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ABSTRACT

A position sensorless Permanent Magnet Synchronous Motor (PMSM) drive based on
single layer Recurrent Neural Network (RNN) is presented in this research work. In the
proposed control methodology, instead of a usual 6-Switch 3-Phase (6S3P) inverter a 4-
Switch 3-Phase (4S3P) inverter is used. This reduces the cost of the inverter, the switching
losses, and the complexity of the control board for generating six Pulse Width Modulated
(PWM) signals. A simulation model of the drive system is developed and used in this
study. The motor equations are written in rotor fixed d-g reference frame. A Proportional
plus Integral (PI) controller is used to process the speed error to generate the reference
torque current. The RNN estimator is used to estimate stator flux components along the
stator fixed stationary axes (a-f). In this study, the Correlated Real Time Recurrent
Learning (CRTRL) algorithm is used for training the neural network. The rotor angle is
used in vector rotator to generate the reference phase currents. Hysteresis current controller
block controls the switching of the three phase inverter to apply voltage to the motor stator.
Numerical simulation is carried out in order to verify the effectiveness of the proposed
control system. Simulation studies show that the proposed RNN estimator can be used to
accurately measure the motor fluxes and rotor angle over a wide speed range. The
robustness of the drive system is tested for different operating conditions, i.e., sudden load
torque change, parameter deviation, speed reversal, ramp change of speed, load
disturbance, presence of computational error, etc. The control system is found to work
acceptably under these conditions. It is also simple and low cost to implement in a practical

environment.
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CHAPTER 1

Introduction

1.1 Background of the Study

Dc motor drives dominated the fields of variable speed drives from the 19" century to the
last decades of the 20™ century. The controllability of dc drives was superior to those of ac
drives. At the end of the 1960s K. Hasse introduced the Field Oriented Control (FOC) of ac
motor. It was pointed out that in theory the Induction Motor (IM) can be controlled in the
same way as the dc motor. The development of semiconductor power devices made it
possible to build frequency converters for ac motors allowing a sinusoidal three phase
current supply with continuous frequency control. In the 1980s frequency converter fed ac
drives using FOC became competitive with dc drives commercially. Since then the
percentual share of dc drives has declined because the ac motor has several benefits
compared to the dc motor. They are inexpensive, and have low maintenance compared
with dc motors. The speed range of ac motor is wider and the machine size is smaller in the
same power class [1]. All kinds of electrical ac drives have been developed and applied,
which serve to drive manufacturing facilities such as conveyor belts, robot arms, cranes,

steel process lines, paper mills, waste water treatment and so on.

Among the ac drives, Permanent Magnet Synchronous Motor (PMSM) drives have been
increasingly applied in a wide variety of industrial applications [2]. These motors have
been used in several areas such as traction, automobiles, robotics, and aerospace
technology [3]. The power density of PMSM is higher than that of IM with the same
ratings because no stator power is required for the magnetic field production. Now a days,
PMSMs are designed not only to be more powerful but also with lower mass and lower
moment of inertia [4]. The continuous cost reduction of magnetic materials with high
energy density and coercitivity (e.g., samarium cobalt and neodymium-boron iron) makes
the ac drives based on PMSM more attractive and competitive. In the high performance
applications, the PMSM drives are ready to meet sophisticated requirements such as fast

dynamic response, high power factor and wide operating speed range. This has opened up
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new possibilities for large-scale application of PMSM. Consequently, a continuous

increase in the use of PMSM drives will surely be witnessed in the near future [5-7].

With the invention of high speed power semiconductor devices 6-Switch 3-Phase (6S3P)
inverters become popular for variable speed ac drives. These inverters have some
disadvantages such as losses in the six switches, complexity of the control algorithms and
generating six PWM logic signals [8-12]. Many researchers have been working in this area
to reduce the inverter size and cost without altering the drive performances. In [8], an ac to
ac converter was developed for IM with least hardware and improved power factor. A cost
effective 4-Switch 3-Phase (4S3P) inverter was proposed for IM and PMSM drives in [9-
10]). The inverter consists of four switches instead of six and hence improves the inverter
performance. The authors also showed a performance comparison of the 4S3P inverter fed
drive with 6S3P inverter fed drive in terms of speed response and total harmonic distortion
of the stator current. A Fuzzy Logic based control scheme was proposed for 4S3P fed
PMSM drive in [11]. A vector control scheme of IM using 4S3P inverter for high
performance industrial drive systems was presented in [12]. The complete vector control
scheme was verified by simulation and experimentation in a DSP environment. Therefore,

4S3P inverter is becoming better candidate of power inverters.

Driving a PMSM requires the rotor position information to control the motor torque which
is generally detected by mechanical position sensors such as an encoder or a resolver. In
cost sensitive applications like appliance drives or in a hostile environment, a mechanical
shaft encoder can often not be used. However, position sensors make the total system
larger in volume, and less reliable. In [13] a mathematical model of PMSM using the
extended electromotive force in the rotating reference frame was utilized to estimate the
rotor speed and position. A completely encoder-less PMSM drive with direct torque
controller was proposed in [14]. The authors used a new sliding mode observer for speed
estimation. Interior Permanent Magnet (IPM) motors possess magnetic saliency that
introduces harmonic in the motor current. This phenomenon can be utilized to find out the
rotor speed and position of the interior IPM drives [15]. In [16] the authors presented a
novel class of V/f sensorless AC general drives with two stabilizing loops-one based on

active flux balance and one based on speed error that provide fast speed dynamics response



without steady state error and without speed or current regulators. Sensorless control

scheme for PMSM drives based on high-frequency carrier injection was proposed in [17].

In Recent years, Artificial Neural Network (ANN) has been used in AC drive systems
because of their adaptive, learning and observing function talenties. A stator-flux-oriented
vector controlled IM drive was proposed in [18] where the space vector pulse width
modulation and stator flux estimation were implemented by ANNs. A robust adaptive
speed sensorless IM drive using an ANN was presented in [19]. The authors proposed a
speed controller using the neural network uncertainty observer. A neural network based
rotor position control and speed estimation method for PMSM was proposed in [20]. The
proposed method had three recurrent neural networks which were used for estimating
stator current, rotor speed, and rotor position angle. In [21], the authors proposed a simple
neural network based rotor flux estimator for high performance IM drives. Their proposed
method was claimed to be accurate for measurement of the rotor flux including its
magnitude and phase angle at various conditions like sudden speed change and load torque
disturbance. In [22], a Total Least Squares (TLS) algorithm based speed and position
estimation algorithm for PMSM drives was used. This algorithm utilized the stator
voltages and currents measured from the PMSM drive to obtain the estimated speed. A
fuzzy neural network suitable for practical implementation was proposed in [23]. A
sensorless control strategy for PMSM control using a novel neural network algorithm was
presented in [24]. The proposed observer used a neural network trained to lean the

electrical and mechanical motor models using the current prediction error.

There are several algorithms for leaming neural network like Back Propagation (BP)
algorithm, Uncorrelated Real Time Recurrent Learning (URTRL) algorithm and Correlated
Real Time Recurrent Learning (CRTRL) algorithm. Among them CRTRL algorithm based
methodology provides better performance than the other two algorithms [25].

1.2 Objectives of the Study
Most of the previous researches on PMSM drives were carried out either to remove the

position and speed sensors or to reduce the three phase inverter size for cost effective and

reliable operation. There is no study on PMSM drives which considers both the 4S3P



inverter and ANN based position sensorless control scheme. This research is expected to
contribute new realistic technique to the design of position sensorless vector control of
PMSM drive with 4S3P inverter. On this purpose, a simulation model of the PMSM drive
system has been deduced. The main objectives of this research work include:
o Propose a 4S3P inverter instead of conventional 683P inverter for the PMSM
drives.
s Propose an ANN based adaptive integration methodology for estimating the
rotor position angle of PMSM that is able to work over wide speed range.
o Develop a CRTRL algorithm for training the proposed neural network.
e Develop a vector control scheme that can be easily implemented in a low-cost
DSP-based digital controller.
e Investigate the control scheme in terms of competence and robustness of

operation at different operating conditions.

1.3 Dissertation Organization

The total research work has been divided into several components and presented literally in
six chapters including introduction and conclusion. The dissertation is organized as

follows:

Chapter I introduces the background for this dissertation research, the significance of the

study and the research objectives.

Chapter II reviews the state of the art and recent developments of magnetic materials, and
permanent magnet synchronous motors. A classification of the permanent magnet motors
is also given. It also includes a comparative study between permanent magnet motors and

other ac motors.

Chapter III deals with the mathematical modeling. It provides a detailed analysis of the
mathematical model of permanent magnet synchronous motor. This is followed by the
modeling of 4-switch 3-phase inverter, PI controller and hysteresis current controller.

Chapter IV presents the proposed position sensorless control scheme of PMSM.

Preliminary ideas of artificial neural network and correlated real time recurrent learning



algorithm for the recurrent neural network are discussed here. Neural network based stator
flux and rotor position estimation technique is also presented in this chapter. Finally, it

provides brief descriptions of different components of the proposed control scheme.

Chapter V is dedicated to computer simulation. Simulation model of the permanent magnet
synchronous motor is deduced and results of simulation for different operating conditions
are shown. At the first stage, the performance of the flux and position estimator is
investigated. Then the starting performances of the motor are illustrated under transient
and steady-state conditions. Finally, robustness of the control scheme is examined to load

fluctuations, speed variation, and parameter perturbation, etc.

Chapter VI gives the overall conclusions of the research with a few proposals for further

research work.



CHAPTER 11

Fundamentals of Permanent Magnet Synchronous Motor

2.1 Introduction

The Permanent magnet motor is a motor that uses permanent magnets to produce the air
gap magnetic field rather than using electromagnets. These motors have significant
advantages, attracting the interest of the researchers and industry for use in many
applications. This chapter deals with the description of the different components of
permanent magnet synchronous motors before proceeding to design control algorithms for
them. Initially, a review of permanent magnet materials and classification of permanent
magnet motors is given. Finally a comparison of permanent magnet motors over other ac

motors is presented in brief.

2.2 Permanent Magnet Materials

The properties of the permanent magnet material will affect directly the performance of the
motors and proper knowledge is required for the selection of the materials and for
understanding PM motors. The earliest manufactured magnet materials were hardened
steel. Magnets made from steel were easily magnetized. However, they could hold very
low energy and it was easy to demagnetize. In recent years other magnet materials such as
Aluminum Nickel and Cobalt alloys (ALNICO), Strontium Ferrite or Barium Ferrite
(Ferrite), Samarium Cobalt (First generation rare earth magnet) (SmCo) and Neodymium
Iron-Boron (Second generation rare earth magnet) (NdFeB) have been developed and used
for making permanent magnets. The rare earth magnets are categorized into two classes:
Samarium Cobalt (SmCo) magnets and Neodymium Iron Boride (NdFeB) magnets. SmCo
magnets have higher flux density levels but they are very expensive. NdFeB magnets are

the most common rare earth magnets used in motors these days.



2.3 Classification of Permanent Magnet Motors

2.3.1 Direction of Field Flux

PM motors are broadly classified by the direction of the field flux. The first field flux
classification is radial field motor meaning that the flux is along the radius of the motor.
The second is axial field motor meaning that the flux is perpendicular to the radius of the
motor. Radial field flux is most commonly used in motors and axial field flux have become

a topic of interest for study and used in a few applications.
2.3.2 Flux Density Distribution

PM motors are classified on the basis of the flux density distribution and the shape of
current excitation. They are PMSM and PM brushless motors (BLDC). The PMSM has a
sinusoidal-shaped back EMF and is designed to develop sinusoidal back EMF waveforms.
They have the following:

1. Sinusoidal distribution of magnet flux in the air gap

2. Sinusoidal current waveforms

3. Sinusoidal distribution of stator conductors.

BLDC has a trapezoidal-shaped back EMF and is designed to develop trapezoidal back
EMF waveforms. They have the following:

1. Rectangular distribution of magnet flux in the air gap

2. Rectangular current waveform

3. Concentrated stator windings

2.3.3 Permanent Magnet Radial Field Motors

In PM motors, the magnets can be placed in two different ways on the rotor. Depending on
the placement they are called either as surface permanent magnet motor or interior

permanent magnet motor.

Surface mounted PM motors have a surface mounted permanent magnet rotor. Each of the
PM is mounted on the surface of the rotor, making it easy to build, and specially skewed

poles are easily magnetized on this surface mounted type to minimize cogging torque. This



configuration is used for low speed applications because of the limitation that the magnets
will fly apart during high-speed operations. These motors are considered to have small
saliency, thus having practically equal inductances in both axes. The permeability of the
permanent magnet is almost that of the air, thus the magnetic material becoming an

extension of the air gap. For a surface permanent magnet motor Ly= L.

The rotor has an iron core that may be solid or may be made of punched laminations for
simplicity in manufacturing. Thin permanent magnets are mounted on the surface of this
core using adhesives. Altemating magnets of the opposite magnetization direction produce
radially directed flux density across the air gap. This flux density then reacts with currents
in windings placed in slots on the inner surface of the stator to produce torque. Fig. 2.1

shows the placement of the magnet.

Figure 2.1 Surface permanent magnet motor.

Interior PM motors have interior mounted permanent magnet rotor as shown in Fig. 2.2.
Each permanent magnet is mounted inside the rotor. It is not as common as the surface
mounted type but it is a good candidate for high-speed operation. There is inductance
variation for this type of rotor because the permanent magnet part is equivalent to air in the
magnetic circuit calculation. These motors are considered to have saliency with g-axis

inductance greater than the d-axis inductance (L, >Ly).



Figure 2.2 Interior permanent magnet motor.

2.4 Comparative Study of AC Drives

Recent availability of high energy-density PM materials at competitive prices, continuing
breakthroughs and reduction in cost of powerful fast Digital Signal Processors (DSPs) and
micro-controllers combined with the remarkable advances in semiconductor switches and
modemn control technologies have opened up new possibilities for permanent magnet

motor drives in order to meet competitive worldwide market demands [26].

The popularity of PMSMs comes from their desirable features [27]:
e High efficiency
e High torque to inertia ratio
e High torque to volume ratio
e High air gap flux density
e High power factor
e High acceleration and deceleration rates
e Lower maintenance cost
o Simplicity and ruggedness
s Compact structure

¢ Linear response in the effective input voltage



However, the higher initial cost, operating temperature limitations, and danger of
demagnetization mainly due to the presence of permanent magnets can be restrictive for

some applications.

In PMSMs, permanent magnets are mounted inside or outside of the rotor. Unlike DC
brush motors, every brushless DC (so called BLDC) and permanent magnet synchronous
motor requires a “drive” to supply commutated current. This is obtained by pulse width
modulation of the DC bus using a DC-to-AC inverter attached to the motor windings. The
windings must be synchronized with the rotor position by using position sensors or through
sensorless position estimation techniques. By energizing specific windings in the stator,
based on the position of the rotor, a rotating magnetic field is generated. In permanent
magnet ac motors with sinusoidal current excitation (so called PMSM), all the phases of
the stator windings carry current at any instant, but in permanent magnet AC motors with
quasi-square wave current excitation (BLDC), only two of the three stator windings are

energized in each commutation sequence [26].

In both motors, currents are switched in a predetermined sequence and hence the
permanent magnets that provide a constant magnetic field on the rotor follow the rotating
stator magnetic field at a constant speed. This speed is dependent on the applied frequency
and pole number of the motor. Since the switching frequency is derived from the rotor, the
motor cannot lose its synchronism. The current is always switched before the permanent
magnets catch up; therefore the speed of the motor is directly proportional to the current

switching rate [28].

Like DC brush motors, torque control in AC motors is achieved by controlling the motor
currents. However, unlike DC brush motor, in AC motors both the phase angle and the
modulus of the current has to be controlled, in other words the current vector should be
controlled. That is why the term “vector control” is used for AC motors. In DC brush
motors the field flux and armature MMF are coupled, whereas in AC motors the rotor flux
and the spatial angle of the armature MMF require external control. Without this type of
control, the spatial angle between various fields in the AC motor will vary with the load
and cause unwanted oscillating dynamic response. With vector control of AC motors, the

torque and flux producing current components are decoupled resembling a DC brush

10



motor, the transient response characteristics are similar to those of a separately excited DC
motor, and the system will adapt to any load disturbances and/or reference value variations

as fast as a brushed-DC motor [27].

The main advantages of using permanent magnets over field excitation circuit used by
conventional synchronous motors are given below [27]:

e Elimination of slip-rings and extra DC voltage supply.

e No rotor copper losses generated in the field windings of wound-field
synchronous motor.

e Higher efficiency because of lesser losses.

e Since there is no circuit creating heat on the rotor, cooling of the motor just
through the stator in which the copper and iron loses are observed is more
easily achieved.

e Reduction of machine size because of high efficiency.

e Different size and different arrangements of permanent magnets on the rotor

will lead to have wide variety of machine characteristics.

PMAC motors have gained more popularity especially after the advent of high
performance rare-earth permanent magnets, like samarium cobalt and neodymium-boron
iron which surpass the conventional magnetic material in DC brush and are becoming

more and more attractive for industrial applications.

The positive specific characteristics of PMAC motors explained above make them highly
attractive candidates for several classes of drive applications, such as in servo-drives
containing motors with a low to mid power range, robotic applications, motion control
system, aerospace actuators, low integral-hp industrial drives, fiber spinning and so on.
Also high power rating PMAC motors have been built, for example, for ship propulsion
drives up to 1 MW. Recently two major sectors of consumer market are starting to pay

more attention to the PM motor drive due to its features.

PMAC motors have many advantages over DC brush motors and IMs. Most of these are

summarized as [26]:
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e High dynamic response

e High efficiency providing reduction in machine size

e Long operating life

e Noiseless operation

« High power factor

e High power to weight ratio; considered the best comparing to other available
electric motors

« High torque to inertia ratio; providing quick acceleration and deceleration for
short time

e High torque to volume ratio

e High air-gap flux density

e Higher speed ranges

e Better speed versus torque characteristics

e Lower maintenance cost

e Simplicity and ruggedness

e (Compact design

e Linear response

e Controlled torque at zero speed

Compared to IMs, PMSMs have some advantages, such as higher efficiency in steady-
state, and operate constantly at synchronous speed. They do not have losses due to the slip
which occurs when the rotor rotates at a slightly slower speed than the stator because the
process of electromagnetic induction requires relative motion called “slip” between the
rotor conductors and the stator rotating field that is special to IM operation. The slip makes
the IM asynchronous, meaning that the rotor speed is no longer exactly proportional to the

supply frequency [26].

In IMs, stator current has both magnetizing and torque-producing components. On the
other hand, in PMSMs there is no need to supply magnetizing current through the stator for
constant air-gap flux. Since the permanent magnet generates constant flux in the rotor, the
stator current is needed for torque component production only. For the same output, the

PMSM will operate at a higher power factor and will be more efficient than the IM [26].



Finally, since the magnetizing is provided from the rotor circuit by permanent magnets
instead of the stator, the motor can be built with a large air gap without losing
performance. According to the above results, the PMSM has a higher efficiency, torque to
ampere rating, effective power factor and power density when compared with an IM.
Combining these factors, small PM synchronous motors are suitable for certain high
performance applications such as robotics and aerospace actuators in which there is a need

for high torque/inertia ratio [26].

Induction machine drives have been widely used in industry. Squirrel-cage induction
machines have become popular drive motors due to their simple, rugged structure, ease of
maintenance, and low cost. In pumps, fans, and general-purpose drive systems, they have
been a major choice. In servo applications, PM motor drives are more popular due to their
high output torque performance. They are also actively used in high-speed applications, not
only as motors/starters but also as generators, as in the Flywheel Energy Storage System
(FEES), Electric Vehicle (EV), and Industrial Turbo-Generator (ITG) system.

The smaller the motor size required, the more preferable it is to use permanent magnet
synchronous motors. As motor size increases the cost of the magnetics increases as well
making large PMACs cost ineffective. There is no actual “breakpoint” under which
PMSMs outperform IMs, but the 1-10 kW range is a good estimate of where they do. As
compared with induction and conventional wound-rotor synchronous motors (WRSM),
PMSMs have certain advantages over both motors, including the fact that there is no field
winding on the rotor as compared to the WRSM; therefore there are no attendant copper
losses. Moreover, there is no circuit in the rotor but only in the stator where heat can be

removed more easily [26].

Compared with conventional WRSMs, elimination of the field coil, DC supply, and slip
rings result in a much simpler motor. In a PMSM, there is no field excitation control. The
control is provided by just stator excitation control. Field weakening is possible by
applying a negative direct axis current in the stator to oppose the rotor magnet flux.

Elimination of the need for separate field excitation results in smaller overall size such that

13



for the same field strength the diameter of a PMSM is considerably smaller than its wound

field counterpart, providing substantial savings in both size and weight.

2.5 Conclusion

A detailed discussion on the permanent magnet motor is presented in this chapter. The
properties of magnetic materials directly affect the performance of the permanent magnet
motors. Therefore, a brief description on the commercially available magnetic materials is
presented here. A classification of permanent magnet motors depending on various
characteristics is included also. The advantages and disadvantages of permanent magnet
motors over induction motors, DC brush motors, etc in various aspects is also presented.
The above discussion proves the superiority of the permanent magnet synchronous motor

for industry applications.
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CHAPTER 111
Modeling of the Drive System

3.1 Introduction

The aim of this chapter is to systemically review mathematical models of the two major
varieties of permanent-magnet synchronous machines, namely interior PM motors and
surface-mounted PM motors, before proceeding to design control and observation
algorithms for them. Transformations of variables are used to deal with the time-varying
machine inductances, referring to the coefficients of differential equations (e.g., voltage
equations) that describe the performance and behavior of the PM motors. Moreover, basic
operating principles of different current controllers are discussed. All the analysis

presented in the later chapters is based on these models.

3.2 Mathematical Model of PMSM

In a PMSM where the inductances vary as a function of the rotor angle, the two-phase (d-
g) equivalent circuit model is a perfect solution to analyze the multiphase machines
because of its simplicity and intuition. Conventionally, a two-phase equivalent circuit
model instead of complex three-phase model has been used to analyze reluctance
synchronous machines [29]. This theory is now applied in the analysis of other types of
motors including PMSMs, IMs etc. '

In this section, an equivalent two-phase circuit model of a three-phase PMSM (interior and
surface mount) is derived in order to clarify the concept of the transformation (Park) and
the relation between three-phase quantities and their equivalent two-phase quantities.
Throughout the derivation of the two-phase (d-g) mathematical model of PMSM, the
following assumptions are made [30]:

e Stator windings produce sinusoidal MMF distribution. Space harmonics in the air-

gap are neglected.
e Air-gap reluctance has a constant component as well as a sinusoidal varying

component.



e Balanced three-phase sinusoidal supply voltage is considered.

o Eddy current and hysteresis effects are neglected.

e Presence of damper windings is not considered; PMSMs used today rarely have

that kind of configuration.

Comparing a primitive version of a PMSM with wound-rotor synchronous motor, the
stator of a PMSM has windings similar to those of the conventional wound-rotor
synchronous motor which is generally three-phase, Y-connected, and sinusoidally
distributed. However, on the rotor side instead of the electrical-circuit seen in the wound-
rotor synchronous motor, constant rotor flux (4,) provided by the permanent magnet in/on
the rotor should be considered in the d-g model of a PMSM.

The space vector form of the stator voltage equation in the stationary reference frame is

given as:
- - d,l
v, =rd,+ drj (3.1
- - -

where, r,, v,, i, ,and A, are the resistance of the stator winding, complex space vectors

3 S 53
of the three phase stator voltages, currents, and flux linkages, all expressed in the

stationary reference frame fixed to the stator, respectively. They are defined as:

PR %[vm O)+av,, () +a*v,, ()]
?, = %[im () +ai, (1) +a’i, (1)] (3.2)

=

A = SR +ady (O +a* L (0]

The resultant voltage, current, and flux linkage space vectors shown in (3.2) for the stator
are calculated by multiplying instantaneous phase values by the stator winding orientations
in which the stator reference axis for the a-phase is chosen to the direction of maximum
MMEF. Reference axes for the b- and ¢- stator frames are chosen 120° and 240° (electrical
degree) ahead of the a-axis, respectively. Fig. 3.1 illustrates a conceptual cross-sectional
view of a three-phase, two-pole surface PM synchronous motor along with the two-phase

d-q rotating reference frame.
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Figure 3.1 Two-pole three phase surface mounted PMSM.

Symbols used in (3.2) are explained in detail below:

2

a, and a“ are spatial operators for orientation of the stator windings; a = iR,

a =ln!3
V... Vg, and v, are the values of stator instantaneous phase voltages.

i, iy ,and i, are the values of stator instantaneous phase currents.

A, Ay, and A, are the stator flux linkages and are given by:
Asg =Logla + Logly + Lggi, + 4,
Ag =Lpi, + Ly + Ly i, + 4, (3.3)
A, =L i, +Lyiy+L, i +2,
where,
L.., L,,, and L, are the self-inductances of the stator a-phase, b-phase, and c-phase
respectively.
L,, L, , and L, are the mutual inductances between the a- and b-phases, b- and c-

phases, and a- and c-phases, respectively.
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A, Ay, and A are the flux linkages that change depending on the rotor angle established
in the stator a-, b-, and c-phase windings, respectively, due to the presence of the
permanent magnet on the rotor. They are expressed as:
A, =4, c0s6
Ay = A, cos(6—-120%) (G4)
A =4, cos(6+120%)
In (3.4), A, represents the peak flux linkage due to the permanent magnet. It is often
referred to as the back-EMF constant, &, .

It can be seen in Fig. 3.1 that the direction of permanent magnet flux is chosen as the d-
axis, while the g-axis is 90° ahead of the d-axis. The symbol, &, represents the angle of the
g-axis with respect to the a-axis.

Note that in the flux linkage equations, inductances are the functions of the rotor angle, €.

Self-inductance of the stator a-phase winding, L_,, including leakage inductance and a-
and b-phase mutual inductance, L, = L,,, have the form:
L, =L, +L,—L,, cos(260) (3.5)
1 2
where, L, is the leakage inductance of the stator winding due to the armature leakage flux,
L, is the average inductance; due to the space fundamental air-gap flux; L, = %[Lq +1L, )

L__ is the inductance fluctuation (saliency); due to the rotor position dependent on flux;

1
L, E(Lq =)
For mutual inductance, L_, = L,,, in the above equation, a -(1/2) coefficient appears due

to the fact that stator phases are displaced by 120°, and cos(120° ): -1/2.
w . 2z 4r
Similar to that of L_,, but with & replaced by 6’—-3— and 9—? , b-phase and c-

phase self-inductances, L,, and L, can also be obtained, respectively. Also, a similar
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expression for L,,and L, can be provided by replacing 8 in (3.5) with [9—%} and

o :
(6 - —;EJ , respectively.

All stator inductances are represented in matrix form below:

Ly +Ly—L,, cos26 —%LO = cosE(ﬂ—%} —%LD o P cosl[é’-i-—i:;]

L,=|- %LD L, cosz[ﬁ-g] Li+Ly—L, cos:’,(()— %i} —%LO - L, cos2(0-7z) |(3.6)

= %LO - L, cos 2[(} + %] = %Lu -L,, cos 2(.'3 ¥ ;r) L,+Ly—L,,cos 2(6 + 2??{]

It is evident from (3.6) that the elements of L, are a function of the rotor angle which
varies with time at the rate of the speed of rotation of the rotor.

Under a three-phase balanced system with no rotor damping circuit and knowing the flux
linkages, stator currents, and resistances of the motor, the electrical three-phase dynamic
equation in terms of phase variables can be arranged in matrix form similar to that of (3.1)

written as:
AARA AL a7

where,

[vs ] = [v_m Vb Ve i

[‘fs ] = [im I‘s!;' I-.';.',- (38)
[As ] " [Asa J’sb Asc]‘
In 3.7), [v,]. [i,], and [A,] refer to the three-phase applied voltages, three-phase stator

currents, and three-phase stator flux linkages in matrix forms as shown in (3.8),

respectively. Furthermore, [?‘,] is the diagonal matrix in which under balanced three-phase

conditions, all phase resistances are equal to each other and represented as a constant,
r, =r, =r, =r,, not in matrix form.

The matrix representation of the flux linkages of the three-phase stator windings can also

be expressed with using equations (3.3), (3.6) and (3.8) as
[A )= Lol ]+ A, ] (39)
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where, L 1s the stator inductance matrix varying with rotor angle. [A,] is the flux
linkage matrix due to permanent magnet; [A,]=[2, 4, 4.].
As it was discussed before, L has time-dependent coefficients which present

computational difficulty when (3.1) is being used to solve for the phase quantities directly.
To obtain the phase currents from the flux linkages, the inverse of the time-varying
inductance matrix will have to be computed at every time step. The computation of the
inverse at every time step is time-consuming and could produce numerical stability

problems.

g axis \ d axis

+@ axis

Figure 3.2 g-axis leading d-axis and the rotor angle represented as &, .

To remove the time-varying quantities in voltages, currents, flux linkages and phase
inductances, stator quantities are transformed to a d-g rotating reference frame. This results
in the voltages, currents, flux linkages, part of the flux linkages equation and inductance
equations having time-invariant coefficients. In the idealized machine, the rotor windings
are already along the g- and d-axis, only the stator winding quantities need transformation
from three-phase quantities to the two-phase d-g rotor rotating reference frame quantities.
To do so, Park’s Transformation is used to transform the stator quantities of an AC

machine onto a d-g reference frame that is fixed to the rotor, with the positive d-axis
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aligned with the magnetic axis of the rotor which has a permanent magnet in PMSMs. The
positive g-axis is defined as leading the positive d-axis by 7/2 in the original Park’s

Transformation, as shown in Fig. 3.2. The original Park’s Transformation equation is of

the form:
(fag0) = [Tiago (6 N f e (3.10)
where the d-g transformation matrix is defined as:
cosd, cos[ﬁr - 2—”} cos( 0, + -22)
3 3
[qun 6. )] = —i— —sinf, - sin[ﬁ‘r — 2;) - sin[ﬂ, + 2%] (3.11)
1 1 il
| 2 2 2 |

and its inverse is given by

cos@, —siné, 1

[quo(e,)}' = cos(ﬂ, —%”] —sin[ﬁvr —%’5] 1 (3.12)

cos(fi‘, + EE] —sin(ﬁ, + 2—”] 1
- 3 3 -

In Fig. 3.2, if the d-g axis is 7#/2 turned radian degrees Clock Wise (CW), the ¢-d

transformation is obtained which is still considered a Park’s Transformation as shown in
Fig. 3.3. In the ¢-d transformation, the g-axis still leads the d-axis but angle representation
is changed such that now 6 is the rotor angle between the g-axis and a-axis which is
chosen as a 0° reference for simplicity. g-d transformation is used to analyze the self and
mutual inductances because of the ease of calculation. &, is considered as the actual rotor
position (generally it can be obtained by using an encoder or similar position sensors) with

respect to the a-axis which is used in the original Park’s Transformation matrix, [T, (6, )].

but the angle depicted in Fig. 3.3, &, which is between the g-axis and a-axis in g-d
transformation does not represent the real rotor position. Therefore, the d-axis should be
considered as a reference for measuring the real rotor angle with respect to 0° position
selected as the a-axis in general. Eventually, the d- and ¢- axis synchronous inductances
will be independent of the rotor position so that either of the transformations will give the

same result.
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g axis

, a axis

Figure 3.3 g-axis leading d-axis and the rotor angle represented as &.

The Park’s Transformation which has a d-g reference is of the form:
[fig0] = [Titgo (0 N f e ] (3.13)
where f represents either a voltage, a current or a flux linkage; [f,4]=[/,. FindaT,

[fabc] =[faafb:fc]r-

The g-d transformation matrix is obtained as

cosé cos(ﬂ - 2—”} cos(ﬁ + 2—”]
3 3
; : 2 :
[quo (9)]= % siné sm(ﬂ - —;] sm(a + —2;-] (3.14)
1 1 1
| 2 2 5 ]

and the inverse of the above transformation matrix is given by

cos@ sin &

1
[quo (esr)}l = cos[a = 2?;:] sin[ﬁ - %”] 1 (3.15)

cos[ﬂ + 2—”] sin(ﬂ + 2;::] 1
. 3 3 -
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Basically, if the rotor position & is known, the above matrix transforms the variables of the
stator reference frame to the one fixed to the rotor as shown in (3.13).

The relationship between & and 8, can be expressed with the help of Figs. 3.2 and 3.3 as
T L (3.16)
2
Equation (3.16) depicts that the actual rotor position, 8, , is 90° (electrical degree) behind

6. If the g-d transformation matrix, [7,4, (6)], is used as a transformation matrix, the

above description should be taken into account for deriving the g-d voltage equations of a
PMSM.

If 8, is known, the above formula can be substituted into the g-d transformation matrix

[T,40(6)] with the help of some trigonometric reduction equations shown below:

cos(&, + E] =-siné,
2

# (3.17)
sin[ﬁ, + E] =cosf,

As a consequence of these manipulations, it has been observed that [T, ()] and
[740(6,)] are basically the same, except for the order of appearing of the d and ¢
variables. One might say that [7}, (6,)] is more useful if no additional modification is

wanted for assigning the actual rotor position, #, , as shownin Fig. 3.1.

Since L, is analyzed according to the g-d rotating reference frame, the corresponding
relationship between flux linkages, [A 4], the g-d axis currents, [i 4], and the time-
invariant ¢-d axis inductances, [L,4], can be obtained by transforming only the stator

quantities, that is:
[Agao ] = [T4a0 (O)]Ly [Tqmrc.(@)]‘1 [ gao ] + [T4ua0 (OIIA, ] (3.18)

where term [T, ()L, [T, (6)]" is the transformation matrix which transforms the

phase inductance matrix, L, into the g-d axis synchronous inductance matrix, [L 4] . If

552

the above description is applied to (3.18) then it can be shortened to:
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[Aqd()] = [qu[)][jqdﬂ] (3.19)

[Aqam]z [/lq, Aas ’Vﬂ]l
[quo ] = [Lq Ly Lo} (3.20)
[fqdn]z [fqa Ig, "01'
After simplifying the right hand side of (3.18), the rotor angle, &, , independent g-d axis
flux linkages, lq and A, , synchronous inductances, Lq and L,, and currents, i, and i,

are obtained as follows:

3 , .
Ay = (L,_, + E[LO ~L., )}q =1L.i

3
Ay =(Lu +—£(Lﬂ +Lm]]1‘d +A. =L+ A, (3.21)

Ay =L, i, (zero in balanced systems)
where

Ly=Ly+ Lmq

Ly=Ly+ Ly, (3.22)
In equation (3.22), L,,, and L,, are the common mutual inductances on the d-axis and g-
axis circuits, respectively. Traditionally, the sums, (LL, +Lmq) and (L, +L,,), are
referred as the g-axis and d-axis synchronous inductances, respectively. Flux linkages in

(3.20) can also be written as:

A
[Aqd0]= A4 (3.23)

Z

On the contrary, flux linkages using the original Park’s Transformation is differ from the

above representation, [A dq()]z [Ad, A /'lﬂ]' The only difference between [A ;] and

q’
[A 40! is the order of 2, and 1,. When A, and A, are known either [A ] or [A ]
can be constructed easily. Once their components are known the transfer between each flux

linkage matrix is easy.
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So that (3.18) could have been written also as follows:
[A o] = [Tgq0 (6L [T (6, N i gg0 ]+ [T 40 (6)IIA, ] (3.24)
To collect the correct result out of the above equation, the rotor angle, 4, in the inductance

matrix, L., should be in the form of &, to be used in (3.24) by (3.16). After computing

38 2

the above formula, the stator d-g axis flux linkages, 4, and 4,, will be the same as

provided by (3.18). Results of the derivation of d-g axis stator flux linkages are given in
(3.21).

The following part is the derivation of the d-g axis motor voltages of PMSM:

Equations (3.7) and (3.14) are the starting point. First, the original d-g Park’s

Transformation [7,, (6,)] is applied to the stator quantities shown in (3.7). This is given

by:
[Vago] = (140 (6, [v,]
li g0 =T 00 (6,11 ] (3.25)
[Aggo] = 70 (6, A, ]

where

[vdql]] :[vds vq: VO]f (326)
When the three-phase system is symmetrical and the voltages form a balanced three-phase

set of abc sequences, the sum of the set is zero, hence the third components of the d-g
quantities in (3.25) are zero, e.g. v, =0.
If (3.25) is substituted into (3.7), then the stator voltage equation is written in d-q

coordinates as:
[vdq() ] = [quc (6, )I" s Iqua (6, )}1 [quo ]"’ [quﬂ (6, )]p[quﬂ (CA )]_1 [Adqn ] (2.27)
where, p is the differential operator, p = %

In a three-phase balanced system, all the phase resistances are equal, , =r, =r, =1, such

that the resistive drop term in the above equation reduces to

[qun (gr)lrs ITa'q[! (6;- )]_1 [fdgﬂ] = r.'.‘ [jdq()] (3 28)
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The second term having a derivative part in (3.27) can be expanded as:

7000000 G [ o )= [0 @ M0 0T T+ [0 0] Pl o]} 3.29)

Further manipulations lead us to:
(7200 @ ol @} [ s = o @ Pl @} [N J# o @) [ro @] Pl e 3300
and finally,

0 @)oo O} [ ) = [0 60N plTtgo G0} Ao ) plr i) 33D)
where, the term [T, (6,){p[Tu0 (8,0} ) is simplified as follows:

First, taking the denivative of (3.12), we get:

-siné, —-cosé, 0
p[quu CA )]‘l =m,| - sin[&, = 2{] = cos[ﬁr = %EJ 0 (3.32)
= sin(&, + 2—”) - cos[é’r + .4 0
L 3, 3

where, @, is the rotor angular speed in electrical radians/sec, @, =

44, . Multiplying
t

equations (3.11) and (3.32), we obtain:

[ B 0
70 @ ))plT0 0] )= 0 o3 e, T, B (3.33)
T31 TS? 0

where the elements of the matrix are written and manipulated by using some trigonometric

reduction equations. The results are given below [26]:

T, =—cosf, sinf, ~cos(6‘r - 2_;!_]Si [19 - 2??:} - cos[ﬁ', +23£] sin(ﬂ, + 2{] =0

2 3
ﬂzz—coszﬁr—cosz(ﬁr——;} cos (6’ £7 ] =

3
T, =sin’ @, +sin (6 -2?)+ sin ( Tﬂ} % (3.39)

2
Ty, =sind, cosb, + Sln[ﬂ E 2——] cos[ = TI] + sm(é’ + —J cos(f) + T’IJ =0
1
Ty, =——1sinf, +sin| G, 22 | el n o2
2 3 3
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T, = s cosé, +cos(6, —2—;{)+cos(6, +2—IJ =0
2 g 3

Putting all the elements obtained in (3.34) into (3.33), we get:

0 -% 0
NCR) NGB B E (339)
0 0
More simplification leads us to:
0 -1 0
o @) PlTi0 @)= 01 0 0 (3.36)
0 0 0

Equations (3.31) and (3.36) yield the following result, written in expanded matrix form:
v, |=rlig [t@ |1 0 0)4, +p A, (3.37)
Vo iy 0 0 Of4 A
The above matrix can be arranged in equation form shown below:
Vg =iy -4, + piy
=(r, +LypYs—o,L,j, (3.38)
Similarly,
Vy =ri, + @A, + pA,
=ti, to, L, +o,4, +L,pi,
=(r, +L,p), + 0, (Lyig +4,) (3.39)
Equations (3.38) and (3.39) can be put together to form the famous d-g voltage model for
the PMSM in matrix form. This is given in below:

v r,+1L -Lo, |i 0
4|2 S U 8 T (3.40)
Vy Lo, r.+L,pl|i, 1

To obtain the d-q reference frame electromechanical torque, 7,, and the instantaneous

input power P, are used. Details are as follows:

Total input power P, into the machine can be represented as
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P, = vVoie + Vi +Vai (3.41)

T sa”sa sCcsc
When the stator phase quantities are transformed to the rotor d-g reference frame that

de
rotates at a speed of @, = - :
t

, (3.41) becomes:

i

3. ;
Pi= v+ Vaiy) (3.42)
where the zero sequence quantities are neglected. Using (3.42), the mechanical output
power P, can be obtained by replacing v, and v, with the associated speed voltages as

3 _ .
P, = 5(_ 0, Agig+ @, Agi,) (3.43)

For a P-pole machine, @, =(P/2)w,, where @, is the mechanical rotor speed in
radians/sec, produced electromechanical torque 7, is derived when the output power P, is

divided by the mechanical speed @,,, which is given as:

Te = %g(&d‘lq T qud)
= %g((l,d ~L B+ 2d0,) (3.44)

The torque balance equation for the motor speed dynamics is given

T,=1;+J,po, +B,0, (3.45)
It is apparent from (3.44) that the produced torque is composed of two distinct
mechanisms. The first term corresponds to “reluctance torque” due to the saliency
(difference in the d-axis and g-axis reluctance or inductance), while the second term

corresponds to the “excitation torque” occurring between i, and the permanent magnet A,

3.3 Mathematical Model of 4S3P Inverter

The power circuit of the PMSM fed from 4S3P voltage source inverter is shown in Fig.
3.4. The circuit consists of two parts; first part is a front-end rectifier powered from single
phase supply. The output dc voltage is smoothed through a two series connected
capacitors. The second part of the power circuit is the three phase four switch inverter. The
maximum obtainable peak value of the line voltages equals V. In the analysis, the inverter
switches are considered as ideal switches. The output voltages are defined by the gating

signals of the two leg switches and by the two dc link voltages, V.
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The phase voltage equations of the motor can be written as a function of the switching

Figure 3.4 PMSM fed from a four switch inverter.

logic of the switches and the dc-link voltage V4 [11] by

V, = %[45‘, =38, <1] (3.46)
v, = %[43; ~28, -1] (3.47)
Vv, = %[- 38 08 521 (3.48)

where, V,, V3, V. are inverter output voltages; ¥ is voltage across the dc link capacitors;
S.., Sy are switching function for each phase leg.

In matrix form the above equations can be written as

v, . 4 =2 . -1
v, =$ -2 4 |+ ; -1 (3.49)
v, =3 =2 2

For a balanced capacitor voltages, the four switching combinations lead to four voltage
vectors as shown in Fig. 3.5 [11]. Table 3.1 shows the different mode of operation and the
corresponding output voltage vector of the inverter. Fig. 3.6 shows the waveforms for the

3-phase voltages obtained from the inverter operation.
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Figure 3.5 Switching vectors for a four switch inverter.

Table 3.1: Inverter Modes of Operation

Switching function Switch on Output voltage vector
Sa Sh Va Vi Ve
0 0 T, Ty | -Va/3 | -Va/3 | 2V4/3
0 1 T, T; -V Vi 0
1 0 T, Ty Ve -V 0
1 1 T, Ts | Va/3 | Va/3 | -2V4/3
V.a

S

B
"

"Vdc
Vc &

2V4o/3 _I

— ]

R

0
-2V4./3 I_l

Y
¥

L]

Figure 3.6 Waveforms for 3-phase voltages.
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3.4 Controller Models

Automatic control has played a vital role in the advance of engineering and science. An
automatic controller compare the actual value of the plant output with the reference input
(desired value), determine the deviation and produces a control signal that will reduce the
deviation to zero or to a small value. The manner in which the automatic controller

produces the control signal is called control action.
3.4.1 PI Controller

A PI controller responds to an error signal in a closed control loop and attempts to adjust
the controlled quantity to achieve the desired system response. The controlled parameter
can be any measurable system quantity such as speed, torque, or flux. The benefit of the PI
controller is that it can be adjusted empirically by varying one or more gain values and
observing the change in system response. A digital PI controller is executed at a periodic
sampling interval. It is assumed that the controller is executed frequently enough so that
the system can be properly controlled. The error signal is formed by subtracting the desired
setting of the parameter to be controlled from the actual measured value of that parameter.
The sign of the error indicates the direction of change required by the control input. The
Proportional (P) term of the controller is formed by multiplying the error signal by a P
gain, causing the PI controller to produce a control response that is a function of the error
magnitude. As the error signal become larger, the P term of the controller becomes larger
to provide more correction. The effect of the P term tends to reduce the overall error as
time elapses. However, the effect of the P diminishes as the error approaches zero. In most
systems, the error of the controlled parameter gets very close to zero but does not
converge. This results in a small remaining steady state error. The Integral (I) term of the
controller is used to eliminate the steady state errors. The I term calculates a continuous
running total of the error signal. Therefore, a small steady state error accumulates into a
large error value over time. This accumulated error signal is multiplied by an I gain factor

and becomes the I output term of the PI controller.

For a controller with proportional control action, the value of the controller output u(?) is
proportional to the actuating error signal e(?). That is,
u,()=K e(t) (3.50)
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For a controller with integral action, the value of the controller output u(?) is changed at a

rate proportional to the actuating error signal e(?). That is,
u, (0) = K, [e(t)dt (3.51)
0

PI controller combines the function of proportional and integral controllers. So, in case of

PI control action, the controller output will be,
4

u(t)=K e(t)+ K, [e(r)dt (3.52)
0

From (3.52) we get by Laplace transformation

U(s) _ K,
E(s) Ky e (3.53)

The block diagram of a PI controller is shown in Fig. 3.7.

= K,
_ +

Desired 0 e(t) % 2 Actual
system = System >

3 u(t) system
response

= Output of the iEhoRe
controller

Figure 3.7 Block diagram of a PI controller.

3.4.2 Hysteresis Current Controller

The hysteresis modulation is a feedback current control method where the motor current
tracks the reference current within a hysteresis band. Hysteresis current controller can be
implemented to control the inverter currents. The controller will generate the reference
currents with the inverter within a range which is fixed by the width of the band gap. In
this controller the desired current of a given phase is summed with the negative of the

measured current. The error is fed to a comparator having a hysteresis band. If the current
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exceeds the upper limit of the hysteresis band, the upper switch of the inverter arm is
turned off and the lower switch is turned on. Therefore, the current starts to decay. If the
current crosses the lower limit of the hysteresis band, the lower switch of the inverter arm
is tumed off and the upper switch is turned on. As a result, the current gets back into the
hysteresis band. Hence, the actual current is forced to track the reference current within the

hysteresis band. Fig. 3.8 shows the hysteresis band with the actual current and the resulting

gate signals.
Upper Band
Hysteresis Band HB
2HB 1 A Lower Band
S AR HB
Sine N Actual Current
reference
wave
\
\
A\
0 I8 wt
- S j S ey e p— s
0 wt

o o | ! e o b e b

Voltage wave

Figure 3.8 Hysteresis controller.

3.5 Conclusion

In this chapter, mathematical models of PM machines are established in both stationary
reference frame and the rotating reference frame with respect to the PM motors with and
without saliency, e.g., IPM and SPM. By using the Park’s transformation, all time-varying
inductances in the voltage equations are eliminated and in turn the models are simplified
and vector control algorithms can be implemented. Using the 4S3P inverter model, the
equations of the supplied voltage to the motor is obtained. Besides, control techniques of

PI controller and hysteresis current controller are discussed clearly.

33



CHAPTER IV

Artificial Neural Network and Proposed Control System

4.1 Introduction

High performance drive systems using PMSM drives require the instantaneous knowledge
of the positions of rotating phase variables. For field orientation, stator flux magnitude and
rotor position information are very important to implement the control laws. There are
several methods reported in the literature to estimate the stator flux magnitude and position
accurately and robustly. In this study Artificial Neural Network (ANN) based stator flux
estimator is proposed. A brief discussion on ANN’s and their Real Time Recurrent
Learning (RTRL) method are described at the beginning of this chapter. Finally,

description on the proposed PMSM control scheme will be presented.
4.2 Artificial Neural Network

An ANN is an information processing paradigm that is inspired by the way biological
nervous systems work, such as the brain processes information [31]. The key element of
this paradigm is the novel structure of the information processing system. It is composed of
a large number of highly interconnected processing elements (neurons) working in unison
to solve specific problems. ANN’s like human beings, learn by example. An ANN is
configured for a specific application, such as pattern recognition or data classification,
through a leaming process. Learning in biological systems involves adjustments to the
synaptic connections that exist between the neurons. This is true for ANN’s as well. The
use of neural networks offers the following useful properties and capabilities:

e Nonlinearity

e Input-output mapping

e Adaptivity

* Evidential response

e Contextual information

e Fault tolerant

e VLSI implementation

o Uniformity in analysis and design

e Neurobiological analogy
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4.2.1 Models of a Neuron

A neuron is an information-processing unit that is fundamental to the operation of a neural
network. The block diagram of Fig. 4.1 shows the model of a neuron [31], which forms the
basis for designing (artificial) neural networks. Here we identify three basic elements of

the neuronal model:

e A set of synapses or connecting links, each of which is characterized by a weight

or strength of its own. Specifically, a signal x; at the input of synapse j connected
to the neuron & is multiplied by the synaptic weightw,;. It is important to make a
note of the manner in which the subscripts of the synaptic weight w, are written.

The first subscript refers to the neuron in question and the second subscript refers to
the input end of the synapse to which the weight refers. Unlike a synapse in the
brain, the synaptic weights of an artificial neuron lie in a range that includes
negative as well as positive values.

e An adder for summing the input signals, weighted by the respective synapses of
the neuron; the operations described here constitutes a linear combiner.

e An activation function for limiting the amplitude of the output of a neuron. The
activation function is also referred to as a squashing in that it squashes (limits) the

permissible amplitude range of the output signal to some finite value.

The neuronal model of Fig. 4.1 also includes an externally applied bias, denoted by b, that

has the effect of increasing or lowering the net input of the activation function, depending

on whether it is positive or negative, respectively.

In mathematical terms; a neuron k is written by the following pair of equations:

u, = zlwijf (4.1)
=
and
v, = @lu, +b,) (42)
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where, x;, X2, ... ... ... X, are the input signals, Wy;, Wea, ... ... ... Wiy are the synaptic
weights of neuron %, u; is the linear combiner output due to the signals, b is the bias, ¢(.) 1s

the activation function and y; the output signal of the neuron.

Bias
Activation
Function
X2 O—O@\ Vi _ Output
Y —*00) —wn
Summing =
junction

Input signals Synaptic weights

Figure 4.1 Nonlinear model of a neuron.

The use of bias b, has the effect of applying an affine transformation to the output u; of the

linear combiner in the model of Fig. 4.1, as shown by:

v, =uU, +b, (4.3)
Bias b, >0
» Bias by =0
Induced Bias b, <0
local field

/ _
/ Linear combiner’s
/ Output, uy

Figure 4.2 Affine transformations produced by the presence of a bias;

where vi= by at u,= 0.

In particular, depending on whether the bias by is positive or negative, the relationship

between the induced local field or activation potential v; of neuron k and the linear
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combiner output u; is modified in the manner will be illustrated later; hereafter the term
“induced local field” is used. It can be noted that as a result of this affine transformation,
the graph of v; verses u; no longer passes through the origin. The bias is external
parameters of artificial neuron &. We may account for its presence as in (4.2). Equivalently,

we may formulate the combination of (4.1) to (4.3) as follows:

m

Vi = WX, (4.4)
Jj=0

and  y, =o(v,) (4.5)
In (4.4) we have added a new synapse. Its input is:

xo = +1 (46)
and its weight is:

Wi =0 4.7

We may therefore reformulate the model of neuron £ as in Fig. 4.3.

Fixed input,
K0:+ 1

O-—m{Wko | Wko= bx (bias)

Activation

Function

P

" i Output
Y s 0() >y

b E._._._—l
% * Summing
junction

Xm

Input signals  Synaptic weights
(including bias)

Figure 4.3 Another nonlinear model of a neuron.

In this figure, the effect of the bias is accounted for by doing two view points:
(1) Adding anew input signal fixed at +1, and
(2) Adding a new synaptic weight equal to the bias .
Although the models of Figs. 4.1 and 4.3 are different in appearance, they are

mathematically equivalent.
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4.2.2 Real Time Recurrent Learning Algorithm

The property that is of primary significance for a neural network is the ability of the
network to leam from environment, and to improve its performance through learning. A
neural network leams from its environment through an interactive process of adjustments
applied to its synaptic weights and bias levels. Ideally, the network becomes more
knowledgeable about its environment after every iteration of learning process. The
definition of learning in the context of neural network is [31]: “Learning is a process by
which the free parameters of a neural network are adapted through a process of simulation
by the environment in which the network is embedded. The type of learning is determined

by the manner in which the change of parameters takes place.”
The RTRL algorithm derives its name from the fact that adjustments are made to the

synaptic weights of a fully connected recurrent network in real time. Fig. 4.4 shows the

layout of such a recurrent network [31].

. ophad '
State | | | B | Output
by ———— & 2 | :
vectors | | e e ; vectors
| — X % | y(m+1)
x(n) | o 4 F | .

Bias —» -

Input — ".‘( N
vectors Al _'_‘I ._: A
u(n) —r‘_f':-—-——'————-_h'-"i = 4

Figure 4.4 Fully connected real time recurrent network.
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In mathematical terms, the dynamical behavior of any noise free system can be described
by the following pair of nonlinear equations:
x(n +1)= p(W,x(n) + W,u(n)) (4.8)
¥(n)=Cx(n) (4.9)
where, x(n) is the g-by-/ nonlinear state matrix, u(n) is m-by-/ input matrix, y(n) is the p-
by-/ corresponding output matrix, W, is the g-by-q matrix, W} is the g-by-(m+ 1) matrix,
and C is the p-by-¢g matrix.
The process equation (4.8) in the state-space description of the network is written in the
following form:
W £(n)]

x(n+1)=| oW £(n)) (4.10)

W Em)) |

It is assumed that all the neurons have a common activation function ¢(-) . The (g+m+1)-

by-1 vector w;is the synaptic weight vector of neuron j in the recurrent network, that is:

W. = s T Ll g =
1 “,b’j 'j E

respectively. The (g+m+1)-by-1 vector:

¢ (ﬂ) = [ﬁ: ﬂ (4.12)

The last elements of u(n) is +1 and, in a corresponding way, the first element of w, ; 1s
equal to the bias b, applied to neuron /.
The g-by-(g+m+1) partial derivative matrix of the state vector x(n) with respect to the

weight vector w o

(n) I =12 wnssq (4.13)

AJ. (}1) = ;j (n)
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U, (n) is a g-by-(g+m+1) matrix whose rows are all zero, except for the jth row that is
equal to the transpose of vector &7 (n):
0"
U,(n)= )|« jthrowj=12,......q (4.14)
OT
@(n) is a g-by-g diagonal matrix whose kth diagonal element is the partial derivative of the

activation function with respect to its arguments, evaluated at wf: £(n):

o(n) =diag|:qo'[WlT§(n)j,¢'(W; g(n)], ......... ,qo'(wgg(n)ﬂ (4.15)
With these definitions, the following recursive equation A; for the neuron j can be
obtained by differentiating (4.10) with respect to w, and using the chain rule of calculus:

Aj_(n +1) = pn)W, (WA (W +U, (0], j=12,.......9 (4.16)

The objective of the learning process is to minimize a cost function obtained by the

instantaneous sum of squared errors at time », which is defined in terms of e(r) by
£(n) = %er (n)e(n) (4.17)

where the p-by-1 error vector e(n) is defined by using the measurement equation:
e(n)=y(n)-y(n) (4.18)
where y(n)denotes the desired output vector. The adjustment for the weight vector of the

Jth neuron, AW, is:

R ()
j oW ,(n)

=nCA;(n)e(n), j=12.......q9 (4.19)

4.2.3 Proposed Stator Flux Estimation Methodology

The main problem of the integration in flux estimation as used in high performance
electrical drives is the presence of dc biases which affect the accuracy of the flux
estimation [32]. In particular dc drifts are always present in the signal before it is
integrated, which causes the integrator to saturate with a resulting inadmissible estimation

error. Moreover, a dc bias also appears at the output of the integrator because of the initial
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conditions. Then it is necessary to filter the dc components of the signals both before and
after it is integrated, without being affected by those errors which arise at low frequencies
when LP filters are used. The idea is then to use an adaptive filter used as a notch filter to
cut off the dc component adaptively. The use of a fixed notch filter is here infeasible
essentially because it would be too complex and computationally cumbersome, while the
adaptive filter here used is very simple. On the other hand, the adaptation time is not at all

critical for the application under study.

Primary
Si gna.l Input
Source | >Z
Reference
Noise hl?{t
Source i

Figure 4.5 Block diagram of neural network filter.

Fig. 4.5 shows the block diagram of a neural filter or adaptive noise canceller, as called in
[33]. The input signal is the signal affected from noise, and it can be considered as s+n;
where s is the signal and ny is the noise, uncorrelated with the signal. This input signal s+ny
is the so-called “primary input” to the neural filter. Let then a second noise n; be received
by the neural filter and let this noise be also uncorrelated with s, but in a way correlated
with ng. This second noise is the so-called “reference input” to the neuron. The noise n; is
given as input to the neuron and the output y is then subtracted to the primary input so as to

obtain the system outputz =s+n, —y, which is also the error & between the primary
input and y. The reference input is processed by the linear neuron by a least-squares

algorithm in order to minimize the total power output E[ £2] where E[] is the expectation

function. This goal is reached by feeding back the output signal z to the linear neuron. If
this minimization is reached, then also E[ (n0 - y)2] i1s minimized as the signal power

E[s?] is not affected. This is the same as approximating s with £ in a least squares sense.
Consequently, the minimization of the total power output implies the maximization of the

output signal-to-noise ratio. It must be emphasized that only an approximate correlation
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between the noises #, and ny is necessary, and nothing more. In the case of the problem at
hand, the noise ng is the dc component. So a notch filter with a notch at zero frequency can
be achieved if a neuron with only one bias weight is used, i.e., a neuron whose input is a

constant, e.g., -1.

" 2y . T
)
by ¥

Neural filter 1 Neural filter 2

Figure 4.6 Neural filter based integrator.

Fig. 4.6 shows the adaptive integrator with two identical neural notch filters before and
after the pure integrator. The learning law of the neural adaptive filter is then

Vet = Vi + 208 = v, + 2p{dy ~ ) (4.20)
where k is the actual time constant, d; is either e (in the first notch filter) or the output of
the integrator (in the second notch filter) and g is the learning rate. This signal weight
neuron is able to remove not only a constant bias but also a slowly varying drift in the
primary input [33]. It should be remarked that two neural filters must be used in the neural
based integrator: the neural filter 1 eliminates the dc component of the signal to be
processed, the neural filter 2 eliminates the dc drift appearing at the output of the integrator
because of the initial conditions and of the filtering error of the neural filter 1 during its
adaptation. The linear neuron based integration method will also be compared with another
neural integrator developed. In neural integration algorithm the flux-linkage y is obtained
from emf e by an integration method accomplished by a Programmable Cascaded Low
Pass Filter (PCLPF) implemented by a hybrid neural network consisting of a Recurrent
Neural Network (RNN) and a feed-forward artificial neural network. Here only the
fundamentals are described, in accordance with [34], if two identical low-pass filters are
cascaded (PCLPF), transfer functions in the z-domain given by

ne)_ k) ke

= — 421
) e " wk) 1 W
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where E(z), y,(z), w(z) are, respectively, the z-transforms of the input signal e(k), the

T
output of the first filter v, (k) and the output of the second filter w(k), @ =1-—=, 7, is
T

)

- . T _
the sampling time, 7z the time constant of each component filter, K = Lé—]a’r G is the

amplitude of the compensation gain of the PCLPF.

An equivalent RNN is then suggested which results in the following matrix equation:

Aas(k+D) | Wy Wy, [ Aaa(®) | [ ], W, i
[l.ja(kﬂ)]{wn Wn]!:lps(k)}+[Wz3]lw(k)+|:py2jfﬁ(k) {WH]EM(A:) 422)

4
Estimated angle, 6 = tan™ [A—ﬁ‘} (4.23)

(743

> Aas(k‘Fl)

s A (k+1)
Figure 4.7 Stationary a- and #-axis stator flux estimation by CRTRL algorithm.
where W, Wi, Wi, Wa,, etc are the weights of the RNN, which is shown in Fig. 4.7. The
RNN weights are dependent on the sampling frequency of the control system: this means

that a retraining of the RNN is required if the sampling frequency varies.

4.3 Proposed PMSM Control Scheme

The proposed vector control scheme is shown in Fig. 4.8. The speed error (E,,) is processed

through a PI controller to generate the torque producing component of the stator current

(i'). The magnetizing component of the stator current (i,,) is obtained from flux program.
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i and i, are then used to generate the reference currents i, and i,. The rotor angle
required for vector rotation is obtained from RNN based flux and position estimator. Two
independent hysteresis current controllers with a suitable hysteresis band are used to
command the motor currents i, and i, to follow the reference currents. The hysteresis
controllers also generate four switching signals which fires the power semiconductor
devices of the three phase inverter to produce the actual voltages to the motor. The three

phase motor currents i, i, and i, are transformed into a-, and f-axis components through

Clarke’s transformation. A speed transducer is used to measure the speed of the PMSM

accurately.
AC Supply
Front-end
Rectifier
i | Hysteresi e
+ I lo | Hysteresis [ o 4S3P
Oref 5 PI B Vector = Clsret Tj S
; Controller Rotator Ip Confidlles Inverter
(O !
Flux jm 7]
Program E, RNN Flux | Jas Clarke

> and Position
Estimator [«

Ips|  Transform

Speed Transducer

Figure 4.8 Proposed control scheme of the PMSM.

4.3.1 Adjusting the PI Gains

When tuning a PI controller for first time, the I gain is set to zero. Then the P gain is
increased until the system responds well to set point changes without excessive overshoot
or oscillations. Using lower values of P gain will “loosely” control the system, while higher
values will give ‘tighter’ control. At this point, the system will probably not converge to
the set point. After selecting a reasonable value of P gain, the I gain is increased slowly to

force the system error to zero. Only a small amount of I gain is required in most systems.

44



The effect of I gain, if large enough, can overcome the action of the P term, slow the
overall control response and cause the system to oscillate around the set point. If
oscillation occurs, reducing the I gain and increasing the P gain will usually solve the
problem. There is a single PI control loop in this application. The selection of suitable
values for gain constants is carried out for different combinations of K, and K; after having

their initial guesses following the ideas in [35].

4.3.2 Flux Program

In constant-torque region the torque can be controlled by i, whereas stator flux ( 4,) can be
maintained at a value determined by the flux program. The proposed control system
incorporates a flux control loop where the stator flux command (4} ) is generated through
the flux program. The flux loop then generates magnetizing component of the stator
current (i) and helps maintaining the desired A, irrespective of parameter variation

effect.
4.3.3 Coordinate Transforms
4.3.3.1 Vector Rotator

The first coordinate transform, called the vector rotator, moves a two axis, two dimensional

coordinate system, referenced to the stator, onto a three axis system, keeping the same
reference. In this application, the command i, and i; signals are processed through vector
rotator to generate the three phase current commands for the hysteresis current controller.
The stationary axes a-, b-, ¢-, their two phase equivalents «-, f-, and the rotating axes of
the PMSM are shown in Fig. 4.9.

The reference currents are formulated as follows:

ir =i cosf—i, sind (424)
iy =i cos(8 —120%)—i; sin(6-120") (4.25)
i =i cos(8+120")—i; sin(6 +120°) (4.26)
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Figure 4.9 Stationary and rotating axes of PMSM.

4.3.3.2 Clarke Transform

The Clarke transform converts the stationary 3-axes (a-, b-, ¢-) quantities to stationary 2-

axes (a-, f-) quantities by the following equations:

1 1

fm:fa—aflb—'afc (42?)
B
i g :T(Ib —i,) (4.28)

4.3.4 Hysteresis Current Control Technique

The main task of the current controller is to force the current vector in the three phase load
according to a reference trajectory. The block diagram of a three-phase hysteresis current
controller is shown in Fig. 4.10. The scheme compares the phase currents with the desired

values within the Hysteresis Band (HB) to take decision on switching of inverter transistor.

The switching logics are formulated as given below:
if i, < (i, -HB) T, on and T off
if i,> (i, + HB) T, off and T on
if i, < (i, - HB) T; on and Ty off

if i, > (i;+ HB) T; off and T, on
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Figure 4.10 Hysteresis current controller block diagram.

4.4 Conclusion

In this chapter an idea concerning position sensorless control has been presented. The aim
of this research was to find a position estimation scheme for the PMSM that is capable of
working under all operating conditions, i.e. from zero to high speed and zero to full load.
Therefore, a RNN based stator flux and rotor position estimator is proposed. Beside this,
the application of PI controller and hysteresis current controller in the vector control of the

PMSM drive is described briefly.
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CHAPTER V

Simulation Results and Discussions

5.1 Introduction

This chapter deals with the simulation results of the PMSM drive system. A simulation
study is conducted in order to test the performance of the drive system. The system under
consideration is simulated in C++ environment. The machine model is considered in d-¢g
axes frame. The state space equations are solved with Runge-Kutta-Gill subroutine. The

sampling time for simulating the system is 5 ps. Reference phase currents are generated
from the torque and magnetizing currents i, and i), . The phase voltages V,, V;, and V,

resulting from the hysteresis current controller are transformed into d- and g-axis quantities

V, and V. Currents obtained from simulation model are transferred to get the actual

phase currents. The rating and motor parameters used in this simulation are given in
Appendix. The simulation results for different operating conditions are listed in the

subsequent sections.

5.2 RNN based Stator Flux and Rotor Position Estimation

The effectiveness of the proposed flux estimator along a-f axes needs to be verified before
implementing it in the drive system. The weights of the RNN are obtained by training the
neural network by CRTRL algorithm and are provided in Appendix. Real time flux
components calculated from exact values of motor variables are computed and compared
with the estimated flux components. Figs. 5.1.1 and 5.1.2 give a comparison between the
actual and estimated values of a-f axes stator fluxes and rotor angle for the 4S3P inverter
fed drive under transient and steady-state conditions when the motor runs at 1500 rpm. Fig.
5.1.3 gives a comparison between the actual and estimated values of the stator fluxes and
rotor angle for the 4S3P inverter fed drive when the motor runs at 150 rpm. A complete
matching of the variables is indicated in the figures. The performance of the RNN
estimator is also investigated for 6S3P inverter fed PMSM drive. Fig. 5.2.1 to Fig. 5.2.3

show the estimated and actual values of a-f axes stator fluxes and rotor angle for the 6S3P
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inverter fed drive. Clearly, the proposed RNN estimator can be used to accurately estimate

stator flux components and rotor angle at both high- and low-motor speeds.
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Figure 5.1.1 Actual and estimated responses of (a) a-axis stator flux, (b) f-axis stator flux.
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Figure 5.1.2 Actual and estimated responses of (a) a-axis stator flux, (b) f-axis stator flux,

and (c) Rotor angle for the 4S3P inverter fed PMSM drive (runs at 1500 rpm) under
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Figure 5.1.3 Actual and estimated responses of (a) a-axis stator flux, (b) f-axis stator flux,

and (c) Rotor angle for the 4S3P inverter fed PMSM drive (runs at 150 rpm) under

transient and steady-state conditions.
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5.3 Starting Performance of the PMSM Drive

The motor was started with a command speed of 1500 rpm and load torque of 1.0 N.m
from standstill condition. At t=0.45 second the motor reaches to the command speed. Fig.
5.3 and 5.4 show the stator voltages supplied to the motor by the 4S3P and 6S3P inverters,
respectively. In case of 4S3P inverter the a-phase and b-phase voltages have almost similar
characteristics but the c-phase voltage is different in nature. Therefore, the 3-phase
voltages produced by the 4S3P inverter are in unbalanced condition. Whereas, the 6S3P

inverter produces balanced 3-phase voltages for driving the motor.
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Figure 5.3 Stator phase voltages for the 4S3P inverter fed PMSM: (a) V.. (b) Vs, (¢) V..

[ v
200 v, 200 —Vv}— 200
= 1004 = 100 = 100
< < 2
A = “
5 u P
¥ g ° g’
2 s E
-100 -1004 =100
— LRI -__|
05000 05001 05002 05003 05004 05000 05001 05002 05003 05004 05000 05001 05002 05003 05004
Time (second) Time (second) Time {second)
(a) (b) ()

Figure 5.4 Stator phase voltages for the 683P inverter fed PMSM: (a) V., (b) Vy, (¢) V..

Figs. 5.5 and 5.6 show the speed response, developed electromagnetic torque, command
currents and actual motor currents for the PMSM drive with 4S3P and 6S3P inverter
respectively. In both cases the actual speed follows the command speed accurately without

steady-state error and oscillations. It is also observed that higher electromagnetic torque is
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developed during the motor acceleration. Some oscillations in electromagnetic torque is
noticed which is due to switching of the devices with hysteresis controller. Difference
o between developed and load torques is due to viscous damping torque of the drive system.
The three phase command currents are obtained from vector rotator. The three phase actual
moors currents are obtained using Park's reverse transformation. It is noticed that the motor
follows the command currents efficiently. The currents obtained from 4S3P inverter fed
drive seem to be slightly non-sinusoidal in nature. But this unbalanced characteristic of the

4S3P inverter does not hamper the speed response of the drive.
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Figure 5.5 (a) Speed, (b) Developed electromagnetic torque, (c) command currents, and (d)
actual motor currents for the 4S3P inverter fed PMSM drive.
-
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Figure 5.6 (a) Speed. (b) Developed electromagnetic torque, (c) command currents, and (d)

actual motor currents for the 6S3P inverter fed PMSM drive.

5.4 Performance under Different Operating Conditions

The performance of the PMSM drive under different operating conditions was also
investigated in order to verify the robustness of the proposed control scheme. The

corresponding responses and their descriptions are given in the following sub-sections.

5.4.1 Sudden Change of Load Torque

Initially the motor was started from standstill with load torque 1 N.m. Suddenly at t=1.0
second the load torque was increased to 2.0 N.m. The estimated rotor angle and the speed

responses for change of load torque are given in Figs. 5.7(a) and (b). Sudden change of
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load torque does not affect the position estimation and causes a negligible oscillation in

speed. Figs. 5.7(c) and (d) show the corresponding torque and motor currents. The motor

currents increase after 1.0 second due to the increase of load torque.
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Figure 5.7 (a) Estimated rotor angle, (b) Speed, (c) Developed electromagnetic torque, and

5.4.2 Variation of Stator Parameters

(d) Three phase currents for the proposed PMSM drive for change of load torque.

To observe the effect of parameter variations, the motor stator resistance was doubled

(keeping other parameters constant) at t=1.0 second. Fig. 5.8(a) shows the effect of stator

resistance change on angle estimation. The estimated angle still follows the actual angle.

Thus the change in resistance has negligible effect on the accuracy of rotor position

estimation. Fig. 5.8(b) shows the effect of stator resistance change on speed response. The

speed does not drop at all due to change of stator resistance. Thus the drive performance is
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insensitive of stator parameter variation. Figs. 5.8(c) and (d) show that the developed

torque and motor currents are also insensitive to stator parameter variation.
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Figure 5.8 (a) Estimated rotor angle, (b) Speed, (c) Developed electromagnetic torque, and

(d) Three phase currents for the proposed PMSM drive for change of stator resistance.

5.4.3 Speed Reversal

Speed reversal is an essential requirement for high performance PMSM drives. Therefore,

to monitor the effect of speed reversal, the command speed of the motor was reversed from

1500 rpm to -1500 rpm at t=0.6 second and again to 1500 rpm at t=1.4 second. Fig. 5.9(a)

shows estimated rotor angle when the motor runs at -1500 rpm. There is slight error

between the estimated and actual angle but it is within the acceptable limit. The speed




response for different set speeds is shown in Fig. 5.9(b). It is observed that the drive

system follows both the forward and reverse direction reference track very quickly. The

impact on developed electromagnetic torque and motor current due to speed reversal is

shown in Fig. 5.9(c) and (d). The proposed control scheme produces less torque fluctuation

at steady-state condition.
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Figure 5.9 (a) Estimated rotor angle, (b) Speed, (c) Developed electromagnetic torque, and
(d) Three phase currents for the proposed PMSM drive under speed reversal.

5.4.4 Ramp Speed Change

Like as speed reversal, ramp speed is also an essential requirement for high performance

PMSM drives. The controller set speed was gradually increased from zero and at time

t=1.0 second it remained constant to 1500 rpm value. The estimated rotor position. speed



response, developed electromagnetic torque and motor currents are shown in Fig. 5.10. The
motor follows the command speed from the starting without any oscillation and steady-

state error. The developed torque response is also similar to the starting performance.
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Figure 5.10 (a) Estimated rotor angle, (b) Speed. (c) Developed electromagnetic torque,
and (d) Three phase currents for the proposed PMSM drive under ramp speed change.

5.4.5 Sudden Disturbance Torque

A sudden load torque disturbance (1.5 N.m) for a very short duration of 0.1 second was
applied to the PMSM drive at time t=1.0 second. Fig. 5.11(a) shows the actual and
estimated rotor angle of the motor at that time period. The speed response of the PMSM is
shown in Fig. 5.11(b). Simulation studies show that the proposed control scheme is still

capable to estimate the rotor angle accurately. Besides, the motor speed is insensitive to the
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sudden torque disturbance. Fig. 5.11(c) and (d) show the corresponding developed torque

and motor currents.
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Figure 5.11 (a) Estimated rotor angle, (b) Speed, (c) Developed electromagnetic torque,
and (d) Three phase currents for the proposed PMSM drive for sudden disturbance torque.

5.4.6 Presence of Computational Errors

There is always some instrumental error present in physical system. For the robusiness test
+8% instrumental error was introduced to the inverter dc voltage. The estimated and actual
rotor angle of the PMSM is shown in Fig. 5.12(a). It is observed that the presence of
computational error does not affect the estimation. The performance of motor speed,
developed torque, and stator currents are presented in Fig. 5.12(b) to Fig. 5.12(d).
Depending on the performances it can be claimed that the performance of the proposed

control scheme is insensitive to the computational error within the range of -8% to 8%.
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Figure 5.12 (a) Estimated rotor angle, (b) Speed. (c) Developed electromagnetic torque.
and (d) Three phase currents for the proposed PMSM drive for computational error.

5.5 Conclusion

W A detailed simulation model for the PMSM drive system has been developed and analyzed
to investigate the performance of the proposed control scheme. A comparison of 4S3P
inverter fed drive and 6S3P inverter fed drive is given. It is found that the 4S3P inverter
fed drive provides almost similar speed, torque, and current responses as that of 6S3P
inverter fed drive. The proposed RNN stator flux and rotor angle estimator is found to
work accurately. The hysteresis current controller allows faster simulations with reduced
time and computational resources. A speed controller has been designed successfully for
the PMSM drive system so that the motor runs at the command speed. The proposed drive
is also sufficiently stable and robust to load disturbances, perturbation of parameters,

. computational error and several other effects.
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CHAPTER VI

Conclusions and Suggestions for Future Works

6.1 Conclusions

This dissertation covers two major issues and solutions dealing with cost-effective position
sensorless control of permanent magnet synchronous motors over wide speed range. It
accommodates the robust insensitive features of ANN estimator and advantages of 4S3P
inverter. The 4S3P control system reduces the cost of the three phase inverter, the
switching losses, and the complexity of the control algorithms. A detailed simulation
Turbo C++ model for the PMSM drive system is developed and operation under different
operating conditions is studied. The simulation results demonstrate the acceptability of the

proposed control methodology for high performance application.

The first goal of this research was to find an optimal method to estimate the rotor position
of the PMSM. Stable operation over wide speed range was also required. Therefore,
recurrent neural network based stator flux and rotor position estimator is utilized. The
weights of the neural network are obtained by training the network using correlated real
time recurrent learning algorithm. The proposed estimator estimates a- and f- axis stator
fluxes and found to work satisfactorily under transient and steady-state conditions. The
estimated stator flux components are then used to estimate the position of the rotor and
provide accurate results under both transient and steady-state conditions. The RNN
estimator is capable to estimate the stator fluxes and rotor angle at low motor speed. The

estimator is also accurate and robust to perturbation of parameters.

The vector control scheme is incorporated in the drive system to achieve high performance
at different operating conditions. A PI speed controller is designed successfully for close
loop operation of the PMSM drive system so that the motor runs at the command or
reference speed. The switching logics of the 4S3P inverter are such that three voltages
supplied to the motor are unbalanced. For this reason, in this study the voltages fed by the
4S3P inverter are found unequal. But it does not affect the speed response of the motor.

The starting performance of the PMSM shows that the proposed control scheme produces
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very fast response of the PMSM drive. The motor reaches to the command speed at 0.45
second and follow it without any steady-state error. The starting developed torque is almost

twice the steady-state torque. The three phase stator currents are almost sinusoidal.

The performance of the PMSM drive is also investigated for different operating conditions.
The proposed control scheme provides good speed response of the motor when the load
torque fluctuates from its initial value. The PMSM drive follows the reference track very
quickly during speed reversal and ramp change of speed. The system is also found robust

against computational errors present in the physical system.

Based on the results from previous chapters and the above discussion it can be conclude
that the proposed CRTRL based 4S3P control scheme is suitable for present industry

applications.

6.2 Suggestions for Future Works

The research work presented in this dissertation provides a methodology to utilize the
ANN for position sensorless operation of PMSM drive. The proposed system may be
implemented in practical environment and compares the practical results with those
obtained from this study. It is suggested that this work can also be tested for a Reluctance
Synchronous Machine (RSM) with distributed stator winding, and a Permanent Magnet
Assisted Reluctance Synchronous Machine (PMARSM) in order to verify the effectiveness

of the proposed control methodology.

Selection of proper controller parameters is a challenge for the researchers in high
performance drives. To produce required variable dynamics from the drive system PI
controller constants may be obtained using online tuning through genetic or evolutionary
algorithms. Further, the researchers may work with fuzzy-neuro estimators instead of RNN
estimators. Newly introduced training methods, such as particle swarm optimization or
bacterial foraging technique may be tested for training the estimators. These flux and

position estimators are expected to work effectively under all operating conditions.
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APPENDIX

PMSM Parameters and Nameplate Data/Rating:
Rating:

3-phase, 1 hp, 208V, 3A, 2-pole pair.

Parameters:
Table A1: PMSM Parameters
SI. No. Parameters Values in SI units

1 Stator resistance, r; 130

2 d-axis inductance, Ly 0.04244 H

S g-axis inductance, L, 0.07957H

4 Motor inertia, J,, 0.003 Kg-m”

5 Friction coefficient, B,, 0.001 N-m/rad/s

6 Magnetic flux constant, y | 0.311 Volts/rad/s
Weights of the RNN:

W]] = sz = 0.1, ng = WH =5 0.0001, W13 2 W24 5 0.068, W14 = -W23 = 0.05, Wls — w25
=0.0001.
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