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Abstract

Conventionally, system simulations of induction motor drives use lumped parameters model of
the motor. This approach assumes motor parameters to be constant during the entire
operation of the drive. Unfortunately, these are known to vary significantly over the operating
range of the motor due to factors such as magnetic saturation, skin effects, and operating
temperature. The variations in motor parameters affect motor output and control parameters
resulting in degraded drive performance. One way of overcoming this problem is by coupling
the field model of the induction motor with the drive simulation. By replacing the lumped
parameters model with the field model, the influence of different operating conditions on
motor parameters can be taken into account dynamically. In this thesis such an approach is
investigated by coupling the finite element analysis of an induction motor with the system
simulation of the field oriented controlled drive. The results obtained for the coupled
simulation are promising and possible future works to make this method of simulation more

accurate and reliable are recommended.




Résumeé

Les simulations conventionnelles des moteurs a induction utilisent les paramétres localisés pour
la modélisation du moteur. L'utilisation des parameétres localisés assume que les
caractéristiques physiques du moteur ne changent pas pendant l'opération du moteur.
Malheureusement, les caractéristiques physiques du moteur change de manieére significative
pendant l'opération du moteur a cause de la saturation magnétique, les effets de peau, et la
température. Les variations de parameétres du moteur affectent la performance du moteur. Une
facon de surmonter ce probléme est par I'accouplement d’'une modele électromagnétique du
moteur a induction avec le simulateur. Dans cette thése, les paramétres localisés dans le model
du moteur sont remplacés par une modeéle électromagnétique utilisant la méthode des
éléments finis. Les résultats obtenus pour I'accouplément de simulation démontrent que cette

méthode est fiable. Des méthodes de simulation plus précises et fiables sont recommandées.
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1 Introduction

In the environmentally conscious world in which we are living today the efficient production
and use of electrical energy is a major issue. In the last three decades, this concern for the
environment coupled with the ever increasing cost of energy has encouraged the development

of highly advanced and sophisticated energy conversion systems [1; 2]. Alongside these

developments, the design and analysis tools used by engineers for modeling and simulating the

electrical machines, power converters, and control systems that make up the energy conversion

systems have seen significant improvements.

The finite element method (FEM) is one such tool that is widely used in the design and analysis
of electrical machines. The developments of solution methods and advancements in
computational hardware over the years have made this numerical field analysis method very
attractive for researchers and designers alike. Particularly, its ability to take intd account
irregular geometric shapes of components makes it well suited to carry out electromagnetic

field analysis of electrical machines.

Power converters, on the other hand, can be modeled by one of several excellent circuit
simulators that are now available. These software tools include but are not limited to - PSPICE,
PSIM, and PSCAD. But when it comes to modeling converters as part of a drive system, it is
preferred to model them with their control system using system simulators. In this regard, by

far the most common system simulation environment in the industry is Simulink.
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Although the tools mentioned thus far are excellent in their specialized field, there are not that
many tools currently available which combine the best features of, for example, FEM and
Simulink, in one single environment. The design of high performance energy conversion
systems will surely benefit from such modeling and simulation packages as they will provide the
designer with the ability to model electrical machineé, power converters, and control systems

accurately in a single environment facilitating the design process.

1.1 Problem Description

Traditionally, the design of converters and electrical machines has been carried out separately.
But manufacturers are looking more and more to a combined design process to increase
efficiency and performance and to lower production costs. Particularly in large electric drives,
both the electrical machine and the power converter are tailored to work together to
guarantee the best possible performance for the application. In cases like this, a combined
simulation environment, where the electromagnetic field analysis of the electrical machine is
coupled with a detailed model of the converter and the control system is very useful. In this
thesis such a simulation environment is presented and used in modeling and analysis of a
vector controlled induction motor drive system. This modeling and simulation tool is
implemented by coupling MagNet, a commercial field analysis package, with Simulink, a system

simulator.
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1.2 Literature review

This section reviews previous work done in the three main areas of this thesis, which are — the
finite element analysis of an induction machine, field oriented control of induction machines,
and the coupled simulation of finite element analysis of electrical machines with power

converters and closed loop control systems.

1.2.1 Finite Element Analysis of Induction Machines

The application of the finite element method for analyzing the magnetic fields of electrical
machines was first reported in the literature in the late 1960's. Chari and Silvester applied the
FEM in the analysis of synchronous machines [3] and DC-machines [4]. These machines were
chosen at the time because their operation can be approximately modeled by stationary fields.
It would be another decade before FEM was applied for the analysis of electrical machines,

such as the induction motor, whose field is time dependent.

Among the first publications to deal with the use of FEM in the analysis of induction machines is
the paper by Ito et al. [5]. In this work, the magnetic field distribution in a three-phase squirrel-
cage induction motor is computed using a two-dimensional field formulation and assuming
sinusoidal time variation. Williamson and Ralph [6] modeled a single-phase induction motor
with a constant voltage source, assuming uniformly distributed sinusoidal currents in the stator

and rotor coils. The finite element analysis for this induction machine included the effects of

14



rotor harmonics and rotor skew. Williamson and Bebb [7] extended this model by including
eddy currents in the formulation. The paper outlines a general method for combining circuit

and field analysis for the purpose of predicting the performance of cage induction motor.

A time-stepping methodology for solving magnetic field problems is presented by MacBain in
[8]. In this paper, the non-linear diffusion equation that describes the two-dimensional time-
dependent magnetic field is solved with the FEM utilizing time-stepping techniques. This time-
stepping approach is applied to an induction motor in [9] to analyze harmonic contents in the
rotor bars and the magnetic permeability variation in the stator teeth throughout a time cycle.
Arkkio described in [10] the finite element analysis of cage induction motors fed from static
frequency converters. The non-sinusoidal voltage supplied from the Pulse Width Modulated
(PWM) inverter is imposed on the stator windings of the machine and the resulting time-

dependent field is modeled by the Crank- Nicholson time-stepping method.

The FEM is also used to identify electrical machine parameters. Williamson and Robinson used
it in conjunction with the conventional equivalent circuit model in [11] to determine the
equivalent cir;uit parameters of a three-phase cage induction motor. Escarela-Perez and
MacDonald calculated the two axes transient parameters of a solid rotor turbine-generator
using the FEM in [12]. Mohammed et al. in [13] developed a phase variable model of a
brushless DC motor based on the inductances, back electromotive force, and the cogging

torque obtained from non-linear transient finite element analysis of the machine.
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As can be observed from the above works, the finite element analysis of the electromagnetic
field within induction machines has matured over the years. Current researches in this area
focus on coupling this analysis with analyses of other physical fields and external circuits that
interact with the electromagnetic field in the machine. Thjs thesis is undertaken in light of this

current research direction.

1.2.2 Field Oriented Control of Induction Machines

The concept of field orienfation was first proposed by Hasse [14] and Blaschke [15]. In both
cases, the flux vector used for field orientation is the flux vector. Hasse suggests a field
orientation scheme in which the rotor flux vector is acquired indirectly from measured rotor
speed and calculated slip speed. In contrast, in Blaschke’s implementation, the flux vector is
directly measured using Hall probes, search coils, or other measurement techniques. These
works were followed by a publication from Gabriel and Leonard [16], in which the authors
describe the implementation of the field oriented control technique for an inverter-fed

induction motor.

The performance of an indirect field oriented controlled induction drive system is highly
dependent on the rotor time constant. Since this quantity varies during motor operation due to
saturation, temperature, etc. parameter mismatch occurs between the motor model used to
design the control system and the actual motor resulting in control performance degradation.

In order to overcome this problem, a number of methods have been proposed to identify the
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rotor time constant of an induction motor in an on-line process. Matuso and Lipo present in
[17] an on-line rotor parameter identification technique for the purpose of updating the control
gains of an induction motor vector controller. This identification technique involves injecting a
negative sequence current and detecting the negative sequence voltage. The rotor resistance is
then calculated from the obtained information. Other works reported in this area include [18;

19; 20].

This thesis investigates another method for taking into account motor parameter variations in
the design and analysis of a Field Oriented Controlled induction motor drive system. The
approach considered couples the transient field analysis of the induction machine with the

system simulation of the power electronic and control circuits of the drive system.

1.2.3 Coupled Simulation

- The application of numerical methods for solving field equations coupled with the circuit
equations of the supply system is widely reported in the literature. Piriou and Razek in [21]
investigate a two-dimensional saturated electromagnetic system associated with a non-linear
electric circuit. The non-linear equations of the electric circuit are directly coupled with the field
equations and the Newton-Raphson method is used to solve the resulting matrix system. Smith
et al. describe a time-stepping finite-element technique for modeling transient torques and
currents in a slip-ring induction motor in [22]. The method they used is based on a coupled

field-circuit equation approach that allows the winding inductances to be modified to account

17



for certain three-dimensional effects. Other works that deal with the coupled field-circuit

problem include [23; 24; 25; 26].

The inclusion of a closed loop control system within the field-circuit model has also attracted
considerable interest. Demenko [27] used direct field-circuit coupling to simulate a permanent
magnet motor drive with a simple control strategy, where the speed and position of the rotor
were used for controlling the switches after each time step. Ito et al. [28] simulated a similar
system by coupling the field analysis indirectly with the circuit and mechanical equations. Ho et
al. [29] modeled a current hysteresis controller with a brushless DC motor drive in a similar
manner, but an adaptive time-step control was added in order to keep the current within the
hysteresis limit. A similar approach was also applied by Jabbar et al. [30] to a spindle motor
drive with a current hysteresiAs controller. Kuo-Peng et al. [31] included the closed-loop control
systems into the software for coupled field-circuit simulation, and applied the method to a
nonlinear coil and transistor inverter with a current hysteresis controller. As a continuation,
Roel Ortiz et al. [32] presented an approach in which the control signals for the switches are
generated during the simulation and the time steps are automatically adjusted according to the
control. The method was applied to a saturable inductor and a full bridge inverter with sliding
mode control. M.anot et al. [33] presented an application of the method to model an induction
heating device supplied by a resonant converter. Kanerva et al. [34] presented a compound
drive simulator, in which a finite element method model of an asynchronous machine is

coupled with a frequency converter controlled by a direct torque control scheme.
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This thesis continues to build on the above works reported in the area of coupling the finite
element analysis of electromagnetic devices with the analysis of the external circuits and

control systems associated with these devices.

1.3 Outline of the Thesis

The remainder of this thesis is organized as follows. Chapter 2 reviews the finite element
analysis of induction motors and discusses the modeling and analysis of one such motor using
commercial field analysis software. In Chapter 3, the theory of field oriented control is briefly
reviewed and a description of a vector controlled induction motor drive system along with the
Simulink implementation is presented. In Chapter 4, methods for coupling the finite element
analysis of electrical machines with the circuit and control simulation are discussed and a
coupled simulation environment is implemented for a vector controlled induction drive system.
Finally, the conclusion of the thesis is presented in Chapter 5 and future work in the area is

suggested.
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2 Finite Element Analysis of Induction Motors

This chapter starts by giving a brief review of the fundamental equations of electromagnetics.
The next section discusses the finite element analysis of induction motors. The last section is
devoted to the modeling and analysis of a cage induction motor using a commercial field

analysis software.

2.1 Review of equations of electromagnetics

Electromagnetic field analysis can be represented as the problem of solving Maxwell’s
equations subjected to certain boundary conditions. These equations state the relationships

between the fundamental electromagnetic field quantities as follows —

|7><H=]+g—]t) (2.1)
VxE=—aa—]:+Vx(uxB) (2.2)
V-D=p (2.3)
V-B=0 (2.4)

20



where

E, D - are electric field intensity and electric flux density respectively

H, B - are the magnetic field intensity and magnetic flux density, respectively,

J - is the current density, and

U - is the velocity of the conductor with respect to B, and

p - is the electric charge density
In the analysis of electrical machines, the displacement current,dD/0dt, in equation (2.1), is
disregarded since the frequencies of interest are usually low enough that the displacement
current is negligible.
In addition to the Maxwell’s equations, there are constitutive relations, which describe the
properties of the material over which the electromagnetic field is to be solved. These relations

are,

D =¢cE (2.5)
B =uH (2.6)
] = oE (2.7)
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where € is the permittivity of the material, i is the magnetic permeability of the material , and

o - is the conductivity of the material

2.2 Finite element analysis

Traditionally, the design of induction motors has been done based on approximate knowledge
of the electromagnetic field within the motor. In this approach, the dimensioning of the iron
core and the evaluation of the motor performance are based on rough estimations of the field
distribution in the motor. This method usually gives reasonable results for steady-state
operation near the synchronous speed of the machine, but for the locked-rotor and transient
operations the results are not reliable. In addition, since the classical analytical approach
assumes the induction motor to be supplied from sinusoidal sources, it cannot be directly

applied to the analysis of induction motors that are supplied by power converters.

More reliable calculation‘ methods are required especially in the design of large and non-
standard induction motors, as it is very expensive to construct prototypes to test the validity of
a design. It is also important to be. able to predict accurately the transient performance of high
power induction motors, e.g. during start-up, in order to determine the requirements that will

be imposed on the power supply.

The above limitations of the traditional method of design can be overcome by solving the field

distribution in the machine from the Maxwell’s equations.
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2.2.1 Electromagnetic field formulation

Although the computational domains over which the electromagnetic field equations need to
be solved are esséntially three-dimensional, in cases such as electrical machines, where the
stack length is sufficiently long, it is computationally less expensive to perform a two-
dimensional field analysis. This kind of treatment is possible for devices which exhibit
' translational or rotational geometric symmetry, and the same type of symmetry with respect to
the excitations, materials, and boundary conditions. Since the induction motor is translationally
symmetric and its windings and excitations repeat every pole-pitch, a two-dimensional

formulation can be employed for its analysis.

The two-dimensional field formulation is based on the magnetic vector potential, A. Since the
divergence of Bis zero (equation (2.4)), the magnetic vector potential can be related to the

magnetic flux density as follows,

B=V XA (2.8)

The magnetic vector potential is valuable when solving two-dimensional problems, because a
current in, say, the z direction produces A, only, and x and y components of B. This simplifies

equation (2.8) to.

‘B _ 04,
X ay
2.9
B = —0A, (2:9)
YT 9x
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Substituting equation (2.8) into equations (2.2) and (2.6) results in,

oA
E=—VV—E+vaxA (2.10)

where VV is known from the specified voltage sources

and,
H=w x A ‘ (2.11)
wherev = %is the magnetic reluctivity.

Using the quasi-static approximation (i.e. equating dD/dt to zero) and substituting equations
(2.7), (2.10), and (2.11) in (2.1) gives the following governing differential equation of the field
problem,

JA
vaVxA=aVV—a—éT+a(vaxA) (2.12)

The expression on the right side of the above equation represents the total current density, ].

As it can be seen, ] has three different parts; gV, represent the current density due to the

JA

P the current density due to the induced electric field produced by time-

applied source, ¢

varying magnetic flux, and v X V X A, the motion-induced or speed voltage.
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Equation (2.12) can be simplified to the form shown in equation (2.13) by employing a frame of
reference that is fixed with respect to the motion component. As a result of this fixed reference

frame the relative velocity, v, becomes zero.

A
Vxvw xA= aVV—a—a—t— (2.13)

Numerical methods available for solving equation (2.13) include the boundary element method,
the finite difference method, and the finite element method. In this thesis, the numerical
analysis is based on the finite element method owing to the fact that it is better at dealing with

irregular geometries and non-linear materials than the other numerical methods.

In the two-dimensional finite element analysis of induction motors, the cross-section of the
machine is discretized by dividing it into a mesh of elements. Then the field inside each element
is approximated using a finite set of pre-determined basis functions with unknown coefficients.
These functions are based on the nodes of the elements, with the requirement that the
solution must be continuous across inter-element boundaries. The finite element analysis is the
solution of the set of equations for these unknown coefficients. The finite element method is

explained in detail in Appendix A.

There are several commercial finite element analysis software tools available on the market
that can be used for electromagnetic field analysis of electrical machines. In this thesis MagNet,
which is an electromagnetic simulation software from Infolytica[35], is used to carry out the

field analysis of a squirrel-cage induction motor. This software package uses the finite element
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method to solve low frequency magnetic boundary value problems, in which currents can be
induced by time-varying and/or motional effects. Once the model is fully defined, MagNet
solves Maxwell's equations to find the magnetic field within the model. The solvers available in
the package can tackle all low frequency problems related to eleétrical machines, actuators,

solenoids, transformers, and sensors.

After the magnetic fields are computed, they can be viewed as shaded, arrow or contour plots.
The field plots can also be viewed as field animations. In addition, MagNet automatically
extracts from the field solution certain global parameters of interest (e.g. energy, torque, etc.),

depending on the solution type.

2.2.2 Force/torque calculation

Besides determining the field distribution and local field quantities, the main aim of the finite
element'analysis of the induction motor, is to accurately calculate global quantities, such as
force, torque, energy, and flux linkage. In this section, two popular methods used for calculating
the magnetic forces/torques in electrical machines from the finite element results are briefly

discussed.

2.2.2.1 Maxwell stress method
The force calculation method used by MagNet for electrical machines is based on the Maxwell

stress tensor method. In this method, the global magnetic force is found by first computing the
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local stresses at all points of a bounding surface and then summing them using a surface
integral. If the total field surrounding the body is known, the force exerted on the body in terms

of that field is expressed as,
1 - 1 o
F=?€—(B,21——B,_?)ds-t + f—BnBtds-n (2.14)
s 2.”0 s Ho

where s is the surface enveloping the body under force, n and t are unit vectors in the normal

and tangential direction on the surface s, and y is the permeability of free space.

In two dimensional problems, the surface integral of the force density is reduced to a line
integral, making the implementation of the Maxwell stress method relatively easy in these
problems. However, the use of the above Maxwell stress formulae requires the integration path
or surface to be closed, and situated entirely in a linear material. It is also known to be very
susceptible to numerical errors, especially near sharp corners of electromagnetic devices, such
as around the stator and rotor teeth of induction machines, where the field intensity is usually

very high.

2.2.2.2 Virtual work method

The virtual work method for computing the electromagnetic force is derived from the magnetic
- stored energy, W,, (or co-energy, W,,) changes against space displacement. There are two
implementations c;f this method. In the first implementation, the force on an object is found as

the derivative of the magnetic energy with respect to position at constant flux linkages or the
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derivative of magnetic co-energy with respect to position at constant current. In a case in which
the co-energy is used this force is given as

! !
_ Wom — Wim

— (2.15)

o

where Wy, and W,,, are co-energies evaluated at two successive positions and As is the

displacement between the two positions.

The second implementation is what is referred to as the Coulomb’s virtual work method. In this
approach, the energy functional is directly differentiated with respect to a virtual displacement

eliminating the need for two solutions.

2.3 Modeling and analysis of an induction motor using MagNet

The device considered in this thesis is a three phase, four-pole, star-connected squirrel-cage
induction motor [36]. The ratings of the motor are given in Table 2.1. A two-dimensional model
of the motor is constructed in MagNét, and a field analysis of the device is carried out using
MagNet’s static, time-harmonic, and transient with motion solvers. The static and time-
harmonic solvers are used to simulate the no load test and the locked rotor test respectively. At
no-load, magneto-static simulations are carried out by varying the magnetizing current. In the
locked-rotor test, time-harmonic simulations are carried out at different rotor frequencies so as

to compute the dependence of the rotor parameters on the slip frequency. From these two
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tests, the parameters for the equivalent circuit of the induction motor (Figure 2-1) are
obtained, from which the motor performance is predicted and operation characteristics are
calculated. Finally, MagNet’s transient with motion solver is used to perform a time-stepping

finite analysis of the motor taking into account the movement of the rotor.

Motor Ratings

rated power 5.5 kW
rated voltage 460V
rated current 9A
rated frequency 60 Hz

Table 2.1 Motor Rating

R,(s)

Figure 2-1 Equivalent circuit of cage induction motor
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where
R, (Q) is stator inductance,
L;s (H) is stator leakage inductance,
R, (Q) is rotor resistance referred to the stator,
L, (H) is rotor leakage inductance,
L., (H) is magnetizing inductance, and

s is slip

2.3.1 Modeling the induction machine

This section discusses some of the issues involved in the modeling process of the induction

machine in MagNet.

2.3.1.1 Geometric and material modeling

The first step in the modeling process is the construction of an air box that encompasses the
induction motor completely to limit the extent of the computational domain. Then the cross-
sections of the stator and rotor core are drawn in the xy-plane according to the geometrical
details provided in Table 2.2. Finally, the whole model is extended in straight line in the z-

direction to form the solid body and materials are assigned to different parts of the machine.
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Number of stator slots 36 Stator slot pitch 9.7 mm
Number of rotor slots 28 Rotor slot pitch 12.5mm
Stator outer diameter 190 mm Air gap 0.35mm
Stator back iron height 11.5 mm Shaft diameter 35mm
Stator inner diameter 112 mm Stack length 132 mm

Table 2.2 Motor data

The cross-section of the full model with the air box is shown in Figure 2-2.

Figure 2-2 Cross-section of the induction motor

31




2.3.1.2 Air gap modeling

When using the transient with motion solver, a motion component needs to be created by
grouping together the moving components (e.g. rotor, rotor bar, air gap). The motion source
type for this component can be velocity driven, in which case movement is imposed by a user
defined waveform of position or speed versus time; or it can be load dri\)en, in which case the
movement is obtained by solving the equations of motion. If the motion source is of the latter
type, accurate magnetic force/torque calculation is critical in arriving at the right solution. For
this reason, special attention is given to the modeling of the air region that surrounds the

motion component. .

As mentioned in Section 2.2.2.1, the force calculation method used by MagNet for electrical
machines is based on the Maxell stress tensor method. Using this approach, the magnetic force
in the induction motor is calculated by evaluating the field in the layer of AIR elements adjacent
to the motion component. Since this field is in elements that are immediately adjacent to sharp
corners of the stator and rotor teeth, high field errors are more likely to occur, leading to poorly
accurate force or torque values. MagNet overcomes this problem by surrounding the body with
a layer of Virtual Air material as shown Figure 2-3. This material has the same properties as air
but is not used by MagNet as a separation region between bodies as the AIR material is. This
Virtual Air shield allows the surface on which the force density is integrated to be pushed away

from field singularities [37].
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Stator tooth

Virtual Air

Air
Rotor tooth

Virtual Air

b

Figure 2-3 Virtual Air Shield Method

2.3.1.3 Periodicity

A model is periodic when its geometry, materials, and excitations repeat periodically. When
such periodicity exists, the solution domain can be truncated in order to save on computer
resources, by using periodicity constraints which effectively replace a contact with an
unmodeled repeating part of the device. Periodicity can be of two types: Even or Odd. Even
periodicity correspionds to the case where the polarities of the excitations are the same from
one repeating section to the next. In this case, an even periodicity boundary condition can be

used in order to keep only one repeating section in the model. On the other hand, odd

33



periodicity corresponds to the case where the polarities of the excitations alternate from one
repeating section to the next. In this case, the model can be reduced by applying an odd

periodicity boundary condition and keeping only the repeating section.

The induction motor that is modeled in this thesis exhibits odd periodicity with a periodicity
angle of 90° because the geometry, materials, and excitations repeat every 90° and the
polarities of the excitations alternate from one repeating section to the next. As a result, only
the reduced portion of the model, shown in Figure 2-4, needs to be solved saving computing

resources.

Figure 2-4 Quarter model of the induction motor
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2.3.1.4 Boundary conditions

In the analysis of electromagnetic devices, boundary conditions are used to specify the
behavior of the electromagnetic field on the outer surfaces of the device under study. The
boundary conditions, together with the partial differential equations governing the phenomena
of interest, form a well-posed boundary value problem for which a unique solution exists, and

that can be solved using a numerical method such as the FEM.

Boundary conditions in MagNet can be classified as unary (Flux Normal, Flux Tangential, and
Surface Impedance boundary conditions) and binary (Even and Odd Periodic boundary
conditions). With the unary boundary conditions the field behavior is specified on a given
surface/edge, whereas with the binary boundary conditions, a relationship between two

surfaces/edges is specified.

In the case of the two-dimensional quarter induction motor modeled in this thesis, the Odd
Periodic boundary condition is specified on the bottom outer edges of the stator and rotor air
boxes that are shared with the unmodeled side of the motor. On all other outer edges of the

stator and rotor air boxes, the Flux Tangential boundary condition is specified.

2.3.1.5 Coils and Circuits

The phase windings in the stator, and the rotor bars in the rotor cage of the induction motor

are modeled as stranded and solid coils, respectively. In order to take into account the effects
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of the end regions of the stator windings in the two-dimensional field analysis considered in this
thesis, the stator end windings are modeled by means of external resistances whose values are
calculated using empirical formulae. These resistors are then added to the electric circuit that is

used to electrically connect the stator windings as shown in Figure 2-5.

When periodicity is invoked in order to solve a reduced portion of a model containing circuits,
as is done in this thesis, the coils belonging to the un-modeled parts of the dévice must be
removed from the circuits and connections added, so that the remaining coils and circuit
components are subjected to the same current and voltage as in the complete, original circuits.
If, for example, a voltage source is connected to series coils of which a certain number will be
removed because they belong to an un-modeled part of the device, then the source voltage
must be reduced in such a way that the remaining coils are subjected to the same voltage
difference as they would be in the complete circuit. Similarly, broken series branches in the
partial circuits are reconnected, using periodicity constraints, to allow for the same current to

flow.

Consider, for example, the rotor bars of a rotary induction machine exhibiting even periodicity,
and connected ac;ording to the standard squirrel-cage configuration. Since the current entering
into each repeating group of coils is the same because of the even periodicity, the group of coils
kept in the partial model should be connected together as they are in the complete model in
order to allow that current to flow as it.does in the complete model. If the beriodicity is odd

instead of even, any partly modeled two-dimensional conductor or circuit must be consistent
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with the fact that the fields and signals should reverse when going from the modeled part of

the device to one of its neighboring un-modeled parts.

As mentioned before, the squirrel-cage induction motor modeled in this thesis exhibits odd-
periodicity with a periodicity angle of 90°. From the definition éf odd periodicity, this implies
that the voltage at a rotor bar's terminals is zero. Therefore, in order to properly express the
squirrel cage configuration when modeling only one of the repeating sections of the odd-

periodic motor, the rotor bars should be explicitly short-circuited.

T2

NIS
ol D T4
o/
F44%

NEhN 1

T2

0.10989

Figure 2-5 Stator winding circuit
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2.3.1.6 Meshing

In the two-dimensional finite element analysis, the computational domain is divided into a
mesh of triangular-shaped elements. The field inside each of these elements is represented by a
polynomial function with unknown coefficients. The accuracy of the solution depends upon the
nature of the field and the size of the mesh elements. In regions where the direction or

magnitude of the field changes rapidly, small elements are required for high accuracy.

TAYAN I AVAV

Figure 2-6 Meshed model of the induction motor
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2.3.2 Simulation of the no-load test

In this test, stator currents are imposed on the stator windings and the non-linear behavior of

the magnetizing inductance is computed. A series of simulations are carried out parameterizing

the stator current. The non linear characteristic of the iron is used in the simulation. Figure 2-7

shows the flux plot during the no-load test.

Figure 2-7 Flux plot under no-load condition

The magnetizing inductance of the induction motor is computed as,

L = -
m i

(2.16)
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‘ . where A, is the stator flux linkage vector and i is the stator current vector.

The phase flux linkage and the magnetizing inductance as a function of the parameterized

stator current are shown in Figure 2-8 and Figure 2-9, respectively.
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Figure 2-8 Flux-linkage versus stator current
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Figure 2-9 Magnetizing inductance vs. current
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Another way to calculate the magnetizing inductance uses the total stored magnetic
energy, W,,, . This energy can be obtained from the non-linear field solution using the energy

density, w,

B
w=f H.dB (2.17)
0

The total stored energy then becomes

Wim = fffwlwdvol (2.18)

The magnetizing inductance is given by [38],

_ 2We
32

Lom (2.19)

s

In this thesis, the above method (i.e. Equation (2.19)) of calculating the magnetizing inductance

is used.

The results of the no-load simulation are summarized in Appendix A.

2.3.3 Simulation of the locked-rotor test
The simulation of this test is carried out using MagNet’s time-harmonic solver imposing a fixed
current on the stator windings. A series of simulations is carried out at various frequencies so as

to determine the dependence of the rotor parameters on the operating frequency.
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In these simulations the iron core is assumed to be linear, since the field quantities need to vary
sinusoidally in order to be able to use phasor quantities. The corresponding magnetizing
inductance of the equivalent circuit of Figure 2-1 is fixed to its linear value. This assumption
does not affect the computation since the main purpose of this test is to compute the rotor

parameters.

Figure 2-10 and Figure 2-11 show the flux plots during the locked rotor test at two different slip

frequencies: at 50 Hz and at 10 Hz, respectively.

Figure 2-10 Locked-rotor flux-plot for 50 Hz
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Figure 2-11 Locked-rotor flux-plot for 10 Hz

Figure 2-12 shows the computed torque as a function of the rotor frequency. It should be noted
here that this torque is obtained using a constant current source, fixed in all simulations. It is
different from the torque obtained at fixed voltage to plot the mechanical characteristic of the

machine.

The torque can be found in two ways; the first requires the computation of the Maxwell stress
tensor along a line within the air gap of the motor. The second is derived from the fact that the
torque is proportional to the power transferred from the stator to rotor. The torque, then, can
be determined from the ratio of the rotor power losses, P., and the synchronous speed, w,, as

shown below
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T,= L~ (2.20)

where
w, =21 f/P
f is the frequency adopted in the simulation, and

P is the number of pole pairs.

Torque vs. slip
30
25
E 20
£
g 15
g
S 10 j Torque
5 A/
O H 1 1] T ¥ 1
0 0.2 0.4 0.6 0.8 1 1.2
Slip

Figure 2-12 Torgue vs. slip

The rotor parameters are computed as follows:

i

Roy = ——
¢4 3137‘"15

(2.21)
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2 W,
L. == (2.22)
= 3 Iszrms
where I,..,s is the RMS stator current used in the simulation.
Llr (S) Leq (S)
5 _
\/—\ ,
L RT (S) = Req (S)
m
O O
Figure 2-13 Equivalent circuits corresponding to the locked-rotor simulation
Considering the approximation shown in Figure 2-13
Leq(Lm - Leq) - (Req/(‘))2
Ly=1, . 5 (2.23)
(L — Leq) + (Req/w)
(Lm + Ll)
R.=91 —% =7 (2.24)
r m (Lm - Leq)

where L; is the total leakage inductance (L; = L;s + L;,)

The results of the locked-rotor simulations are summarized in Appendix A.
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2.3.4 Transient field analysis
While most of the analyses of the induction machine can be carried out using the static and
time-harmonic solvers, there are some conditions that require the use of the transient with

motion solver. These conditions occur when

e itis necessary to model the induced currents due to motional effects,

e the power supply to the machine is not sinusoidal .

e itis necessary to couple the induction machine with other mechanical components, and
e it is preferable to solve a parameterized sequence of static problems using the transient

with motion solver (the parameterized quantity must be shift or rotation)

In this thesis the start-up condition of the induction motor is analyzed. Since it is necessary to
model the effects of m»otion in order to carry out this analysis, MagNet’s transient with motion
solver is tjsed. The motion component is set to be load driven because the velocity is not known
and it varies with time as a result of the generated electromagnetic field. Figure 2-14 and Figure
2-15 shows the rotor speed and the electromagnetic torque, respectively, as a function of time

for a voltage driven model.
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3 Field Oriented Control of Induction Motors

The pﬁrpose of this chapter is to discuss the theoretical background and Simulink
implementation of the field oriented controlled induction motor drive. It begins with a
presentation of a dynamic model of the induction motor that is based on the dg-axes theory.
Then a brief review of the field orientation principle is given. This is followed by an overview of
the FOC drive system and an illustration of its Simulink implementation. Finally, the bdq-axes
model of the induction motor modeled in Section 2.3 is used in a Simulink simulation of an

indirect FOC drive system and the results are presented.

3.1 Two-axes representation of the induction motor

The two axes (dg) circuit model of the induction motor is one of the commonly used dynamic
models in control synthesis. The main advantage of using this model is the controlled quantities
sbuch as voltages and currents become dc values. This simplifies the expressions for control
purposes and simple linear controller can be used. One way of deriving this model is to start
from the space vector model of the induction motor [39]. This is composed of three equations —

These are the voltage equations, the flux equations, and the motion equation. The voltage

equations are given by,
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Vs = Rsis + pAs + jwAg

; . (3.1)
vy = Rplp + A+ j(0 — w4,

where
v, and v, are the stator and rotor voltage vectors, respectively,

iy and i, are the stator and rotor current vectors, respectively
As and A, are the stator and rotor flux linkage vectors, respectively, and

pisd/dt

The flux linkage equations are,

A = Lgig + L,
Ay = Loi, + Lo

where (3.2)
Ly = Lis + L,, is the stator self inductance, and

L, = L, + L, is the rotor self inductance

And, the motion equation is given by

Lpw, =T,~T,

3P o 3P g .
Te = TRE(]ASl;) = —TRQ(]A,.I;)

(3.3)

where
J,is the moment of inertia of the rotor,

P, is the number of pole pairs.
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wy, is the angular velocity/mechanical speed of the rotor,
T,, is the electromagnetic torque, and
T,, is the external torque.
Now, if the space vectors in equations (3.1), (3.2), and (3.3) are decomposed into the dg-axes

components as shown in equation (3.4),

Vs = Vgs + [Vgs; Iy = igs +ji_qs; As = Ags +j/1qs (3.4)
Uy = Var + jVgr; by = lgy + jigr: Ay =Agr +jAgr .
and, substituted back into equations (3.1) and (3.2), the dg-axes voltages will be,
Vas = Rgigs + pAgs — wags
Vgs = Rglgs + DAgs + g a3
Var = Rpigr + pAgr — (0 — Wy )Agr -
Var = Rylgr + PAgr + (0 — wr)dar
and, the dg-axes flux linkages,
Ags = Lislgs + Lin(igs + igy)
Ags = Lisigs + L (igs + iqr) 6]

Adr = Lyigr + Lm(ids + idr)
Agr = Lipigr + Lin(igs + iqr)

Replacing the space vectors in the electromagnetic torque equation (3.3) with the dg-axes

components of equations (3.4) and (3.6) results in one of the following equations,
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r 3P )
2 (lqslds - lds/lqs)
3PLy .. . .
_2 = (lqsldr - ldslqr) (3.7)

3PL., , ,
L ZL:n (lqs;{dr - ldsllqr)

o3
I

The equivalent circuit of the dg-axes model of the induction motor is shown in Figure 3-1

WA, -,
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g5 s Iy ) Ir r tgqr
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(b) g-axis

Figure 3-1 Equivalent circuit of the dg-axes model of the induction motor
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3.2 Principle of field orientation

The reason that the dc motor drive has excellent dynamic performance is the stator magnetic
field and electromagnetic torque of the motor can be controlled separately. This is because the
torque in dc motors is developed by the interaction of two perpendicular magnetic fields. One
of these fields is generated by the field current i in the stator winding, and the other is

produced by the armature current i;. The developed torque can be expressed as
T, = Kqlsi, (3.8)

where K, is an armature constant and Ay is the flux produced by if. From this equation it is
obvious that if A¢ is kept constant by keeping i constant, the torque, T,, can be directly

controlled by i,.

The objective of field orientation in induction motor drives is to emulate this dc drives feature.
Using a proper field orientation the stator current is decomposed into a flux producing
component and a torque producing component. These two components are then controlled

separately as is the case in dc drives.

Depending on the flux vector used to align with the synchronous reference frame, the field
orientation can be classified into rotor flux, stator flux, and air gap flux orientations [40]. Since
the rotor flux orientation is extensively used in induction motor drives, the discussion

henceforth is restricted to this scheme only. The rotor flux orientation is achieved by aligning
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the d-axis of the synchronous reference frame with the rotor flux vector as shown in Figure 3-2.

The resultant d and q axes rotor flux components are

Agr =0and Agr = A, (3.9)
where A, is the magnitude of A,
Substituting equation (3.9) into the last equation of (3.7) gives

3PL,, . . 3PL,, . .
Te = Z_Lr/‘{drlqs = —ZZ:—Arlqs (310)

g-axis

Stator frame

Figure 3-2 Rotor flux field orientation
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Equation (3.10) shows that with the rotor field orientation, the torque expression for the
induction motor is similar to that of a dc motor. If A, can be kept constant during the motor

operation, the developed torque can be directly controlled by the g-axis stator current i .

The stator current vector, i, in Figure 3-2 can be resolved into two components along the dg-
axes. The d-axis current iysis referred to as the flux producing current while the g-axis
current ig, which is perpendicular to iy , is the torque producing current. In the field-oriented
control, iy4s is normally kept at its rated value while iy is controlled independently. With the

decoupled control for igzs and iy, a high-performance drive can be realized.

One of the key issues associated with the rotor flux-oriented control is to accurately determine
the rotor flux angle, Hf, for field orientation. Various schemes can be used to find 9f. For
instance, it can be calculated from measured stator voltages and currents, or it can be found

from
9f = 9r+ 951 (311)

where 6, and 6 are the measured rotor position and calculated slip angle, respectively.

3.3 Description of the FOC drive system

Depending on how the rotor flux angle, 6y, is obtained, the field oriented control can be

classified as direct or indirect field-oriented control. If 8¢ is obtained by using flux-sensing
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devices embedded inside the motor or using measured motor terminal voltages and currents,
the method is referred to as direct field-oriented control (DFOC) [14]. On the other hand, if 6;
is acquired from the measured rotor position angle, 8,.,, and calculated slip angle, 84, as shown

in equation (3.5), this scheme is known as indirect field oriented control (IFOC) [15].

In this thesis, the indirect field oriented scheme is considered and the discussion hereafter
focuses on this FOC type only. The power electronic converter used is a current controlled
voltage source inverter. A general block diagram of an induction motor drive with fotor flux
oriented control is shown in Figure 3-3 and the Simulink implementation of its main parts is

illustrated in subsequent sections.
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Controller / (i) (i‘,\-) S (Optional)
, la.\' ? lbs s lc.\‘
@i | Flux/Torque | ! Voo Vigs Ve
Calculator ]

Field-Oriented
Control

Figure 3-3 Overview of FOC drive system [39]
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3.3.1 Speed controller
The speed controller used is a proportional integral (Pl) controller and is implemented in
Simulink as shown in Figure 3-4. Its purpose is to generate the torque reference T, based on

the reference speed w, and the measured or estimated rotor speed w,.

i

wr

wrt L

Ts (z+ 1j/— N Te*
2(z-1) ‘

Figure 3-4 Speed - Pi controller

3.3.2 Flux/Torque calculator
Based on the measured stator voltages and currents and the motor model, the flux/torque

calculator of the drive system computes —

1) The rotor flux angle 6, for field orientation,
2) The rotor flux magnitude A, or the flux producing current i 4,
3) The electromagnetic torque T, or the torque producing current i, , and

4) The rotor speed w, (if the drive is sensorless)
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3.3.2.1 Rotor flux angle

The rotor flux angle 6 is found by integrating the sum of the rotor speed, w,, and the angular

slip frequency, wy;, as shown below

t;

Gf = (Cl)r + (l)sl)dt
21

The angular slip frequency is derived using the following equation [39]

Ly, .
wg =——Ii
sl Tr/lr qs
where T, is the rotor time constant, defined by
L,
T, = —
r Rr

The Simulink block that performs the above calculations is shown in Figure 3-5.

-
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P L u[1Au[2) Tr+1e-3) P 1 +

(3.12)

(3.13)

(3.14)

. | »
Phir 1

Mux 1 ¢
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Figure 3-5 Rotor flux angle calculation block
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3.3.2.2 Stator d-axis and q-axis currents

The stator d-axis and g-axis currents, which are the torque and flux producing currents

respectively, are calculated by transforming the measured stator phase currents into the dg-

axes. The matrix that performs this transformation is,

—sin @ i
—sin(6 — 27‘[/3)] . [id]
—sin(@ —4m/3)] Y1

lq cos @
[ib] = [cos(@ - 2m/3)
] cos(0 — 4m/3)

2

The Simulink implementation of this operation is shown in Figure 3-6.

cos(u) —-J
— W1 Pu3]#(1.7320508°a[2h]1 o405+ 4] 1 7320508 2 uf5 05

sinfu) P
U232} TE20508° 1 A0 S+u[2 TH0B08" 1 el 05

1 g

L)yl )

Figure 3-6 ABC - dgq axes transformation

3.3.3 Flux/Torque controller

Y

(3.15)

= 5=

P b
~D |
. «

-
“>

This section of the drive system calculates the stator reference currents using the rotor flux

reference, Ay, which is normally kept constant to its nominal value up to the rated speed of the
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motor, and the torque reference, T,, obtained from the speed controller. The calculated
reference curren.ts, along with the measured stator currents, are then sent to the Pulse Width
Modulation (PWM) block to determine the gate s?gnals for the inverter to adjust its output
voltage and frequency. This particular PWM technique is called Hysteresis-band PMW and its
method of operation is shown in Figure 3-7. Other common PWM techniques that are available
depending on the type of inverter and control scheme employed include, Carrier-Based

Sinusoidal PWM, Space Vector PWM, and Selected Harmonic Elimination PWM [41].

[ A .
g Lay
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Figure 3-7 Hysteresis-band PWM
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The Simulink implementation of the Hysteresis-band PWM consists of three hysteresis

controllers and is shown in Figure 3-8.

At

i) iy Bpiboolean Hp{ NOT [—Pp{double

(D

Pulses

P boolean Hp NOT |—pidouble

Yy vV V.V VvV ¥

lg)ip)c boolean H{ NOT [—p{double

Figure 3-8 Simulink implementation of the Current regulator

3.4 Simulation results

In this section, an indirect field oriented controlled induction motor drive system is simulated in
Simulink. The induction motor used in this drive is the same motor that was modeled in section
2.3, but here the dg-axes model, which is constructed using the lumped parameters (Table 3.1)

of the motor, is used. The dynamic performance of the drive, i.e. speed regulation performance
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versus reference and load torque changes, is studied by applying two changing operating

conditions to the drive: a step change in speed reference and a step change in load torque.

Parameters

Rotor resistance, R,

Rotor leakage inductance, L,

Stator resistance, R,

Stator leakage inductance, L

Magnetizing inductance, L,,

Values

1.5894 O

1.419e-2 H

0.80755Q

1.419e-2 H

0.1611H

Table 3.1 Lumped parameters of the induction motor

In the first simulation, the motor is started with a speed reference of 120 rad/s and with no

load. The motor speed, electromechanical torque, and stator currents observed during the

starting of the induction motor drive (the start up) are shown in Figure 3-9,
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Figure 3-9 Waveforms of speed, current, and torque at start-up
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’ In the second simulation, a load is applied to the motor while it is in steady state running at a

speed of 120 rad/s. The response of the induction motor drive to this load change is shown in

Figure 3-10.

Figure 3-10 Waveforms of speed, current, and torque during load change

o 3




From the simulation results presented above, it can be observed that the field oriented scheme
gives the induction motor drive superior dynamic performance compared to a scalar control
scheme. As seen in Figure 3-9 and Figure 3-10, the drive’s speed tracking and response to

torque disturbance are excellent.

Further detailed discussion of the dynamic performance of the drive will not be presented here
since it is not within the scope this thesis. It should also be noted that the purpose of the
material presented in this chapter in regard to the field oriented control of induction motor
drives is only to provide the theorétical basis for the next Chapter and therefore not an

exhaustive treatment of the subject.
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4 Coupled Simulation

The dg-axes model of the induction motor used in the simulation of the field oriented
controlled drive system in chapter 3 assumes a sinusoidal air gap flux density distribution,
although, in reality, this is not the case as the slot openings and magnetic saturation in the rotor
and stator teeth produce considerable air gap flux density space harmonics [42]. In addition,
this type of model does not take into account the influence of the magnetic nonlinearity of

laminations, the slip frequency, and the operating temperature on motor parameters.

On the other hand, the finite element model of the induction motor (chapter 2} can depict the
nature of the air gap flux distribution in the machine taking into account the factors described
above with suitable accuracy. Also, in contrast to the dg-axes model, the FEM model takes into
account the effects of material properties, motor geometry, and other operating conditions on

motor parameters.

It is apparent from the above brief comparison that for accurate and realistic analysis of
induction motors as well as the drive systems they are usually part of, the field model of the
motor should be integrated with the converter and control circuit models. This is achieved in
this chapter, by coupling MagNet’s two-dimensional finite element model of the induction
motor (chapter 2) with the Matlab/Simulink model of the field oriented controlled drive system

(chapter 3).
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The chapter starts out by discussing approaches for coupling the field model of induction
motors with the external circuits of the power converter and the control system. Following
that, the coupling mechanism implemented in this thesis is illustrated. Finally, the FOC

induction motor drive system is simulated using this approach and the results are presented.

4.1 Coupling methods

The methods used for coupling the field computation of the induction motor with the transient
simulation of the drive system that the motor is part of, can be classified into two general
groups; the direct and indirect coupling methods. The classification is based on the approach
taken to couple the field equations of the motor with the external circuit equations that

represent the electrical sources and components connected to the motor windings.

4.1.1 Direct coupling

In this method, the finite element field equations, the external circuit equations, and the
motion equations are assembled into a global system of eqt;ations and solved simultaneously.
The equations necessary for this coupling are summarized below:

e Field equation (equation (2.13) re-written here for convenience)

dA
VxvwxA= ——aVV—-aa—t (4.1)
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Current_equation for calculating the total current flowing in the conductors of the

induction motor

JA
I = ff (—O'VV - 0—) dxdy (4.2)
conductor at

Circuit equations — These describe the coupling between the total conductor current

and the voltage (current) source through an external resistance, Ry, and an
inductance, L,,;, which, in 2D-FEA, represent the end winding resistance and
inductance, respectively.

i.  When a coil, formed by connecting conductors in series, is connected to a.

- voltage or current source, the circuit equation relating the components is

Ic

extE+ RextIc (4‘3)

Veour = {d}%oulV}cou + L
where V_,;; is the voltage applied to the external terminals of the coil, and
d is 1 and represents the polarity of each conductor in the coil,
ii. When a set of coils connected in parallel is connected to a voltage or current
source with internal resistance, R, and inductance, L, the circuit equations

relating the components are

Vs = Rs{l}T{I}coil + Ls{l}T {i} ) + Vcoil (4-4)

where {1} is a column vector of 1 with a dimension equal to the number of coils
connected in parallel, and

Vs is the source voltage
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¢ Equations of motion

dw
j—dt—r=Te—TL-Q(t)r 45
46, (4.5)
Or =7

where (), is the viscous friction, and

0,, is the rotor position.

Equations (4.1), (4.2), and (4.3), are coupled by the voltage applied to the terminals of the
induction motor, V; equations (4.2), (4.3), and (4.4) are coupled by the conductor currents, /;
and, equations (4.1), (4.2), and (4.5), by the magnetic vector potential, A. After discretization
and linearization of the field, circuit, and motion equations, the resulting matrix equations are
assembled into a global system of equations describing the entire problem. Since this process is
not within the scope of this thesis, it will not be discussed any further. This and additional
information on the derivation of the equations summarized above and the methods for solving

them can be found in reference [38].

As can be seen from the above discussion, the direct method of coupling the field computations
of the induction motor with the analysis of its circuit equations is mathematically strong, and
thus more reliable. However, when the circuit models involved are huge and complex, direct
coupling of all the equations is not a very practical approach because each different case
requires programming of a completely new set of equations. Inclusion of closed-loop control in
directly coupled system equations, although possible, will require enormous effort and the

control scheme will have to be simple. In addition, since the transient finite element analysis
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will have to be time stepped with the same time step used to simulate the power electronic

circuit, the overall computational cost of the directly coupled simulation is very high.

4.1.2 Indirect coupling

In this method, the field, circuit, and motion equations of the induction motor drive system are
sequentially solved using two or more separate programs. The coupling between these
programs is achieved through parameters that are common to the equations being considered.
These parameters are exchanged between the coupled programs at each major time-step of
the transient analysis/simulation of the whole system. Compared to direct coupling,
considerable computational speed gains can be made since the coupled programs can use
different time discretizations. Other advantages of the indirect coupling of the field-circuit-
motion analysis inélude generality of applications, the ability to use specialized interfaces, part
libraries and simulation capabilities of different applications, and the flexibility to control the

programs independently preserving the accuracy and speed of individual programs.

Depending on the parameters used, there are two different ways of indirectly coupling the field
analysis with the circuit and control analysis programs. The most common mechanism uses
sources as coupling coefficients [43]; In this approach, if the induction motor is fed from a
voltage (or current) source, the field analysis program computes the current flowing through

the phase windings (or the voltage across the phase windings) and the mechanical speed of the
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rotor, and supplies these parameters to the program that simulates the external circuits and
control system. The control system processes the current (or voltage) and speed fed back from
the field computation and sends switching signals to the power electronic converter to supply
the field model of the induction motor with the appropriate phase voltage (or current). A block

diagram that shows the flow of this process is shown in Figure 4-1.

la
Va d va
FEM Converter
model of the Ib Control
—Vb  hduction > i on
Simulation
motor
|
p Ve ¢ » Ve

Figure 4-1 A block diagram of indirect coupling using sources

The alternative way of indirectly coupling the field and circuit analyses uses circuit parameters
as coupling coefficients [44]. In this method, the induction motor is modeled by the
electromotive force, e, and the dynamic inductance, L™, The transient finite element analysis

of the motor extracts and sends a parameter set consisting of the dynamic inductance matrix
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and induced winding voltages, to the circuit and control simulation program at each of the
FEA’s time-steps. The control system determines the switching signals based on these coupling
parameters and sends them to the power electronic converter to supply the field model of the
induction motor with the appropriate phase voltage/current. A block diagram that shows the

flow of this process is shown in Figure 4-2.

Rw
Va > va
FEM
Converter
model of the Lelyn Control
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Simulation

motor
e

[ N > Ve

Figure 4-2 A block diagram of indirect coupling using L%"and e

4.2 Implementation

In this thesis, the indirect method that uses sources as coupling parameters is adopted to

couple the Simulink model of a field oriented controlled induction motor drive with MagNet’s
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field analysis of the motor. This approach is chosen because the output of the inverter model is
an ideal voltage source and the flux and torque are calculated based on the stator current. The
induction motor used here is the motor that was modeled and analyzed in chapter 2 and,
whose d-g model is used in the FOC drive simulated in chapter 3. The same Simulink drive
model of section 3.4 is used here, but the d-g model of the induction motor is replaced with the

field model of the motor simulated in MagNet.

A plug-in provided by MagNet to link it with Simulink is used to facilitate the coupling between
the two programs. This plug-in, shown in Figure 4-3, is a piece of software program that
expands the capability of MagNet to Work in conjunction with Simulink by providing the facility
for data exchange between the two programs. There is an input-output pin pair on the plug-in
for each voltage or current source defined in the MagNet model. The input and output pins
corresponding to a voltage source are the source's voltage and current, respectively, a‘nd vice-
versa for a current source. Generally, voltage sources are preferred as they result in a more
stable coupling for magnetic components and are less likely to yield non-physical conditions. An
input-output pair is also provided by the plug-in for applying load torque and extracting the
developed electromagnetic torque. There are two additional output pins for the motion

component, corresponding to its position and speed.

The torque, voltage, current, speed, and position signals are transferred from Simulink to
MagNet (and vice versa) during the coupled transient simulation of the drive. MagNet extracts

the stator phase winding voltages of the motor from Simulink’s transient simulation of the
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converter and control system at each of its time-steps. After processing these inputs, MagNet
provides Simulink with the stator winding currents and the mechanical speed of the rotor.
These values are forced to be constant during MagNet’s next time step, by the end of which
time a new set of currents and speed will be available from MagNet. The Simulink time step
used in the simulation of the converter and control system is 0.1 us. On the other hand,
MagNet is set to run with a time step of 0.2 ms. The selection of these time steps is based on

finding an optimum between reasonable simulation time and adequate accuracy.

Sources_Output

Sources_Input * =

tdagNet tdedel.mn

e =2 Position

e Speed

Load_Torque

————+» Developed Torque

Maghet Flug-in

Figure 4-3 MagNet-Simulink Plug-in and its pins

The Simulink plug-in has a feature that permits MagNet to take advantage of symmetry, by
allowing the currents and/or voltages to be scaled in the transfer between Simulink and

MagNet. In this thesis case, since only a quarter of the induction motor is modeled in MagNet
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and only a quarter of the stator coils are included as a result, the winding voltage is scaled by a
factor of four in the Simulink component. As for the currents, since the windings of each phase

in the modeled motor are connected in a series configuration, there is no need to scale them.

The schematic of the Simulink implementation of the coupled simulation for the indirect field

oriented controlled induction drive is shown in Figure 4-4.
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Figure 4-4 Schematic of the coupled simulation

4.3 Simulation results and discussion

The coupled simulation is tested under operating conditions that are similar to those used for

testing the drive system simulated in chapter 3. These operating conditions are: a step change
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in the speed reference and a step change in the load torque. In the first simulation, the motor is
started with a speed reference of 120rad/s and with no load. The motor speed,
electromechanical torque, and stator currents observed during the starting of the induction
motor drive are shown in Figure 4-5. In the second simulation,i a load is applied to the motor
while it is in steady state running at a speed of 120 rad/s. The response of the induction motor

drive to this load change is shown in Figure 4-6.

In this coupled simulation, MagNet takes the mechanical load on the motion component into
account, as well as velocity effects such as the back emf. The resulting phase currents (shown in
the second plots of Figure 4-5 and Figure 4-6) are calculated by performing a finite element
analysis, and are returned to Simulink. The graphs shown below were generated by the scope
blocks, which is just one of the many ways of extracting data from Simulink. Once the
simulation is complete, MagNet's post-processor can also be invoked to plot the magnetic
quantities, such as flux linkage and torque, as well as fields, such as flux density and current

density.
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Figure 4-5 Coupled simulation waveforms of speed, current, and torque at start-up
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Figure 4-6 Coupled simulation waveforms of speed, current, and torque during load change
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. A summary of the simulation data is as follows.

e Simulation time: 0 to 200 ms (1000 MagNet time steps)
e Simulink time step: 0.1 us

e Total solve time: =7 hours.

e CPU: Intel Pentium IV running @ 2.8 GHz

¢ Polynomial order of elements in MagNet: 3

e Average number of elements in MagNet: 6500.

e Average number of unknowns in MagNet: 32000.

From the results of the simulations, it can be seen that the simulated drive system follows the
speed and torque references given to it and that these responses are in good agreement with
‘ those found in chapter 3. From these observations, it can be concluded that the implemented
coupled simulation is a practical approach for modeling and simulating indirect field oriented

controlled induction motor drives.




5 Conclusion and Future Work

As mentioned in the literature review of this thesis, the concept of coupling the finite element
model of an electromagnetic device with its associated converter and closed loop control
models for accurate dynamic simulation of the whole system is not new. The purpose of this
work is to extend this method to the modeling and simulation of indirect field oriented
controlled induction motor drives as, to the best of the author’s knowledge, this has not been
reported so far in the literature. From the results obtained in chapter 4, it can be seen that this
approach is promising. But, in order to make this coupled simulation more accurate and

practical, additional work needs to be done.

5.1 Future work

In this section, future improvements that can be added to the system developed so far in this

thesis are discussed.

5.1.1 Integration of thermal effects

As discussed in chapter 3, the performance of indirect field oriented control of induction
motors depend strongly on accurate knowledge of machine parameters. Unfortunately, these
parameters vary significantly during the operation of the motor due to factors such as

operating temperature, magnetic saturation and skin effect. The variation in parameters
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resulting from the electromagnetic state of the machine can be accounted for by using the
electromagnetic field model of the machine. But in order to take into account parameter
variations caused by the thermal state of the machine, the thermal model of the machine
should also be coupled with the drive simulation along with the electromagnetic field model.
Since both, the electromagnetic and thermal models are finite element based; incorporating
the thermal analysis into the coupled simulation discussed in chapter 4 should not pose a lot of

problems.

5.1.2 Comparison with measured results

In this thesis, the practicality of the implemented approach is studied by performing Simulink
simulations of the drive system using the conventional method of modeling the induction
motor (chapter 3) and coupling it with the transient finite element analysis of the induction
motor (chapter 4). But, in order to conclusively verify the implemented approach, the results
obtained in this thesis have to be compared with experimentally measured results. Therefore,
one of the pieces of the future work in developing the proposed approach should be acquiring
results from an experimental setup of the actual drive system and comparing them with the

simulation results.
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5.1.3 Response surface methodology

The high computational effort required to implement the proposed approach of simulation,
may pose a challenge in integrating it into a routine design process. However, recent
developments in multi-core architecture are opening the possibility of parallelizing coupled
simulations in the near future. Until then, though, it may also be wise to investigate other
possible methods of modeling that require less computational effort, but at the same time, like
the field model discussed in chapter 2, dynamically take into account the effect of the

electromagnetic state of the machine on its output parameters.

One promising approach that meets these requirements, but which requires further study of its
ability to model the dynamic state of induction machines, is the response surface methodology
(RSM) [45]. In this approach, a series of operating points of the motor, selected based on the
design of experiments (DOE), are simulated using the FEM and the relationship between the
inputs and the outputs of the motor at these points are plotted in a multi-dimensional space.
The resulting hyper-surface is known as a response surface and shows the effecfs of the
variations of each input on the output. Implicit in this relationship, i.e. between the input and
output parameters of the motor, is also the effect of the electromagnetic state of the machine

on the output parameters at each operating point.

Obviously, the computational effort that would be needed to simulate a drive system consisting
of a motor modeled using RSM is a lot less than that is required by a simulation of the same

drive system coupled with a full blown transient FEA. On the other hand, since FEA is used in
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the process of determining the response surface model, the effect of the electromagnetic state

of the machine on the output parameters will also be taken into account to some degree.

5.2 Summary

Chapter 1 started with a brief introduction and description of the problem considered in the
thesis. Then previous works reported in the literature on the finite element analysis of
induction motors, field oriented control scheme, and coupled simulations were reviewed. In
chapter 2, a finite element analysis of an induction motor was performed using commercial
electromagnetic simulation software. Motor parameters were extracted from the no-load and
locked-rotor tests simulated in software. A transient analysis of the induction motor to simulate
its start up condition was also performed and the results reported. A discussion of the two axes
representation of the induction motor that is traditionally used in 'the dynamic simulation of
induction motor drives started chapter 3. The principle of field orientation was presented
followed by illustrations of the FOC drive systems, and the drive system was implemented in
Simulink. The simulation results for different dynamic operations were reported. Chapter 4
brought together the information presented in chapters 2 and 3 to couple the magnetic field
simulation of the induction motor with the dynamic simulation the FOC drive system. Available
coupling methods for this purpose were explained and the implementation of the method
chosen in this thesis elaborated on. The coupled simulation was tested using similar dynamic

conditions to those simulated in chapter 3 and the results reported. Finally, this chapter
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recommends possible future works that can make the coupled simulation implemented in this

thesis more reliable and practical.
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Appendix B

The Finite Element Method

The two most popular methods of deriving the finite element equations are the variational
approacﬁ and the Galerkin approach. The later is a special case of the method of weighted
residual (MWR). The variatioﬁal 'method was the first applied to problems in magnetics and
occupies a large part of the early literature. However, there are a number of practical cases in
machinery analysis in which the variational expression either is not known or does not exist and
where the weighted residual method can be applied. Due to the greater generality of the
Galerkin approach, this method has increased in popularity and is used by most FEA tools,

including MagNet.
The method of weighted residual is applied as follows. It starts with an operator equation

on region Q with boundary condition on the boundary C. Then an approximate solution X is

substituted into the equation. Since x # X, this results in a residual.

L&) =R (A.2)

The MWR now requires that the integral of the projection of the residual on a specified
weighting function is zero over the domain of interest. The choice of the weighting function

determines the type of MWR. As an example we take the time harmonic form of the diffusion
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equation with A, the z component of the magnetic vector potential, as the unknown. For a

linear two dimensional Cartesian problem,

162A+162A_ + oA
poxz  pdyr Jo +jwo (A.3)

Where u is the magnetic permeability, w is the angular frequency, ¢ is the electrical

conductivity, and J, is the applied current density.
Substituting an approximation, 4, for A gives a residual R.

_162A+102A wod + _
T pox? " payz 197 Jo (A.4)

Multiplying by a weighting function and setting the integral to zero

RWdxdy =0
[

Substituting for R

162A 19%4
ff yaxz uay dxdy+]waﬂWAdxdy JW]odxdy (A.6)

Integrating the first term by parts,

ﬁ 162A 1924 drdy =
pox? uay rey=

ﬁ awaA oW 84 4 ?g W d (A.7)
jwa axax 6y6y xdy = ¢
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where the last term is on the boundary C with 7 being the outward normal unit vector.

Next, this result is substituted into equation (A.6) and the surface integrals are broken into
summations over small areas. To do this, the surface is meshed with triangles (finite elements)
and the integral over the entire domain is replaced with the summation of the integral over the

individual triangles.

S B iy o [ i
ox ox t oy oy j T et || xey

1 0A

- e — e
R cW dc jofLeW dxdy

(A.8)

where M is the number of triangular elements.

Consider a triangular element (ijk) depicted in Figure {A.1).The vertices are nodes at which the

unknown vector potential will eventually be calculated.

o k
(x;, ¥%) (Xp, Vi)

j (xj’ }’f)

Figure A.1 First order element
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If the potential in the element is assumed to vary linearly, the element is referred as a linear or
first order element. With this approximation, the vector potentiél at any point in the triangle is

expressed as
A=C +Cx+Cy (A.9)

where C;, C,, and (5 are constants to be determined. Since the vector potential varies linearly,

the flux density, which is the derivative of the potential, is constant in the triangle.

At vertex, x = x;, and ¥y = y;. At this point A must be equal to 4;, so that

C1 + Cox; + Gy = A | (A.10)
Similarly for nodes j and k we have

Cy + Coxj + C3y; = 4; (A.11)
and

Cy + Coxy + Cayy = Ay (A.12)

This gives three equations and three unknowns. Next C;, C;, and (3 are solved in terms of the

potential and geometry. Using Kramer’s rule

) _/Tilfi ;£|+Aj|fc’: i?:l*'“iklg zjl (A.13)
1= 2A
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Similarly

~ 11y 1 vy 1 y;
A l | + 4; I ' I + A ’|
oo AL Yl T “11 (A.14)
2 24
and
Al 7Y R b B RPN ¥ S
Aill xl T xi|+Ak 1 x}'| (A.15)
Cs = 20 '
where A is the area of the triangle.
Using these results A can be expressed as
Qe (a; + bix + c;y)A; + (aj + bjx + ¢;y)A; + (a + bex + cy)Ag
oA | (A.16)
where
a; = XiYr — XkJYj
b; = Yi— Ve (A.17)
¢ = X — xj

The coefficients of the nodal potentials in equation (A.16) are called shape functions. The

potential can be expressed as the sum of the shape functions times the noda!l potential.

= Z N, (x, )4 (A.18)
i=1

where there are m nodes in the element and N; are the shape functions.




Writing the nodal potential in the element matrix form,

Af
e = (e, ) | A n19)
k
where
Nf = (af+bf + cty)/2A
Nf = (af +bf +cfy)/20 (A.20)
Ng = (af+bf +cfy)/20

In the Galerkin Method we chose the weighting function to be the same as the shape function.

NE

2

_ e
we =N (A.21)

N¢

Taking derivative with respect to x and y,

A 1 ., ..., 4
a=ﬁ(bll krbk) A]
A

. A (A.22)
a_A = i(c.e cg, ct) Al.
dy 28RN
Ay

and
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be

owe _ _1_ b:‘é
0x 2A be
e A.23
awe 1 (% A2
dy 24 e
Using these, the first term on the left side of equation (A.8) becomes
owe oA OWe GA dxd
we\ox ax | f f xey (A.24)
It should be noted that
ﬂ dxdy =4 (A.25)

Substituting

-U owe 6Ae owe gAe
dx ax dy dy
bf +c2 byt bb+cic /4 (A.26)
blbj + CiCy b]Z + Cjz b]bk + Cjk A\

bibk + cicy bjbk + CiCk bl% + Cli Ak

dxdy =

4ucA

The coefficient matrix in equation (A.26) is sometimes referred as the stiffness matrix, S. The

second integral in equation (A.8) becomes

%
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=
4]
> b)

i

jwa® f WeA¢dxdy = jwo® ff N7 (NiéNjeN,g) Aj |dxdy
(9] Q e A
e e Nk K
A (A.27)
jwaeA 2 11 ,\L
= 12 1 2 1|4
1 1 2 A,
This coefficient matrix is sometimes referred as the mass matrix, T.
The forcing function (right hand side of equation (A.8)) becomes
(al- + bix + C,:y) (ai + b,_f + Ciy)
o ﬂn 20 dxdy =Jo 2 (A.28)
e
where X and y are the coordinates of the centroid of the triangle.
Substituting the values found for a;, b;, and c; (equation (A.17)) this becomes
ai+bif+ci)7_A
5 3 (A.29)
Assuming that J, is constant over the triangle,
4 Weédxd _JoA ,
J xdy ==3-|1 (A.30)
Q. 1
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In this Appendix, the derivation of the finite element equations from the time harmonic form of
the diffusion equation is based on the assumption that the electromagnetic device is current. In
the two dimensional vector formulation of Equation {A.3), J, is obtained from the currents
specified in the conducting regions. If the electromagnetic device is voltage driven, as it is the

case in Chapter 4 of this thesis, the current is computed from the given voltage.
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