses due to the resistance
offered by the solid state switches and finally the cable losses due to the resistance offered

by the cable. Power output is the product of shaft load and its speed.

Cable boss Convertey loss Stator Joss (coppex and iron) | Rotor loss (copper) Friction & Windage Ioss

ﬂ\ ﬂ\ - fa\- 'ﬂ\ ﬂ\ Shaft power

J— _—— —| / '. — 7= (OUTPUT)
. | =4 g —
N NS Q = @ — < ([ ——
# \Nkﬂ Conv. Power * Ht | \ g{:‘ ’ - :
L Input LR =\ =P >
I;\I_PUT_ Stator Power Input / Rotor Power Input Mech. power devoloped

Fig. 2.12. Losses in the induction motor drive system

The induction machine should operate with the rated flux for the rated value of load
torque, where as for load torque less than rated, the reduction of flux causes a reduction in
iron losses and magnetizing current. For a very low load torque (up to about 15% of the
rated value), energy saving work can reduce power loss by even 70-90% [64]. In this
section, various controllers which are used to operate the motor with higher efficiency or

reduced operating cost at partial load are discussed.

a) Star Connected Winding of Motor

Induction motors operation at light load, require less torque. Motor connection in star

results reduced power consumption. When the motor run in star mode, the voltage applied

to stator phase winding is reduced by the factor~/3 . Since the torque developed in the

motor is directly proportional to square of the voltage, the developed torque in star mode is
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also reduced by the factor 3. Therefore, the motor can be operated in star mode up to 0.33
p.u loads. In this case, the developed torque and temperature rise of the motor are to be
measured and keep them normal. This method is not suitable for wide range of partial
loads. This controller saves converter losses due to the absence of power electronic circuits

and is shown in Fig. 2.13.
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Fig. 2.13 Efficiency optimization by star/delta starter

b) Variable Voltage and Fixed Frequency (VVFF) Control

Three-phase induction motors have very large starting current, which can go up to eight
times the current rated. This fact causes other energy users to be disturbed during such a
start period, as it will cause a voltage drop on the electrical energy mains supply. In order to
minimize this undesirable effect, soft start method is very recent electronic method [139]
and it has been frequently used in industry. It consists in applying a voltage to the motor,
which is gradually increased in a ramp wise manner, thus enabling the motor to start.
Three-phase voltage controller is used which consists of two thyristors per phase in anti
parallel connection, where the input is connected to the respective phase of the mains
supply and the output to each motor phase. Soft starter is aimed at the application of a
reduced voltage to the motor for its start and reduction of voltage at motor is low load. In

this case the iron losses are decreased which results in energy conservation.

¢) Variable Voltage and Variable Frequency (VVVF) Control

Constant V/f control is the scalar (variables are controlled in magnitude only) type
control shown in Fig. 2.14 for minimizing the losses of induction motor at light load. The idea
is to calculate, for specific operating point, the optimal V/f ratio (in other words the optimal
flux), that assures minimum losses still allowing the required speed and torque [27]. Most of
the industrial drives the dc link voltage and two or three phase currents are measured. In

servo drives the speed may be measured in addition with these quantities [5].
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Fig. 2.14 Efficiency optimization by VVVF control

d) Displacement Power Factor Control

Variation in slip of induction motor causes variations in the motor terminal impedance
and hence power factor, current and efficiency. While maintaining constant optimal slip by
using automatic voltage controller the terminal impedance and hence power factor and
efficiency remain constant at optimal values irrespective of load [76]. Even though power
factor control implementation is so simple because of not requiring speed information, it is

only valid for one specific motor [3).

e) Rotor Slip Frequency Control

In this control, optimum rotor slip frequency is calculated for a wide range of speed and
torque of given motor and a look up table is constructed, shown in Fig. 2.15. The optimal
efficiency slip can be calculated by using the equivalent circuit parameters of an induction
motor. Presence of harmonics in inverter supply optimal slip calculation may not be
accurate. The optimal slip frequency can also be calculated from the measurement of input
power, output power of the motor, inverter frequency and slip frequency [129]. Stochastic
algorithms can be used to find optimal value of slip from the loss model of the motor in
accordance with load and speed with the objective of efficiency maximization or minimum
input power. These calculation can be done offline and accommodate them in a table. In no

case the constraints (line current and flux) should exceed than rated.

Voltage
Source
Inverter

Induction
Motor

Pl

A

(Dsl*

Slip frequency
look-up table

f

Fig. 2.15 Efficiency optimization by rotor slip frequency control
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f) Loss Model Control

The ioss model controller measures the speed and stator current and through the motor
loss model determines the optimal air-gap flux [136). The main problem of this approach is
that it requires the exact values of machine parameters which include core losses and
saturation of main inductance flux [66]. The inner part of control algorithm may be scalar or
vector. NIA algorithms like differential evolution, particle swarm optimization, and genetic

algorithm can be used for searching optimal flux/frequency level.

(i) Scalar Control

Scalar control technique is somewhat simple to implement, but the inherent coupling
effect results in instability of the drive. At any operating point characterized by the speed w;
and torque T, a combination of the voltage and frequency can be calculated to run the
motor with minimum loss [94]. In loss model, formulation of total controllable losses in terms
of frequency should be carried out first and then find its optimum point in which losses in the

motor are minimum. The block diagram of this type of control is shown in Fig. 2.16.
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Fig. 2.16 Efficiency optimization in scalar controlled IM drive

(ii) Vector Control

In vector control, the variables are controlled in magnitude and phase. This technique of
control needs more calculations than the standard V/f control [105]. In this control, the
complex induction motor can be modeled as a DC motor by performing simple
transformations. The field oriented controller generates the required reference currents to
drive the motor. These currents are based on the reference torque. Torque producing
current (igs) is generated by proportional-integral controller and flux producing current (iys) is
generated by energy controller and are converted into three phase quantities. PWM current

controller generates the pulses for inverter triggering circuits according to the error in the
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currents between reference and actual values. The block diagram of vector control for IM
efficiency optimization is shown in Fig. 2.17.
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Fig. 2.17. Efficiency optimization in vector controiled IM drive

g) Search Control

This controller measures the input power or dc link power of the machine drive
continuously and searches for an optimal flux value which results in minimum power input to
the motor for given values of speed and torque. This technique is slow for reaching the
optimum value and a ripple in steady state torque is always present. Minimum power input
to the drive is achieved by adjusting inverter input frequency (scalar control) [86] or flux
producing current (ids) (vector control) [171]. Based on the analysis in [119], rotor flux field
orientation offers best optimal efficiency in comparison with other two vector control
schemes namely, stator flux field orientation and air gap flux field orientation. The block

diagram of search control for IM efficiency optimization is shown in Fig. 2.18.
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Fig. 2.18. Efficiency optimization through search control in IM drive
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2.5 Optimal Design of Induction Motor

The design optimization consists of some proper optimization technique. There are
various optimization techniques available and are discussed in chapter 4. But machine
design optimization is not only running of a mathematical optimization an iterative
procedure. There are some other important steps which are required to be followed before

the implementation of the optimization technique. These steps are:

a) Selection of Objective Function

First of all for the design of the induction motor, some aim is to be set. The objective
function to be maximized (minimized) should be chosen. The objective function is mostly
chosen keeping in mind the customers demand and the profit of manufacturer. Objective

functions may be the following:

e Active materials (production) cost
» Efficiency

e Starting torque

e Temperature rise

e Operating cost (energy cost)

* Harmonic current (incase of inverter fed supply)

® Torque ripple (incase of inverter fed supply)

b) Selection of Variables

After the selection of the objective function, the next important step is to select the
variables. There are a number of variables available which affect the machine design. A
very important problem in the IM design is to select the independent variables and the
problem becomes very much complicated using too many variables [138]. Therefore
variables selection is important in the motor design optimization and minimum possible

number of variables is convenient to design the motor.

¢) Selection of Constraints

To make a motor practically feasible and acceptable, the constraints have a big role in it.
There are so many parameters which decide the good or bad performance of the motor.
Just by optimizing one of the performance characteristics does not make a good design of
the motor. Also it is not possible to obtain best performance in terms of all the performance
parameters. Thus, it is necessary to check that the factors which affect the motor’s

performance are well within the limits, so that the motor could give a satisfactory and
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reliable performance. These constraints play the most important role in the machine design.
Hence the selection of constraints is an important issue. The constraint which gets most

effected with the variation in the objective function should be considered with special care.

d) Realisation of Design Results

Once the motor’s design results are obtained from the optimization algorithm, it is better
to realize or justify the results before start of production. One of the motor computer aided
design softwares, Scottish Power Electronics and Electrical Drives (SPEED) is used in the
present work. This software is also used to minimize number of variables which are required
to design the motor by performance evaluation before starting design optimization.

Realisation of motor design results, using SPEED software, is presented in chapter 5.
2.6 Conclusion

An overview of the factors which are affecting induction motor losses along with
experimental studies was presented initially and briefly explained how the efficiency of
induction motor can be increased by providing efficient controllers and optimal design using
advanced algorithms. Among many factors affecting motor efficiency, partial loading is the
main potential for energy conservation. From the experimental study, it was observed as to
how a small unbalanced supply voltage affects induction motor in terms of efficiency and
operating cost. The steps invol.ved in optimal design of induction motor are discussed. A
brief introduction about the SPEED software is given.

Even though energy saving is obtained when the motor operate in star connection at
low loads, it is not well suited for energy optimization over a wide range of loads. VVFF
technique is not suitable for the motor that require high starting torque. The main advantage
of search control is that it does not require the knowledge of the motor loss model for
implementing optimization controllers. But the problem is that it requires ripple free dc link or
input power measurement and more convergence time. Nowadays, researchers are

concentrating more on search control with Al techniques than loss model control.



Chapter 3

Mathematical Modeling of Induction Motor Drive for Optimal

Energy Control
‘*—\\.

[This chapter deals with the mathematical model of the vector controlled induction motor
drive. The complete induction motor drive scheme is explained in detail. The drive mode/
consists of a front end diode converter, Pulse Width Modulation (PWM) inverter, induction
motor, energy optimal controller and a speed controller. Stator reference frame induction motor
model equations are derived. The motor-load system is represented by a set of first order non-
linear differential equations. The switching models of the PWM inverter are described in order
to emphasize their behaviour with respective loads. Optimal energy controller is designed
through the loss models of entire variable speed drive systems to adjust the flux in accordance
with the load. Fuzzy Pre-Compensated Proportional Integral (FPPI) controller is designed to

solve stability problems in the drive during flux adjustment.]

3.1 Introduction

The induction motor (IM) drive receives power from three-phase ac supply and runs a
mechanical load at desired speed. The drive model is developed so that it consumes minimum
power from the utility supply system for the given values torque and speed. The model of the
complete drive system is an integrated model of its constituents like front-end diode converter,
PWM inverter, induction motor, resolver, load and controllers. The developed model of the
drive system is used for current, speed and optimal energy controllers. The drive model is
simulated on digital computer along with the designed controllers.

The model of the drive is developed using equivalent circuit representations of magnetically
coupled circuits. The equivalent circuit of the induction motor is similar to that of a transformer.
In the motor model, the expression of electromagnetic torque is established in terms of
machines variables such as the current and the displacement of the mechanical system [92].
Induction motor is represented with a set of first order non-linear equations to analyze the drive.

In inverter models, one of the simple and preferred pulse width modulation (PWM)
strategies, named Sinusoidal Pulse Width Modulation (SPWM) is used. SPWM is more popular

43
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in inverters serving to industries. Inverter models are represented with different possible
switching patterns and their corresponding output voltages.

Loss models of motor and converter for fundamental and harmonic frequencies are
developed for optimal energy control. Loss model, search controllers and hybrid controllers are
considered. The model based on calculation of optimal flux or flux producing current with
respect to given load and speed and hence maximum efficiency / minimum power consumption
is achieved in the drive systems. The conventional Proportional Integral (Pl controller and
Fuzzy Pre-Compensated Proportional Integral (FPPI) are used as speed controllers. Few
assumptions are made in developing the model of the drive. These assumptions make the

analysis simple without loss of significant accuracy.
3.2 Induction Motor Drive

Fig. 3.1 shows the complete drive scheme. The drive scheme consists of three controlled
parts, these are: front end diode converter, PWM inverter and induction motor. Others are
optimal energy control and speed control. Converter and inverter are linked with a dc link
capacitor. The front-end diode converter converts three-phase ac supply into dc supply. Source
resistance (R) and inductance (L) are included and are connected in series with the input
supply voltages (E., Es, Ec). The PWM inverter fed induction motor drive draws power from the
dc output of the front end diode converter. The PWM inverter feeds three-phase variable
frequency and variable amplitude ac currents to the induction motor. The three-phase currents
required by the induction motor are also controlled to be nearly sinusoidal by PWM current
controller of the drive. The sinusoidal motor and supply currents are achieved by fast switching
actions of IGBT power switches of the inverter and the converter. In PWM inverters, the output
voltage and frequency are controlled within the inverter by varying the width of the output
pulses. Hence at the front end, instead of a phase-controlled thyristor converter, a diode bridge
rectifier can be used. A very popular and simple method of controlling the voltage and

frequency is by sinusoidal pulse width modulation.
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Fig. 3.1. Schematic block diagram of Induction motor drive scheme
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The speed and stator currents are given to energy optimal controller of the induction motor
drive, which generates flux producing current command. Particle Swarm Optimization (PSO) is
used to find the optimal flux producing current of motor through its loss model. Continuous
measurement of input power or dc link power is done when search control is incorporated in
the optimal energy control block. Reference and actual motor speeds are given to speed
controller of the IM drive, which generates torque command. Torque component of the current
is obtained by dividing the torque command with the IM torque constant. The rotor position is
calculated through digital signal processing for obtaining two phase (dq0-axis) to three phase
(abc-axis) reference currents transformation. The PWM current controller of the IM drive
compares the three-phase reference currents with the actual currents and generates switching
signals for IGBT switching of the PWM inverter. The controlled switchings of the PWM inverter
generates variable frequency variable magnitude three-phase sinusoidal motor currents to

achieve desired speed with optimal efficiency (minimum loss).
3.2.1 Control Scheme of Induction Motor Drive

The inverter converts the dc link voltage into variable frequency and variable magnitude
currents for the induction motor. To operate the inverter, only two stator currents are sensed
and third current is negative sum of the two currents as shown in Fig. 3.2. Three phase
reference currents are generated, which produce desired torque to accelerate and decelerate
the motor for the desired speed regulation. The three-phase actual stator currents are
compared with respective three-phase reference currents and current errors are produced. One
PWM current controller is used for each phase. The three-phase current errors are sent to
respective phase PWM current controllers. The current controller of phase ‘a’ provides
switching signals for devices Ty and T, current controller of phase ‘b’ provides switching
signals for devices T, and Te, and current controller of phase ‘c’ provides switching signals for
devices Ts and T, to regulate phase 'a’, phase 'b’ and phase ‘c’ currents respectively. The
switching devices are IGBTs with inbuilt anti-parallel diodes for freewheeling action. The
switching actions apply the dc link voltage across three-phase line-to-line terminais of the
motor. The three phase currents are independently controlled in the stator reference frame and
care is taken to avoid unbalancing of the currents. Variable frequency and regulated current are
obtained through the PWM inverter as needed for the induction motor. PWM technique, flux
angle calculation, inner current controller and outer speed controller of the drive are briefly

explained in following section.
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A number of control strategies have been successfully applied in the past to three phase
converters and inverters, some of which include sinusoidal pulse width modulation (SPWM),
hysteresis current control, indirect current control, SPWM with instantaneous current control,
space vector modulation (SVM). The main aim of any modulation technique is to obtain
variable output (voltage) having a maximum fundamental component with minimum harmonics.
The SPWM technique is a simple and popular for industrial converters, which is used in the
present work. The basic principle of the PWM technique involves the comparison of triangular
carrier wave frequency with the fundamental frequency sinusoidal modulating wave.

The induction motor receives three-phase sinusoidal voltages at the stator terminals and
produce rotating magnetic flux. This stator flux should be sinusoidal to obtain ripple free torque.
Hence, the motor needs three-phase sinusoidal current to produce ripple free torque. As
mentioned earlier the speed controller gives torque command. Using the torque command g-
axis current command is calculated. Accurate position of the rotor is required to transform the
rotor reference g-d axis currents into stator reference a-b-¢ axis currents. The reference slip
frequency of the rotor is added to the sensed rotor speed and then a discrete integration is
carried out to calculate the flux angle and hence rotor position. The rotor positions are sampled
at a fixed time interval to obtain the speed of the motor. The speed controller utilizes rotor
speed and current controller makes use of the rotor position to perform respective control
actions.

The drive is controlled with two control loops i.e., inner PWM current control loop and outer
speed control loop. Reference or command speed is compared with actual speed of the drive
and speed error is processed through the speed controller. The output of the speed controller is
torque command for the drive. The electrical torque of the drive is directly proportional to the g-
axis current component (i) of the induction motor. Dividing the torque command by torque

constant, the g-axis current command is obtained.
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Fig. 3.2 Induction motor drive control scheme.
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To get optimal efficiency of motor, energy controller produces optimal flux producing
current (iss) command for the desired speed and load torque. Flux adjustment in the motor
in accordance with the given load and speed results in loss minimization of the motor or

entire drive systems. The reference values of the g-axis, d-axis currents and rotor position

(angle) are used to calculate three-phase reference currents i), ,i;; and iz using Park’s

as s
transformation. Actual stator currents i, and i, are sensed and the third current ibs 1S
calculated as the negative sum of the two sensed currents as shown in Fig. 3.2. The actual
currents are compared with the feference currents and current errors are sent to respective
PWM current controllers. Outputs of the current controllers are the desired switching pulses
of the inverter switching transistors. The switching pulses are applied to the switching
devices through the gate drive circuitry. The switching pulses generated by current errors
iaerror, Tberror @Nd icerror, are applied to devices of inverter legs of phase-a, phase-b and phase-c
respectively. Due to controlled switchings of the inverter devices PWM phase voltages are
applied across the motor phase windings to obtain actual currents almost equal to the
reference currents. Once the actual currents follow the reference currents, the desired

torque is developed to track the reference speed of outer loop.

3.3 Mathematical Model of the Drive

The mathematical model of the drive scheme includes model of the induction motor,
model of the PWM inverter, Pl speed controller and detailed loss models of both motor and

inverter. The assumptions made for the modeling of the drive scheme are as follows;

» The three phase stator windings of the induction motor are baianced and produce
sinusoidally distributed Magneto Motive Force (MMF) in the space.

e The DC link voltage available at the input terminals of inverter are assumed ripple
free.

» The three-phase sinusoidal currents flowing into the motor are also assumed ripple
free.

» Switching transients in the inverter and converter are neglected.

* Switching transition times of the switching devices are negligible.

» Three-phase input currents to the converter are sinusoidal.

3.3.1 Induction Motor Model

The winding arrangement for a 2-pole, 3-phase, star connected, symmetrical induction

machine is shown in Fig. 3.3 [93]. The stator winding are identical, sinusoidally distributed,
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displaced 120° with resistance Rs. The rotor windings are also considered as three identical
sinusoidally distributed windings, displaced 120° with resistance R.. the dynamic model of
the induction motor is derived by using a two phase motor in direct and quadratic axes. The
qd reference frames are usually selected on the basis of convenience. The relationship of
abc and dg axes are shown in Fig. 3.4. There are three reference frames used for the
analysis of induction motor. They are: stationary, rotor and synchronously rotating reference
frames. In the stationary rotating reference, the gd variables of the machine are in the same

frame as those normally used for the supply network, used in the present work.

bs axis

br axis

ar axis

» a5 axis

cr axis

Fig. 3.3. Two-pole, three-phase, star connected symmetrical induction machine
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Fig.3. 4. Two-pole, three-phase symmetrical induction machine

The squirrel cage induction motor is modelled using dq theory in the stationary
reference frame which needs fewer variables and hence analysis becomes easy. The
voltage-current relationship in the stationary reference frame of the induction motor in terms

of the d-q variable is expressed as [92]:
=R} +[L]pi +[Glo,i +[Flo,i (3.1)

where the [R] matrix consists of resistive elements, the [L] matrix consists of the coefficients
of the derivative operator p, the [G] matrix has elements that are the coefficients of the
electrical rotor speed o, and the [F] matrix is the frame matrix which has the coefficients of
the reference frame speed w.. In the stationary reference frame the term [Flogi is found to

be identically zero, hence the Eq. {3.1) can be rewritten as:
p1=[R]i]+ [21pli]+ o, [G]] (32)
Rearranging the Eq. (3.2), the current derivative vector can be expressed as follows:
plil= (] (1= [RIi]- o, [6]) (3.3)

where ‘p’ is the differential operator (d/dt) and ‘w, is the rotor speed in electrical ‘rad/sec’.

Three-phase induction motor is assumed to have balanced windings and connected with
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balance supply voltages, thus the zero sequence components are zero and eliminate the
zero sequence equations from the present analysis. Current and Voltage vectors are given

as follows:
=l ia iy ial (3.4)

[v]z[vqs Vs vqr vdr]T (3.5)

where vy and vy are the g- and d-axis voltages are applied across the stator windings and
vy and vy are the g- and d-axis voltages across the rotor windings. As the rotor bars are
short circuited in a squirrel cage induction motor, the voltages vq, and vy, are zero. Similarly

the currents are also defined.

The three phase to two phase currents and voltages transformations are achieved by using

the following equations:

i Ias v Vas
{qsi| = [Tabc] ibs and { qs} = [Tabc] Vps (3.6)
Ids j Vs v
cs cs

The transformation from two phase to three phase currents and voltages can be obtained

as:

i %

as v as v
ibs =[Tabc]_l|: qS:\ and Vps :[Tabc]_l|: qsi\ (3-7)

. Vs
lCS vCS

5| COS 0, cos{&s —ZT”] cos(@s +2Tﬂj
3 sin 0 sin(@s —231] sin[&s +27”]

In the stator reference frame, g-axis usually aligns with the phase-a winding; this implies

where, [T, 1=

that the gd frames are fixed to the stator. In that case, 8,=0 (angle between stator axis and

q axis, shown in Fig. 3. 4), and the relationship of abc to dq variables are given as:
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2 2 2
[Tope 1= 3 _ﬁ ﬁ
2 2

The resulting induction motor equations with stationary reference frame is

pW1 R +Lp 0 L,p 0 igs

|ms_ 0 R, +L.p 0 L.p zmy 39

( vqr me - Lma)r Rr + Lrp - Lrwr iqr

|vvd‘r Lm @, me Lrwr Rr + Lrp ia’r J
The electromagnetic torque is obtained by:

3P . ..

Te =55Lm (lqsla'r _ldslq") (39)
At the steady state condition of the motor, Eq. (3.9) can be rewritten as

T, = K,ig (3.10)

where, K, = %glfnids is a torque constant which depends on air gap flux. In the present

study, air gap flux is also adjusted to run the motor at optimal efficiency. Hence this

constant is valid only for steady state operation. P is the number of poles in the motor.

3.3.2 PWM Inverter Model

Fig. 3.5 shows a circuit diagram of the PWM inverter fed induction motor. The three-
terminal voltages of the induction motor are denoted by ‘as’, ‘bs’ and ‘c’ to represent the
three phases of stator windings and these are connected to three legs of the inverter. DC
link voltage is represented by a dc voltage source V. and three voltages Eg,, Eg,, and Eg.
represent back emfs of induction motor windings. There are six transistor switches in the
inverter (180° conduction mode) with inbuilt anti-parallel diode in parallel to each transistor
switches to provide for freewheeling path. Gate signals of transistors are denoted as a, b, c.
a’, b’ ¢’ A device is in ‘ON’ state if a high gate puise is applied or the antiparallel diode
across it is conducting. Similarly, the device is defined in the ‘OFF’ state if a low gate pulse
is present and it's anti parallel diode is not freewheeling. In the inverter legs, at any instant;
if upper transistor switch or it's paralle! diode is ‘ON’ then lower switch and it's parallei diode

of the corresponding leg is 'OFF’ and vice-versa. It is assumed that Ty and T,, Tz and T, as
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well as Ts and T, are switched in complementary way. Thus there are 8 possible switching
vectors presented in Table 3.1 and their equivalent circuits are shown in Figs. 3.6(a) to
3.6(h). If all the upper switches of the three legs are simultaneously ‘ON’, the magnitude of
voltages applied across the phase windings is zero as shown in Fig. 3.6(g). Similarly, when
the three switches of the lower legs are simultaneously ‘ON’, the voltage applied across the
three-phase windings is zero, i.e., the terminals of the induction motor are short-circuited as
shown in Fig. 3.6(h). The transformed values of the stator phase and line voltages of the
motor for each switch position are also given in the Table 3.1.

L
ry s E a
TT' -d G} T_J G} FM_/WY\_B@)_
as
* rs L, Egp
V"Qb bs VW_/‘\’W\_@_ N
C

T T B s Ls EBc
g g O

Fig. 3.5 Schematic diagram of PWM Inverter and equivalent circuit of IM.

Table 3.1 Switching Vectors of PWM Inverter and the Corresponding Output Voltages

Switching States i . ]
SI. No Line-Neutral Voltage Line-Line Voltage
(1=0N, 0=0FF)
(T4 T12,T3,T4,Ts,Te) Vas Vbs Ves Vab Vbe Veca
V; Ve 2V,
< £ | -=£ 0 1 -1
1 (1,1,1,0,0,0) 3 3
A 2y, /A
-L | = -2 -1 1 0
2 (0,1,1,1,0,0) 3 3 3
2V, A /A
-=¢ 1 = < -1 0 1
3 (0,0,1,1,1,0) 3 3 3
Ve Ve 2V,
- -2 =£ 0 -1 1
4 (0,0,0,1,1,1) 3 3 3
A 2V, Ve
< | - - 1 -1 0
5 (1,0,0,0,1,1) 3 3 3
2V, v, V,
e | £ -2 1 0 -1
6 (1,1,0,0,0,1) 3 3 3
‘ 7 (1,0,1,0,1,0) 0 0 0 0
‘ 8 ‘ (0.1,0,1,0,1) ‘ 0 ‘ 0 0 0
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)

Fig. 3.6 Motor winding connections with respect to different switching vectors
3.4 Speed Controller

Proportional Integral (Pl) controller can be used to control the speed of induction motor.
The Proportional Integral and Differential (PID) controller is normally avoided because
differentiation can be problematic when input command is a step. Generally the speed error,
which is the different of reference speed (wn*) and actual speed (o), is given as input to
the controllers. These speed controllers process the speed error and give torque value as
an input. Then the torque value is fed to the limiter which gives the final value of reference

torque. The speed error and change in speed error at n™ instant of time are given as;
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Wren) = wr(n)' = Wrn) (3.11)
AWre(n) = Wre(n) =~ Wre(n-1) (3.12)
Two speed controllers are used in the present work. They are: PI controller and Fuzzy Pre-
Compenstaed Pl (FPPI) controller.
3.4.1 Pl Speed Controller

The PI speed controller is the simplest speed controlier as compared to any other speed
controller. The general block diagram of the Pl speed controller is shown in Fig 3.7. The

output of the speed controller (torque command) at n" instant is expressed as follows:
Te(n) = Te(n—l) +KpAa)re(n) +Kia)re(n) (313)

Where, T — torque output of the controller at the n™ instant
K,, K — are proportional and integral gain constants respectively

A limit of the torque command is imposed as

T,

e

T, fOr T( +1)2Tmax
<n+1>={ P e (3.14)

~Tymax  JOr Te(n+l) < —Tomax

The gains of PI controller shown in Eq. (3.13) can be selected by many methods like
trial and error method, Ziegler-Nichols method and evolutionary techniques based
searching. Trial and error method is used in the present work. The numerical values of

these controller gains depend on the ratings of the motor.

o) ,

[ ]=

£
A
7
A
W

Fig. 3.7 Block diagram of Pl speed controller
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3.4.2 Fuzzy Pre-Compensated Pl Speed Controller

The Pl speed controller which is discussed in the previous section is simple in operation
and zero steady state error when operating on load. But, the disadvantages of this PI
controller is the occurrence of overshoot while starting, undershoot while load application
and overshoot while load removal. Furthermore, it requires motor model to determine its
gains and is more sensitive to parameter variations, load disturbances and suffer from poor
performance when applied directly to systems with significant nonlinearities [82], [95].
These disadvantages of PI controller can be eliminated with the help of a Fuzzy Logic (FL)
controller which need not require model of the drive and can handle nonlinearity of arbitrary
complexity. But the disadvantage of FL speed controller is the occurrence of steady state

speed error.

Hence to derive the advantages present in both Pl and FL controllers, Fuzzy Pre-
Compensated Pl (FPPI) controller is used in which both Pl and FL controllers are used.
Fuzzy pre-compensation means that the reference speed signal (w;) is altered in advance
using fuzzy logic in accordance with the rotor speed (wy), so that a new reference speed
signal (wy) is obtained and the main control action is performed by Pl controller. Some
specific features such as overshoot and undershoot occurring in the speed response which
are obtained with PI controller can be eliminated [150] and this controller much useful to

present work, mine hoist load, where torque/speed of the motor varies very frequently.

As usual, the inputs to the FL are speed error (w,e'(n)) and the change in speed error
(Awem) and the output of the FL controller is added to the reference speed to generate a
pre-compensated reference speed (), which is to be used as a reference speed signal by
the PI controller shown in Fig. 3. 8.The fuzzy pre-compensator can be mathematically
modeled as follows [28]:

.
wr__.@—-. FL 5—»@“”;_.(%@)—» S

Fig. 3.8 Block diagram of FPPI speed controller
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Referring to the Egs. 3.11 and 3.12 for speed error and change in speed error, Pre-
compensated speed reference (8) and updated new reference speed (wn) can be

calculated as

6 (n) = F [wre (n), AWre(n)] (315)
wﬁt = 6(n) + wr(n)* (3.16)

where F is fuzzy logic mapping
Fuzzy rules of this controller are shown in Fig. 3.9 where the fuzzy variables are. NB
stands for negative-big, NM for negative-medium, NS for negative-small, ZE for zero, PB for

positive-big, PM for positive-medium and PS for positive small. The corresponding fuzzy

rule table is shown in Table 3.2.

Table 3.2 Logic Rules for Fuzzy Logic (FL) Speed Controller

Wre

NB NM NS ZE PS PM PL
Awre
NB NB NB
NM NB NB NB
NS NB NM NM NM PM
ZE NB NM NS ZE PS PM PB
PS NM PS PS PM
PM PM PB PB
PL PM PM PB

i ) NS i PS PM Pd

8 -0 66 033 I 0.33 0.66 1

Fig. 3.9. Fuzzy sets considered for speed control
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3.5 Loss Model for Induction Motor Drive

Variable speed electrical motor drive technology has advanced dramatically in the last
two decades with the advancement of power electronic devices and magnetic materials
[147]. The variable speed induction motor drive system consists of three distinguish
elements such as controllable power converter, an electric motor which drives a load
(mechanical) at controllable speed and also driver controllers such as speed, current and
optimal energy controller [112]. Fig. 3.10 [5] shows the power flow through an electrical
motor drive systems form the power station to the load (pump, hoist, etc). In every parts of

the chain there are losses associated with transportation of energy.

Variable speed drive system

O = — — — — — — — — ]
Distribution Converter and Induction o
— ] Transmissin
Power systems | Inverter Motor L Load
station - — 1 ————— T — — — — i— —
ioss loss loss loss

Fig. 3.10 Power flow in variable speed drives

Distribution system: Transmission lines, distribution transformer and distribution lines.

Copper loss (I°R) is significant in the distribution systems.

Converter: Power electronic unit controls the stator voltage and frequency of the
motor in accordance with the desired operation. The losses in the
power electronic unit consist mainly of semiconductor switching

losses and conduction losses in the chokes.

Motor: The losses in the induction motor are divided into a number of loss
terms, connected with specific parts of the machine which comprises
copper loss in the stator and rotor, iron losses due to eddy current
and hysteresis, stray loss arise on the copper and iron of the motor

and friction losses.
Transmission: Losses due to the contact of motor shaft gear and belts.

The present work considers motor and converter losses to develop loss minimization

algorithm.
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3.5.1 Induction Motor losses

The equation of efficiency in any system is given by

p = 2uPH (3.17)
input
In case of induction motor drive, the output is the power supplied by the motor to drive
the load (product of shaft load and its speed) and the input is the power consumed by the
total system including motor, converter circuits and cables. Since the efficiency of induction

motor or any system depends on the total losses associated with it, Eq. 3.17 is rewritten as

t
_ outpu (3.18)
output + losses

The losses in the IM drive system are divided into a number of loss terms, connected
with specific parts of the machine. The power losses in the induction motor are portions of
the input power that eventually transform to heat rather than driving load. The fundamental
frequency losses can be classified as below [60] and are illustrated in the model shown in
Fig. 3.11.

1. Power losses in the stator windings due to stator currents and stator resistance
Rs.

Power losses in the rotor bars and end rings due to rotor currents
Iron core losses due to magnetic losses in the laminations, inductance and eddy
current losses.

4. Stray losses due to stator and rotor slotting, distributed stator and rotor MMFs
and slot and overhang leakages. This loss is more in the high frequency inverter
fed supply voltages.

5. Winding and friction losses due to mechanical drag in bearings and cooling fan.

In addition to the fundamental frequency losses in induction motor, it also offers
harmonic losses due to voltage- time harmonics when it is connected to static converter.
These losses depend on the type of converter and the pulse width modulation used with it.
[20].
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Fig. 3.11 Simple equivalent circuit of induction motor

a) Stator Resistance Loss

The resistance R in the equivalent circuit model, shown in Fig. 3.11, will generate heat
in the stator winding of the motor which is proportional to the square of the current. The

stator copper loss per phase, P, in watts is calculated by
(3.19)

where, Rs — stator resistance per phase and [ — stator current

It is known that the stator resistance will vary in accordance to the temperature and the
adjustment is needed to get correct value of stator resistance. With the winding resistance
value, R;, available at a known temperature T,, the resistance, R, at any other

temperature T, can be determined [73] by.

T+K
R, =R, (T;Kc) (3.20)
] + cu

where, Ry, — stator resistance at known temperature T,
Ke — temperature coefficient for copper
b) Rotor Resistanc Loss

The rotor copper loss per phase, P.,, is calculated by
2
P, =1'R, (3.21)

where, R, — rotor resistance per phase

I, — rotor current
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Similar to stator resistance, rotor resistance corrected for any temperature (T) and is

determined using Eq. (3.22):

(T+ Kal)

322
T+ Ky (3-22)

R, =R

where, R,,— rotor resistance at known temperature T,
Ka — temperature coefficient for aluminium
c) Core Losses

In general, core losses arise both due to the induced currents in the core as well as the
hysteresis characteristics of the core material. If the magnetic field set up in a ferromagnetic
core is time varying, the field will induce a voltage in the core and thus cause current flow
within the core itself. Due to the finite resistance of the core material, a resulting power loss
occurs [167]. These losses can be modelled in terms of hysteresis and eddy current losses

[154] and are given by

P, = K, f®, (3.23)
P, =K,f?®} (3.24)
Where, P, — hysteresis loss
P. — eddy current loss
K, — hysteresis coefficient given by material and design of motor
K. — eddy current coefficient given by material and design of motor
f — fundamental frequency of stator voltage
®,, — mutual flux or air-gap flux
The total stator core loss, P, is determined by
P =P, +P=P =K, +K,[’D, (3.25)

The rotor core loss, P, is calculated by using the Eq. (3.25) but with slip frequency instead

of stator frequency

P, = Ku(s) D2 + K, (sf ), (3.26)



Mathematical Modeling of the IM Drive 63

where s — slip

Total core loss at fundamental frequency is
1+s . 2 2.2
P.=P +P, = Kh(7)+Ke(1+s )| Dy, (3.27)

where, P, - Total core losses of the motor.

As the mutual flux @, is related to air-gap voltage Vi, and core coefficient K,
v
D, =K, 7’" (3.28)

Equation (3.27) can be rewritten as

P, = KC{K;,(HTS)+K€(I+S2)}V,3 (3.29)

The equivalent core loss resistance, Rmn can be determined by

R, = ! (3.30)

KC[K,,(HTS)+K€(1+S2)J

With the consideration of harmonics, assuming the coefficients K, and K, remain same
at harmonic frequency, and since harmonic slip s,=1, the equivalent core loss resistance

Rmn at harmonic frequency f, can be obtained by

0.5
K
Kc(f—h+ K,)

n

R (3.31)

mn —

The simplified expression for the core losses in the induction motor by neglecting rotor iron

losses is given by [86]
P, =(K, /2 +K,/)D} (3.32)

d) Stray Load Loss

The stray losses are high frequency losses in the induction motor caused by space
harmonics in the air-gap flux. Magneto Motive Forces (MMF) of the motor-load currents,

which divert some of the no-load magnetic flux into leakage paths, thereby creating flux
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pulsations and eddy currents losses in the laminations, conductors and adjacent metal parts
[7]. Stray losses can be represented by a group of losses and empirical equations can be
used to evaluate them which require the knowledge of machine dimensions, type of core
material, lamination thickness, winding geometry, etc. [154]. These losses can be divided

into six components [7],

The eddy current losses in the stator copper due to slot leakage flux.
The losses in the motor end structure due to end leakage flux

The high frequency rotor and stator surface losses due to the zigzag leakage flux

A W b=

The high frequency tooth pulsation and rotor I’R losses due to zigzag leakage
flux

5. The six times frequency rotor I’R losses due to circulating currents induced by
the stator belt leakage flux.

6. The extra iron losses in motors with skew leakage flux.

The stray losses can be modelled in a way similar to that used for core loss modelling. The

stator stray loss per phase at harmonics frequency f, can be given as (3.33) [154].

P

strn

K
= Ks,m[f—h + KE}VSE, (3.33)

n

Where Pg, — stray load loss at harmonic frequency
Ko — Stray loss constant at n" harmonic frequency
V,, — voltage across the stator leakage inductance at harmonic frequency
The losses at harmonic frequency can be represented by an equivalent resistance Rgn in

parallel with leakage inductance as (3.34).

R, = 1 (3.34)

strn
K
Kstrnli—h + Ke:|

In
The expression of voltage across the stator leakage inductance, Vs is
Ve =2nLl (3.35)

For the fundamental frequency, stray loss can be modelled as Eq. (3.36) by substituting

the Eq. (3.35) in Eq. (3.33). Since the rotor current in a squirrel cage induction motor is not
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measurable it is common practice to express the stray load losses as function of stator

current.

P =K |Knf + K, 122 (3.36)
where Py, — stray load loss at fundamental frequency
Ksr — stray loss constant at fundamental frequency
Vs — voltage across the stator leakage inductance at fundamental frequency
Is — stator fundamental current
f- fundamental frequency

The equivalent resistance Ry, can be represented in series with the stator leakage

reactance as given in Eq. (3.37).

Ry =Ko |Kpf + K, 12 | (3.37)

The simplified equation for the stray load losses is given by [86]

2
Pstr :Kstrler (338)

where, 1,2 - rotor current referred to stator

e) Mechanical Losses

The main reasons of mechanical losses appearing in the induction motor are friction and
windage losses. These losses are relatively a small percentage of the total motor losses are
separated by the four components [38]. These are: friction loss in the bearing, windage loss
of outside fan, friction air losses of rotor and windage losses of internal fans and finally
friction power loss of V-ring seals. Normally, total mechanical losses are approximated by
the researchers [147], [86] which is given by:

Proen = C f,00° (3.39)

where, o - speed of the rotor
Cw — mechanical loss coefficient

Pmecn — mechanical power loss
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f) Harmonic Motor Losses

The concept of operating a converter fed induction motor at significantly higher
frequency than conventional 50-60 Hz range results high frequency harmonic losses.
Fig. 3.12 [118] illustrates the frequency dependent losses. The conductor losses tend to
decrease with the increasing in value of frequency. On the other hand core losses increase
slowly as the frequency increases. This implies there is some time harmonic frequency
when the total losses are a minimum. The location of this minimum is design dependent, the

ratio of low frequency core and copper losses being an important parameter.

No skin effect

/Onset of stator conductor skin effect

Onset of rotor conductor skin effect

—>

Stator conductor loss

Losses

Rotor conductor 1oss

Core loss —

— — =

Frequency — —  —  p»

Fig. 3.12 Variation of time harmonic losses with frequency

Total high frequency conductor losses (stator and rotor) per phase can be calculated as in
Eq. (3.40) [118].

P

c

n=TF(R,+R,) (3.40)

Where, P.,,— harmonic conductor losses per phase

I, — harmonic current which depends on harmonic frequency and leakage reactance

R,, R, — stator and rotor resistances respectively which are also frequency

dependent.
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3.5.2 Loss model of Converter and Inverter Systems

Fig. 3.13 shows the variable speed drive system which consists of diode rectifier and
IGBT (Insulated Gate Bi-polar Transistor) inverter. Snubber circuits of inverter are ignored
for the ease of illustration of the system. Loss models of converter and inverter have been
derived in this section. These losses can be classified as follows [5]. In a diode rectifier, the

switching loss can be neglected and the conduction loss needs to be considered [154].

1. Rectifier conduction loss

2. Losses in the power supply unit
3. Choke conduction losses
4

Inverter losses

DC link inductor Induction Motor

Converter Inverter

— (i | rs LS EBa

] L | Jlf)f _{d] _\ A Y YV -

T~ cdc

et T

Fig. 3.13 PWM inverter fed induction motor drive

The loss of the three-phase diode rectifier is calcuiated knowing that two diodes are

conducting at a time:

P
o =2Vpl,, =2V, ~oude (3.41)

de
where, Vg — diode forward voltage
Prect — rectifier loss
Pouac — diode rectifier output power
Vg — dc link votage

Due to internal resistance of the power supply (transformer), it offers power loss which
depends on the size (rating) of power supply unit. The power supply can be modelled as
constant load and its power consumption is determined as the power input to the converter
when the inverter is switching, but without a motor connected to the output.
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The approximate conduction losses in the dc link chokes, Penoke, are calculated as:

2

P _ R Pi”inv

choke = Rehoke| =, — (3.42)
dc

where, Ruoke — total dc resistance in the dc link inductor

P

iy rectifier output or inverter input power

V4 - dclink voltage

Inverter switching losses can be calculated by measuring the transistor turn-on loss, the
transistor turn-off loss and th diode turn-off loss. The total inverter losses (both conducting

and switching) can be calculated as function of stator current and switching frequency [5].

Py :f(157fsw=¢>mi) (3.43)

where, P;,, — total inverter losses
Is — stator current
Few — swithing frequency
@ — phase shift angle

M, — modulation index varying from O to1

These losses can be approximated as Eq. (3.44) [66].

P

= Ko Ls + KigaI? (3.44)

inv]

where, K« and Kin,2 are the switching constant.

3.6 Model Based on Optimal Energy Control

The part load efficiency of induction motor can be improved by adjusting the flux level of
the motor with the help of optimal energy controllers. Different types of optimal energy
controllers for induction motor have discussed in the section 2.3 (chapter 2). In the present
work, three methods are used to optimize the energy consumption (in other words efficiency
improvement) of the motor for a given load and speed, namely: loss model control (LMC),
search control (SC) and hybrid of LMC and SC controllers. It is noted that the LMC

approach requires the exact values of machine parameters which includes core losses and
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main inductance flux saturation. Loss model equations are derived from the equivalent

circuit of the motor and are expressed in the next section.

3.6.1 Loss Model Controller

Fig. 3.14 [86] shows the modified per phase equivalent circuit of induction motor which
includes stray losses in terms of stray resistance Rs connected in series with stator leakage

reactance:

Iy Rstr Rs aXIs aXl, Rr

Fig. 3. 14 Modified equivalent circuit of induction motor with stray resistance

Motor parameters (R, Xis, X, R;) are derived from the no-load and blocked rotor tests
and are represented by per-unit quantities. Stator and rotor circuits have been merged by
adjusting the rotor parameters in accordance with the effective turns ratio. Referring the Fig.
3.14, motor equations (3.45) — (3.54) are given in the per-unit systems [86]. The per-unit

frequency

a="e- 2 (3.45)

The magnetizing current in terms of the air-gap flux and the magnetizing reactance is given
by

; -Ela_2, (3.46)
X,

The rotor current reflected in to the stator in terms of the air gap flux is given by
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[ = (3.47)

JEy e x?
sa

From Eq. (3.47), the air gap flux can be expressed as

®, =1, /(R—’)’- + X} (3.48)
sa
R

The electromagnetic torque is given by

T,=17 (3.49)
sa
Substituting Eq. (3.47) into Eq. (3.49), the electromagnetic torque is rewritten as
R/
T, = sa_ @2 (3.50)

; 2
(K] 2
sa

Usually, the induction motor operates with a small slip and the condition R%z >> X,', holds.

In this case, Egs. (3.43) and (3.45), air-gap flux and electromagnetic torque respectively,

become

R/,
d, =—- (3.51)
sa
7, =202 =0,I, (3.52)
r)‘
Stator current of the motor is calculated by
2o e 1 Xk
S=1,+c 1" where, ¢, =1+2 (3.53)

m

Equation (3.46) can also be written including magnetic saturation effects as
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Ly =S,®, +5,®,°+S,d,° (3.54)

From the Egs. (3.19) to (3.44), the total losses at both fundamental and harmonic
frequency, Py, in the induction motor drive considering conductor losses, iron losses, stray

losses, mechanical losses and converter losses are given by
Poss = RJIZ+R.I% + [Ke (1 +s2 k% + K, 01 +s)ajcbfn + K, 017

+C@” + TRy + R+ KoLy + Ky I (3.55)

As discussed earlier, rotor current in squirrel cage induction motor is not measurable and

the total losses can be expressed as in Eq. (4.51).

Ploss = R, 12 +(R; +1<s,,a)2)%+ [Ke (1+s2}72 +Kh(1+s)a]cp$n +C 40°

m

+R, (SaCDm +8,0,° +SC<D,,,5)+1§(RS + R+ Ky Iy + K012 (3.56)

Loss model controller (LMC) calculates the optimal value of flux in the Eq. (3.56) for the
given value of load torque and speed so that losses in the drive are minimum (or maximum
efficiency). Stochastic techniques like Particle Swarm Optimization (PSO) or genetic
algorithm can be used as the inner part of LMC for finding optimal flux level. PSO is used in
the present work to find the optimal flux with the consideration of its maximum and minimum

limits. The loss minimization problem of induction motor can be formulated as

Minimize Piss (Te,, D) (3.57)

3.6.2 Search and Hybrid Controllers

Unlike LMC for finding optimal flux from loss models, search control adjusts (decrease)
flux or flux producing current step by step with small value and watch the dc link power at
every adjustment. Once the dc link power is minimized the adjustment will be stopped and
maintain the current flux. This technique is slow for reaching the optimum value and a ripple
in steady state torque is always present but the loss minimization in the total system can be
achieved without the knowledge of motor and converter parameters. Ramp search method
can be used as search control and specific model is not required to implement this type of
controilers.
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Hybrid controller (which consists both LMC and search control) is used to retain good
features of individual controllers, while eliminating their major drawbacks. By this hybrid
controller, slow convergence (drawback of search control) and parameter variation
(drawback of LMC) due to saturation and temperature variations can be eliminated and

good results can be achieved with rough knowledge of parameters.

3.7 Conclusion

The drive scheme considered for investigation is presented. Mathematical model of the
induction motor is presented in stator reference frame. PWM inverter model is explained for
every possible switching state. The current controllers used in the drive are sinusoidal pulse
width modulation controllers; these controllers are modelled. Optimal energy controller is
designed through the loss models of entire variable speed drive systems. The Pl controller
equations for speed controller are described in detail. FPPI controller is designed to solve
stability problems in the drive during flux adjustment. The drive model is obtained for the
vector control scheme. Using the PWM inverter, induction motor and associated controller

models, the complete drive can be simulated to study its performance.



Chapter 4

Design Optimization of Induction Motor

%

[In this chapter the design improvements of induction motor by selecting optimal values
of variables and constraints using Particle Swarm Optimization (PSO) and its variants are
discussed. The classification of optimization problems and their solving techniques are
presented. The formulation of motor design problems with the detailed explanations of
variables, constraints and objective functions are given. Effects of variables on the
performance indices and the objective functions of the motor are analyzed. The nature of
optimization techniques used in this thesis i.e. Rosenbrock method, Simulated Annealing,
basic PSO and the improved version of PSO, called Quadratic Interpolation based Particle
Swarm Optimization (QIPSO) are explained in detail. Results obtained by each method for
the objective functions, material cost, efficiency, starting torque, temperature rise and
operating cost are given. Optimized motor design with the consideration of voltage

unbalance and limited harmonic current (in case of inverter supply) is also carried out. ]
4.1 Introduction

Optimization is one of the most important areas in engineering and applied research.
Many engineering problems can be formulated as optimization problems. Electrical
engineering problems like motor design, economic dispatch problem, pressure vessel
design, VLS| design etc. can be formulated as optimization problems. These problems
when subjected to a suitable optimization algorithm help in improving the quality of solution.
This is the reason that electrical engineering community has shown a significant interest in
digital computer based optimization algorithms and development of software on motor

design to obtain the global optimum solution of the problems.

In particular there has been a focus on Evolutionary Algorithms (EA) for obtaining the
global optimum solution to the problem, because in many cases it is not only desirable but
also necessary to obtain the global optimal solution. Evolutionary algorithms have also
become popular because of their advantages over the traditional optimization techniques
(decent method, quadratic programming approach, etc). A detailed description of various
traditional optimization techniques can be found in [69]. Some important differences of EAs
over classical optimization techniques are as follows:

e Evolutionary aigorithms start with a population of points whereas the classical

73
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optimization techniques start with a single point.

o No initial guess is needed for EAs, however, a suitable initial guess is needed in
most of the classical optimization techniques.

e EAs do not require an auxiliary knowledge like differentiability or continuity of the
problem on the other hand classical optimization techniques depend on the auxiliary
knowledge of the problem.

e The generic nature of EAs makes them applicable to a wider variety of problems

where as classical optimization techniques are problem specific.

Some common EAs are Genetic Algorithms (GA), Evolutionary Programming (EP),
Particle Swarm Optimization (PSO), Differential Evolution (DE) etc. These algorithms have
been successfully applied for solving induction motor design problems [37], [121], [181],
[84], [16], etc. Some improved versions of PSO based on Quadratic Interpolation proposed
by Pant et al. [124] — [127] have applied successfully in unconstrained and constrained test
problems and real life applications. PSO and its variant (QIPSO) are used in the present

work for designing the induction motor.
4.2 General Optimization Problem

The system while designing, fabricating or maintaining it, engineers are required to take
many technological and managerial decisions at several stages. It is expected that the
decisions taken should lead to either minimize the efforts or maximize the gain. In any
practical situation the ultimate goal can be defined as a function of certain decision
variables. Thus the optimization can be defined as the process of investigating the
conditions that give the maximum or minimum value of function under given circumstances.
There is no unique method available for solving all optimization problems with the same
efficiency, and hence several optimization methods have been propounded to handle
specific type of problems. The optimum seeking methods are commonly known as
mathematical programming techniques. These techniques provide a means for finding the
minimum or maximum of a function of several variables under a prescribed set of
constraints [15]. The design process for an induction motor involves many steps. The

general flow of design optimization of induction motor is shown in Fig. 4.1.



Design Optimization Of Induction Motor 75

A
Establish performance
specifications

Selection of major components
{winding, rotor materials, lamination
etc) to meet performance specifications

v

Evaluate performance

I

S

Does performance
T~__ meet specification?

No

/ Print Results /

Fig. 4.1. General flow chart for motor design

A general nonlinear programming problem can be stated in mathematical terms as
follows;

Find X= (x4, X,.....X,) such that
To optimize F(X) i.e minimum or maximum
Subject to gi(X) > 0, i=1, 2,....m
and (X) =0, j=m+1,.. ... p

where X is an N-dimensional vector termed as the design vector, F(X) is called the objective
function and g;(X) and (X) are respectively the inequality and equality constraints. The
problem can be said to be unconstrained when p=0, and when p is greater than m the

problem is said to have both equality and inequality constraints. In some problems only
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inequality or equality constraints may be present. The following terminologies are important

in any optimization problem [15].
a) Design Vector

In any engineering system the design is controlled by several parameters and they are
termed as design variables or decision variables. In some of the problems the number of
variables are too large and it is unwieldy to deal with such a large number of variables.
Fortunately, in most of the designs certain quantities can be fixed at the outset and such
parameters are called as assigned or pre-assigned parameters. Seven design variables
which are given in section 4.5.1 and thirteen assigned parameters (details available in

Appendix A) are used in induction motor design problem of this chapter.

b) Design Constraints

In order to produce an acceptable design certain restrictions are to be satisfied. The
restrictions put on the design are collectively called as design constraints. They can further
be classified into two types, i.e. functional constraints and size constraints, depending upon
whether the restrictions refers to performance or some other physical limitations. More
constraints are available in the motor designs which decide the good or bad performance.
Nine constraints forced into the induction motor design in the present work which are

available in section 4.5.2.

¢) Objective Function

In any design procedure under given circumstances several acceptable designs can be
produced for different sets of design variables. The optimization process enables to select
the best design on the basis of certain criterion with respect to which the design is to be
optimized. This criterion, when expressed in terms of design variables is termed as
objective function. In most of the cases the optimized design of one criterion may not
necessarily be optimized design for some other criterion and hence selection of suitable
objective function is one of the most important decisions in whole of the optimum design
process. Five objective functions related to cost and performances are considered in the

present work and are available in section 4.5.3.

Several factors have to be considered in deciding upon a particular method to solve

a nonlinear programming problem. Some of them are [15]:

> Nature of problem to be solved and required accuracy.
> The time necessary for preparation of the program. Available programs, if any, for

direct use and improvement
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> The generality of program, necessity of derivatives, previous knowledge of the
methods and their efficiency etc.
> The ease with which the program can be used and its output interpreted

> Computation facilities- time taken for convergence

Considering the one dimensional method, the use of analytical method for this design
optimization problem is difficult since the functions are not directly differentiable and hence
numerical methods are to be employed for differentiating the objective function and the
constraint. Interpolation methods are efficient than the elimination methods but, they fail to
converge at global minimum if the function is a multimodal one. The simplest method which
can give reasonably accurate results by approximately fixing the step size is unrestricted
search or incremental search method. In this method an ordered search from a given point
considering each variable in turn is conducted using fixed step size. It is inefficient for the

optimization.

The constrained minimization techniques for nonlinear function and constraints are more
justified to select. In this category amongst the direct methods, cutting plane method
requires convex programming problem with objective function and constraints as nearly
linear functions and hence cannot be used. Feasible directions methods are more effective
for the problem using linear constraints or for linear programming problems. Heuristic
search method (Box method) and Rosenbrock’s method (Hill algorithm) were conveniently
applied for the induction machine optimization problem. Nowadays Nature Inspired
Algorithms (NIA) are the efficient alternatives of Box and Rosenbrock methods and hence
particle swarm optimization (one of the nature inspired algorithms) and its variant are used

in the present work.
4.3 Induction Motor Design Optimization

Optimum design of Induction Motor (IM) is a non-linear multi dimension problem and
therefore the role of optimization techniques is more important in design of IM to get global
optimum. Detailed literature survey on induction motor design using conventional and

artificial intelligence based techniques has been given in the chapter 1.
4.3.1 Conventional Methods

The classical methods of differential calculus can be used to find the maxima or minima
of a function of several variables and without any constraint. Another requirement with such

methods is the demand for continuous differentiable functions with respect to design
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variables. In most of the engineering problems the analytical differentiation of functions is a
difficult task and hence such methods have limited scope in the applications. The various
types of conventional (non-NIA based) non linear optimization methods for constrained and

unconstrained problems are shown in Fig. 4.2 - 4.4 [15].

One
Dimensional
Minimization

Numerical

methads Analytical methods

1

(differential
calculus methods-
Elimination fungion sh_ould be
differentialble)
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Interpolation

Golden section Il
method

Fig. 4. 2. One dimensional minimization techniques
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Fig.4.4. Various unconstrained minimization methods

4.3.2 NIA Based Methods

The design optimization of a three-phase induction motor can be formulated as a
general constrained non-linear programming and the standard Non Linear Programming
(NLP) techniques can be used to solve it. But these techniques are computationally very
expensive and inefficient whereas NIA is a competent tool to solve non-linear programming
problems. There are many traditional methods in the literature for solving non linear
programming problems as said above. However, most of the traditional methods require
certain auxiliary properties (like convexity, continuity etc.) of the problem and also most of
the traditional techniques are suitable only for a particular type of problem (for example
Quadratic Programming Problems, Geometric Programming Problems etc). Keeping in view
the limitations of traditional techniques researchers have proposed the use of stochastic
optimization methods and intelligent algorithms for solving NLP which may be constrained
or unconstrained. Some examples are: Genetic Algorithms  (GA) [37], [170], [181],
Simulated Annealing (SA) [16] [121], and Particle Swarm Optimization [121], Improved
evolution strategy (hybrid of SA and GA) [83], hybrid of evolutionary programming and SA
[121].

4.4 Formulation of Induction Motor Design Problem

The design of the induction motors means determining the geometry and all data

required for manufacturing so as to satisfy a vector of performance variables together with a
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set of constraints. Design optimization refers to ways of doing efficiently synthesis by
repeated analysis such that some single or multiple objective functions are maximized or
minimized while all constraints are fulfilled. There are large number of design parameters
involved in the design of the induction machine. Selection of objective functions, variables
and constraints are the main steps. The proper optimization requires an intelligent selection
of objective function, and constraints according to the drive’s requirement, and further
selection of variables which affect the objective function and the constraints. A problem in
the selection of variables is that the design problem of IM would have been very much
complicated using too many variables [138]. In the present work, seven variables (xi...... X7)

and nine constraints (C;...Cg) are considered.

a) Variables

ampere conductors/m, Xq

ratio of stack length to pole pitch, x;

stator slot depth to width ratio, x;

stator core depth (mm), x4

average air gap flux densities (wb/m?), xs
stator winding current densities (A/mm?), Xe

Rotor winding current densities (A/mm?), x;

b) Constraints

To make a motor practically feasible and acceptable, the constraints have a big role in it.
The constraint which gets most effected with the variation in the objective function should
be considered with special care. The constraints (C,...Co) are forced into the induction
motor design and are exp'ressed in terms of variables.

maximum stator tooth flux density, wb/m? <2, C,
stator temperature rise, °C <70, C,

full load efficiency, pu 2 0.8, Cs

no load current, pu 0.5, C,4

starting torque, pu 2 1.5, Cs

maximum torque, pu 2 2.2, Cg

slip, pu =0.05, C;

full load power factor 2 0.8, Cg

rotor temperature rise, °C <70, Cq
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(i) Maximum Stator Tooth Flux Density

The expression for maximum tooth flux density is given below (detailed expressions

are available in Appendix A)

1.572DLxs *10°

B -
f(max) Sit3L;

(4.1)

The maximum permissible tooth flux density in the present case has been taken as 2.0
wb/m?. This limitation of stator flux density depends upon the stamping materials used.

(ii) Stator Temperature Rise

The permissible value of temperature rise depends upon the type of insulating material.
Moreover the industrial situation for which the motor is to be used is also a controlling factor
of a motor to fix its thermal rating. For example, in textile mills the motor with higher
permissible temperature rise cannot be used due to danger of fire. In the presented work,
the motor is designed with Class B insulation and maximum permissible temperature is

forced as one of the constraints which value is considered as 70°C. The equation for

temperature rise (9, ) in terms of copper and iron losses is given below,

_ 7,(SCL+SCL)

ems S

(4.2)

N

(iii) Full Load Efficiency

Efficiency improvement in motor design helps to reduce the energy
consumption/operating cost of energy intensive industries which results reduced
environmental pollutions. Therefore industrial customers will be more interested in having

efficient motors. In the present work, the efficiency (77) has been restricted to a minimum of

80% and the corresponding equation is given below,

3 1000P,,
1000F, + SCL+Wgey + SIL + W

7 *100 (4.3)

(iv) No-Load to Full Load Current Ratio

Motors, in industrial applications, frequently run at part load and no load. In order to
reduce the no load losses a low value of no load current is justified. The expression for no
load to full load current ratio (CR) is given in (4.4) and its maximum value is restricted as
0.5.
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(v) Full Load Slip

The value of slip at full load depends on the rotor resistance. A very high value of slip
makes a motor to draw more stator current causing more heating of motor. In the present
work, maximum limit put on the full load slip is 0.05 p.u and the expression for slip is given
in Eq. (4.5).

5= e’ (4.5)
IOOOPO + WRCL + WF

(vi) Starting to Full Load Torque Ratio

Starting torque requirement is varied from motor to motor depends on the job, for
example, more starting torque is required in the mine hoist load. The ratio of starting torque
to full load torque (TRT;) in this work is restricted to a minimum of 1.5. Detailed expressions
of Ty and Tgare given in Egs. (A.59) and (A.60).

TRT, = Ta (4.6)
T

f

(vii) Maximum to Full Load Torque Ratio

Standard organizations impose restriction on the ratio of maximum to full load torque
(TRT,) depending upon the purpose for which the motor is to be used. It is restricted to not

smaller than 2.2 in this work. A detailed expression of Traxis given in Eq. (A.63).

T
TRT, = % (4.7)

N

(viii) Full Load Power Factor

Induction motors are characterized by power factors less than unity, leading to lower
overall efficiency (and higher overall operating cost) associated with a plant's electrical
system. Therefore, it is necessary to improve the power factor in induction motor. The
minimum value of the power factor prescribed in the present optimized design is 0.8 at full

load. The expression of power factor is given in Eq. (4.8).
R, +Gy

PF =
J(R + Gy + (X, +Go)?

(4.8)
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(ix) Full Load Rotor Temperature Rise

Similar to stator temperature rise, rotor temperature is also an important constraint to
the design of induction motor. It is restricted to the value of less than 70°C. The expression

for full load rotor temperature rise can be written as Eq. (4.9).

w
O,y =S RCL (4.9)
Sy

¢) Objective Functions

The objective function is mostly chosen keeping in mind the customers demand and the
profit of manufacturer. The following objective functions are considered in this work while
designing the machine using optimization algorithms (detailed expressions are given in
Appendix A). The objective functions are,

F(X) = A; Active material cost minimization

F(X) = B; Maximization of Efficiency

F(x) = C; Maximization of Starting torque

F(x) = D; Minimization of temperature rise in the stator circuit of the motor
F(x) = E; Operating cost minimization

d) Optimization Tool

PSO and QIPSO algorithms are used in the present work for optimizing induction motor
design. Constrained Rosenbrock and Simulated Annealing (SA) are considered for
comparing PSO and QIPSO results. The results of Rosenbrock method and SA are referred
from the existing literature.

4.5 Effect of Design Variables

The effect of above design variables on objective functions and other performance
indices are investigated by using the equations given in Appendix A.4. Vary the value of one
variable in a wide range for studying its effects in performance indices, other variables are
assigned the normal values used in the standard design procedure. The computer flow
chart for iterative method is shown in Fig. 4.5. Computer program is stopped at maximum

iteration (ITE) is reached.
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Fig. 4.5. Computer flow chart for investigating the effect of variables

a) Effects of Ampere Conductors

Ampere conductors (ac), in other words electric loading, affects copper losses and
armature reaction. The losses must be dissipated by ventilation so that the designer has
several restrictions on his choice of specific loading. The effects of ac on the performance
indices are shown in Fig. 4.6 and Fig. 4.7. With the higher value of ac the stator tooth flux
density increases but not much whereas, with the increased value of ac the starting and full
load torque have reduced. Efficiency, power factor and slip are almost constant through out
the variations in ampere conductor. Higher values of ac offer slight reduction in no-load to
full load current ratio. The full load stator and rotor temperature are more with the higher

value of ampere conductor per metre, shown in Fig. 4.7.
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b) Effects of Ratio of Stack Length to Pole Pitch

Similar to ampere conductors, effect of ratio of stack length to pole pitch (L/7) in stator
tooth flux density is low. With the higher value of L/t the stator tooth flux density slightly
decreases. No-load to full load current ratio lightly increases with higher value of L/t. More
per-unit starting and maximum torques can be obtained by using higher value L/t. The
variations in these torque with respect to L/t are almost same. Efficiency and slip increase
with the higher value of L/z. There is no effect of this variable on the power factor and stator
temperature rise but the full load rotor temperature rise is less with high value of L/t. In
general, the following range of values of stack length to pole pitch ratio is recommended to
achieve good performances [143]. Fig. 4.8 and 4.9 show the effects of L/t on the
performance indices of the motor.

For minimum material cost: the range of L/t is 1.5 to 2.

For good power factor: the range of L/tis 1.0 to 1.25.

For good efficiency: the value of L/t is 1.5

For good overall design: the value of L/t is 1.0
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4.9. Effects of ratio of stack length to pole pitch in the motor's temperature rise
¢) Effects of ratio of Stator Slot Depth to Width

With the increased value of stator slot depth to width ratio the tooth flux density reduces
considerably where as efficiency and per-unit no-load current are increased with the higher
value of stator slot depth to width ratio. The effect of this variable in slip is almost negligible.
Lower values of stator slot depth to width ratio give higher value of per-unit maximum
torque. The effect of this variable in starting torque is significant. Lower value of this variable
offers higher starting torque and this torque value decreases with increase in slot depth to
width ratio upto a certain value and then increases with the increase in slot depth to width
ratio, shown in Fig. 4.10. Almost no and less effects of this variable in stator and rotor

temperature rise respectively, shown in Fig. 4.11.
d) Effects of Core Depth

The effects of core depth in the performances indices of the motor are shown in Fig.
4.12 and 4.13. The stator core depth has practically no effect on the stator tooth flux density
and slip. Also, the effects of this variable on stator and rotor temperature rise are almost
same. Lower value of core depth offers higher value of per-unit starting and maximum
torques. Similarly, efficiency and power factor are more with the higher value of this
variable. The effect of core depth in power factor is significant such that power factor is very
low at lower value of core depth. Full load stator temperature rise is less with higher value of

core depth whereas; with the increased value of core depth the full load rotor temperature
rise increases.
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e) Effects of Average Air-gap Flux Density

The effect of air-gap flux density (shown in Fig. 4.14) on maximum stator tooth flux density
is very significant. Higher the air-gap flux density results higher tooth flux density. Lower
value of this variable helps to get higher efficiency, power factor and starting torque
whereas, maximum torque and no-load current are higher when the value of air-gap flux
density increased. The effect this variable in the slip is very low. Stator temperature rise is
significantly higher with the higher value of air-gap flux density whereas, the effect of this

variable in the rotor temperature rise is almost negligible, shown in Fig. 4.15.
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Fig. 4.14. Effects of air-gap flux density in the motor's performance indices
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f) Effects of Stator Winding Current Density

The effects of stator winding current density on the performances of the motor are
shown in Fig. 4.16 and 4.17. Starting and maximum torque have decrease with the increase
of stator winding current density. The stator tooth flux density decreases with the increasing
value of stator winding current density up to a certain value and then increases with the
increase in stator winding current density. Higher stator temperature rise with the higher
value of stator winding current density and the effect of this variable in the rotor temperature
rise is very low. Remaining performance indices such as efficiency, power factor, no-load

current and slip have higher value with the lower value of stator winding current density
g) Effects of Rotor Winding Current Density

Fig. 4.18 and 4.19 show the effects of rotor winding current density in the motor
performance related items. The effect of this variable is almost negligible in the stator tooth
flux density, power factor, no-load current and stator temperature rise. Starting and
maximum torques have higher values with the higher value of rotor winding current density.
Stator tooth flux density has higher value at the higher value of rotor winding current
density. Efficiency is lower with the higher value of rotor winding current density whereas,
the vaiue of slip is higher with the higher value of rotor winding current density. Full load
rotor temperature rise is significantly higher at the higher value of this variable, shown in
Fig. 4.19.
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4.6 Optimization Techniques for Induction Motor Design

Induction motor design optimization is carried out in the present work with the help of
PSO and QIPSO algorithms and its superiority has been explored in comparison with
Constrained Rosenbrock, and Simulated Annealing (SA) methods. The detailed description

of ali methods is given below.

4.6.1 Rosenbrock Method

This method is an iterative procedure that bears some correspondence to the
exploratory search of Hooke & Jeeves, in which small steps are taken during the search in
orthogonal coordinates. Instead of continually searching the coordinates corresponding to
the directions of independent variables, an improvement can be made after one cycle- of
coordinate search by lining the search directions in an orthogonal system, with the overall
step on the previous stage as the first building block for the new search coordinates [69].
Rosenbrock [140] applied this improvement to optimize nonlinear unconstrained problems
with several variables. Constrained Rosenbrock method (Hill algorithm) is successfully
applied in the induction motor by Bhardwaj, et al., [14] with the further improvement of this
method that it does not necessarily require a starting feasible point. The steps involved in

this algorithm are given below;

Step 1)- Read n, m (explicit plus implicit constraints) and number of stages (nn)

Select starting point X; and initial step size A, iI=1,2,................ n.
Step 2)- Calculate objective function and constraints

Step 3)- Check constraints. If satisfied, go to step 4, otherwise select another starting point
using the iterative method and go to step 2. Continue the procedure till feasible
point is obtained and then go to step 4. If in a preselected range no feasible

design exists, then print the error message and terminate the program.
Step 4)- Set i=1

Step 5)- Increment the variable X; with a discrete A; parallel to the axis and evaluate the

function.
Step 6)- Check the feasibility of the point. This is done as follows-

Define F,, the current best objective function value for a point where the

constraints are satisfied, and F' the current best objective function value for a
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point where the constraints are satisfied and in addition the boundary zones are
not violated. Initially set Fo = F~ = feasible starting point objective function. If the
current point objective function, F, is worse than F, or if constraints are violated the

trial is a failure, go to step 7.

If there is an improvement in the objective function and in addition the constraints

and boundary zones are violated, set F'=F, and go to step 8.

Step 7)- Record the failure and set A(new)= -B Ai(old), The recommended value of B by
Rosenbrock is 0.5.

Step 8)- Record the success and set A(new)=a A(old), The recommended value of by
Rosenbrock is 3.0

Step 9)- Check whether all the variables are considered. If not set i= i+1 and go to step 5

Step 10)-Check convergence. If the number of stages prescribed exceeds the prescribed
limit or if the change in the objective function or the vector components is smaller

than the preselected value, go to step 15
Step 11)- Check for the success and failure.

If at least one success and failure have been encountered in all directions, the
stage ends. If so, go to next step. If success and failure are not encountered in

each direction, go to step 4.

Step 12)- Rotate the axes. Each rotation of axes is termed- a stage. The axes are rotated

by the following procedure.

p(
Sij ) == (4.10)

K 2
Z(Dm, ;)
m=1
where D& = 4(K)

J-1

:e
el n=l1
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where j= variable index=1,2,................. n
j=direction index=1,2,.................... n
K=stage index

di= sum of distances moved in the | direction since last rotation of axes

M, ;= normalized direction vector component

For easy to understand, this method is illustrated in Fig. 4.20.
Let P; be the initial point.
An exploratory search along the coordinate axes leads to point P».
Construction of a new orthonormal frame with a first direction along P:P..
Starting from P,, another exploratory search along the new coordinates leads to
Ps.

This iterative process is repeated until the error test meets the requirements

d2

v

Fig. 4.20 lllustration of Rosenbrock search method

Step 13)- Make a search in all the directions using the new coordinate axes.

X5 (new) = X5 (old) + XM (4.11)
Go to step 4
Step 14)- Print results of optimum design

Step 15)- Stop.
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4.6.2 Simulated- Annealing Method

Simulated Annealing (SA) is a meta-heuristic algorithm and can be applied to global
optimization problems. This method was developed based on the analogy between the
annealing process of solids and the process of solving combinatorial optimisation problems
[87]. The procedure [102] of simulated annealing starts from an initial solution to the
problem. It then generates a new trial solution from the neighbourhood of the current
solution. If the new solution is better than the current solution, it is accepted and used as the
new current solution. Otherwise, it may be accepted or rejected depending on an
acceptance probability which is determined by the difference between objective functions of
the two solutions and by a control parameter called temperature following the convention in
thermodynamics. This process then continues from the new current solution. Initially, the
temperature is set at a high level so that almost all moves will be accepted. It is then
decreased slowly during the procedure until almost no moves will be accepted. SA is
successfully applied in the induction motor design and the computational steps of this

algorithm are as follows [16].

Step 1: Initialization
Choose an initial point x ) a termination criterion €. Set Temp, temperature
at a sufficiently high value, number of iterations (n) to be performed at a
particular temperature, and set t=0.

Step 2: Calculate a neighboring point x " =N(x ), usually a random point in the
neighborhood is created.

Step 3: If AE = E(x "V ~E(x") 5 0, sett = t+1; or else create a random (1) number
in the range (0,1). If r s exp (AE/ Temp) sett =t +1: or go to step 2.

Step 4: If |x " —x® | <& and Temp is small, terminate: or else if (tmod n) =0,
then lower T according to a cooling schedule. Go to step 2; or go to step 3.

Here, Temp is the temperature, AE is the difference in the objective function values.
4.6.3 Particle Swarm Optimization (PSO)

The concept of Particle Swarm Optimization (PSO) was first suggested by Kennedy and
Eberhart [79]. Since its development in 1995, PSO has emerged as one of the most
promising optimizing technique for solving global optimization problems. Its mechanism is
inspired by the social and cooperative behavior displayed by various species like birds, fish
etc including human beings. The PSO system consists of a population (swarm) of potential
solutions called particles. These particles move through the search domain with a specified

velocity in search of optimal solution. Each particle maintains a memory which helps it in
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keeping the track of its previous best position. The positions of the particles are
distinguished as personal best and global best. The working of the classical Particle Swarm
Optimization (PSO) may be described as:

In a D-dimensional search space the position of the i" particle is represented as X; = (i,
Xo, ... Xip). Each particle maintains a memory of its previous best position Presi = (pi1, Pi2. -
pio). The best one among all the particles in the population is represented as Pgeest = (Pgr,
Pg2.-- Pgp). The velocity of each particle is represented as Vi = (vi1, Viz, ... Vip). In each
iteration, the P vector of the particle with best fitness in the local neighborhood, designated
g, and with this P vector of the current particle is combined to adjust the velocity along each
dimension and a new position of the particle is determined using that velocity. The two basic
equations which govern the working of PSO are that of velocity vector and position vector

given by:

Vig =Wvig +e1n(pig —Xig)+¢an (Pgd —Xiq) (4.12)
Xig =Xig TVig (413)

Acceleration constants ¢4, ¢, [46] and inertia weight w are the predefined by the user
and ry, 1, are the uniformly generated random numbers in the range of [0, 1], pi and pq are
the particle’s previous best position and the swarm’s previous best position, and x; is the

current position of the i" particle.

The first part of Eq. (4.12) (i.e. wv) represents the inertia of the previous velocity, which
serves as a memory of the previous flight direction. This memory term can be seen as a
momentum, which prevents the particle from drastically changing direction, and to bias
towards the current direction. The concept of inertia weight w was introduced by Shi and
Eberhart [148] as a mechanism to control the exploration and exploitation skills of the
swarm. The inertia weight controls the momentum of the swarm by weighing the
contribution of the previous velocity. The value of inertia weight is very significant in order to
ensure an optimal tradeoff between exploration and exploitation mechanisms of the swarm
population. Larger vaiues of w enhance the exploration by locating promising regions in the
search space whereas a smaller value helps to endorse the local exploitation. Initially the
inertia weight was kept static during the entire search duration for every particle and
dimension. With the due course of time inertia weights with dynamic weights were

introduced.
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Fig. 4.21. Flowchart of Particle Swarm Optimization technique

The second part (i.e. c;n(py; - x,4)) is the cognition part and it tells us about the personal
experience of the particle. In a sense, this cognition part resembles individual memory of
the position that was the best for the particle. The effect of this term is that particles are

drawn back to their own best positions. resembling the tendency of individuals to return to
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situations or places that was most satisfied in the past.

The third part (i.e.cyry(pgq —xig)) represents the cooperation among particles and is

therefore named as the social component [79]. This term resembles a group norm or

standard which individuals seek to attain. The effect of this term is that each particle is also

drawn towards the best position found by the particle’s neighbourhood. The computational

steps of PSO are shown below and the corresponding flow chart is shown in Fig. 4.21.
Step1: Initialization

For each particle i in the population,

Step1.1: Initialize X[i] with Uniform distribution.

Step1.2: Initialize V[i] randomly.

Step1.3: Evaluate the objective function of X[i],and assigned the value to fitnessi].
Step1.4: Initialize Ppegfi] With a copy of X][i].

Step1.5: Initialize Pbest_fitness]i] with a copy of fitnessi].

Step1.6: Initialize Pgyes With the index of the particle with the least fitness.

Step 2: Repeat until stopping criterion is reached:
For each particle i:
Step 2.1: Update VIi] and X[i] according to Egs. (4.12) and (4.13).

Step 2.2: Evaluate fitnessi].
Step 2.3: If fitness|i] < Pbest_fitness]i] then Pyes(i] =X[i], Pbest_fitness|i] =fitnessi].

Step 2.4: Update Pghes by the particle with current least fitness among the

Population.

4.6.4 Improved Particle Swarm Optimization

Although the rate of convergence of PSO is good due to fast information flow among the
solution vectors, its diversity decreases very quickly in the successive iterations resuiting in
a suboptimal solution [100]. Aiming at this shortcoming of PSO algorithms, many variations
have been developed by the researchers to improve its performance. The Particle Swarm
Optimization with Quadratic Interpolation (QIPSO) algorithm proposed by Pant, et.al [144]
which works initially like basic PSO and does crossover to find new particle and it is
accepted in the swarm only if it is better than the worst particle present in the swarm. The

process is repeated iteratively until a better solution is obtained. It uses a = Xy, (the
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leader having minimum function value) and two other randomly selected particles {b,c}(a, b
and ¢ are different particles i.e. a # b = c) from the swarm (tribe) to determine the

. . ~ ~! ~2 ~n
coordinates of the new particle X = (x 3 X yereans s X ),where

16" = @ —a) e -6y fio)
2 =) @+ ~a)* fB)+(d -6 f(o)
The flow of QIPSO algorithm is shown in Fig. 4. 22, where f(x) represents the objective

(4.14)

function value of x, and the computational steps are given below.

Step 1: Initialization.
For each particle i in the population:
Step1.1: Initialize the particles (X[i]) with Uniform distributed random numbers.
Step1.2: Initialize particle’s velocity V[i].

Step1.3: Evaluate the objective function of X[i], and assigned the value to
fitnessi].

Step 2: Position and Velocity updation,
For each particle i:
Step 2.1: Update V[i] and X]i] according to Eqgs. (4.12) and (4.13)
Step 2.2: Evaluate fitnessi).

Step 2.3: If fitness][i] < Pbest_fitness|i] then Ppeg(i] =X[i], Pbest_fitnessJi] =fitnessli].

Step2.4: Update Pgbest by the particle with current least fitness among the
population.

Step 3: Find the new particle using Eq. (4.14)

If new particle is better than worst particle in the swarm, replace worst
particle by the new particie

Step 4: Go to step 2 until stopping criterion is reached.
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4.7 Results and Discussion

The main parameters of PSO and QIPSO algorithms are inertia weight w and
acceleration constants ¢, and c,. After performing a number of experiments and going
through various PSO versions available in literature, the present work considered the
following experimental settings: the inertial weight w is taken to be linearly decreasing from
0.9 to 0.5. Acceleration constants ¢, and c, are taken as 2.0 each and ry, r; are taken as the
uniformly distributed random numbers between 0 and 1. Both the algorithms were
implemented using Turbo C++ on a PC compatible with Pentium IV, a 3.2 GHz processor
and 2 GB of RAM.

Particle Swarm Optimization and its variant, QIPSO with their parameters settings
mentioned above have been applied to optimize poly-phase induction motor design. The
programs have been tested with some standard benchmark problems (Appendix A) having
different dimensions and then applied to the motor design. Results have been presented for
three different capacity motors, i.e. 2.2 kW, 7.5 kW and 110 kW.

The results of fresh design of induction motor obtained from different optimization
techniques and their comparative study is presented. The salient features of the optimized
design are discussed. in view of the results presented in Tables 4.1 — 4.13 discussions
have been extended to investigate the usefulness of the methods employed for optimization

of design of induction motor.
4.71 Material Cost

The results of two optimized induction motors, sample motor 1 (7.5 kW, 440 V) and
sample motor 2 (110 kW, 3.3 kV) whose specifications are available in Appendix 4, using
Particle Swarm Optimization (PSO) and its variant, Quadratic Interpolation based Particle
Swarm Optimization (QIPSO) algorithms are shown in Tables 4.1 and 4.2. Results of
conventional method (constrained Rosenbrock and normal design) have also been
tabulated for the ease comparison. It is noted that the limits of variables chosen for all the
optimization techniques have been the same throughout. The results obtained by PSO and
QIPSO are better than the other methods and their percentage improvements are shown in

Table 4.3. The analysis of the results, obtained design, are given below:

The permissible limit for maximum stator tooth flux density has been taken as 2.0 wb/m?
and this value in optimized design is much below the saturation limit. Average flux density
value offered by PSO and QIPSO are higher than the Rosenbrock and normal methods and
hence lower material cost. Since the cost of copper is more than the iron, minimum copper
is used in the PSO and QIPSO based design in comparison with Rosenbrock method. As a
result of this, the winding current densities used in the PSO and QIPSO based design have
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comparatively of much higher values. Use of such a high current density requires much less

slot dimensions and provide more tooth width, thus reducing the saturation in the teeth

portion. Since the temperature rise of the motor depends on the product of ampere

conductors/m and stator current density the PSO and its variant have chosen lower value of

ampere conductors/m than Rosenbrock to manage limited temperature rise in the motor.

Tabulated results show that the PSO and its variant based optimizations make use of lower

specific electric loading thus permitting the use of high winding current density.

Table 4.1 Optimum Design Results in Sample Motor 1 for Material Cost Minimization

Items Normal Rosenbrock

Design [15] Method [15] PSO QIPSO
ampere conductor/m 16000 20000 19260 19457
stack length / pole pitch 1.00 1.1877 0.937 1.069
stator slot depth to width 4.00 3.7315 4.61 4.343
Stator core depth 30.00 27.316 30.795 27.242
Air gap flux density 0.50 0.4938 0.7171 0.697
stator current density 6.00 8.193 10.08 9.092
rotor current density 8.00 8.713 8.95 8.721
Stator tooth flux density 1.0928 1.2464 1.68 1.746
Stator temperature rise, °C 47 3115 69.99 40.66 41.171
Full load efficiency, pu 0.8402 0.824 0.86 0.8640 J
No load current, pu 0.3870 0.4078 0.5 0.500
Starting torque, pu 1.6774 1.596 1.9 1.666
Maximum torque, pu 2.7468 2.5 2.811 2.634
Full load Power factor 0.8924 0.8867 0.9 0.917
Full load slip 0.0454 0.0497 0.042 0.041
Rotor temperature rise, °C 27.7774 40.32 28 323
Material cost® (Rs) 1131.35 847.7 644.5 604.68
Stator bore diameter (m) 0.1895 0.161 0.1636 0.146
Stack length (m) 0.1489 0.1502 0.1204 0.122

? For comparison purpose, Rs. 14/kg for iron cost and Rs 42/kg for winding materials cost are considered as in [15].
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Table 4.2 Optimum Design Results in Sample Motor 2 for Material Cost Minimization

ltems Normai Rosenbrock ]

Design [15] Method [15] PSO QiPso
ampere conductor/m 23500 27499 18572.8 20162.4
stack length / pole pitch 1.20 0.9833 0.961 0.9801
stator slot depth to width 3.60 3.3347 4.5379 4201
Stator core depth 55.00 44.38 31.466 31.244
Air gap flux density 0.42 0.4643 0.4684 0.4712
stator current density 5.00 7.217 11.841 10.72

]

rotor current density 9.00 14.3413 13.2519 15.326
Stator tooth flux density 1.3359 1.4206 1.0889 1.275
Stator temperature rise, °C 46.00 69.99 38.5812 40.08
Full load efficiency, pu 90.87 88.09 0.8991 0.900
No load current, pu 0.2421 0.3016 0.5 0.5
Starting torque, pu 1.5665 1.9903 2.299 2.109
Maximum torque, pu 3.5147 3.2015 3.521 3.205
Full load Power factor 0.9409 0.9201 0.9554 0.96
Full load slip 0.0279 0.04387 0.0446 0.0442
Rotor temperature rise, °C 24.83 49.19 35.562 38.435
Material cost® (Rs) 9554.83 6459.66 5340.37 5128.0
Stator bore diameter (m) 0.5148 0.5040 0.39364 0.3901
Stack length (m) 0.3236 0.2609 0.41855

0.4191 "

* For comparison purpose, Rs. 14/kg for iron cost and Rs 42/kg for winding materials cost are considered as in

[15].
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Table 4.3 Percentage Improvement of PSO and QIPSO Algorithms in comparison with normal

design and Rosenbrock method

Sample Motor 1 Sample Motor 2
Algorithm Normal Rosenbrock’s Normal Rosenbrock
Design Method Design Method
PSO 43.0 239 441 17.3
QIPSO 46.5 28.6 46.3 20.6

The core depth in QIPSO based optimal design decreases considerably causing more
flux concentration in core and hence requires more ampere turns thus increasing the no
load current (shown in Table 4.1 and 4.2). The ratio of stator slot depth to width is mainly
responsible for controlling the torque ratio. In the PSO and QIPSO based optimized design,
this ratio is higher than Rosenbrock techniques and hence comparatively higher torque ratio
has been obtained. The starting torque ratio, however, is well above the limiting value due

to use of higher current density.

The power factor is slightly higher in optimized design than Rosenbrock and the full load
rotor temperature rise is much lower than the specified limit. The core length to pole pitch
ratio is mainly responsible for cost reduction and higher values are preferred. On the other
hand the performance of the motor is controlled to a greater extent by the stator slot depth
to width ratio. Both these ratios adjust themselves in the PSO and QIPSO based design to

obtain the minimum cost of motor.

In general, for minimum material cost, the tendency of the variable in obtaining an

optimized design has been to have:

1. lower specific electric loading

2. lower stator core depth

3. lower value of stator slot depth to width ratio

4. higher values of stator and rotor winding current densities.

The values of ampere conductors/m, stator and rotor current densities in sample motor
1 chosen by all the algorithms with their material costs are shown in Fig 4.23 - 4.25. PSO
and QIPSO have chosen lower value of ampere conductors/m and higher values of stator

and rotor current densities than Rosenbrock which results low material cost of the motor.
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Fig. 4. 25 Optimal values of rotor current density at material cost minimization.

4.7.2 Efficiency, Starting Torque and Temperature Rise Optimization

The results of PSO and QIPSO based optimal deign of a 3 hp, 400V, three-phase
induction motor (sample motor 3, specifications available in Appendix A.1) for the objective
functions, efficiency, starting torque and temperature rise are given in Tables 4.4 - 46. The
results obtained by PSO and QIPSO have been compared with the available literature i.e.
Simulated Annealing (SA) technique and normal design.

If the motor is designed with respect to optimizing its efficiency, the QIPSO gave
considerably better results than normal design and also quite better than SA and PSO.

Temperature rise and slip are lower in QIPSO but main dimensions are slightly higher
than SA which results higher volume. Width of stator slot in the PSO and QIPSO based
optimized design is much higher than normal design and SA. The values of depth of the
stator slot, width and depth of rotor slots are lower in the PSO and QIPSO based design.
Percentage improvement in the objective functions by the help of QIPSO in comparison with
other methods is shown in Table 4.7.

If the motor is designed with respect to its starting torque maximization, QIPSO offers
better results than others significantly. In this case, main dimensions are higher but
temperature rise considerably reduced. Full load slip in QIPSO is smaller than normal
design and SA but more than PSO. Similar to efficiency optimization, required air-gap flux

density is more in QIPSO compared with other methods but within the limiting value.
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Table 4.4 Optimum Design Results in Sample Motor 3 for Efficiency Maximization

Items Optimization algorithms

Normal [16] SA [16] PSO QIPSO
Width of the stator slot (m) 0.00132 0.0011 0.00487 0.00433
Depth of the stator slot (m) 0.021 0.0159 0.01962 0.01515
Width of the rotor slot (m) 0.0068 0.005 0.00399 0.00355
Depth of the rotor slot (m) 0.0093 0.0091 0.00634 0.00660
Air gap flux density (wb/m?) 0.6 0.521 2.000 2.00
Air-gap length (m) 0.0003 0.0003 0.0005 0.0005
Full load slip 0.0699 0.056 0.0488 0.0416
Stator bore diameter (m) 0.105 0.102 0.0902 0.0890
Stator outer diameter (m) 0.181 0.177 0.208 0.1913
Stack length (m) 0.125 0.097 0.1269 0.109
Temperature rise, °C 46.8178 41.391 44 463 39.83
Efficiency 0.80309 0.82848 0.833 0.8356
Starting torque, pu. 1.2027 1.3444 1.426 1.730
Power factor 0.8041 0.8333 0.840 0.800

In temperature rise minimization, again QIPSO performed well with an improvement
percentage of 18.37%, 4.57% and 10.03% compared to normal design, SA and PSO
respectively. Here main dimensions are lower and efficiency is slightly better than others.
For overall performance, QIPSO gave better results than others and it is more suitable to
the optimization of design of induction motor.

From the design results presented in Tables 4.4 — 4.8, particularly the following variable

show dominance in the PSO and QIPSO based designs to achieve good performances in
all the objective functions.

1. Width of the stator slot

2. Depth of the rotor slot

3. Length of the stator stack

The value of above variables obtained from the different optimization algorithms and the

corresponding objective function values are shown in Fig. 4.26 — 4.34. The effects of these
variables in the performance indices (efficiency, starting torque and temperature rise) and
how the optimization algorithms have carefully chosen these values are realized in the next
chapter with the help of SPEED software.
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Table 4.5 Optimum Design Results in Sample Motor 3 for Starting Torque Maximization

Items Optimization algorithms
Normal [16] SA [16] PSO QIPSO
Width of the stator slot (m) 0.00132 0.0012 0.00464 0.00555
Depth of the stator slot (m) 0.021 0.0187 0.02272 0.02118
Width of the rotor slot (m) 0.0068 0.0056 0.00379 0.00454
Depth of the rotor slot (m) 0.0093 0.0071 0.00537 0.00291
Air gap flux density (wb/mz) 0.6 0.4713 1.1805 2.00
Air-gap length (m) 0.0003 0.0004 0.0005 0.0005
Full load slip 0.0699 0.0645 0.046 0.050
Stator bore diameter (m) 0.105 0.1028 0.111 0.0999
Stator outer diameter (m) 0.181 0.1733 0.252 0.2179
Stack length (m) 0.125 0.1162 0.164 0.114
Temperature rise, °C 46.8178 64.475 53.11 41.810
Efficiency 0.8030 0.79179 0.813 0.825
Starting torque, pu. 1.2027 1.3776 1.668 1.966
Power factor 0.8041 0.7938 0.863 0.813
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Fig. 4. 26. Optimum values of width of stator slot for maximum efficiency
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4.6 Table Optimum Design Results in Sample Motor 3 for Temperature Rise Minimization

Items Optimization algorithms |
Normal [16] SA [16] PSO QIPSO
Width of the stator slot (m) 0.00132 0.0013 0.00444 0.00457
Depth of the stator slot (m) 0.021 0.0236 0.01919 0.02258
Width of the rotor siot (m) 0.0068 0.005 0.00363 0.00374
Depth of the rotor slot (m) 0.0093 0.0093 0.00652 0.0049?‘
Air gap flux density (wbim?) 0.6 0.439 2.000 1.632
Air-gap length (m) 0.0003 0.0004 0.0005 0.0005
Full load slip 0.0699 0.0684 0.05 0.05
Bator bore diameter (m) 0.105 0.101 0.085 0.189
Stator outer diameter (m) 0.181 0.171 0.1919 0.0997
Stack length (m) 0.125 0.1216 0.124 0.114T
LTemperature rise, °C 46.817 40.039 42.470 38.20
Efficiency 0.80309 0.803748 0.827 0.814
Starting torque, pu. 1.2027 1.117 1.098 1.133
Power factor 0.8041 0.7814 0.830 0.858 |'
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Fig. 4. 27. Optimum values of depth of rotor siot for maximum efficiency
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Table 4.7 Improvement Percentage using QIPSO in Comparison with
Normal Design, PSO and SA

Objective Sample motor 3

Function Normal SA PSO

Efficiency 4.05 0.85 0.31
Starting Torque 63.46 42.71 19.66
Temperature rise 18.38 457 10.03

4.7.3 Operating Cost

Total energy cost (TEC) or operating cost of a motor is an important issue in the
industry. On an average standard motors consume electricity equivalent to 60-100 times its
purchasing price during its working life. A motor consumes electricity equivalent to its capital
cost in just three weeks of continuous use. Indian electricity service providers have two
parts of tariff for industrial consumers: (i) energy charge, (i) fixed demand charge. PSO is

used to design the motors of minimum operating cost and optimized design resuits are

shown in Table 4.8.

a) Energy cost calculation

The energy cost of the induction motor can be calculated over the whole life cycle of the

motor and is given below. Power factor penalty is not considered in this paper because

almost all the industries have centralized power factor correction equipments.
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S=C,*T*N*p, (4.15)

Energy cost for life periods

e Energy cost (US $/KWH)

S

C

T Total operating hour/year

N Motor’s evaluation life in years
p

in Input power of the motor (KW)

b) Demand cost calculation

Demand charge cost (D) consumed by the motor over the whole life of the motor can be

calculated by using the equation (4.4) and is given below
D=C,*12*N*p, (4.16)

where, C4- Demand cost per month (US $)

The total energy cost (TEC) of the motor for the complete life is the summation of two

individual energy costs and is given by
TEC:Rn*N*{(Ce*T)+(Cd*12)} (4.17)

When total energy cost minimization is considered as an objective function in PSO
based design, efficiency and torque are considerably higher than Rosenbrock algorithm.
Higher ampere conductors, stack length to pole pitch ratio, stator slot depth to width, stator
core depth and average air gap flux density are required to achieve optimum operating cost
or energy cost of the motor. But the lower values of stator and rotor winding current
densities are required to have a motor with minimum operating cost. Stator and rotor
resistances are less in the optimized design. The active material costs rise by 36% and
15.4% for the sample motor 1 and sample motor 2 respectively, if optimization is done on
the basis of energy cost. But, the energy cost or operating cost is reduced by 6.5% and
4.4% for the sample motor 1 and sample motor 2 respectively.
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Table 4.8 Optimum design results for energy cost minimization using PSO

Items

Objective function
(Sample Motor 1)

Objective function
(Sample Motor 2)

Material cost Energy cost Material cost Energy cost
ampere conductor/m 19260 23847 18572.8 16216.1
stack length / pole pitch 0.937 1.32 0.961 1.5534
Stator slot depth to width 4.61 5.04 4.5379 4.8914
Stator core depth 30.795 35.19 31.466 45.490
air gap flux density 0.7171 0.75 0.4684 0.7858
Stator current density 10.08 5.47 11.841 6.6228
rotor current density 8.95 5.2 13.2519 7.8297
Stator tooth flux density 1.68 2.0 1.0889 2.000
Stator temperature rise, °C 40.66 48.4 38.56812 40.276
Full load efficiency, pu 0.86 0.91 0.8991 0.9525
No load current, pu 0.5 0.5 0.5 0.1942
Starting torque, pu 1.9 2..05 2.299 231
Maximum torque, pu 2.811 3.0 3.321 3.614
Full load Power factor 0.9 0.87 0.9554 0.9578
Full load slip 0.042 0.03 0.0446 0.0242
Rotor temperature rise, °C 28 19.39 35.562 28.24
Material cost® (Rs) 644.5° 876.8° 5340.37° 6143.69°
Rs=Indian Rupees
TEC® (US$) 11342° 10600° 324336° 309922°
Stator bore diameter (m) 0.1636 0.1332 0.39364 0.34772
Stack iength (m) 0.1204 0.13 0.41855 0.4242

T For comparison purpose, Rs. 14/kg for iron cost and Rs 42/kg for winding materials cost are considered as in {15],
® Cy=US $ 6.66/month and C. = US $ 0.077/kWh
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4.8 Induction Motor Design under Unbalanced Supply Voltage

In practice, induction machines experience overvoltages and undervoltages, depending
on the location of the motor and the length of the feeder used. Furthermore, the supply
voltage is not always balanced. Therefore, the motor will experience a combination of over-
or undervoltages with unbalance voltages [132]. Any unbalance between the voltages in a
three-phase system is equivalent to introducing a negative sequence voltage having a
vector rotation opposite to that occurring with balanced voltages. These negative sequence
voltages generate in the air gap a magnetic flux rotating against the rotation of the rotor,
which requires a high input current. A small negative sequence voltage may produce
currents in one or more phases of the stator and rotor conductors that considerably exceed

those under balanced voltage conditions [54].

Due to voltage unbalance, induction motors face four kinds of problems [145]. First, the
machine cannot produce its full torque as the inversely rotating magnetic field of the
negative-sequence system causes a negative braking torque that has to be subtracted from
the base torque linked to the normal rotating magnetic field. Secondly, the bearings may
suffer mechanical damage because of induced torque components at double system
frequency. Third, reduction in efficiency and finally, the stator and, especially, the rotor are
heated excessively, possibly leading to faster thermal ageing. For example, a 5% voltage
unbalance can lead to a 30-50% increase in current unbalance, accompanied by a 50%

increase in motor temperature rise [164].

Table 4.9 Effect of Voltage Unbalance on a 200-hp Motor at Full Load [164]

Voltage unbalance (%)
Particulars
0 2.5 35 50
Increase in losses (%) 0 8 25 50
Temperature Class A 60 65 75 90
rise (°C) ’ Class B 80 86 100 120

The most effective way to solve the problems of motors overheating due to voltage
unbalance is to eliminate the unbalance. The unbalance can be caused by unbalanced
single-phase loads, faulty connections, or malfunctioning voltage regulators. It is not easily
possible to eliminate the existence of voltage unbalance to the motors which are serving in

remote villages for agriculture or other purposes. If the voltage unbalance cannot be
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eliminated, there are two ways to ensure long life of motor: (i) the motor must be derated as
per the recommendation of NEMA [10] (shown in Fig. 4.35) or (ii) motor should be designed
with the consideration of different levels of unbalanced voltages when manufacturing. To
ensure consistent, efficient and reliable operation of motors, accounting unbalanced voltage
in the stator terminals and optimizing the design of the motor will receive considerable

attention from industry.
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Fig. 4. 35. Derating factor of induction motor under voltage unbalance

The equations for output power (4.18), torque (4.19), positive and negative sequence
currents, shown in Egs. (4.20) and (4.21), of induction motor under unbalanced voltages are

as follows [131]

P =1 * Rr(—>) =17 * Rr(—) (4.18)
N 2-5
172 ]2
3*R,*(”—2" )
T = s (@-5) (4.19)
syn
Positive sequence current (l,) is given by;
[ = d. (4.20)

{{Rs + (R—rl)} + (Xs + Xr')z}
s

Negative sequence current (l,) is given by;
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/- Vs (4.21)

{[(R—“ R—")} +(Xs + Xr')z}
2-35 ]

The stator current per phase, which is the deciding factor of KVA power in the motor can
be calculated as Eq. (4.21) when considering the voltage unbalance effect in the motor

design:

L= /(1j +12) (4.22)

Therefore, the phase current will increase with the increasing level of voltage unbalance

level. It is noted that the negative sequence current is zero in case of balanced supply.

The design results of sample motor 1 with the consideration of 5% unbalanced stator
voltage are shown in Table 4.10. The operating cost and material cost of the motor increase
with the increase of voltage unbalance by 14.8% and 2.9% respectively. The increase in
material cost at voltage unbalance is due to the increase of ampere conductors/m to meet
higher stator currents. Stator core depth is of higher value when the motor is optimized
under voltage unbalance whereas stator slot depth to width ratio is lower. Stator
temperature increases by 23.9% when considering voltage unbalance but much lower than

the limiting value.

4.9 Effects of Harmonic Currents in Induction Motor Design

Several industrial and domestic loads comprising of static power converters, such as arc
melting furnaces, induction heating devices, switch mode power supplies etc. inject current
harmonics in the power system. Moreover, the development of the power electronic and
inverter techniques, Induction motors fed by voltages source inverters are used in variety of
industrial, residential and commercial applications, such as electric vehicle traction system,
the paper-making and the steel-making system. The structure of the variable-frequency
induction motor is same as the general asynchronous motor. However, due to the inverter
fed supplies and requirements of the applications, such as electric vehicle traction systems,
the performances of the variable frequency induction motor differ greatly from those of the
general asynchronous motor, such as wide speed range, high efficiency, high power factor,
high torque, high dependability and minimum size.
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Table 4.10 Effects of Unbalanced Voltage in Sample Motor 1

Balanced voltage

Unbalanced voltage (5%)

item
F(x)=A F(x)=B F(x)=D F(x)=A F(x)=B F(x)=D

ampere conductor/m 19260 23847 15105 20012 23948 16926
stack length / pole pitch 0.937 1.32 0.904 1.112 1.325 1.76
stator slot depth to width 4.61 5.04 3.83 434 4.87 3.78
Stator core depth 30.79 35.19 20.99 33.49 37.80 26.12
air gap flux density 0.717 0.75 0.54 0.720 0.767 0.512
stator current density 13.08 5.47 6.38 14.66 6.243 8.406
rotor current density 7.55 52 9.9 6.99 5.01 7.886
Stator tooth flux density 1.68 2.0 1.56 1.673 20 1.26
Stator temperature rise, °C 40.66 48.4 32.74 48.46 51.54 40.58
Full load efficiency, pu 0.86 0.91 0.87 0.8 0.884 0.83
No load current, pu 0.5 0.5 0.49 0.42 0.46 0.37
Starting torque, pu 1.9 2..05 2.18 1.93 22 2.41
Maximum torque, pu 2.811 3.0 3.09 2.76 39 37
Full load Power factor 0.9 0.87 0.91 0.90 0.878 0.91
Full load slip 0.042 0.03 0.05 0.0411 0.03 0.048
Rotor temperature rise, °C 28 19.39 30.44 27.27 19.39 28.47
Material cost (Rs)

Rs=Indian Rupees 644.5 876.8 77417 740.3 953.7 9445
TEC (USY) 11141 10600 10999 12083 10911 11548
Stator bore diameter (m) 0.1636 0.1332 0.197 0.163 0.1332 0.154
Stack length (m) 0.1204 0.13 0.14 0.120 0.13 0.134
Stator resistance / phase (Q) 1.44 1.168 2.09 1.44 1.02 1.73
Rotor resistance / phase (Q) 3.014 1.02 1.56 3.01 1.16 1.74
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So the variable frequency induction motor design method is most different from those of
general induction motor [101]. The main issue of inverter fed induction motor is the
presence of harmonics which results more losses in the stator as well as in the rotor. The
supply voltage harmonics have the following causes and effects on the performance of the

cage induction motor [151]

e Current and flux harmonics results in additional copper and iron losses. Because of
these additional losses the temperature rise is higher and the efficiency of the drive
also tends to decrease.

* Driving and braking torques are produced in the motor, depending on the order of
the harmonics, hence the overall available average torque is reduced.

* Torque pulsation due to interaction between the various harmonic currents and
fluxes reduces the available speed range.

In addition with basic nine constraints which were used in the earlier sections one more

constraint, harmonic rotor current, pu < 0.01, is used as 10™ constraint in this section to limit

the harmonic current in the motor due to inverter supply.

Calculation of Harmonic Current:

Harmonic equivalent circuit [44] shown in Fig. 4. 36 is independent of the motor sped.

Thus, harmonic currents are substantially constant and independent of the motor load and

speed.
R, X S S % S, .
AAA, TN AAA kX + X))
; LN N
Isk % I
y sk
k Yk

(a) (b)

Fig. 4. 36 Harmonic equivalent circuit of the induction motor (a) full circuit,

{b) simplified circuit.
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[ k (4.23)

sk R'
J(Rsk + S’k Y+ k2 (X X2
k

where

v, = harmonic rms phase voltage at a per unit frequency k.

(4= k™ harmonic current at a per unit frequency k.
Ry Ry = Stator and rotor resistance at k™ harmonic frequency

X, X',= Stator and rotor reactances at k" harmonic frequency
S, = Slip at k™ harmonic frequency

Since Sy is close to unity, the resistances have negligible values compared to the

reactances. Now the Eq. (4.24) is simplified as
V
I, = —k (4.24)
k(X +X )
s r
In the present work, up to 13" order harmonics have been considered and the Eq. (4.24)

can be rewritten as

Voh 11 | 1l
P (rtgt—gta ! (4.25)
k(Xg+Xp) 57 7% 1% 13

Isk

where Vph = Phase voltage of the motor.

Considering harmonic current as one of the constraints, the trends of the design
variables, constraints and objective functions for the sample motor 3 are shown in Table
4.11-4.13. Depth of the stator slot is greater when starting torque is considered as objective
function and the diameter of the stator bore is minimum. If the motor is designed with
respect to its temperature rise minimization and limited harmonic current, width of the stator
slot and tooth flux density are higher. The variations in the objective functions in between
the optimized design of the motor when the limitation of harmonic current is considered and
not considered are shown in Table 4.14. Results show that the harmonic current in the
motor is successfully limited by modifying the design variables without affecting

performance indices.
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Table 4.11 Optimum Design Results for Efficiency Maximization

Optimization algorithms

Without harmonic

With harmonic |

Items Normal constraint constraint

6] SA [16] |

PSO QIPSO PSO QIPSO

Width of the stator slot (m) 0.00132 0.0011 0.00487 | 0.00433 | 0.0044 | 0.0045
Depth of the stator slot (m) 0.021 0.0159 0.01962 0.01515 | 0.0242 0.018
Width of the rotor siot (m) 0.0068 0.005 0.00399 | 0.00355 | 0.0036 | 0.0037
Depth of the rotor slot (m) 0.0093 0.0091 0.00634 0.00660 | 0.0086 | 0.0081
Air gap flux density (wb/m?) 0.6 0.521 2.000 2.00 1.722 1.471«J
Air-gap length (m) 0.0003 0.0003 0.0005 0.0005 0.0005 | 0.0005 ‘
Full load slip 0.0699 0.056 0.0488j 0.0416 0.49 0.05
Stator bore diameter (m) 0.105 0.102 0.0902 0.0890 0.10 0.1014
Stator outer diameter (m) 0.181 0.177 0.208 0.1913 0.203 0.199 ‘
Stack length (m) 0.125 0.097 0.1269 0.109 0.094 0.12 ]
Temperature rise, °C 46.8178 41.391 44.463 39.83 40.83 40.62
Efficiency 0.80309 0.82848 0.833 0.8356 0.812 0.813
Starting torque, pu. 1.2027 1.3444 1.426 1.730
Power factor 0.8041 0.8333 0.840 0.800
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Table 4.12 Optimum Design Results for Starting Torque Maximization

Optimization algorithms

ltems Without harmonic With harmonic
Normal [16] | SA [16] constraint constraint
PSO QIPSO PSO QIPSO
Width of the stator slot (m) 0.00132 0.0012 0.00464 0.00555 | 0.0056 | 0.0048
Depth of the stator slot (m) 0.021 0.0187 0.02272 0.02118 0.0197 | 0.0247
Width of the rotor slot (m) 0.0068 0.0056 0.00379 0.00454 | 0.0046 | 0.0039
Depth of the rotor slot (m) 0.0093 0.0071 0.00537 0.00291 0.0050 | 0.0032
Air gap flux density (wb/m?) 0.6 0.4713 1.1805 200 1.5065 2.00
Air-gap length (m) 0.0003 0.0004 0.0005 0.0005 0.0005 | 0.0005
Full load slip 0.0699 0.0645 0.046 0.0505 0.045 0.061
Stator bore diameter (m) 0.105 0.1OZé 0.111 0.0999 0.123 0.088
Stator outer diameter (m) 0.181 0.1733 0.252 0.2179 0.205 0.179
Stack length (m) 0.125 0.1162 0.164 0.114 0.097 0.113
Temperature rise, °C 46.8178 64.475 5311 41.810 45.08 40.617
Efficiency 0.8030 0.79179 0.813 0.825 0.799 0.808
Starting torque, pu. 1.2027 1.3776 1.668 1.966 1.53 1.85
Power factor 0.8041 0.7938 0.863 0.813 0.809 0.811
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Table 4.13 Optimum Design Results for Temperature Rise Minimization

Optimization algorithms 7
Without harmonic With harmonic
Items ; -
Normal [16] SA [16] constraint constraint
PSO QIPSO PSO | QIPSO
|
Width of the stator slot (m) 0.00132 0.0013 0.00444 0.00457 | 0.0054 | 0.0051
Depth of the stator siot (m) 0.021 0.0236 0.01919 0.02258 | 0.0169 | 0.0174
Width of the rotor slot (m) 0.0068 0.005 0.00363 0.00374 | 0.0044 | 0.0041
Depth of the rotor siot (m) 0.0093 0.0093 0.00652 0.00499 | 0.0067 0.0074?
LAir gap flux density (wb/m?) 06 0.439 2.000 1.632 1.680 2.0(Tf
Air-gap length (m) 0.0003 0.0004 0.0005 0.0005 0.0005 | 0.0005 ’
Full load slip 0.0699 0.0684 0.05 0.0536 0.05 0.045 —{
Stator bore diameter (m) 0.105 0.101 0.085 0.189 0.0953 0.0918—{
Stator outer diameter (m) 0.181 0.171 0.1919 0.099 0.1804 0.1 77!
Stack length (m) 0.125 0.1216 0.124 0.114 0.1477 0.1138 |
|
Temperature rise, °C 46.8178 40.0391 42.47 38.209 37.72 36.54 _\
Efficiency 0.80309 0.803748 0.827 0.814 0.809 0.81 ‘
Starting torque, pu. 1.2027 1.117 1.098 1.133 1.01 1.07 M‘
Power factor 0.8041 0.7814 0.830 0.858 0.825 0.847

Table 4.14 Variations (actual) in the Objective Function Values

when considering Harmonic Current

( Objective Function ‘

Sample motor 3 j

PSO | aPso |
Efficiency 0.021 0.022
Starting torque 0.13 011 |

L

Temperature rise

4:75 ]

167 |
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4.10 Conclusion

This chapter investigated the optimal design of induction motors using Particle Swarm
Optimization (PSO) and its variant, called Q IPSO, with five objective functions, active
material cost, efficiency, starting torque, temperature rise and total energy cost. The effects
of variables in the performance indices of the motor like efficiency, torque, material cost etc.
were examined. Optimization techniques, both conventional and stochastic algorithms, used

in motor design have been discussed in detail.

For minimum material cost, the tendency of the variable in obtaining an optimized
design has been to have lower specific electric loading and higher values of stator and rotor
winding current densities. Nearly 28% cost reduction was achieved in QIPSO based design

of induction motor in comparison with Rosenbrock method.

For maximum efficiency and starting torque and minimum temperature rise, the
tendency of the variable in obtaining an optimized design has been to have higher value of
width of the stator slot, lower value of depth of the rotor slot and intermediate value of length
of the stator stack. The values of these variables obtained from the different optimization

algorithms and the corresponding objective function values were plotted.

Higher ampere conductors, stack length to pole pitch ratio, stator slot depth to width,
stator core depth and average air gap flux density were required to achieve optimum
operating cost or energy cost of the motor. Material costs slightly increased when the motor

was designed with respect to optimizing its operating cost.

When voltage unbalance was considered at the motor design, material cost was
increased due to the increase of ampere conductors per metre to meet higher stator
currents Higher Stator core depth and lower stator slot depth to width ratio were required to

get a good machine when subjected to voltage unbalance.

Greater depth of the stator slot for more starting torque, higher width of the stator slot
and tooth flux density for minimum temperature rise were required when the motor was

designed with limited harmonic current.

It is concluded that PSO and its improved version QIPSO gave good results in aimost all
the cases compared with Rosenbrock method, simulated annealing, basic PSO and normal
design and therefore Particle Swarm Optimization is more suitable to the design

optimization of induction motor.



Chapter 5

Realisation of Induction Motor Design

——— ———
— —_

p——

[Present chapter realises the induction motor design results of chapter 4 which were
obtained by Particle Swarm Optimization (PSO) and Quadratic Interpolation based Particle
Swarm Optimization (QIPSO) via SPEED (Scottish Power Electronics and Electric Drives)
software. The effects of variables (width of the stator slot, depth of the rotor slot and length
of the stator stack), which are more dominant to give good design, in the performance
indices are plotted with the help of ranging function in the SPEED. The variables required
to get optimum design results of motor are reduced. Performance based optimal design of
induction motor using SPEED is carried out and their results are analyzed. Theoretical

Justification is also given for the design with the minimum material cost. ]
5.1 Introduction

The design of an induction motor involves a large number of variables which determine
the electromagnetic performance and the temperature rise. A designer, using previous
experience, selects a combination of variables which yields the desired performance. The
designer will also investigate the possibility of generating designs which give better
performance or designs which have reduced cost but at the same time satisfy the design
requirements. The digital computer can run optimization algorithm easily and give number
of possible solutions in the form of design sheets. But the problem is that the practical
feasibility is very low to check all the alternatives [152]. Here, the induction motor design
software, SPEED (Scottish Power Electronics and Electric Drive)/IMD (Induction Motor
Drives) can be easily used to check its design sheets in terms of performance evaluation_ It
is also helpful to design engineers to seiect essential variables by performing initial work on
it before starting the design procedure. Thus the presented work in this chapter considers

minimum variables to design the motor with the help of SPEED software.

SPEED software is designed for modern motors. It caters to design of induction motors
(poly-phase/single-phase), brushless permanent magnet motors (square wave/sinusoidal
wave), switched reluctance motors, synchronous reluctance motors, and commutator

machines. It run on the IBM PC platform, readily accessible to multiple users in one

127
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company, including laptop users, It is easy to learn and use, and is provided with full

‘documentation that include extensive information on the motor theory and design [107].

By using the ranging function, the effects .of various design parameters are plotted
against the objective function and some of the constraints. The constraints which are plotted
are efficiency, starting torque and temperature rise. The other constraints are interrelated to
these constraints hence these plots give sufficient information about the choice of the
variables. As discussed in chapter 4, induction motor design problem becomes complicated
if too many variables are involved. Therefore the present work is concentrated on reduction
of such variables involved in motor design. With the help of SPEED/IMD, the number of
variables required to get optimum design of motor are minimized though performance

based optimization.

5.2 Need for Software Aided Design of Electric Motor

Techniques for designing, analysing, and driving electric motors have developed rapidly
with thw advances in computers and power electronics. The role of numerical methods in
electric machines is significant to analyse and optimize the electromagnetic, thermal, and
mechanical performances of machines. Although numerical tools for electromagnetic
analysis have been extensively developed in the last few years, the finite-element method is
stil one of the most powerful and popular tools for temperature analysis in
electromagnetism. Some finite element analysis on brushless DC motor is available in
[168], [169]. Design of electric machine requires imagination and judgment that go beyond
the realm of mere computation. Software helps to design electric machine in many ways
including the following tasks [137].

o Basic electrical and magnetic design

e Thermal management

e Control and system performance analysis

e Mechanical analysis (dynamics, stress, noise)

e Optimization

o Database management of designs, manufacturing details, inventory, etc.

Electric machines are usually designed by specialist engineers skilled in electrical and
mechanical engineering. More and more, these specialists need knowledge of power
electronics and system simulation. Also, separate specialists may be required for all the
above tasks but this is a luxury beyond the reach of smaller companies. These factors make
it increasingly important to have good communication between the various software tools,

for example: interface between SPEED and MATLAB. Even when a computer program is



Realisation of Induction Motor Design 129

available to perform the performance calculations, the design engineer make all the
decisions about parameter adjustments.

The SPEED software is a specialised calculating tool to assist the design engineer with
initial sizing and preliminary design of motors by providing a simple intuitive interface and
quick simulation. The programs include several common features [107]:

* Motor geometry is defined by parameterised models which allows both for quick

data entry and modification, and for quick simulation.

* Simulation is based upon classical theory and equivalent circuit models

» Simulations vary with the program but include ideal, time-stepping, dynamic
(including load characteristics and fault conditions), thermal and line-start in one
package.

e Simulation includes the motor drive as well as the electromagnetic aspects.

e Output is in the form of textual design sheets listing the calculated parameters and
graphical display of waveforms such as current, voltage, torque, back emf and flux-
linkage.

* Material databases contain information about steels, magnets and brushes.

* Links to finite-element and system simulation programs are under constant
development.

In the present work, ranging function is used to see the effectiveness of PSO and
QIPSO search methods in the motor's design optimization. Ranging is the repetition of the
performance calculation to determine the effect of variation in one or more parameters. It
provides complete graphical representation of the torque/speed characteristic including the
variation of current, efficiency, power-factor, etc., as the load and/or speed varies. Each of
the ranging parameter can be varied in steps, starting with the initial value and ending up

with the final value specified in the range.

5.3 Realization of Induction Motor Design Using SPEED Software

As discussed in chapter 4, the main conclusions of the obtained design resuits of
minimum material cost are the tendency of the variable in obtaining an optimized design
has been to have lower specific electric loading and higher values of stator and rotor
winding current densities. However, maximum efficiency and starting torque and minimum
temperature rise, the tendency of the variable in obtaining an optimized design has been to
have higher value of width of the stator slot, lower value of depth of the rotor slot and
intermediate value of length of the stator stack.
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SPEED software is used in this section to check whether PSO or QIPSO has chosen
best values of variables so that objective function is optimum. Ranging option of SPEED
software is used for completing this goal. Ranging is the evaluation of a batch of designs, in
which a number of parameters are stepped through a series of values. It assists in the
selection of an optimal value for one or more parameters. The flow chart of SPEED
realization is shown in Fig. 5.1. Ten steps was set in the ranging function throughout the

realisation.

Start

A

Read rating, set of independent

variables (X;) and constraints (C;)

A

> Run optimization algorithm

No

Is stopping criteria

reached?

Read the optimized design results

A
Realisation using

SPEED/IMD

A

Fig. 5.1. Realization of induction motor design resuits using SPEED/IMD

5.3.1 Material Cost Minimization

From the design results presented in Tables 4.1 and 4.2 (chapter 4), the lower values of
ratio of stator stack length to pole pitch offered by Particle Swarm Optimization (PSO) and

QIPSO produced the optimized motor with minimum material cost. To realise this fact, the
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trend of stator stack length versus material cost is plotted with the help of SPEED software.
Length of stack in the optimized motors are caiculated from the value of ratio of stator stack
length to pole pitch (Lt) and are shown in Table 5.1. The equation which governs their

relationship is given below:

;D (5.1)

where, D - Stator bore diameter and p — number of poles

Table 5.1 Values of Stack Length Obtained from Different Algorithms

Sample motor 1 Sample motor 2
Optimization
. | Material Material
algorithm Lit L (mm) . L/t L (mm) .

cost (Rs) cost (Rs)

Rosenbrock 1.1877 150.10 8477 0.9833 259.00 6459.66
L PSO 0.937 120.33 644.5 0.961 197.97 5340.37 i
QIPSO 1.069 122.518 604.68 0.9801 200.08 5128.0 |

For comparison purpose, Rs. 14/kg for iron cost and Rs 42/kg for winding materials cost are considered as in [15].

Figs. 5.2 — 5.4 give the variations in the weight of active materials with respect to length
of the stator stack (L). Copper weight of stator windings and stator iron weight and finally
total weight of active materials have increased with the increasing value of stator stack
length. Since total material cost of the motor depends on weight of active materials the
active material cost required to produce a motor increases with increase in the value of
stator stack length. This is the reason to have less stack length in PSO and QIPSO based
optimized motor.
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Fig. 5.2 Total active weight versus stator stack length in the optimized motor
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Fig. 5.4 Stator iron weight versus stack length in the optimized motor

The values of variables selected by PSO and its variant are effective in reducing the
cost of active materials (iron and copper) and it is justified theoretically below. The total cost
of active materials (TC) is classified in to two; one is total cost of iron (TC;) which comprises
the cost of stator teeth, core and rotor iron. Other one is the total cost of copper (TC) which
comprises the cost of stator and rotor winding materials. The cost of active materials can be

calculated by using the following equations (some equations reproduced here from the

Appendix A).

Total material

cost TC=TC,+TC,

Cost ofiron TC, =C,(W, +W_+W,)

(5.1)
(5.2)



Realisation of Induction Motor Design 133
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In PSO based design, the value of air gap flux density (xs) is higher than other
techniques. As in Egs. (5.8) to (5.10), xs (average air gap flux density) is inversely
proportional to the weights of stator and rotor winding materials (copper) and therefore the
cost of active materials is lower. Similarly, the variable xg (stator winding current density) is
also higher in PSO based design which results in lesser weight of stator winding materials
according to (5.8) and finally less active material cost. The variable x, (stator core depth) is
directly proportional to the weight of stator core (shown in Eq. 5.4) and therefore PSO
selects minimum value for lower active material cost. Hence, the results produced by the

algorithms used in this thesis are justified theoretically.

5.3.2 Efficiency, Starting Torque and Temperature Rise Optimization

The design results presented in Tables 4.4 - 4.6 (in chapter 4), show that the following
variables dominate in PSO and QIPSO based design to achieve optimum value of
efficiency, starting torque and temperature rise of the sample motor 3. The values of these
variables are tabulated in Table 5. 2.

1. Width of the stator siot
2. Depth of the rotor slot
3. Length of the stator stack
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Table 5.2 Values of Stator Slot Width, Rotor Slot Depth and Stack Length

Obiecti Variables
ective H
furj,cﬁon Algorithm Stator slot Rotor slot Stack length
width depth
SA 0.0011 0.0091 0.097
Efficiency PSO 0.00487 0.00634 0.1269
QIPSO 0.00433 0.00660 0.109
SA 0.0012 0.0071 0.1162
Starting PSO 0.00464 0.00537 0.164
Torque
QIPSO 0.00555 0.00291 0.114
SA 0.0013 0.0093 0.1216
Temperature PSO 0.00444 0.00652 0.124
Rise
QIPSO 0.00457 0.00499 0.124

The effects of above variables on the objective functions or related parameters are
realised by using ranging option in SPEED/IMD software and their results are shown in
Figs. 5.5 - 5.13. Taking the width of stator slot (Ws;), its value in all the objective functions is
higher in the PSO and QIPSO based optimization than in the SA and normal design.
Efficiency and torque increase with the increase in the value of W, shown in Fig. 5.5 and
Fig. 5.6. Similarly total losses (indirectly temperature) offered by the motor are lower in case
of higher W, and is shown in Fig. 5.7 and hence PSO and QIPSO algorithms selected
higher value of stator slot width.

Taking the depth of the rotor slot (Ds;), motor offers higher torque and minimum losses
at low Dy, shown in Fig. 5.8 & 5.9. The value of Dy, chosen by PSO and QIPSO algorithms
is smaller than all other algorithms such that it gave good performance in terms of higher
torque and minimum temperature rise of the motor. Since lower D, offers lower efficiency,
shown in Fig. 5.10, QIPSO takes higher Dy, in efficiency optimization compared to its values
in other objective functions to produce maximum efficiency, keeping torque and temperature
rise of the motor at an optimum.

Taking the length of the stator stack (L) in efficiency maximization, its value is higher in
the QIPSO algorithm than SA and hence higher efficiency is offered by QIPSO, shown in
Fig. 5.11. On the other hand, the value stator stack is lower for producing higher torque and
lower temperature rise when the motor is designed with respect to optimizing its starting
torque and temperature rise, shown in Fig. 5.12 and 5.13. Hence QIPSO has chosen

intermediate value (neither higher nor lower) to produce all the objective functions optimally.
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Fig. 5.5 Efficiency versus width of the stator slot in the optimized motor
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Fig. 5.6. Torque versus width of the stator slot in the optimized motor
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5.4 Design of Induction Motor with Minimum Variables

In this section, SPEED software is used to reduce the required design variables. First,
the motor design optimization is carried out by PSO and QIPSO algorithms with seven
variables. Second, the optimized design results are realised with SPEED software to
determine the effects of variables in the performance indices of the motor. Third, the
variables (less number of variables than previously considered) are chosen which are
affecting the performances of the motor in depth. Then the motor is again optimized by PSO
and QIPSO with the reduced variables. Optimization algorithm in all the cases considers the
efficiency, starting torque and temperature rise as objective function and nine performance
indices as constraints. The results are compared with the Simulated Annealing (SA)

technique and normal design. The flow chart of the above process is shown in Fig. 5.14.

Start

-

Read rating, set of independent variables
{X:) and constraints {(C;) with their bounds

!

[nitial run by SPEED/PC-IMD with ranging option

SPEED

Find the influences of all variables in the performances of
the motor

A
Select few variables that affect performances in depth

\ Read the variables which received from SPEED software

Y

Run PSO or QIPSO based optimization algorithm

A

/ Print Results /

/‘;ZQ>
N

Fig. 5.14. Flow of induction motor design with minimum variables
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The Figs. 5.5 — 5.13 which are plotted by SPEED software show that a particular value
of stator slot width (=4mm) offers higher efficiency and torque and lower losses in the motor,
shown in Figs. 55 - 5.7. Similarly, stator stack length (=120mm) offers good results which
are shown in Figs. 511 — 5.13. These two values were fixed as constants and the
remaining five variables are considered for design optimization of induction motor and the

corresponding results of sample motor 3 are shown in Tables 53-55.

Table 5.3 Optimum Design Results of sample motor 3 for Efficiency Maximization

With 7 variables With 5 variables
Normal
Items SA [14]

[14] PSO | QIPSO | PsoO QIPSOW
Width of the stator slot (m) 0.00132 0.0011 0.00487 | 0.00433 0.004 0.004 (
Depth of the stator slot (m) 0.021 0.0159 0.01962 | 0.01515 0.0172 o.ooﬂ
Width of the rotor slot (m) 0.0068 0.005 0.00399 | 0.00355 | 0.00415 0.00341
Depth of the rotor slot (m) 0.0093 0.0091 0.00634 | 0.00660 | 0.00232 o.ooq
Air gap flux density (wb/m2) 0.6 0.521ﬁ 2.000 2.00 2.00 1.729 {
Air-gap length (m) 0.0003 0.0003 0.0005 0.0005 0.0005 0.0005
Full load slip 0.0699 0.056 0.0488 0.0416 0.0492 0.04 |
Stator bore diameter (m) 0.105 0.102 0.0902 0.0890 0.0941 0.1013
Stator outer diameter (m) 0.181 0.177 0.208 0.1913 0.1919 0.2138
Stack length (m) 0.125 0.097 0.1269 0.109 0.120 0.120

y —
Temperature rise, °C 46.8178 41.391 44 463 39.83 45.68 43.159
Efficiency 0.80309 0.82848 0.833 0.8356 0.8298 0.8398
Starting torque, pu. 1.2027 1.3444 1.426 1.730 1.320 1.712
Power factor 0.8041 0.8333 0.840 0.800 0.8494} 0.802
—

Variations in the objective function values when the motor is designed with limited
variables (five instead of seven) are shown in Table 5.6. In efficiency and temperature rise
optimization, less than 0.5% variation only occurred when the motor design was carried out

with reduced variables. Variation in the torque values (upto 26%) is significant because the
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trend in torque is of decreasing nature in the range of stack length from 105 mm to 150 mm.

But this deviation does not affect the motor performances.

The computation time taken by different algorithms with seven and five variables is
shown in Table 5.7. Particle Swarm Optimization with reduced variables has produced
motor design results in a fraction of time in almost all the cases. Due to inherent nature of
QIPSO (which calculate a new particle in every iteration and replace the worst particle by
the new particle if new particle is better than the worst particle) it takes more time to
converge. Even though QIPSO have taken more computation time but it produced better

results in terms of objective function values i.e. high efficiency, high starting torque and low

temperature rise.

Table 5.4 Optimum Design Results for Starting Torque Maximization

With 7 variables

With 5 variables

ltems Normal SA [14]

[14] PSO | QIPSO | PSO | QIPSO
Width of the stator slot (m) 0.00132 0.0012 | goo464 | 0.00555 | 0.004 | 0.004
Depth of the stator slot (m) 0.021 0.0187 002272 | 0.02118 | 0.0222 | 0.0116
Width of the rotor slot (m) 0.0068 0.0056 | 00379 | 0.00454 | 0.0035 | 0.0034
Depth of the rotor slot (m) 0.0093 0.0071 0.00537 | 0.00291 | 0.0031 | 0.0061
Air gap flux density (wb/m?) 06 0.4713 1.1805 200 1.286 1.729
Air-gap length (m) 0.0003 0.0004 0.0005 0.0005 | 0.0005 | 0.0005
Full load slip 0.0699 0.0645 0.046 0050 | 0.0471 | 0.041
Stator bore diameter (m) 0.105 0.1028 0.111 0.0999 | 0.095 | 0.1013
Stator outer diameter (m) 0.181 0.1733 0.252 02179 | 02188 | 0.2138
Stack length (m) 0.125 0.1162 0.164 0.114 0.120 | 0.120
Temperature rise, °C 46.8178 64.475 53.11 41.810 52.54 4415
Efficiency 0.8030 0.79179 0.813 0.825 0.79 0.83
Starting torque, pu. 1.2027 1.3776 1.668 1.966 1.283 1.44
Power factor 0.8041 0.7938 0.863 0.813 0.869 | 0.817
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Table 5.5 Optimum Design Resulits for Temperature Rise Minimization

With 7 variables With 5 variables—|
Normal
items SA[14] 1
(14] PSO | QIPSO | PSO | QIPSO |
-
Width of the stator slot (m) 0.00132 0.0013 | 000444 0.00457 | 0.004 0.004
Depth of the stator slot (m) 0.021 0.0236 0.01919 | 0.02258 0.0107‘ 0.0138
Width of the rotor slot (m) 0.0068 0.005 0.00363 | 0.00374 | 0.0028 | 0.0037
Depth of the rotor slot (m) 0.0093 0.0093 0.00652 ' 0.00499 | 0.0063 0.007?’
Air gap flux density (wb/mz) 0.6 0.439 2.000 1.632 1.748 1 .891:!
Air-gap length (m) 0.0003 0.0004 0.0005 0.0005 | 0.0005 | 0.0005 {
Full load slip 0.0699 0.0684 0.05 0.050 0.05 0‘0419"
Stator bore diameter (m) 0.105 0.101 0.085 0.189 0.086 0.088 /
Stator outer diameter (m) 0.181 0.171 0.1919 0.099 0.173 | 0.1659
Stack length (m) 0.125 0.1216 0.124 0.114 0.120 0.120
Temperature rise, °C 46.8178 40.0391 42.470 38.20 42.632 38.3?{
Efficiency 0.80309 0.80374 | 0.827 0.814 0.81(ﬂ 0.82 —{
Starting torque, pu. 1.2027 1.117 1.098 1.133 1.06 1.07{
LPower factor 0.8041 | 07814 | (0g30 | 0g58 | 0.8313 | 0.8343 ’

Table 5.6 Percentage Deviations of Objective Function Values

Deviations
Objective Function
( PSO QIPSO
| Efficiency 0.38 0.50
{ Starting torque 23.08 26.35 |
L Temperature rise -0.38 0.47
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Table 5.7 Computation Time for PSO and QIPSO

SI.No Optimization Technique

Computation time (Second)

Efficiency
maximization

Torque
maximization

Temperature rise
minimization

1 PSO with 5 variables 1 0 0
2 QIPSO with 5 variables 57 54 53
3 PSO with 7 variables 2 3 1
4 QIPSO with 7 variables 69 71 64

5.5 Conclusion

This chapter realised the induction motor design results of chapter 4 which was obtained
by Particle Swarm Optimization (PSO) and Quadratic Interpolation based Particle Swarm
Optimization (QIPSO) via SPEED software. Theoretical justification on the optimized results
was given. The effects of variables (width of the stator slot, depth of the rotor slot and length

of the stator stack) on efficiency, torque and temperature rise were plotted using the ranging

function of SPEED software.

The performance based optimal design of induction motor using SPEED was also

carried out to reduce number of design variables and hence, the convergence time to

optimize the motor.




Chapter 6

Optimal Energy Control of Induction Motor

E

[This chapter presents simulation studies on the optimal energy control of an inverter-
fed three-phase induction motor. An overview of various controllers: loss model controller,
search controller and their hybridization are given. Mine hoist drive of a mineral industry and
the implementation of efficiency optimization controllers with the help of Particle Swarm
Optimization (PSO) and fuzzy logic are given. The efficiency improvement of spinning drive
of textile industry along with a case study in a medium scale industry is presented. Fuzzy
Pre-Compensated Proportional Integral (FPPI) is used to improve motor’s dynamic
performances during the activation of optimal energy control. Motor is also simulated for the
possible wide ranges of speed and torque in addition with industrial loads. Analysis shows
that it is possible to conserve energy in Indian industries by choosing several possible ways
of implementing optimal energy control.]

6.1 Introduction

Three-phase induction motors (IM) are the most frequently used machines in various
electrical drives. About 70% of all industrial loads on a utility are represented by induction
motors [103]. Recently oil prices, on which electricity and other public utility rates are highly
dependent, are rapidly increasing. It, therefore, becomes imperative that major attention be
paid to the efficiency of induction motors [183]. Process industries like textile and mineral
industries are found to be energy-intensive (4% energy cost in total input cost) compared to
other industries like chemical, food, computer manufacturing, etc., and hence extensive
research has been focused on such industries in the past to reduce the energy cost and the
total input cost [122].

Induction motors have a high efficiency at rated speed and torque. However, at light
loads, iron losses increase dramatically, reducing considerably the efficiency [66], [80]. The
efficiency and power factor can be improved by making the motor excitation a monotone
increasing function of the load. To achieve this goal, the induction motor shouid either be
redesigned or fed through an inverter [86]. Simply, the flux must be reduced, obtaining a
balance between copper and iron losses [81].

In general, there are two different approaches to improve the induction motor efficiency
under light-load conditions (60], namely, ioss model controller (LMC) and search controller
(SC). Many researchers have reported several strategies using different variables to

143
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minimize losses in induction Motor. Some algorithms use slip speed [66], [66], [27], rotor
flux [85], [136], [98], power input [85], [63], and voltage [159] as variables. The present work
considers flux producing current (indirectly flux) as a variable and searches its optimum
through LMC, SC and their hybrid. Particle Swarm Optimization (PSO) is used to calculate
the optimal value of variable when LMC is activated. PSO is similar to genetic algorithm
(GA\) in that the system is initialized with a population of random solutions. It is unlike a GA,
however, in that each potential solution is assigned a randomized velocity, and the potential
solutions, called particles, are then flown through the problem space [46].

Due to the adjustment in flux or flux producing current to achieve minimum input power,
system suffers from stability problems in terms of ripples in torque and speed of the motor.
Fuzzy Proportinal Integral (FPPI) controller is used in the present work to improve the
stability of the drive when optimal energy controller is activated. The block diagram of the
proposed efficiency optimization control in the induction motor drive is shown in Fig. 6.1.
The proposed efficiency optimization controliers in induction motor are simulated by using
MATLAB/SIMULINK.

L .
E T + & s —>
] {
. Coaverter =¥ C Inverter M
,g = < o \
M § - Y
pulses ia fiy lic N
PWM N
Current ~
*| a| Controller ~
1a ’b lc[ ..... i — —
7]
dq to abe t
conversion : .
@ h—
sl : PSO Controfler s !
¥ 3 i i
lqu id; B (g : (loss model) <
‘: ; ;
l PI controller | O\ .
. Search
! wx Iwref F:.’:T;-' FPre.compensalion (L— Conirol Al Pdc
Y \O ; T i l Optimal Ensrgy Control
! ’ + § |
I Pumy Logic o
| :
| : O pof Wy | [
Orof |
Ot e |

Fig. 6.1. Block diagram of optimal energy control using PSO and fuzzy logic
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6.2 Optimal Energy Controllers

Three-phase induction motors consume more than 50% of industrial electricity and it
takes considerable effort to improve their efficiency. This effort focuses mainly on the
improvement of the materials, the design, and the construction techniques. However, in
spite of the progress made in the fields mentioned above, there is significant margins for
efficiency improvement, especially when the motor Operates at light load [85]. Reduction in
rotor flux results into efficiency improvement in the motor at light load. There are two distinct
approaches available in the literature for the loss minimization in vector or scalar controlied
induction motor drives. They are: loss mode! controller (LMC) and search controller (SC).
Present work considers both LMC and SC. Hybrid controller is also designed by mixing of
both LMC and search controller.

6.2.1 Loss Model Controller

The Loss Model Controller is a feed-forward approach, which calculates the optimum
set of variables of the machine, depending on the optimization (maximize or minimize) of an
objective function, defined using the machine parameters [29]. The objective function used
in the present work is the total loss of induction motor drive. The loss model controller
shown in Fig. 6.1, measures the speed and stator current and through the motor loss model
determines the optimal air-gap flux (variable) which is involved in the loss model. The flow
of loss model controller is shown in Fig. 6.2. The approach requires knowledge of the exact
values of machine parameters which include core losses and main inductance flux
saturation. Referring the loss model presented in chapter 3, LMC calculates the optimal flux
from the Eq. 3.51. Equation 3.51 is a scalar loss model equation which is derived in chapter

3 and is reproduced here for convenience.

Ploss = R 12 + (R; +Ks,,w2)§+[1<e (1 +s2)a2 +K,0 +s)a]cb,2,, +C 4,07

+R, (SI(D,,, +8,®, 3 + S3c1>,,,5)+ LR+ R+ Ky 1, + Ko I? (6.1)

The flux producing current command (igs) at vector control of induction motor can be
calculated from the optimal flux obtained from scalar model. PSO is used to find the
optimum of flux in the above equation. Maximum levels of flux and stator currents are forced
as constraints in the algorithm. It is noted that the motor's optimum operation is normally
below the rated flux and hence flux constraint is not very important in the algorithm. Once
optimal flux producing current is calculated as in Eq. (6.2), it is given to the stator reference
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current generation block and generate appropriate pulses for PWM inverter which results

optimal operation of induction motor in terms of minimum loss or maximum efficiency.

&, =(1+L—T’S)<D',’n 6.2)

m

Where T, — rotor time constant.

Start

A

Read desired speed and torque values

A

Find optimal igs* from loss model subject to

q)minsﬁp*sql’max & Is"rslsmax

A

Filter optimal value of izs* and do the field orientation

A

Reference current generation using PWM current

controller

A

Pulse generation and given to inverter

End

Fig. 6.2 Flow chart of loss model control

LMC approach is a fast method of efficiency optimization, however the demerits of this

method are:
(i) It is dependent on machine parameters and it may offer only sub-optimal
solution when the parameter changes with respect to temperature and

saturation effects are not accounted.
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(i) Modeling of entire system including power electronic circuits, stray losses in

the motor, accounting saturation effects are very complicated.

6.2.2 Search Controller

In search control method, which does not require the knowledge of the motor loss
model, DC link or input power of the machine drive is measured regularly at fixed interval
and optimal flux producing current or flux value is searched which results in minimum power

input or stator current of the motor for the given values of speed and torque.

{ ]
DC link power (Pg.) or Input power measurement

I

y

Decrement jy* using Ramp Search method

k=k+1
Measure Py,

Yes

Pdc(k) < Pdc(k+1)

Set the previous value of ias™ (igs (k-1)) as optimum

End

Fig. 6.3 Flow chart of search control
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Once the DC link power is minimized the adjustment of flux is stopped and the current flux
is maintained and given to the field oriented control as flux current command (igs*). Ramp

search method is used to decrement igs*. The flow of search control is shown in Fig. 6.3.

a) Ramp Search Method

It is well known fact that oscillation in the flux producing current around its optimal value
causes undesirable torque pulsations. Furthermore, many of the search techniques
reported so far contain the risk of too much reduction in flux giving rise to stability problem.
Usually, this is checked by putting a minimum limit of the flux. But, the problem remains is of
reaching of the minimum limit during the process of search, may cause early termination of
the search routine, if not properly taken care. To avoid such problems, ramp search can be
used in the SC control which is shown in Fig. 6.4 [29]

A

|ds (rated) |- — — —
|
r R
(I I (lds'|dsmin)Tstep/T
o -
Lo actual ramp
: [ ideal ramp
S
|
Ids(min) I W geg _____
[
| |
|
|
| ‘ .
: T | time

Fig. 6.4 lllustration of ramp search method

In this type of search control, variable (flux producing current command) is decreased
from its rated value (1 pu) in small steps and corresponding dc link power or input power is
increased. Decrement of the control variable is continued until the dc link power shows an
upward trend. When subsequent magnitude of dc link power is higher, the search is
stopped and the control variable is restored to the earlier step value and the optimum

condition is thus reached.

Referring the Fig. 6.4 searching algorithm starts at rated value of igsrateq) @nd proceeds
with small step towards a preset minimum igsminy i @ total time of T sec. Slope of the ramp is

given by

(is(rated) — Tasmimy)) / T (6.3)
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Current reduction in each step is calculated by

(ids(rated) - ids(min)) Tstep/ T (64)
where Tge, - step time and T - total time.

The main advantage of this method of search is that it is fairly independent of both the Ids(min)
and step size [29].

Next step in the search control is filtering of iss* to overcome torque pulsation during the
search of izs*. Torque pulsation is normally compensated slowly by the speed control loop.
This problem is undesirable, especially for the low-speed operation. To overcome this
problem, second-order low pass filter can be used [166].

The DC link power, which contains ripples and noise, should be allowed to settle down
to the steady value after each of step change of the flux current command. On the other
hand, in this method the optimum magnitude of the flux current command is considered
integral number of steps away from the initial (usually the rated) value. Thus, a large step
size may not converge to the real optimal condition. Ali these indicate that a proper

selection of step size is essential for better response of this method [29].

6.2.3 Hybrid Flux Controller

Hybrid flux controller (which consists both LMC and search control) is used to retain
good features of individual controllers, while eliminating their major drawbacks [177], [29].
By this hybrid controller, slow convergence (drawback of search control) and parameter
variation (drawback of LMC) due to saturation and temperature variations can be eliminated
and good results can be achieved with rough knowledge of parameters. To implement this
controller, activate loss model control first to find the initial estimate of the ids* and then
activate search control to get more optimum value of control variable. In the present work,
PSO is used to calculate optimal value of is* when LMC js activated and ramp search
method is used when SC is activated. The flow of hybrid control is shown in Fig.6.5.

6.3  Optimal Control of Induction Motor: Mine Hoist Load Diagram

Induction motor is a large consumer of electrical energy in the industries and its
influence is more in energy intensive industries as discussed earlier and, therefore, needs
special attention. Industrial loads such as spinning drive in textile industry and hoist load in

mining industry are considered in the present work. A motor, normailly 2000 hp rated, is -
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Start

Y

Read desired speed and torque values

l

Find optimal ig* from loss model subject to
(Dminsd)*sd’max & |s*5|smax

l

DC link power (P4 or Input power measurement

»
A

Decrement ig* using Ramp Search method

A
k=k+1
Measure Py,

Pdc( k) < Pdc(k+1)

Set the previous value of igs* (igs (k-1)) as optimum

A

Filter igs*

A

End

Fig. 6.5 Flow chart of hybrid flux control
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- employing in mine hoist and is operated with variable load and speed as shown in Fig. 6.6
[32]. Region ‘ty’ of this load diagram offers light load (0.14 pu) and half the rated speed of
the motor. Since the adjustment of flux level is mainly required at lightly loaded condition
(98], [66], [85], [136], [27], [63],[ 159], [85], this region is focused in the present work for
implementing optimal energy control with the help of three controllers; (i) LMC with PSO, (i)
search controller, (iii) hybrid controller. FPP] controller is used for improving the dynamic
performances of the drive when optimal energy controllers are activated. Referring to
mathematical models of motor, converter, inverter and loss models of entire drive system
presented in chapter 3, optimal energy control of 1 hp induction motor drive for a mine hoist
load diagram is simulated with MATLAB/SIMULINK. The detailed MATLAB/SIMULINK
models of the entire drive system used in the present section are available in Appendix B.

4
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2 5 [
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= g ............ A - — — 9N
~f
2 E, 03 '
0 [ ERRED Rpeur . Ay ot T N
18— 02— 15 —»
Tirne (Second)
Fig. 6.6 Mine hoist load diagram
6.3.1 Simulation Results and Discussion
Although the mine-hoist drive motor is a large machine (normally in MW rating), 1 hp,

3 phase induction motor is used for simulation study in this section for easy analysis. The

motor is operated with the given load diagram (Fig. 8.6) and its parameters are R;=11.124

Q, R,=8.9838 O, L, = 49045 mH. L= Li= 3336 mH, k,=0.0380, ,=0.0380
C., =0.0150, C;,=0.0093, §,=1.07, §,=-0.69, $,=0.45, K1=0.000031307, K,= 0.025. Rated

load and speed of the motor are 2.5 Nm and 300 rad/s respectively. Simulation has been
carried out for all the regions of the load diagram. But, the analysis is mainly focused from 3
to 5 seconds in the simulated results, where the partial load and speed occurs i.e. region t,.
A load torque of 0.35 Nm (0.14 pu) is applied at this region. The motor is accelerated to the
step speed command of 0.5 P.u, 1.0 pu and 0.5 pu corresponding to three regions of-
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Fig. 6.6 from start. Efficiency optimization techniques are initiated at 3 seconds. Figs 6.7 —
6.10 show the simulation results for the constant flux, LMC, SC and hybrid controllers
respectively. The figures show flux, speed, developed torque and dc link power (Pgc) from
top to bottom order.

a) Constant Flux Control

It is the conventional field oriented control, flux or flux producing current command igs* is
always constant (1 p.u) irrespective of speed and torque shown in Fig. 6.7(a). At light load,
there is no balance in between copper and constant losses, rather more core losses.
Torque and speed overshoots occurred as 0.8 Nm and 150.05 rad/sec respectively. Motor
consumes DC link power nearly 1170W during the operating region of t;, shown in Fig.
6.7(d).

b) Loss Model Based PSO Controller

PSO is used to find optimal izs command from the loss model of induction motor in
accordance with motor load and speed. This controller finds optimal igs instantly, shown in
Fig. 6.8(a), instead of continuous adjustment in search control. Here, motor consumes
1075W, shown in Fig. 6.8(d), as dc link power which is higher than constant flux operation
by 95 Watts. Torque and speed overshoots are occurred in the motor when activate this
controlier are 0.5 Nm and 150.1 rad/sec respectively, shown in Fig. 6.8(b) and (c). Speed
overshoot is double in comparison with constant flux operation due to the sudden reduction
in flux producing current. In view of these results, motor energy consumption can be

reduced by selecting optimal value of flux current command.

¢) Search Control

In search control, adjust (decrease) flux current command igs* step by step with small
value and watch the dc link power at every adjustment as shown in Fig.6.9 (a). Search
control is activated at 3s and searches the optimum value of igs*. At 3.7s, minimum dc link
power is reached and hence search is stopped. Using this controlier, motor consumes DC
link power nearly 1070W (Fig. 6.9(d)) which is lower by 100W and 5W in comparison with
constant flux operation and LMC respectively. The difference in DC link power in between
LMC and SC indicates the model error in LMC.
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Speed overshoot of 150.04 rad/sec occurred in the motor when this controller is
activated which is lesser than LMC because of fine adjustment in flux current command
whereas torque overshoot of 0.7 Nm is higher than LMC, due to continuous oscillation in
motor flux, shown in Fig. 6.9(b) and (c).

d) Hybrid Controller

Simulated results of optimal energy control of induction motor using hybrid controller
(which consists both LMC and search control) is shown in Fig. 6.10. LMC is activated at 3s
and finds the sub-optimal ids* command for minimum DC link power and then SC is
activated at 3.15s, which are shown in Fig. 6.10(a). As discussed earlier, this controller
retains good features of both LMC and SC and hence offers minimum DC link power
(1170W) like that of SC with less convergence time similar to LMC. In this controller, motor
is reached its steady state within 0.1 second (shown in Fig. 6.10(d)) whereas 0.7 second in
case of search control. Overshoots in speed and torque are similar to individual controller

and hence not been zoomed them in Fig. 6.10(b) and (c).

e) Optimal Energy Controller with FPPI Speed Controller

Improvement in the dynamic performances of the motor by replacing PI speed controller
in Fig. 6.1 with Fuzzy Pre-Compensated Pl controller (FPPI) and then the drive was
simulated. The corresponding results are shown in Fig. 6.11 and 6.12. Loss model control
along with FPPI controller has the speed overshoot of 150.04 rad/sec, shown in Fig.
6.11(b), whereas this value in LMC with PI controller is 150.1 rad/sec. Similarly, SC with
FPPI controller has less speed overshoot and settle down at 3.1s, shown in Fig. 6.11(b),
whereas search control with P| controller did not settle down even at 3.25s. Thus the
combination of PSO and FPPI controller helped much in the motor performances in terms of
optimal energy consumption and less speed overshoot.

The simulated results presented in this section show that the hybrid control with FPP|
controller outperformed the conventional controllers and saved 100 W power in the tested
motor. Since the power rating of the mine hoist motor is very high, considerable amount of
saving (in kW) is possible.
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Fig. 6.9 Simulation results of search control with Pl controller
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6.4 Operating Cost Minimization of Induction Motor: Textile Industry

A ring spinning frame, shown in Fig. 6.13 (this figure is same as Fig. 1.1, repeated here
for convenience) manufactures the cotton into yarn that wound on spindies and used to
feed cone winding machine. Later, it can be used to make end products such as clothing
with the help of weaving machine. The quantity of the yarn in the spindles varies from zero
(when the process starts) to full (when process completes), hence the motor shaft load
varies from zero to rated. The corresponding load diagram is shown in Fig. 6.14 which has
taken from an industry located at Coimbatore, India. ‘T" is the time consumption for the

completion of one process.

Fig. 6.13. Textile spinning ring frame
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Fig. 6.14. Load diagram of a typical spinning ring frame drive motor

This section considers a 100 hp motor to study the importance of controllers on energy
saving opportunity in textile mill (ring spinning frame) applications. The economics of the
same motor is investigated with three topologies namely star-delta (S/D) connection,
constant flux operation (V/f control) and loss model controller using PSO in steady-state

conditions. The flux level in a machine has been considered to adjust to arrive minimum
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operating cost of the motor. The configurations of these controller topologies are already

presented in section 2.4 (chapter 2).
6.4.1 Simulation results and discussion

Referring to the induction motor (100 hp) parameters presented in [6], comparison of

total energy cost is performed with three types of controllers. The motor parameters (per-
unit) are R;=0.029, R.=0.020, X,=1.88, Xx,=0.067, k,6=0.006, k,=0.006, C,  =0.025,

C4,=0.010, S4=0.4, S,=-0.30, S3=0.45, K;=0.000031307, K,= 0.025, R =0.000916

Total losses, energy cost, and stator current comparison of the constant speed (rated)
induction motor for a textile mill load diagram with the following electricity tariff (Tamil Nadu
Electricity Board, HT tariff | for the industries situated in rural areas) and assuming 5
processes repeated per day (motor running period = 20 hours per day), 355 days of
operation/year and life time of the motor (N) is assumed as 15 years are summarized in
Table 6.1 and 6.2. Individual losses comparison is shown in Table 6.3. The equations for
operating cost calculation for the whole life of the motor are referred from chapter 4 (section
4.7.3).

(i) Maximum demand (KVA) charges: US $ 6.66/month
(i) Energy (kWh) charges: US $ 0.077/kWh (1 US $= Indian Rupees 45 approximately).

All the loads, star delta controller offered lower value of total energy cost due to the
absence of converter losses. Although S/D offered minimum TEC compared to others, it
cannot be applied over a wide range of variable load and speed applications. Loss model
control which has Particle Swarm Optimization algorithm in its inner part performed much
better than V/f control, in other words constant flux operation. For example, the load at t,,
LMC with PSO reduced the operating cost of the motor by 31% in comparison with constant
flux operation, shown in Table 6.2. The difference in terms of operating cost of the motor at
LMC and constant flux reduces with the increase in load which indicates the importance of
LMC particularly at light load. Fig. 6.15 shows the variation of TEC (T is assumed as 8000)
by adjusting flux level in the motor at three different load and speed points and it reveal that
minimum TEC occurred at rated flux (1pu) for rated load and rated speed points and need
to adjust the same at lightly loaded conditions.
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Table 6.1 Total Losses, Flux and Stator Current in 100 hp Motor for Textile Mill Load

D (pu) Is {(pu) Pioss (KW)
Time Load
(hr) (pu) | sp | vif | LMC | SID vif LMC | SID | Vi | LMC
t, 02 | 0557 | 1 0669 | 0408 | 0587 | 0387 | 182 | 364 2.51
t, 0.4 1 1 0.842 | 0688 | 0688 | 0599 | 325 | 453 4.07
ts 06 1 1 0040 | 0.830 | 0830 | 0802 | 4.41 5.96 5.86
ts 0.8 1 1 1 0995 | 0995 | 0998 | 603 7.89 7.89
ts 10 1 1 1 1.175 1175 | 1175 | 813 | 1032 | 10.32
Table 6.2 Operating Cost of 100 hp Motor for Textile Mill Load
S (US'$) D (US §) TEC (US $)
Time | Load
(h) |(pu) | sp | wf | LMC | SID vif LMC SID vif | LMC
t 0.2 | 3746 | 7480 | 5150 | 2190 | 4373 3011 5937 | 11854 8161
t 04 | 6666 | 9297 | 8352 | 3898 | 5436 4883 | 10565 | 14734 | 13236
ts 0.6 | 9046 | 12218 | 12016 | 5289 | 7144 7026 | 14335 | 19363 | 19042
t 08 | 6189 | 8091 | 8090 | 7238 | 9463 9461 13427 | 17555 | 17551
ts 10 | 8335 | 10581 | 10581 | 9748 | 12375 | 12375 | 18084 | 22956 | 22956
Table 6.3 Individual Loss Terms of 100 hp IM for Textile Mill Load
Load P. (KW) Pi (KW) Pstr+ Pm+ Peony (KW)
PY) | sp | v DE | SID | VA DE | SD | Vif | DE
0.2 0.54 080 | 045 | 030 | 090 | 040 | 098 193 | 164
0.4 1.26 1.26 1.11 090 | 090 | 065 107 | 236 | 230
0.6 2.02 202 | 200 | 091 0.91 0.81 146 | 3.01 | 3.04
0.8 3.10 310 | 310 | 092 | 092 | 093 2.0 386 | 385
1.0 4.48 448 | 4438 | 093 | 093 | 093 | 271 490 | 490
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Fig. 6.15 TEC verses flux at variable speed and load of induction motor

(a) Case Study at Medium Scale Textile Industry

A privately owned medium size spinning and sewing thread industry in Tamil Nadu,
producing 15 tons of yarn and 10 tons of sewing thread/day, having 96 ring frames [122]
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has been considered for economic analysis. For this textile mill, the economical benefits of
spinning drive motor by using LMC with PSO controlier in comparison with constant flux
operation are shown in Table 6.4. US$ 529536 can be saved in this industry for a whole life

(15 years) of spinning drive motors.

Table 6.4 Case Study in a Typical Spinning Ring Frame for Economic Comparison

Sl. No. Controller No. of Ring Frame TEC (US $) Savings (US $)
1 Constant flux 96 8300352 --
2 LMC with PSO 96 7770816 529536

6.5 Operating Cost Minimization for Wide Range of Load and Speed

The above section have focussed industrial loads whereas this section is focussed on
minimization of operating cost in an induction motor operating over a wide range of variable
load/speed application. The same motor (100 hp) is used for this analysis. Energy cost and
demand cost are considered as mentioned in section 6.4.1 and the operating hour of the
motor per year, T is assumed as 8000. Optimal flux, stator current and total losses of the
motor for different set of load and speed are shown in Table 6.5. Operating cost and
individual loss terms are available in Table 6.6 and Table 6.7 respectively. Results are also
ilustrated in graphical manner, shown in Figs. 6.16 — 6.22 for convenience. Fig. 6.16 - 6.19
show the variation of TEC by adjusting flux level in the motor at variable load and speed
applications and it reveal that less TEC occurred in LMC at light loads. Thus flux adjustment
is mainly required in the motor at lightly loaded condition for energy saving. Fig. 6.20 shows
the LMC with PSO controller offers low losses as compared to V/f controller especially at
light loads. Fig. 6.21 and 6.22 show the comparison of stator current drawn by the motor
with both the controllers and reveals that LMC with PSO controller offers low stator current

in the induction motor.
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Table 6.5 Total Losses, Flux and Stator Current in 100 hp IM at Variable Load/Speed Operation

o Dp, (pU) I (pu) Ploss (KW)
r
T (pu)
Pu LMC it LMC i mc |
1 0.727016 0.587755 0.388202 0.95161 0.535607
1 0.871034 0.688778 0.603797 1.423108 1.239523
0.2 1 0.951938 0.830457 0.805631 2.207203 2.167974
—
1 1.00901 0.995818 0.999094 3.305596 3.303695
1 1.053458 1175187 1.186615 4.720697 4633955
1 0.706158 0.587755 0.386814 1.194032 0.716817
1 0863526 | 0.688778 0.602308 1.693127 1.485876
04 1 0.949336 0.830457 0.804828 2.522805 2.478416
]
1 1.008849 0.995818 0.999029 3.684867 3.682989
1 1.05475 1.175187 1187249 | 5181859 5.088372
1 0.686224 0.587755 0.386812 1.537911 0.984279
0.4 1 0.857183 0.688778 0.601301 2.082524 1.849765
06 06 1 0.948621 0.830457 0.804616 2.987695‘] 2.94041
08 1 1.010984 0.995818 0.999912 425539 | 4250374 |
]
1.0 1 1.058595 1.175187 T 1.189244 5.888386 5.776343
02 1 0.668948 0.587755 0.387819 1.983247 1.338009
0.4 1 0.852223 0.688778 0.600669 2.591297 2.331554
[
06 08 1 0.949618 0.830457 0.804912 3.601872 3.554089
08 1 1.015068 0.995818 1.001723 5017165 5.011164
ﬁ
1.0 1 1.064544 1.175187 1.192653 6.840276 6.69595
-
0.2 1 0.655029 0.587755 0.389296 2.53004 1.778433
0.4 1 0.848672 0.688778 0.600299 3.210448 2.931567
-
06 1.0 1 0.952029 0.830457 0.80566 4.365336 4.319203
0.8 1 1 0.995818 0.995818 5.970191 5.970191
—
1.0 1 1 1.175187 1.175187 8.037531

8.037531 ‘I
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Table 6.6 Operating Cost of 100 hp at Variable Load/Speed Operation

S (US$) D (US $) TEC (US $)
Te (pu) | o (pu)
Vif LmC vif LMC \ii LMC
0.2 8792.878 4949.006 1140.79 642.0853 9933.668 5591.091
0.4 13149.52 11453.19 1706.022 1485.94 14855.54 12939.13
0.6 0.2 20394.55 20032.08 2645.995 2598.967 23040.55 22631.05
0.8 30543.71 30526.14 3962.749 3960.469 34506.46 34486.61
1.0 43619.24 42817.74 5659.171 5555.185 49278.41 48372.93
0.2 11032.86 6623.385 1431.406 859.3197 12464.26 7482.705
0.4 15644.5 13729.5 2029.721 1781.269 17674.22 15510.77
06 0.4 23310.72 22900.56 3024.339 2971.125 26335.06 25871.69
0.8 34048.17 34030.82 4417.419 4415167 38465.59 3844599
1.0 47880.38 47016.55 6212.013 6099.94 54002.39 53116.49
0.2 14210.3 9094.743 1843.648 1179.954 16053.94 10274.7
0.4 19242.52 17091.83 2496.529 2217.499 21739.05 19309.33
0.6 0.6 27606.3 27169.39 3581.649 3524.964 31187.95 30694.36
0.8 39319.8 39291.94 5101.361 5097.746 44421.16 44389.68
1.0 54408.69 53373.41 7058.997 6924.68 61467.68 60298.09
0.2 18325.2 12363.2 2377.516 1604.005 20702.72 13967.21
0.4 23943 .59 21543.56 3106.447 2795.067 27050.03 24338.63
06 0.8 33281.3 32839.78 4317.924 4260.642 37599.22 37100.43
08 46358.6 46303.15 6014.577 6007.383 52373.18 52310.54
1.0 63204.15 61870.58 8200.123 8027.105 71404.28 69897.68 |
0.2 23377.57 16432.72 3033.012 2131.986 26410.58 18564.71
0.4 29747.7 27087.68 3859.474 3514.363 33607.17 30602.04
06 1.0 40335.7 39910.26 5233.164 5177.968 45568.87 45088.23
0.8 55164.57 55164.57 7157.065 7157.065 62321.63 62321.63
1.0 74266.78 74266.78 9635.391 9635.391 83902.17 83902.17
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Table 6.7 Individual Losses of 100 hp IM at Variable Load/Speed Operation

Te Pc (KW) Pi (KW) Pslr"' pm (KW) —{
) Wy (pu) —
(pu) Vit LMC Vi LMC i LMC ‘
02 0.80705 0.439011 0.111736 0.061106 0.032825 0.035489 }
04 1.265242 1.103748 0.116081 0.090183 0.041785 0.0455921
06 02 2.029998 1.998034 0.120465 0.110405 0.05674 o.osgssﬂ
08 3.102982 3.099998 0.124892 0.126831 0.077722 0.076866—{
1.0 4.486551 4.395542 0.129367 0.141105 0.104778 o.owsoﬂ
]
02 0.80705 0.443466 0.255684 0.130037 0.131298 0.143313
04 1.265242 1.105381 0.260747 0.197025 0.167138 o.1834714
06 0.4 2.029998 1.998508 0.265849 0.241114 0.226958 0.238794
08 3.102982 3.100019 0.270997 0.275446 o.31osaﬂ 0.307524
1.0 4.486551 4.395471 0.276196 0.304335 0.419112 0.388566
02 0.80705 0.450533 0.435441 0.20811 0.295421 0.325637
0.4 1.265242 1.107531 0.44122 0.327277 0.376061 0.414957
7
06 0.6 2.029998 1.998675 0.447041 0.404042 0.510656 0.537693
08 3.102982 3.099848 0.45291 0.462393 0.699498 0.690132
1.0 4.486551 4.395896 0.458833 0.510599 0.943001 0869848 |
02 0.80705 0.458869 0.651005 0.294911 0.525193 0.584228
- | .
0.4 1.265242 1.109696 0.657502 0.48111 0.668553 0.740748
06 0.8 2.029998 1.998446 0.664041 0.600751 0.907833 0.954891
08 3.102982 3.100124 0.670631 0.69019 1.243551 1.22085
1.0 4.486551 | 4.398462 0.677279 0.763091 1.676447 1.53439q
]
0.2 0.80705 0.467097 0.902377 0.391299 0.820613 0.920037
0.4 1.265242 ( 1‘11150j 0.909591 0.659185 | 1.044615 1.160879 |
06 1.0 2.029998 1.998021 0.916849 0.833044 1.418488 1.488228
08 3.102982 3.102982 0.92416 0.92416 1.943049 1.943049
1.0 4.486551 4.486551 0.931532 0.931532 2.619448 ( 2.619448
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6.6 Conclusion

This chapter presented simulation studies on the optimal energy control of an inverter-
fed three-phase induction motor using MATLAB/SIMULINK. Three types of efficiency
optimization controllers: loss model controller, search controller and hybrid controllers have
been successfully applied in mine hoist drive of mineral industry and minimum DC link or
input power was achieved. Hybrid controller gave genuine optimum of DC link power and
outperformed the loss model and search controllers. Operating cost minimization was
applied in a spinning drive of textile industry and the case study in a medium scale textile
industry was reported. US$ 529536 can be saved in a medium scale textile industry over its
life, with the use of optimal energy controllers in spinning drive motors. Fuzzy Pre-
Compensated Proportional Integral controller has been used to improve motor’s dynamic
performances in terms of speed overshoot during the activation of optimal energy controller.
Motor was also simulated for the possible wide ranges of speed and torque in addition with
industrial loads. The simulation results demonstrate that significant amount of energy can
be conservedin Indian industries by choosing several possible ways of implementing
optimal energy control. The drive system has been maintained satisfactory dynamic

performance even when the motor operates at reduced flux.
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Conclusion and Future Scope

_ %

7.1 Conclusion

A large part of electrical energy consumption goes to induction motor which is serving to
industries and it is known that efficiency is drastically reduced in these motors at part-load
operation. The part-load operation of induction motors cannot be avoided in many industrial
applications like spinning drive in textile industry, hoist drive in mineral industry, pumps in all
types of process industries, etc. The part load efficiency and power factor of the induction
motor can be improved by adapting the magnetizing level in the motor in accordance with
load and speed and, hence, motor should either be fed through an inverter or redesigned
with optimization algorithms. Furthermore, a small increment in the efficiency of these
motors by providing better control or optimum design can result in substantial saving in the
long period. The research in the present work was carried out both in optimal design and

control of induction motor to achieve maximum efficiency.

For optimal design, Particle Swarm Optimization (PSO) and its improved version,
Quadratic Interpolation based Particle Swarm Optimization (QIPSO), have been applied for
the fresh design of squirrel cage induction motors. Five objective functions namely, material
cost, efficiency, starting torque, temperature rise and operating cost have been chosen with
nine performance related indices as constraints. A set of design variables which are most
sensitive to the objective functions have been judiciously chosen. They are: ampere
conductors, ratio of stack length to pole pitch, stator slot depth to width ratio, stator core
depth, average air gap flux densities, stator winding current density, and rotor winding
current density. In order to facilitate the application of optimization algorithms the design
and performance equations have been derived in terms of the chosen variables. The effects
of variables in the performance indices of the motor like efficiency, torque, material cost,
starting torque, power factor etc. were examined. The results of PSO and QIPSO have
been compared with normal design, Rosenbrock and Simulated Annealing (SA) methods for
exploring their superiority. It has been observed that QIPSO plays an important role in

optimizing objective functions.

In the optimization of material cost, the tendency of the variable in obtaining an

optimized design has been to have lower specific electric ioading and higher values of
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stator and rotor winding current densities. For maximum efficiency and starting torque and
minimum temperature rise, the tendency of the variable has been to have higher value of
width of the stator siot, lower value of depth of the rotor slot and intermediate value of length
of the stator stack. Higher ampere conductors, stack length to pole pitch ratio, stator slot
depth to width, stator core depth and average air gap flux density were required to achieve
optimum operating cost or energy cost of the motor. Material costs slightly increased when
the motor was designed with respect to optimizing its operating cost. Higher Stator core
depth and lower stator slot depth to width ratio were required to get a good machine when
subjected to voltage unbalance and the material cost was increased due to the increase of
ampere conductors/m to meet higher stator currents. Greater depth of the stator slot for
more starting torque, higher width of the stator slot and tooth flux density for minimum
temperature rise were the effects when the motor was designed with the consideration of

harmonic current.

Realisation of the induction motor design results obtained from Particle Swarm
Optimization and Quadratic Interpolation based Particle Swarm Optimization has been done
via SPEED (Scottish Power Electronics and Electric Drives) software. Theoretical
justification on the optimized results was also given. The effects of variables (width of the
stator slot, depth of the rotor siot and length of the stator stack) on efficiency, torque and
temperature rise were plotted by the ranging function of SPEED software. The performance
based optimal design of induction motor using SPEED software was also carried out and
SPEED software helped in substantial reduction in convergence time to optimize the motor

by reducing the design variables to five instead of seven.

For optimal control, flux level in a machine was adjusted to give minimum operating cost
or maximum efficiency for the industrial load. Mathematical model of the entire induction
motor drive system was presented. PWM inverter model was explained for every possible
switching state. Sinusoidal pulse width modulated current controliers were modelled and
used in the drive. Optimal energy controller was designed through the loss models of entire
variable speed drive systems. Loss models of motor and converter for fundamental and
harmonic frequencies were developed. Motor loss model has been performed with the help
of single phase equivalent circuit and losses represented by stator, rotor, core and stray
resistances. Transistor switching losses and the conduction losses of the diodes and
chokes were considered for modelling the inverter losses. The Proportional Integral (Pl) and
Fuzzy Pre-compensated Pl controllers were designed to produce torque command of the

drive. The drive model was developed for the vector control scheme. Using the PWM
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inverter, induction motor and associated controller models, the complete drive was
simulated with MATLAB/SIMULINK and studied its performance.

Three types of efficiency optimization controllers: loss model controller, search controiler
and hybrid controllers have been successfully applied in mine hoist drive of mineral industry
and achieved minimum DC link or input power. Hybrid controller gave genuine optimum of
DC link power and outperformed the loss model and search controllers. Operating cost
minimization was applied through Particle Swarm Optimization based loss model control in
a spinning drive of textile industry and the case study in a medium scale textile industry was
reported. US$ 563136 can be saved in a medium scale textile industry over the whole life
when energy optimal controllers used in spinning drive motors. Dynamic performance of the
motor in terms of speed overshoot during the activation of energy optimal controller was
improved with the help of FPPI. Motor was also simulated for the possible wide ranges of
speed and torque in addition with industrial loads. The simulation results demonstrate that
significant potential of conservation in Indian industries by choosing several possible ways
of implementing energy optimal control. The drive system has been maintained satisfactory

dynamic performance even when the motor operates at reduced flux.

Two experimental studies were also performed for supporting the main objectives of this
thesis. One study on voltage unbalance effects on induction motor performances and the
other one was on the comparison of different efficiency measurement standards with the
special attention to stray load losses in the motor. The first study has shown that US $ 188
additionally paid per year to the electricity supplier due to a small amount of voltage
unbalance (less than 1%) in a 5 hp motor and hence industry personnel should not ignore
voltage unbalance even its value is very less. Second study has revealed Indian Stand_ard
IS 325 estimated the motor efficiency of the motor accurately because it measured the stray
load losses similar to that in IEEE 112- E.

To summarize, the loss models of induction motor drive systems ‘were derived with the
consideration of saturation effects. The broad approaches of induction motor loss
minimization, namely loss model, search and hybrid cdntroller were discussed with the
special attention of their advantages and drawbacks. Design improvements of induction
motor by selecting optimal values of variables and constraints using Particle Swarm
Optimization and its variant, called QIPSO, were given. Optimized results given by PSO and
QIPSO were validated by one of the electrical motor design softwares named SPEED/IMD
and some benchmark problems. The performance based optimal design of induction motor

using SPEED/IMD was also carried out and achieved reduction in number of required
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design variables. Supply voltage unbalance and harmonics are taken into account while
designing the motor. A detailed study along with simulation results of optimal control of
induction motor for a mine hoist load was presented. FPPI controller was used to maintain
good stability of the drive when the flux is adjusted. Case study in a medium scale textile
industry for economical analysis was also presented. The results of both optimal design and
control show excellent performance of the motor with the proposed optimization algorithm,
in terms of efficiency, operating cost, manufacturing cost starting torque and temperature

rise.
7.2 Future Scope

Research is a continuous process. An end of a research project is a beginning to a lot of
other avenues for future work. Following aspects are identified for future research work in

this area —
Optimal design:

1. The optimized deign results of the motor in terms of efficiency, torque, etc obtained
from the algorithms are based on theoretical evaluations only. Hence, dynamic
performances of the designed motor should be checked with the help of SPEED -
MATLAB interface.

2. Many improved version of Particle Swarm Optimization other than QIPSO are
available in the literature which can be applied in the design problem or further

improvements in the optimization algorithms can be performed.
Optimal control:

1 The industrial loads considered in the present work are varying continuously with
respect to time. Hence the design of efficiency optimization controliers with less
convergence time will be useful to operate such drives with good dynamic
performances. Further work can be focused to minimize convergence time in hybrid

optimal energy controller.

2. Since the performance of loss model based controller is based on the accuracy of
induction motor drive system loss models further work especially in converter losses

and magnetic saturation is needed to get more accurate results.
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Appendix-A: Optimal Design

Test Motors, Assigned Parameters and Design Expressions

%

A.1  Specification of Test Motors

Sample motor 1

Capacity 7.5 kW
Voltage per phase 400 volts
Frequency 50 Hz
Number of poles 4
Number of stator slots 36
Number of rotor slots 44

Sample motor 2

Capacity 110 kW
Voltage per phase 3300 volts
Frequency 50 Hz
Number of poles 6

Number of stator slots 90
Number of rotor slots 93

Sample motor 3

Capacity 2.2 kW
Voltage per phase 400 volts
Frequency 50 Hz
Number of poles 4
Number of stator slots 36
Number of rotor slots 44

191
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A.2 Assigned Parameters

Table A.1 Assigned Values of Parameters used in Motor Design

[ barameter Assigned values J

Test motor 1 ‘ Test motor 2 | Test motor 3 ‘

Winding factor 0.96 ‘ 0.96 0.96 J
Stator slot opening, mm 3.0 3.0 3.0
ﬁotor slot opening, mm 2.0 2.0 2.0
Stator slot wedge height, mm 3.0 3.0 3.0
Rotor slot wedge height, mm 2.0 2.0 2.0
Stator slot fuliness factor 0.35 0.3 0.35

W)tor slot fullness factor 1.0 1.0 1.0 ‘

‘ Radial air gap length, mm 0.5 1.0 0.5 J

‘ Cooling coefficient 0.03 0.03 0.03 J

A.3 Lower and Upper Bounds of Variables and Constraints

Table A.2 Lower and Upper Bounds of Variables and Constraints

Variables (implicit) or Constraints (explicit) Lower Upper
ampere conductors/m 15000 25000
ratio of stack length to pole pitch 0.9 2.0
@tor slot depth to width ratio 3.0 55
’Eltor core depth (mm) 20 5.0
Werage air gap flux densities (wb/m”) 0.4 0.8
stator winding current densities (Aimm?) 4.0 15.0
Rotor winding current densities (A/mm?) 4.0 15.0
maximum stator tooth flux density,wb/m” 05 20
‘ stator temperature rise, °C 20.0 70.0
full load efficiency, % 80.0 100.0 ‘
W foad current, pu 0.02 0.5 ‘
starting torque, pu 15 10.0 4]
‘ maximum torque, pu 2.2 10.0 J
\ slip, pu 0.01 0.05 ‘
‘ full load power factor 0.8 1.0 ‘
rotor temperature rise, °C 10.0 70.0 4‘
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A.4 Design Expressions

There are two basic expressions needed for deriving the design formulae of induction or
any electric motors. They are: E.M.F and output equations. The derivations in present work of
optimal design pertain to polyphase induction motors in terms of the variables chosen [18],
[142].

The E.M.F equation for a motor is given by
E,, =444K, fp Ty, (A1)

The output equation for a three-phase induction motor is written as
S =3E 1, *107 KVA (A.2)

The term specific electric loading is defined as the number of r.m.s ampere conductors per unit
length of gap surface circumference. The present work considers ampere conductors per meter
as a variable (x,) and can be expressed as
67,1
X = pht ph
7D

The term specific magnetic loading is the average magnetic flux density over the whole surface

(A.3)

of the air-gap and can be expressed as follows. It is aIso'considered as a variable in the

present work.

dp
Xs = —— A4
3 zDL (A4)
Use of expressions (A1) — (A4), the volume of the motor is
D2 - 1000SP m? (A5)

2.22Kw7r2ﬁc1x5
The separation of main dimensions D and L can be done from the expression (A.5) by

approximately choosing the ratio of core length to pole pitch, which in the present case is
considered as a variable. Thus,

1 2
i/ 1000SP "o

D=3 00P
V4 2.22Kwﬁ1xeS

and L=x,2 _y (A7)
P
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The calculation of net length of the core which considers the stacking factor for sheets as well
as the allowance for the ventilating ducts is given by

L =K;(L-0.00lnywy) (A.8)
Totai number of conductors per slot can be derived from the equations (A.1) — (A.4) which is
always an integer and is to be rounded off)

6L ),

Z\ = 5 (A.9)
444]KWS1Y )C2xS
The area of stator slot can be calculated with the assigned slot fuliness factor as
1000S
Ao = > (A.10)
222waY Sfx2x5x6

the stator slot depth to width ratio facilitates the separation of slot area into depth and width.

Hence the depth of slot can be expressed as

1000SX3
de = 5 (A1)
222waY SIS/'szsxé
Stator core outside diameter can be expressed as
OD = D +0.002D, +0.002x, (A12)

Using the equations (A.2), (A.3), (A.7), the rotor bar current and area can be expressed with

the assumption that the rotor ampere turns at full load are 85% of stator ampere turns at full

load as
8508
I = 5 (A.13)
222Kwﬂ/ Sz.xeS
2.
and a, = 382 885 (A.14)
K, fY78yx3%5%7

Cage induction motors normally use the rotors with skewed slots (normally by one slot pitch)
and give better performance. The length of the bar is slightly more than the core length , ususlly
by 0.03m. The rotor slot area with the assigned value of rotor slot fullness factor can be

calculated as
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a, =L (A.15)

for cast iron Sy, =1

The depth and width of the rotor slots can be expressed in terms of stator siot depth

o = m (A.16)
Sldss
w, =519 (A17)
Spx3
The mean end ring diameter can be expressed as
D, = D—0.0021g -0.0024, (A.18)
The rotor end ring current in terms of rotor bar current is given by
I
I, = Saly (A.19)
¢y
End ring cross section (in mm?) can be calculated as
a, = Lo _ 520 (A.20)
X7 <y

With the assumption of same core flux density on stator and rotor side the depth of stator and

rotor core behind the slot will remain same, the rotor inner diameter can be expressed as
ID = D—0.0ozlg —-0.002d,, -0.002x, (A.21)

A.4.1 Expressions for Cost of Active Material

The cost of active materials consists of the cost of laminations and winding materials on
stator and rotor. Hence, the first step is to calculate separately the weight of stator teeth, stator
core and iron and are expressed (in kg) as

, = OSitsly (#22)
10
W - 8,7(0D-0.001x4))x, L, (A23)

10°
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2 2
W, =§iLiI:(D2 —41D )_(Sl(:]ésr)} (A.24)

where t, = mean stator tooth width in mm which is expressed as

| _m(D+0.001dy) 0.001d,,

A.25
s Sl X3 ( )

With the help of iron cost per kg, Total cost of iron in stator and rotor laminations can be
calculated as

TC, =C;,(W, + W, +W,) (A.26)
There are two types of windings in motor: stator and rotor windings and hence there is a need

to calculate individual costs. They are expressed as

86, (x, +1.15+0.12)10°

A.27
v 2.22]KwYxe5x6 ( )
S,ayl, ® 2m,D
W,y = 22002y Mee s, (A.28)
10 10
382.88S
where, a, = 5 (A.29)
K, JS2Y " xyx5%7
Now the cost of winding materials can be calculated as
1C, =C, (W, +W,,) (A.30)
From the Eqn. (A.26) and (A.30), total cost of active materials is given by
IC=TC;, +71C, (A.31)

A.4.2 Equivalent Circuit Parameters

Motor’s performance related items such as efficiency, power factor, current and speed at
different load torque can be calculated from the equivalent circuit. The parameters involved in

the equivalent circuit are derived in terms of variables [142], [9], [13], which are:
A.4.2.1 Stator and rotor resistance:

The resistance of the stator winding can be caiculated with the known value of specific:

resistivity of the winding materials by
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E x
RS: Pe ph™6 +(1+115+012
2.22K,, /1 , Yxs Xy XY

) (A.32)

Total resistance (sum of the bar and end-ring resistance) in cage induction motor with

reference to stator side can be expressed as

_12p,T5,  2p

R (L, +=722) (A.33)
p

Shay
The RMS magnetizing current in terms of excitation ampere turns for By, is given by [142], [18].

The detailed expression for ampere turn (AT) is avillable in [15].

I4
I, =—2  gT A.34
" 1.17K,, T, (A34)

Magnetizing inductance is given by

E, E._, *L1TK.T
X, = Ph_ Tk W ph (A.35)
{ pAT

m
The resistance of no-load component (R,) can be calculated through total iron losses. The iron
loss/kg for the teeth and core are calculated corresponding to maximum tooth flux density and
core flux density.

The expression for maximum tooth flux density is given by

_ 1.572DLxs *10°
(me9 SitaL;

B, (A.36)

7(1000D+2%s/
Where, ¢, = -3 (A.37)
S] X3

If the loss per kg corresponding to tooth portion and core is taken as Wiy and W, espectively,
then the total iron loss can be expressed as

SIL=W,*Wy +W_*W,, (A.38)
The equivalent magnetizing resistance is given by
_3E},

R =
"SI

(A.39)
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The core loss component of no-load current is calculated in terms of friction, windage and
iron losses and is given in Eq. (A.40). These losses are proportional to the peripheral speed,
length and diameter of the motor [176], [15]. The present work assumes friction and windage
losses as one percent of the output.

/- Wg+SIL

= (A.40)
© 3Ey

Usings the equations (A.34) and (A.40), total no-load current of the motor is expressed as

I, =~1%+12 (A.41)

A.4.2.2 Leakage Reactance
(i) Stator slot leakage reactance

Fig. A.1 shows a parallel sided semi-closed slot used in the present work and the empirical
relations on slot are given by [99]. Semi-closed slots are normally used in the induction motors
to get smaller magnetizing current in addition with less tooth pulsation loss and noise levels.

e 1l

72 I

2

hy

e

Wos
Fig. A.1 Schematic of semi-closed slot arrangement
Total area occupied by the conductors in the slot is calculated by

S +d?
asczsfass= [

(A.42)
X3
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To get maximum value of slot fullness factor the conductors in the slots must be arranged in
such a way that the depth to width ratio of conductor and slot should remain same. The value
of hyin the Fig. A1 is

hl = ’ascx3 (A43)

Substitute the equation (A.1 1) in (A.43) and gives

hy= IOOOS? (A.44)
222 K, S1Y “xyxsxg
and h2 = dss —hl—h3—h4 (A45)

stator slot permeance can be written as
h h 2h
1 2, 3

ol (A.46)

Po=un( +
” ° 3WSS . WSS WO + WSS WO
where, slot width, W, = % (A.47)
The stator siot leakage reactance can be expressed as
3P
X, = sfnglth( S“) (A.48)
1

(i) Rotor Slot Leakage Reactance

Semiclosed slots give better performance in terms of starting torque and over load capacity
in squirrel cage rotors aiso. Rotor slot permeance can be calculated from the rotor slot

dimensions similar to stator slot permeance.

hlr +h2r + 2h3r h4r

+
W, W, W,+W, W

]

Po=p,( ) (A.49)

When referred to stator side rotor slot permeance can be written as

PL=pP.K,S 5, (A.50)
Therefore the rotor slot leakage reactance is calculated as
3P,
S

Overhang leakage reactance of the full pitch coil can be calculated by [15]

X,s = 87fT 3 L(—0) (A.51)
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3A4Epx*107 A52)
K., Sx, x5 '

Zig-zag leakage reactance depends on relative widths of teeth, slot openings and air gap and is

]

expressed by [15]
1 1
X, = Y Kup b ) (A53)
St 52
Referring the Eqns. (A.42) — (A.53), total phase reactance of an induction motor refered to
stator side can be expressed by
X =X, +X, (A.54)
where, X, = X, +0.5X, + X, = stator leakage reactance

X', = X,, +0.5X , = rotor leakage reactance referred to stator side.

A.4.3 Expressions for Constraints and Objective Functions

(1) Maximum stator tooth flux density
Maximum stator tooth flux density which is expressed in (A.36) and is repeated here for
convenience

5 1.57DLxs *10°
R Sl

(2)  Stator Temperature Rise:

For continuously rated machines, the final stator temperature rise 0, is the determining
factor and with the assumption that the cooling by convection, conduction and radiation is
proportional to temperature rise [15]. The temperature rise is directly proportional to the heat

developed due to losses and indirectly proportional to cooling surface area.

o - 7.(SCL + SIL) (A.55)
Ss
Where, cooling coefficient 7. = 0.03-005 s u= 27D
1+0.1u P

Total effective cooling surface area S, =S;(1+0.1u)+S. Si, S, are the inside and outside

cylindrical surface area of the motor.
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3) Full Load Efficiency:

The full load efficiency of an induction motor is written as

~ 1000P,
~ 1000P, +SCL +W ey +SIL+ W,

7 *100 (A.56)

Where copper loss SCL = 3112,,7 (Ry)

2D,
p

2
Rotor copper loss Wy, = Proaoli (L, +
dp

(4) No-Load to Full Load Current Ratio

Expression for no-load current is given by equation (A.41). The ratio of no-load to full load
current can be written as

I
1

CR =

0 (A.57)
ph

(5  Full Load Slip

Full load slip can be written as

w
5= RCL (A.58)
1000F, + Wpey + W

Rotor copper loss Wk, is given in Ean. (A.56). The summation of friction and windage losses

are assumed to be 1% of output as mentioned in (A.40).

(6) Starting torque to full load torque ratio

The equation for starting torque of the motor is

3E7, L

Ty = U S (A.59)
(R + DN 41X, +Cpx; )P

At starting slip s=1, then the starting torque can be written as
2 ’
T, - 3Eth,
U IR+ ORI X, +C X

(A.60)

X

Where C, =1+£+ £

m Xm
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Now, starting to full load torque ratio 7RT, =% (A.61)
v

(7) Maximum torque to full load torque ratio
The slip for maximum torque is obtainable by differentiating Eqn. (A.59) with respect to s

and equating it to zero thus yielding to

R, (A.62)

JRZ+(X, +X,)?

SmaxT =

Maximum torque produced in the motor can be expressed by substituting the Eqn. (A.62) in
(A.59)

2
7 3E,,

max

(A.63)

- 2 P N2
2C,[R, +R2 + (X, +C X )? ]
Now, the ratio of maximum torque to full load torque (in other words p.u maximum torque) can

be expressed as

T,
TRT, = 1% (A.64)
Ty
(8) Full load power factor
Determining full load power factor of the motor requires impedances of stator, rotor and

magnetizing circuits and are expressed as below [15]

Zy =R+ JX (A.65)
Z, = LN e (A.66)
A

. 2, :p2
X
m = JR,,,/\.’m = RmX,;+]R,2,, =G+ jG, (A.67)
R, +JjX,, R+ X,
The impedance at the parallel combination of rotor and magnetizing circuit can be expressed
as
R . .
(= + jX, )G+ JGr)
Zyy =— =Gy + jGs (A.68)
R oy
(Tr'*'Gl)‘*'](Xr +Gy)
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R' R’ ’ ] R; 7
C P +G)(EG + X,G) = (X, +Gy) LGy~ (X.G,)
Where, Gs =75 L B
Gs
R , R; R ) '
CEG = X6+ G)+(E Gy - X,G (X, +Gy)
G, = S S R
4
Gy
G = R 2 , 2
3=(F+GD (X +Gy)
R
REX,
Gy =—"—%5
R, +X,
Ry X,
Gy=—Sn=
R, +X,

The total series impedance of the equivalent circuit referred to stator side can then be
expressed as
Zy =R, + jX; +G 4+ jGs = (R, +G )+ j( X, =Gs) (A.69)
Full load power factor is then given by
P R, +G,
VIR, +G)? +(x, +Gy)?}

P (A.70)

(9) Full load rotor temperature rise
The calcuiations of rotor temperature rise are based on similar considerations as that of
stator temperature rise. The cooling surface is calculated from the rotor dimension. Thus the

full load rotor temperature rise is calculated as

0,, = T“VZ& (A.71)

Where, S, — total rotor cooling surface area.

A.5 Validation of Optimization algorithms with Some Benchmark

Problems

Four standard benchmark problems (shown in Table A.3) namely: Rastringin, Sphere,
Griewank and Rosenbrock are used to validate the performance of QIPSO and compared with
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basic PSO. From the numerical results shown in Table A.4 and convergence graphs shown in
Fig. A.2 and A.3, QIPSO gave better results in all the test problems and hence it was validated

successfully.

Table A.3 Standard Benchmark Problems for Validating QIPSO

—
Benchmark Problems Range Mini. Value
£i(x) = S(x,° ~10cos(27mx,) +10) [-5.12,5.12] 0
i=]
() =3x (5.12,5.12] 0
i=1
£ = 57 4 S cos(—Em) +1 500,500 0
= LX - .
} 4000 ' =0 i+ [ ]
nl 2.2 2
fa(x)=T100(x,,; —x,7)" +(x;, = 1) [-30.30] 0
1=0
70 : .
| |
59 —t .

——QIPSO  r-==P50 |

)
!

|

i

Mean fitness
(%3 w F 9
S O

=
o

%]

199 200 300 420 50D 600 700 890 500 1000
Generation

Fig. A.2 Convergence graph for function f;
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Fig. A.3 Convergence graph for function fa



Table A.4 Results of QIPSO and Its Comparison with PSO in Benchmark Problems
(Mean fitness/Standard Deviation)
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No. of times QI —l

Function Dim PSO QIPSO
activated in QIPSO
5579136-015 0.00000
2 469
. 1.63684¢-014 0.00000
' 475341 401845 |
10 85 '
3.07381 137636 ’
| 302768e022 5.75746-049 o
. 5.937786-022 1.72705¢-048
: 7.273356-005 1.098126-007
10 784
2.88549¢-004 2.583816-007
1110776:012 2.466176:016
2 241
. 3.3323e-011 1.99805¢-016
’ 0.0197954 0.0024669
10 210
0.153591 0.00977076
0.00115649 2.726286-011
2 767
. 0.00219637 4.974056-011
) 90.1189 824632
10 797
26.9975 0.755432




Appendix-B: Optimal control

MATLAB/SIMULINK Models used for Simulation

%
B.1 MATLAB/SIMULINK Models for Energy Optimal Control of

Induction Motor

-—_———

The complete MATLAB/SIMULINK model of energy optimal control is shown in Fig. B.1.
These models mainly consist of speed controller, energy optimal controller, flux angle
calculation, vector control and current controller and are integrated individually, shown in
Figs B.2 - B.9.

Wolttge
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Fig. B.1 MATLAB/SIMULINK model of optimal energy control of induction motor
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B.1.1 Pl Speed Controller

The MATLAB/SIMULINK model diagram of the Pl controller in discrete time is shown in
Fig. B.2. As seen in figure, using the proportional and integral gain parameters namely, K,
and k; respectively along with the limiter, the reference torque is calculated in accordance to

the motor rating used.

Unit Delay

Unit Delay1

Fig. B.2 MATLAB model for Proportional Integral (Pl) Controller
B.1.2 FPPI Speed Controller

Fig. B.3 shows the MATLAB model of the Fuzzy Pre-compensated Pl controller. As
shown in figure the FL controller produces the modified reference speed signal by which the

speed error is calculated and is fed as a reference signal for the PI controller.

o— b
Wr ~ wreft
Wret

Pl Caontral

FL Control

Fig. B.3 MATLAB model for Fuzzy Pre-compensated Proportional Integral (FPPI) speed

controller.
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B.1.3  Energy Optimal Controller

Fig. B.4 shows the MATLAB model of optimal energy controller which consists of three
controllers and the output is magnetizing current i,,. Switch is used for selecting required
controllers, say loss model control (LMC) or search control or their combination. In LMC,
PSO program is stored in s-function to calculate optimum value of magnetizing current. In
case of SC, magnetizing current is decreased from its rated value with the concentration on
DC link power. Magnetizing current is then transformed into g-axis current with the help of

rotor time constant and magnetizing reactance.

S-Functon

Swritch1
Hybng

Darvative

rated im

Fig. B.4 MATLAB model for energy optimal controller
B.1.4 Vector Controller [Estimator for i4*, iqs* and w{]

This section calculates the direct and the Quadrature axis stator current components (igs
and iqs'). Mathematically, the equations for calculating these two components of the current
in the discretised form are stated as follows [93], [111]:

*

e () = in(r)+ 7, D (B.1)
dt

N )

= (B.2)

wny = M) (B.3)

z-l' imr * (n)

where 7, is the rotor time constant defined as
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7, = L/R, (B.4)
3P M
K= (=) (\— B.5
<2><2>(1+Gr) (B.5)
P is the number of poles, igs (N) and iqs'(n) refer to flux and torque components of stator current

at n instant, w, (n) refer to n"instant reference slip speed of rotor, M is the mutual inductance, o;is

the rotor leakage factor and L, is the rotor self inductance and are defined as below

L,=L,+L, or L, =(1+0o)M (B.7)
Lr Llr + Lm

o, = = (B.8)
R R

r r

R, is the rotor resistance and Ly is the magnetizing inductance. The MATLAB model for the

estimation of igs*, iqs' and w, is shown in Fig.B.5

iés

| GHeRrED

Fon

UV (ul2ruE])

Ferl

Fig. B.5 MATLAB model for the estimation of igs , igs @and Wy
B.1.5 Field orientation and Reference current generation

This block converts the two phase reference currents (igs and igs ) in rotating frame into
three phase reference currents (ias . Ips and ics ) in stationary reference frame (SRF). In this
section, the flux angle (y) at which the synchronously rotating reference frame (SRRF) is to

be inclined is also calculated as given below. First the reference slip frequency of the rotor
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(W () is added to the sensed rotor speed (wqm) and then a discrete integration is carried
out to calculate the flux angle at the n” instant. The flux angle (y) is defined at the ninstant
as:

Y = W (W2 o+ W) AT (B.9)
where AT is the sampling time

After calculating the flux angle and d-q components of the reference stator current in the
SRRF, calculate the required three phase reference current (ias ios @nd iss) in the stationary
reference frame. The required transformation from d-q components to abc components is

given as below:

Two-Phase rotating to three phase stationary reference frame converter can be modeled as

follows:
las = -igs Sin @ + igs” Cos (B.10)
ibs = [(-Cos g +V3 Sin y) ids'(%)]+[(8in p + V3 Cos y) iqs-(% )] (B.11)
ics'='(ias.+ibs.) (B 1 2)

where iys and iqs' refer to decoupled components of the stator circuit i in two-phase system
with respect to rotor reference frame and i, , ibs and ics are three phase currents in stator

reference frame.

Fig. B.6 shows the calculation of flux angle in the discrete frame in which the sampling
time is taken as 10e”® sec. Similarly the MATLAB model for calculating the three phase
reference currents is shown in Fig. B.7.

delta T
Unit Delay

Fig. B.6 MATLAB model for calculating the flux angle
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Fig. B.7 MATLAB model for the three phase reference current generation

B.1.6 PWM Current Controller

As there are three phases, there will be three current errors. The current error for a
particular phase is defined as the difference between the reference current and the sensed
(actual) winding current for that phase only. Hence the current errors in the three phases at

the n"" instant are modeled as below:

iaes (n) = ias (n) - ias(n) (B.13)
ibes (n) = lbs (n) = Ibs(n) (B.14)
ices.(n) = ics (n) = ics(n) (815)

These current errors in each phase are processed through a proportional controller to
generate a modulating signal for each phase. This modulating signal is then compared with
a triangular carrier waveform to generate a switching signal. The frequency of the
modulating signal is the fundamental frequency of the inverter output voltage and the
frequency of the carrier wave is the switching frequency of the inverter. The MATLAB model
for calculating the current errors required for the PWM current controller is shown in Fig B.8.

The model of pulse generation for PWM inverter is shown in Fig. B.9.
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pulses to inverter

P current controlier

Field arientation and : Subsystem2
reference current generation

Fig. B.8 MATLAB model for the three phase reference current generation

] Beonsl

Fig. B.9 Pulse generation for PWM inverter
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Standards for Efficiency Measurement — An Experimental Study

%

C.1 Introduction

The IEC 34-2 (European), IEEE 112 (USA) and the JEC 37 (Japanese) international
standards and the Indian standard 1S 325, represent the most important references for the
three-phase induction motor efficiency measurements. These standards recommend
different measurement procedures, in particular for the stray losses determination and the
temperature corrections of the copper losses. This section analyses the relative features of
IS 325 over the international standards with the special consideration of stray-load losses.
The main differences in the stray-load losses calculation are highlighted and that, of course,

is the goal of this section.
C.2 Experimental results

The motor (5 HP) used in experimental study is again used in this study. The motor was
first operated in no load condition to establish the baseline for normal performance. The
next test to be undertaken was the load tests by varying applied load to the motor up to full
load. Motor is indirectly loaded with the help of DC generator and lamp load. Measurements
were taken for the entire range of loading i.e. from no-load to full load. At the end of the
variable load test, the motor has been reported in thermal steady state conditions using the
rated load. Then, the stator resistance at the voltage shutdown has been measured.

Reverse rotation test was performed for measuring stray load losses in the motor.
C.2.1 Stray Load Losses

Following the procedures given in the previous sections, the stray load losses have
been measured and corrected as stipulated by the standards. The results are shown in
Table C.1 and Fig. C.1. This figure shows that the stray losses of IS 325 and IEEE 112 are
very close up to 75% of full load. In IEC 34-2, stray loss assumption is significantly smaller
than measured value.

215
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Table C.1 Stray Load Losses (in Watts) of 5§ HP Motor at Different Standards

Stray load losses
Motor Load
IS 325 IEEE 112-E4 IEC 34-2 JEC
% load 12 14.57 7.3 0
¥ load 23 20.17 10.5 0
% load 57 53.26 19.5 0
Full load 110 70.92 - 23.3 0

C.2.2 Efficiency

The standards IEC and JEC over estimate the motor efficiency as shown in Fig. C.1

because they define instead of measurement of the stray load losses. The IS 325 estimates

motor efficiency correctly because it measures stray load losses. The |IEEE 112- E, slightly

over estimate the motor efficiency.

// —=— IEEE112-E,
, —a— TEC 34-2

0 0.25 0.5 0.75 1
Shaft load {p.u}

= 3

8 . —
- 4 A
. .
£ — '
2 s 18 325
“ 8

79

78

1.25

Fig. C 1. Efficiency of 5 HP motor at different standards

The main conclusions from this study are the following:

o As IEEE 112- E, the IS 325 estimates the motor efficiency accurately because it

measures the stray load losses.

e The IEEE 112- E, slightly over estimates the motor efficiency because it assumes

stray load losses with respect to motor load.

e The IEC 34-2 and JEC 37 over estimate the motor efficiency because they define

instead to measure the stray load losses.
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