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ABSTRACT

Electric motors are the prime mover of the growing industries. Motion control with electric
drives is always a challenge for researchers and technologists. According to the technological
progress adjustable speed drives are preferred over constant speed drives because of several
reasons like energy saving, velocity or position control for good transient response etc. DC
motors have been used widely in variable speed drive systems for many decades. On the other
hand, due to some of the disadvantages, like recurrent maintenance, increased cost due to
commutators and brush, motivated researchers to develop AC motors. Although Induction
Motors (IM) have been widely used and considered as a workhorse in the industry but slip
power loss and lagging power factor limits the use of induction motor drives. Synchronous
motor attracts researcher to overcome these limitations. However, the conventional wire
wound synchronous motors suffers from necessity of extra power supply for field excitation.
To meet the increasing application demand of adjustable speed drive researchers and
technologist have been persistent in their efforts to develop new machines like Brushless DC
(BLDC) motor, Switched Reluctance Motor (SRM), and Permanent Magnet Synchronous
Motor (PMSM). With the advancement of permanent magnet material PMSM becomes the

most promising and fastest growing machine for variable speed drive.

Permanent magnet synchronous motors gained wide spread popularity and acceptance in
adjustable speed drive due to its interesting characteristics like high efficiency, high air gap
flux density, high torque-to-inertia ratio, high power density, high acceleration and
deceleration rates, lower maintenance cost, simplicity and ruggedness. In a PMSM the
excitation is provided by the permanent magnets on rotor which eliminates the external
excitation requirements. The elimination of excitation winding reduces the cost and power
loss. Compared to DC motor PMSM has some advantages, which includes compact size, less
maintenance, longer life. On the other hand it also has some advantages over induction motor

in terms of high efficiency, small size and wide range of power factor.

The rapid development of power electronic devices and converter topology in the last few
decades has made possible to develop energy efficient adjustable speed PMSM drive. In
industrial drives, two-level inverters are mostly used to fed the PMSM due to their simple
structure, control, reliability as well as cheaper parts. However, in case of two-level inverter,

the switching frequency is one of the main concerns regarding to the size of passive



components, superior control of electric drives and to proliferation power density of inverter.
Higher switching frequencies operation reduces the size of the passive components. On
contradictory, the higher switching frequencies may lead to have higher switching losses,
which cause inferior inverter efficiency. Compare to two-level inverter, Multi-Level Inverter
(ML) produce lower switching losses at higher switching frequencies to get the same dc-link

voltage. The other attracting feature is reduction in total harmonic distortion. Lower dv/dt

also reduces the voltage stress across the power switches. To increase the fundamental output
voltage and corresponding power level of the inverter, the DC link voltage also need to be
increased substantially. However, high frequency semiconductors have a limitation in the
maximum voltage and very high voltage jump will lead to terrible electromagnetic
interference and high windings insulation stress. So for the high performance of AC drive
systems at increased power level, high quality inverter output with low harmonic loss and
generating low torque fluctuation is necessary. The significant reduction in the torque ripple is
achieved with use of three-level inverter. Multi-level topology provides some additional
benefits compared to conventional two-level inverter which includes superior harmonic
spectrums for a given gate switching frequency, a lower over voltage stress at cables and end
windings of motors, a lower common-mode voltage, and substantially lower semiconductor
switching losses. Satisfying the application demand, PMSM bring the keen attention of the
researchers and technologist. The combination of MLI and PMSM allow to operate at
increase dc bus voltage. Multi-level inverter is an emerging technology used in efficient
permanent magnet synchronous motor drive system with low harmonic distortion, low torque
fluctuations and avoid the limitations of two-level Voltage Source Inverter. To drive the
machine, multi-level inverter becomes the most preferred choice replacing the conventional

two-level VSI.

The vector controlled PMSM drives brought renaissance in the variable speed drives,
replacing the traditional scalar-controlled drives. In order to overcome the inherent coupling
effect and the sluggish response of scalar control and to achieve the high performance, the
vector control is employed. To implement the vector control the accurate position sensing is
required. The rotor position information is usually obtained by encoders or resolvers attached
to rotor shaft. However, the use of these position sensors reduces the noise immunity, and
increase the size, cost and weight of the system. Elimination of these position sensors is

highly encouraged to increase the reliability and robustness and also reduce the cost of drive.

The present work is carried out to improve the performance of PMSM drive. The drive mainly

consists of four major components, PMSM, inverter, position sensor and a controller. An
ii



extensive literature review is carried out which starts with the basic motor modelling and
covers speed control in vector controlled drive, possible inverters and control techniques, and
different sensorless control of the PMSM drive. Extensive efforts have been made by
researchers to meet the challenges associated with PMSM drive. However, software based
position sensing approach from the resolver without using Resolver to Digital Converter
(RDC), attract attention to reduce the cost of the drive. Vector-control of resolver based RDC
less PMSM drive fed by two-level VSI is taken as the investigative objective initially. Then
problems associated with conventional two-level voltage source PWM (Pulse Width
Modulation) inverter fed PMSM drive is addressed. Their possible solution and recent trends
attract further attention to improve the performance of the drive system using MLI topology.
Sensorless control motivates to reduce the hardware complexity, increase the mechanical

robustness and reliability and also reduce the maintenance requirements.

The design of an accurate control system requires the mathematical model of actual system
being controlled. In this thesis, complete mathematical model of the PMSM drive is
developed in MATLAB/Simulink environment. PMSM, inverters, position sensor and
controller are the four main constituents of the drive model. A Mathematical model of PMSM
with saliency and without saliency in synchronously rotating reference frame is developed.
This model consists of dynamic equations of PMSM in terms of the actual parameters and
load performance. The equation relating to switching states of the two-level inverter devices
with the d-axis and g-axis voltage of the PMSM are derived. The initial step to implement the
different control strategies is to simulate the system and to find out the response of the system.
To obtain a closed loop operation of PMSM drive mathematical model of resolver sensor,

speed controller and load are also developed.

The basic idea of the vector control algorithm is to decompose a stator current into a magnetic
field-producing component and a torque-producing component. After decomposition both
components can be separately controlled like dc machine. The vector control scheme is
developed for PMSM drive in MATLAB/ Simulink environment. Implementation of vector
control needs accurate position and speed estimation. In usual practice Resolver to Digital
Converter (RDC) are used for position and speed estimation from resolver. But a software
based position estimation using the output signal of the resolver has been implemented to
eliminate the RDC, which reduce the cost of the drive. In addition, a demodulation based
algorithm is implemented to calculate the speed and rotor position. Depending on the
placement of the permanent magnet PMSM can be categories as Interior Permanent Magnet

Synchronous Motor (IPMSM) and Surface Permanent Magnet Motor (SPMSM). Extensive
iii



simulation study is carried out in MATLAB/ Simulink environment to investigate both type
of PMSM. Vector control in terms zero d-axis current control and Maximum Torque Per
Ampere (MTPA) control is investigated in IPMSM. A comparative analysis also has been
presented for both the control techniques. Further to achieve the wide speed range of
operation, a MTPA based flux-weakening control algorithm is developed for IPMSM drive.
SPMSM drive with zero d-axis current control and its performance is investigated. Simulation
study is carried out in MATLAB/ Simulink environment. The effects of load variation and

speed change on the performance of drive are extensively studied.

To achieve the high performance of PMSM drive systems at increased power levels the multi-
level inverter fed drive is considered. The analytical model of the multilevel inverter is
presented. Mathematical models are based on the determination of state equations for
dynamic variables. These models are conspicuous by their extreme simplicity in front of other
previous analytical models presented in the literature. Cost effective RDC less software based
position estimation is implemented for proposed PMSM drive. A detailed study on Neutral
Point Clamped (NPC) three-level inverter fed PMSM drive with vector control is presented.
But the disadvantage with this inverter is capacitor voltage balancing. To maintain the voltage
across the capacitor, a capacitor voltage balancing technique using Three-Level Boost
Converter (TLBC) is developed for the proposed drive. The additional advantage of this
balancing circuit as compared to the other carrier based PWM technique or SVM technique is
the boosting feature, which is most demanding now a day for the electric vehicle application.
This proposed MLI fed PMSM drive reduces the voltage THD and torque pulsation.
Moreover, performance of the proposed balancing scheme is examined by carrying out
extensive simulations studies on a surface-mounted permanent magnet synchronous machine
with vector control in terms of zero d-axis current control. The exhaustive simulation study is
carried out in MATLAB/ Simulink environment for the proposed drive system. The
comparative study between a conventional two-level PMSM drive and proposed drive is also

presented. The enhanced performance is achieved with the proposed drive.

Furthermore the proposed drive is also investigated for sensorless control operation.
Sensorless controls in terms back-EMF based position estimation and Model Reference
Adaptive System (MRAS) based estimation have been implemented. Back-EMF based
estimation of rotor speed and angular position ensure accurate speed regulation. This method
is satisfactory at medium and high-speed. Among the existing sensorless approaches adaptive
control seems to be the most promising. The MRAS based estimators provide the desired state

from two different models, one is reference and the other one is adjustable. The MRAS is
0\



simple and easier to implement. Exhaustive simulation is carried out using MATLAB/
Simulink and the performance results are obtained under different operating condition to
verify the effectiveness and feasibility of the MRAS based estimator in proposed PMSM drive

system.

In order to validate the simulation, the following prototypes have been developed in the
laboratory and experimentation is performed: (i)two-level VSI fed PMSM drive system, (ii)
three-level NPC inverter fed PMSM drive system and (iii) capacitor voltage balancing circuit
with three-level boost converter. The different hardware component as required for the proper
operation of experimental set up such as driver circuit, isolation and dead band circuit, dc
power supply, voltage and current sensor circuits designed, developed and interfaced with
dSPACE controller. A DSP DS1104 of dSPACE has been used for the real-time
implementation of control algorithms of two different inverters topology in MATLAB/
Simulink environment. Extensive experimentation has been carried out to investigate the

performance of the drive.

Software based RDC less position estimation is implemented using the resolver based
position estimation algorithm to estimate the accurate speed and position. The experimental
results show the complete 360° rotation of the drive. The accurate position and speed
estimation is achieved. In the second part of the experimental work, a two-level inverter fed
PMSM drive system is tested in different operating conditions. The vector control in terms of
zero d-axis current control is implemented. Further experimentation is carried out in three-
level NPC inverter fed PMSM drive. To maintain the voltage across the two dc-link
capacitors in three-level NPC inverter a TLBC circuit is used. The exhaustive experimentation
is carried out on the proposed drive in different operating condition. The experimental results
show the validity and effectiveness of the proposed drive in accordance with the simulation
results. A comparative analysis is made between two-level inverter and three-level NPC
inverter fed PMSM drive. Further, the experimentation is also carried out in sensorless control
mode with three-level NPC inverter fed drive. The MRAS based estimation is implemented

and the results show the validity of the drive under different operating conditions.
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CHAPTER 1: INTRODUCTION

[This chapter describes introduction to the research work. It starts with a brief background
on permanent magnet synchronous motor drive system and the challenges associated with it.
Then the solutions to the problems have been discussed. Next, scope of work, author’s

contribution and thesis outlines are explained.]

1.1 Overview

Electric motors are the key of the industrial development. Motion control with electric drive is
always a challenge for researchers and technologists. According to the technological progress
adjustable speed drives are preferred over constant speed drives because of several reasons
like energy saving, velocity or position control for good transient response etc. DC motors
have been used broadly for adjustable speed drive systems for many decades. But due to some
of the disadvantages, like frequent maintenance as well as high cost due to brush-gear, and
commutators motivated researchers to develop AC motors. Among the AC motors induction
motors (IM) have been extensively used and considered as a workhorse in the industrial
application. But slip power loss and lagging power factor limits the use of induction motor
drives. Synchronous motor attracts researcher to overcome these limitation. However, the
conventional wire wound excited synchronous motors suffers from some of the disadvantages
which include the necessity of additional power supply for the field excitation. To meet the
growing application demand of adjustable speed drive researchers and technologist have been
persistent in their efforts to develop and advance new machines such as Brushless DC
(BLDC) motor, Switched Reluctance Motor (SRM), and Permanent Magnet Synchronous
Motor (PMSM). With the advancement of permanent magnet material PMSM becomes the
most promising and fastest growing machine for variable speed drive. The permanent magnet
synchronous motor gained wide spread popularity and acceptance in adjustable speed drive
due to some of its advantageous features:

e High efficiency

e High torque to volume ratio
e High torque to inertia ratio
e High air gap flux density

e High power factor



e High acceleration and deceleration rates
e Less maintenance cost
e Simplicity and ruggedness

e Compact structure

In a PMSM, permanent provide the excitation to the rotor. The elimination of excitation
windings reduces the cost and power losses. The advantages of PMSM as compared to dc
motor are compact size, less maintenance and over induction motor are high efficiency, small

size and wide range of power factor.

1.2 Motivation of Research Work

The primitive model of the electric motor was constructed by Michael Faraday in 1821, which
was a dc motor. This motor was developed and commercially viable in 1870s. Faraday paved
the way towards the creation of ac motors. The concept behind this innovation was
electromagnetic induction. Induction motor was the first AC motor which was invented by
Nikolai Tesla [1]. Tesla also invented other AC motor namely synchronous motor. However,
inaccessibility of commercial ac power restricts the frequent use of these motors. Finally the
flexibility of AC power provides the commercial success of the AC motors after a long power
battle. Conventional direct current (DC), induction and synchronous machines are the three
basic electric machines that serve daily needs, from small household appliances to large
industrial plants, year after year. Due to simple decoupled control (field and armature), dc
machine are vastly used in variable speed drive application. However, the drawback in DC
motor such as necessity of frequent maintenance, power loss and high cost due to
commutators and brush-gear restricts its application. Researchers provide potential solution
towards robustness and maintenance free operations and also developed AC motors for high

performance variable speed drives.

Among the AC motors, induction motors (IM) gain widespread popularity due to its inherent
advantages like good efficiency, low cost, reliability and ruggedness. However the drawback
such as lagging power factor and slip power loss in these motors initiates the necessity of the
use of synchronous motors for easier control in high performance variable speed drives. The
advantageous feature of synchronous machines are it runs at synchronous speed, wide power
factor operation, less complex control, and remove the slip power loss problem. However, the
conventional wire wound synchronous motors suffers from necessity of excitation

requirements and corresponding losses. The exhaustive research paved the creation of new
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special machine. Permanent Magnet Synchronous Motor (PMSM) is one of the finest

creations of the researchers [2], [3] .

The development of permanent-magnet synchronous motor was described by F.W.Merril.
According to the author, PMSM combines the good starting and accelerating characteristics of
the induction motor with the high efficiency and power factor obtained in d-c excited
synchronous motors [4]. The secret of success was the restoration of the advantages of d-c
excitation without introducing its complexities. In a given frame the rating approaches and
may exceed the normal induction motor rating of the frame. It is by far the best fractional hp
motor ever built for synchronous applications, and may be competitive with induction motors
on some applications. John F. H. Douglas conclude that the current locus and other
performance items may be found, using Blondel's two reactance theories [5]. Of course, more
exact estimates will be obtained, when improved methods for estimating the motor parameters
become available. Another conclusion was that as the magnet materials are improved, more
effective magnetization, and better stabilization are found, the power factor and the frame
rating will be better. If in addition, cheaper magnets are found, then the range of application
will be extended.

PMSM is becoming more popular in adjustable speed drive (ASD) applications [5] due to the
development in high energy permanent magnets such as ALNICO, Ferrite, Samarium Cobalt
Neodymium Iron-Boron (NdFeB). After developing these new types of special machines,
researchers are working on the control of these motors to optimize in design performance and
cost. The main feature of the drive system refers to its capability to operate within the given
speed and torque limits. Other desirable features of variable speed drives include low space
requirement, low maintenance, and capability of the speed or torque to follow the speed or

torque command.

The developmental activities are now in a revolutionary stage due to the recent development
of semiconductor and microprocessor technologies. Progresses in digital electronics, DSPs
and FPGAs, OPAL-RT, dSPACE controller are the motivation to the increasing attention
towards the use of PMSMs for high performance variable speed drive and servo drives.
PMSM drives attract the interest of researchers and industry for use in various applications

such as electric vehicle, rolling mills, textiles industries and marine applications.



1.3 Literature Review

Permanent magnet synchronous motor drives has been a topic of interest for decades and
large amount of work has been reported in the literature. The literature review has been

classified into broad groups as follows:
1.3.1 Permanent Magnet Motor

Permanent magnets are the vital components of permanent magnet motor as it’s provide the
excitation replacing the field winding thus avoiding the additional power supply and the
corresponding losses. The properties of magnetic materials provide a base of selecting the
appropriate materials for the permanent magnet motor [6]. Three basic magnetic parameters
are of critical importance for permanent magnet applications in motor. These are residual flux

density B,, coercive force H_and maximum energy product BH . [7]. It is the value of B,

which primarily determines which magnetic area perpendicular to the main flux path is
required to maintain the air gap operating flux [8]. Coercive force gives a measure of
magnet’s resistance against demagnetization during short circuit, starting etc and the energy

product BH,_, is inversely related to total magnet volume required for a given application

[3], [9], [10]. The B-H Curve for different magnetic material is shown in Figure 1.1.
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Figure 1.1 B-H Curve for different magnetic material



Nowadays the cost of the magnetic materials like samarium cobalt and neodymium-boron
iron is reduced to a great extent and the energy density and coercitivity is also high for this
materials. Due to this the PMSM become more attractive and viable to the industrial world
[11]. Satisfying the fast dynamic response, high power factor and wide operating speed range
operation PMSM has opened up a new prospects in high performance drive application [12],
[13]-[16]. The magnetic properties of different magnetic materials are shown in Figure 1.2
and Figure 1.3.

ALNICO: Alnico materials have relatively high residual flux density (B,) high service

temperature tolerance, and good thermal stability, but may be easily demagnetized due to low

value of coercive force H .

FERRITE: Barium and strontium ferrite materials are low in cost and have excellent
demagnetization linearity, hinted by their low maximum energy product (BH, ). Permanent
magnet machines using these ferrite materials tend to be bulky because of low remanence.

Compared to Alnico magnets, ferrite materials are highly resistant to demagnetization and are

low in cost.
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Figure 1.2 Residual flux density of different magnetic materials

COBALT SAMARIUM: Cobalt-Samarium has a higher energy product and excellent
temperature insensitivity than the ferrite. However, its high cost restricts its use for
application and may require care in handing since the ground powder air mixture is

pyrophoric and magnetic force is strong.
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Figure 1.3 Coercive force and maximum energy product of different magnetic materials

NEODYMIUM-BORON-IRON MAGNET: The Neodymium-Boron-lron magnet (NdBFe)

has maximum remanence and coercive force and large energy product BH, .. This material,

however, has some temperature sensitivity, which must be taken into consideration during
machine design. This magnetic material is also cost effective as compared to Cobalt-
samarium. Therefore, Neodymium-Boron-lron magnet is used significantly in permanent

magnet motors.

According to the direction of field flux [17], the PMSM are classified as:

a) Axial field motor: In this type of motor the flux direction is parallel to the rotor shaft.

b) Radial field motor: The flux is along the radius of the motor in this type of motor.
Although the axial field motor are coming into prominence in small numbers of application
due to their higher power density and acceleration, but radial field motor is most commonly
used. In PM motors the excitations are provided by placing the permanent magnet on the rotor
[18]-[20]. The elimination of excitation winding reduces the cost and power loss. The
placement of permanent magnet classifies PM motor in two different categories as follows:

i) Surface Permanent Magnet Synchronous Motor or SPMSM.

ii) Interior Permanent Magnet Synchronous Motor or IPMSM.
The structures of SPMSM and IPMSM are shown in Figure 1.4(a) and Figure 1.4(b)
respectively. The quadrature -axis synchronous inductance of SPMSM equals its direct-axis
inductance, i.e., Lq = La.
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Figure 1.4 (a) Surface mounted permanent magnet synchronous motor

(b) Interior permanent magnet synchronous motor

The interaction of the magnetic flux and the quadrature-axis current component of stator

currents produce magnetic torque in SPM motor [16], [21], whereas IPM structure produces

both magnetic and reluctance torque [22]-[24]. Due to the fact that the equivalent air gap is

not uniform in IPM Structure. This makes saliency effect [25], [26]. So the quadrature-axis

synchronous inductance of IPM is larger than its direct-axis inductance, i.e., Lqg > Ld. The

concept of IPM is to provide robust and solid structure as compared to SPM. The production

of reluctance torque makes the IPM most acceptable for traction application [27]-[31]. The

comparison of the two type of PMSM structure based on their magnet placement is given in

the Table 1.1.

Table 1.1 Comparative analysis of SPMSM and IPMSM

SPMSM

IPMSM

Magnet are placed on the surface of the rotor

Magnet are placed interior portion of the
rotor

Construction are easy

Construction are complex

Direct-axis inductance (L, ) is equal to
quadrature-axis inductance (L)

Quadrature-axis inductance (L, ) is larger
than its direct-axis inductance (L, )

Produced Magnetic torque

Produce both magnetic and reluctance torque

Uniform airgap

Non uniform airgap




1.3.2 Inverter Topologies

The PMSM is generally driven by voltage source inverters [32], [33]. Two-level voltage
source inverter (VSI) gained a wide spread acceptance in variable speed drive application
[34]. The detail analysis of a voltage source inverter (VSI) fed permanent magnet
synchronous motor (PMSM) with a half-controlled bridge converter and an LC filter is
presented by Himei, et.al. Author described that the input voltage of the inverter, that is the
capacitor voltage, has a ripple of double frequency of the source due to the phase control of
the thyristor. The performance of the motor is significantly influenced by the ripple in the
capacitor voltage [35].

Gumaste and Slemon describe steady-state analysis of a PMSM drive with a voltage-source
inverter. Optimum strategy for controlling the torque in constant torque and constant power
regions have been developed assuming position feedback control. The maximum current
through the motor is determined with the speed range in the constant power region of the
torque speed profile. The minimum current rating of the motors occur when the stator current

at base speed is made the same as that at maximum speed [36].

For the voltage source inverter control hysteresis current controllers and PWM current
controller is used [37]. The performance difference due to both PWM and hysteresis current
controllers is described in [38]-[40]. A two-level fault-tolerant VSl is designed and tested for
permanent magnet drives. This inverter can compensate both short-circuit and open-circuit
faults in the switching devices. The compensation strategy is fast enough such that there is
negligible disturbance in the drive operation. The fault tolerance of the inverter is verified
using field-oriented control of a PMSM [41].
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Figure 1.5 Two-level voltage source inverter fed PMSM



Two-level inverter as shown in Figure 1.5 is mostly used to fed the PMSM. However, in case
of two-level inverter, the switching frequency is one of the main concerns regarding to the
size of passive components, superior control of electric drives and to proliferation power
density of inverter. On contradictory, the higher switching frequencies may lead to have

higher switching losses, which cause inferior inverter efficiency.

Compare to two-level inverter, three-level inverter produce lower switching losses at higher
switching frequencies to get the same dc-link voltage. The other attracting feature is reduction
in total harmonic distortion. Lower dv/dt also reduces the voltage stress across the power
switches [42]-[56].

If the fundamental output voltage and corresponding power level of the inverter are increased
to a high value, the DC link voltage must be increased substantially. However, fast frequency
semiconductors have a limitation in the maximum voltage and very high voltage jump will
lead to terrible electromagnetic interference and high windings insulation stress. So for the
high performance of AC drive systems at increased power level, high quality inverter output
with low harmonic loss and generating low torque fluctuation is necessary. The significant
reduction in the torque ripple is achieved with use of three-level inverter. Satisfying the
application demand, PMSM bring the keen attention of the researchers and technologist. To
drive the machine, three-level inverter becomes the most preferred choice replacing the

conventional two-level VSI.
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Figure 1.6 Schematic diagram of Multi-level inerter
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Figure 1.7 One phase leg of an inverter with (a) two-levels; (b) three-levels; (c) n levels [57]

The schematic diagram of multi-level inverter is shown in Figure 1.6. The combination of
three-level inverter and PMSM allow to operate at increase dc bus voltage. One phase leg of
an inverter with different levels is shown in Figure 1.7. Multilevel inverters are considered
today as a very attractive solution for high-power, medium-voltage applications, because of
the following reasons [42], [57]-[61]:

e MLI can generate output voltage with extremely low distortion, reduced voltage stress
on switching device and lower dv/dt.

e They draw input current with very low distortion.

e They generate smaller common-mode (CM) voltage, thus reducing the stress in the
motor bearings. In addition, using sophisticated modulation methods, CM voltages can
be eliminated.

e They can operate with a lower switching frequency, so less EMI can be achieved.

e They are fault tolerant, less prone to failure and their cost is relatively low.

There are three benchmark multilevel inverter topologies reported in the literature [62]:

1. Neutral point clamped or diode clamped,
2. Flying capacitor or capacitor clamped and

3. Cascaded H-bridges multilevel inverter.

In the early eighties Akira Nabae et.al. developed a neutral point clamped NPC PWM
inverter. In this article , a new neutral point clamped PWM inverter composed of main
switching devices which operate as switches for PWM and auxiliary switching device to
clamp the output terminal potential to the neutral point potential has been presented [63]. This
inverter output contain less harmonic contain as compared with that of a conventional type. It
was a milestone in the history of multi-level inverter. The NPC MLI employs clamping diodes

and series connected capacitor to produce AC voltage waveform with multiple voltage level.
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The inverter can be configured as a three, four, five or any higher level topology, but for
higher number of levels the control complexity is increase exponentially. Therefore three-
level NPC inverter is vastly used in the PMSM drive application [64]-[67].

Another fundamental multilevel topology, the flying capacitor inverter, involves a series
connection of capacitor switching cells. This topology has several unique and attractive
features like: Modular in structure and the number of levels can be increased to any arbitrary
value, large number of capacitors provide extra ride through capabilities during power outage,
and the switching state redundancy provides a great flexibility for the design of the switching
pattern and natural balancing of capacitor voltages [57], [58], [60]. But this inverter has some
drawback; mainly an excessive number of storage capacitors are required when the number of
inverter levels is high. High-level systems are more difficult to package and more expensive
with the required bulky capacitors, Capacitors voltages have to be pre-charged at start-up to a

value which are close to their nominal values .

The cascaded H bridge multilevel inverter appeared first in 1988, matured during the 1990s
and gained more attention after 1997 [68]-[70]. The CMLI family is characterized by cascade
connection of modular chopper-cells or H-bridge cells to form each cluster or arm. This
brings flexibility to circuit design, and results in low-voltage steps. The CMLI with H-bridge
cells are known as Cascade H-bridge (CHB) multilevel inverters and on the other hand, CMLI
composed with bidirectional chopper cells are known as Modular Multilevel Inverters (MMI).
However, the common concepts hidden in the family members are both “modular” structure
and “cascade” connection. The advantageous features of CMLI are as follows: They can
achieve high or medium-voltage power levels with mature low-voltage semi-conductor
devices and can easily expand to higher number of levels with easy construction, flexibility in
converter design. But the requirements of isolated dc sources make the topology bulky and
very much costly. On the other hand regeneration is the main concern with this topology,

which restricts the application of this inverter in regenerative motor drive application.

Modular multilevel converter (MMC) was proposed in the early 2000s by Prof. R. Marquardt
[71] and can be seen as a variation of the cascaded topology. Since it is particularly suitable
for the HVDC systems, it immediately made its way into industry. Modularity and scalability,

in theory, the output voltage of MMC can be extended to different voltage levels.

In many industrial applications, it is often necessary to control the output voltage of inverter
for (1) coping with the variations of the dc input voltage, (2) regulating the voltage of the

inverter, and (3) satisfying the constant volts and frequency control requirement in the drives
11



systems [62], [72], [73]. Many modulation techniques have been developed for controlling the
output voltage of a multilevel inverter [73]. Depending upon the operating domain these
modulation technique are divided as the state-space vector domain and time-domain [42],
[50], [57], [60], [74]-[79].

The state-space vector domain algorithms such as Space Vector Modulation (SVM) based
modulation algorithms for multilevel inverters are reported in [62], but, they are not the
dominant modulation schemes found in industrial applications [42] as SVM is a
computationally intensive method and its complexities increase with increasing number of
levels in the inverter [62]. However, these methods have advantages but usually at the
expense of more complex implementation. The time-domain approaches such as carrier based
pulsewidth modulation (PWM) techniques are the extensions of the classical modulation
methods used for two-level VSI [42], [80]. Other time-domain modulation methods that have
also been derived from the two-level VSI are multilevel selective harmonic elimination (SHE)
[81], selective harmonic mitigation (SHM) [82] and synchronized optimum PWM. These
three techniques require offline computations and need to be stored in lookup tables in the
digital interface control board. These methods have the advantage in achieving better
efficiency. On the negative side, low dynamic performance and calculation burden with

higher number of levels limit their applications.

In contrast with the high amount of recently introduced multilevel modulation schemes, no
new schemes have made their way to industrial applications, despite the great amount of
recent contributions and advances on this topic [42]. The main reason could be that
manufacturers favour the proven technology and simplicity of carrier-based PWM schemes
over new methods that have advantages but usually at the expense of more complex
implementation [42], [80].

To achieve the high performance of PMSM drive systems at increased power levels the
multilevel inverter is used [64]. NPC inverter is preferred due its advantages feature [83].
However voltage unbalancing across the capacitor is the main drawback of the NPC inverter
[84]-[87]. Researchers give their extensive effort to overcome this problem and developed
several voltage balancing technique. Self -balancing property of three-level inverter is
presented in [88]. But self-balancing technique is not always adequate as the neutral-point

voltage drifts for slight variation in the system parameters.

Carrier pulse width modulation and space vector modulation based voltage balancing

technique are studied in [76], [89]-[99]. Various PWM techniques are presented avoiding the
12



additional cost of front-end circuit. However these techniques have limitation on the range of
operation with the changing of the power factor and modulation index [92], [100]. Modified
PWM technique increases the computational complexity and digital resource consumption. A
balancing circuit is added to the NPC inverter for simple computational control. The detailed
study based on the balancing circuit is presented in [85], [101]-[104]. A novel large value ac
capacitor using two dc capacitors is presented in [105]. DC-Link capacitance minimization
technique is discussed in [106]. The three-level boost converter (TLBC) is most attracting
circuit used for voltage balancing in three-level NPC inverter. The advantageous feature is
reduced switching losses and lower reverse recovery losses of the diode compared with the
conventional boost converters. Based on the previously presented review of the literature,
studies on three-level NPC inverted fed PMSM motor drives mainly focus on the
investigation on capacitor voltage balancing at the same time boosting of the input voltage.
TLBC is used to maintain the DC-link capacitor voltage of the three-level NPC inverter. With
the use of TLBC the computational complexity reduces. The main attraction is the boosting

feature of the input voltage.
1.3.3 Vector Control Techniques

The vector controlled PMSM drives brought new start in the variable speed drives, replacing
the traditional scalar-controlled drives [107]-[109]. The vector control concept reveled in
order to achieve high performance [3], [6], [110]-[112]. The simplified block diagram of
vector controlled PMSM drive is shown in Figure 1.8. This concept overcomes the inherent
coupling effect and the sluggish response of scalar control. To achieve the separate control of
torque and speed similar to dc machine the vector control attracts the researchers for
implementing in PMSM drives. The control is based on transformation of a three phase time

and speed dependent system into a two co-ordinate (d and q) time invariant system.

The basic idea of this control algorithm is to decompose a stator current into a magnetic field-
producing component and a torque-producing component [2], [113]. After decomposition
both components can be separately controlled like dc machine [114]. The vector controlled
PMSM drive has two loops- inner current control loop, and outer speed control loop. The
Inner loop is having two- current controllers (d-g), which play an essential role as they
directly affects the quality of current fed to the motor and indirectly affects the performance
of drive in terms of efficiency and dynamic response [115], [116]. The vector control concept
is mathematically presented in [117]. Bouchiker et al. discussed the simplified closed loop

operation of the PMSM drive with AC-AC matrix converter using dgo transformation [118].
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Figure 1.8 Simplified block diagram of vector control of PMSM drive [3]

There are several control technique applied for the PMSM for lower than the base speed and
above the base speed operating range [119]-[121]. For below base speed operation zero d-
axis current control or constant torque angle control is employed. In this control the torque
angle is maintained at 90° hence the field or direct axis current is made to be zero. This
control is most preferring control in industrial application due its simplicity. To get the
optimum machine and inverter utilization the maximum torque per ampere control is
introduced. This provides the higher efficiency as compared to the conventional zero d-axis
control. For wide speed range application flux weakening technique is used. In PMSM due to
permanent magnet structure on the rotor the flux produced in the field is not controlled
directly as in case of conventional synchronous motor. So armature reaction takes a vital role
in field control. To achieve the flux weakening control negative direct-axis current is injected

and armature reaction reduce the airgap flux this interns reduces the flux.

B.K. Bose presented a high performance IPMSM drive system. Smooth operation of the drive
is achieved in constant-torque region as well as in the flux-weakening region in both the
direction of motion. . In this scheme, control in the constant-torque region is based on the
vector stator flux, whereas constant-power region control is implemented by orientation of
torque angle of the impressed square wave voltage through the feed forward vector
rotator[22]. Metin. Aydin, et.al. introduced the concept of airgap flux control in both

weakening and strengthening regions for axial-flux machines [15].
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The maximum achievable speed at maximum torque is limited by the inverter capacity. But
the application demand forces the researchers to expand the operating limit in the wide speed
range operation. In general most off the drives are fed by the current control VSI system.
Morimoto et al. examines the vector control method to enlarge the operating limits, which is
optimum in the sense of developing maximum output torque within the voltage and current
constraints of the inverter. The effect of motors parameters are examined by the simulation
studies [122], [123].

Shoudao Huang, et.al. have described the maximum torque per ampere control strategy of
permanent magnet synchronous motor. The salient-pole structure is considered in MTPA
control strategy. Curve fitting method is used to implement the MTPA control. Flux
weakening control is also described for wide speed range of operation [124]. A PMSM with a
variable magnetic reluctance field adjustment has been presented by Kou Baoguan, et.al. A
new structure of the rotor has introduced and flux-weakening (FW) principle was formulated
[125].

A new concept of flux wakening control for PMSM to extend the maximum speed operation
is presented by Ki-Chan Kim. In general current vector are used to weaken the magnetic flux.
But the magnetic flux linkage is decreased by forming a difference gap between a stator and a

rotor in axial direction deprived of moving the current vector [126].

Thomas. M. Jhans et.al. presented special PMSM rotor design with interior permanent magnet
suitable for flux weakening operation. The IPM geometry is cylindrical in shape and also
mechanically robust and capable of high speed because the magnet are physically contained
and protected. In electromagnetic terms, burying the magnet inside the rotor introduce
saliency and changes the motor torque production characteristics. In the IPM motor due to
magnetic saliency the q axis inductance exceeds the d axis inductance in contrast to the
conventional wound rotor salient pole synchronous motor. Due to burying of the permanent
magnet material in the rotor of a material or core having high permeability, the magnet

operating point shifts such that the margin against the demagnetization is increased [23] .

The calculation of torque in a brushless permanent magnet line start AC motor by means of
the flux -MMF diagram in combination with finite element method has been explain by TJE
Miller et.al. [127]. Direct torque control concept is mostly used in induction motor drives
[128], [129]. Some of the direct torque controlled approach PMSM drives structure is
investigated in [130]-[132].
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To achieve the wide speed range of operation the drive should operate both the region of
operation i.e., constant torque and constant power region. Maximum torque per ampere
control is selected for constant torque operation and flux weakening control operates in

constant power region by expanding the current and voltage limits of the inverter [133]-[138].
1.3.4 Position Sensing Methods

PM motor with fast dynamic response, good speed regulation and high efficiency demands
the information of the rotor position to implement the vector control [139]-[143]. The rotor
position can be accurately measured by using four devices available for the position
measurement, potentiometer, linear variable differential transformer, optical encoder and
resolver. The most commonly used device for motor drives are optical encoders and resolvers.
For the low cost applications like fans compressors etc. encoders are used, and for high
performance drive applications like servo-drives and electric vehicle resolvers are used where
cost of resolver can be justified by the performance of drive. The working principle of the
resolver is quite similar to the transformer. Construction wise resolver has three winding. The
primary winding of resolver is rotating coil. Two secondary coils are stationary and are placed
in the stator by 90° apart from each other. This position sensor can measure the initial accurate
rotor position at standstill. High-frequency signal in an order of kHz is necessary to excite the
primary coil of the resolver. With the rotation of rotor, the induced emf in the secondary coils
helps to measure the actual position. Finally, estimation of the rotor position requires the
demodulation of the two output signal from the resolver [142]. The dynamic model and the
equivalent circuit of resolver have been analyzed in time domain[144]. The diagram of
resolver sensor used in PMSM is shown in Figure 1.9.

Vo

Figure 1.9 Resolver sensor used in PMSM
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Since 1991 several researchers gave an idea of the manifolds of the PMSM drive with
resolver sensor. But all these articles are mainly focused on the improvement of the
measurement accuracy of the RDC But implementation with complete drive system without
RDC, is still a fascinating area for the researchers. To reduce the position error produced by
the imperfect resolver signal characteristics, different method were presented by calibrating
the resolver and RDC [145]. A bang-bang type phase comparator was also implemented for
fast tracking. Two pre-filters outside the R/D conversion loop were used as low pass filter
[146]. By proper processing of the two resolver output signal (sine and cosine), the reasonably
accurate angle measurement was done by dedicated compensation method without a processor
and/or a look-up table [147]. A closed-loop linear time-invariant angle tracking observer can
also be used to estimate the position and speed of a brake-by-wire actuator. But proper design
of open-loop transfer function and selection of a suitable switching threshold is necessary for
a stable and accurate angle tracking observer[148]. A cost effective demodulation based
position measurement was achieved by Attaianese and Tomasso [149]. But the accuracy
depends on the size EPROM. Murakami et al. presented an encoder less servo drive system
considering the position control performance[150]. Low cost software based RDC is

presented by Di Tommaso [151].

1.3.5 Sensorless Control Techniques

Position sensing is necessary to implement the vector control of PMSM drive. In general the
position sensor such as resolver and encoder are used to sense the rotor position. However
these sensors increase the cost as well as encumbrance of the drive. This also reduces the
control robustness and reliability [152]. Furthermore, due to the difficulties in installation and
limited assembly space, various sensorless control technique have been developed for the
estimation of rotor position and speed during the last decade [153]. The attractive features of

sensorless control are:

e Less maintenance & reduced cost of the drive.
e Compact drive.
¢ No cabling is required for transducers, easy implementation and reduced noise.

e Suitable for hostile operating environment; temperature and humidity etc.

There are several methods for sensorless control of PMSM. A large number of methods are
presented in the literature for sensorless operation of PMSM. These are categories as follows
[154]:

e Flux estimation based on the voltage model of PMSM
17



e Estimators based on inductance variation due to geometrical and saturation
effects

e State observers

e Extended Kalman filters

e Back emf based position estimation.

e Sliding mode observers

e Model reference adaptive schemes (MRAS)

e Fuzzy-logic, neural network and artificial intelligence-based estimators

e Low frequency signal injection

o High frequency carrier injection (rotating high frequency carrier injection,

pulsating high frequency carrier injection)

The sensorless control in terms of flux estimator based on the voltage model of PMSM is
presented in [155]. The performance of the drive with this control is dependent on the
accuracy of the estimated stator flux-linkage. This also depends on selected integration
algorithm. Although various drift compensation methods have been presented so far, the pure
integration in the software or hardware circuits can still be challenging at lower frequencies,

where the stator voltage becomes very lesser and are dominated by the ohmic voltage drops.

When the stator winding inductance is a function of rotor position then rotor position can be
estimated from the measured winding currents and its rate of change [156]. This estimation
method is applicable even when motor is at standstill and back-emf is zero. In case of IPMSM
the stator winding phase inductance is function rotor position and varies twice of frequency of
rotor speed [154]. In SMPMSM there is no geometrical saliency, the saliency is only due to
saturation effect. The rotor position can be estimated by using inductance variations due to
magnetic saturation and/or geometrical effects of PMSM [157]. The techniques based on the
inductance saliency can estimate the rotor position at standstill and near zero speed, at
medium and high speed the inductance saliency measurement is not possible due to back-emf.

One of technique is to construct the state observer based on motor model including electrical
and mechanical equations. Then stability of the observer is an important issue in providing
accurate position information for motor drive system. In order to stabilize the system gains of
the observers has to be optimized. However because of nonlinearity of electrical equations
there is difficulty in fixing the optimum gains of observer under any operating condition
[154].
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The Kalman Filter is a mathematical model that runs in parallel to the actual system and gives
estimations of the physical values of a linear system [154]. The Extended Kalman Filter
(EKF) has been derived from the classic Kalman Filter to be used with non-linear systems.
Once the EKF method converges, the estimation error on the position and the estimation error
on the speed are found to be very low, and insensitive to parameter variations [158]-[160].

However, the EKF method presents many drawbacks:

e The EKF estimation is very sensitive to the PM flux linkage error.

e The EKF diverges at start-up and the direction of rotation can be incorrect.
e The gains of the EKF filters are difficult to tune.

e The EKF implies lots of matrix calculation, and thus computing time.

e Zero speed and low speed operation is extremely difficult.

The complexity of the EKF method, and its limitation towards low speeds, make this
algorithm not suitable for low cost and high reliability applications.

The rotor position can be estimated based on back electromotive force (EMF) calculated by
integration of the total flux linkage on the stator phase circuits. Although this control is
simple, it suffers in low speed operation as well as flux-integrator’s drift problem.
Furthermore, this control is sensitive to the stator resistance variations. The better
performances is achieved with the direct determination of back-emf space vector instead of
the flux space vector, which also eliminate the flux signal integrator [161]. Back-emf based
methods offer adequate performance in the higher speed range [162], [163].

To design a robust control system for a higher-order non-linear system, sliding mode control
(SMC) is a proficient technique. Sliding mode observers (SMO) have low parameter
sensitivity [164]-[167]. This method is an algorithm that uses the sign of the error on the
machine current to update the value of the estimated speed and position stored in the
controller. The main advantage of this method is that it does not need extra electronics.
Furthermore, the variation of motor parameters has little impact on the results accuracy.

However, it has the following drawbacks —

e Does not work at standstill or low speeds.

e The tuning of the gains is quite complicated to ensure convergence.

The MRAS algorithm is well-known for the sensorless control of induction machines. The

MRAS based estimation for sensorless control of induction motor has been proved to be

effective [168], [169]. The MRAS is one of the best available sensorless algorithms for
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PMSM in high performance application similar to induction motor due to its parameter
independency [170]-[172]. MRAS based estimation is independent of stator resistance
variation. This control is computationally less complex, provides stable operation of the drive
and eliminates the integrator problem as back-emf estimation is not necessary. In [171], [173]
instantaneous reactive power based speed estimation is presented. The benefit of this method
is that it is independent of stator resistance and less sensitive to parameters whereas the most
of the observer’s performance depends on machine parameters which vary according to
temperature. To conquer this an adaptive algorithm with on-line parameter identification is
used in [174].

The speed and rotor position of PMSM can be estimated by using fuzzy-logic, neural network
and artificial intelligence-based estimators [175]-[179]. These control technique are
completely different from the other sensorless control. Among the various available
computational intelligence techniques such as ANN, Fuzzy, Genetic Algorithm, the fuzzy
logic is found less complicated and easy to implement as compared to others to achieve the
same performance. The neural network control is a good choice for control applications. In
ANN controller the selection of size of network structure, number of neurons, number of
hidden layers, weight coefficients are the major challenges [29]. Moreover the complexity of
the ANN controller increases while achieving the robustness in overall system performance,
and its real time implementation becomes difficult on given hardware platform where
sampling time and processing speed is limited. Similarly in GA the mutation and selecting the

new chromosomes are computationally complex and time consuming [154].

The Sensorless control scheme based on high frequency carrier injection use the saliency
present in the machine for estimation of rotor position [180], [181]. The goal for this type
schemes are to enable high performance control at all speeds including zero speed. Rotating
high frequency carrier injection scheme is based on injection a balanced high frequency
carrier superimposed on the fundamental excitation. The response to this carrier signal will
contain saliency position information if the machine has a saliency. In early stage both current
and voltage injection was evaluated. However, the control complexity and cost of the system
is increased due to high-precision and high-bandwidth (fast) measurement required for the
control scheme. The high frequency signal may produce the torque ripple, which interns
produce shaft vibration and audible noises. The switching frequency and the geometry of
rotor restrict further to use this control scheme lower speed range operation in some specific

motor.
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1.4 Scope of Work and Author’s Contribution

Permanent Magnet Synchronous Motors (PMSM) are attracting growing attention because of
their inherent features like high efficiency, high air gap flux density, high torque-to-inertia
ratio, high power density, high acceleration deceleration rates, lower maintenance cost,
simplicity and ruggedness. Vector control promises the vast utilization of PMSM in variable
speed drives. MLI for medium and high voltage PMSM drive gaining more and more
popularity day by day because of their inherent quality of reduced total harmonic distortion
(THD), low switching losses, low dv/dt stress, high voltage capability and good
electromagnetic compatibility. In this thesis an attempt has been made to investigate the
possibility of multi-level inverter implemented for PMSM drive. Neutral point clamped
multilevel inverter (NPC MLI) with three-level boost converter (TLBC) has been proposed
for the PMSM drive. Problems associated with position sensor, possible solution have been
presented. Comparative analyses of different inverter topology implemented for PMSM drive

are discussed. The main contributions of the author are summarized as follows:

1. Mathematical modeling of PMSM drive

e The design of an accurate control system requires the mathematical model of
actual system being controlled. In this research work, complete mathematical model of
the PMSM drive is developed. The drive model mainly consists of four major
components, PMSM, inverter, position sensor and a controller.

e Mathematical modeling of PMSM with saliency and without saliency in
different reference frames is presented. Stator reference model of the PMSM is
derived and by Park’s transformation the stator —referred quantities are transformed on
to the rotor thus, rotor reference model of the PMSM is obtained. The PMSM is
modeled in synchronously rotating reference frame. The d-g model for permanent
magnet synchronous motor is developed in MTALAB. This model consists of
dynamic equations of PMSM in terms of the actual parameters and load performance.

e The equation relating to switching states of the two-level inverter devices with
the d-axis and g-axis voltage of the PMSM are derived.

e To obtain a closed loop operation of PMSM drive, a mathematical model of

resolver sensor, speed controller and load is developed.
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2.

Investigation on vector control of resolver based RDC less PMSM drive fed by
two-level VSI

e The basic idea of the vector control algorithm is to decompose a stator current
into a magnetic field-producing component and a torque-producing component. The
vector control scheme is developed for PMSM drive in MATLAB/ Simulink
environment.

e In usual practice Resolver to Digital Converter (RDC) are used for position
and speed estimation from resolver. But a software based position estimation using the
output signal of the resolver has been implemented to eliminate the RDC, which
reduce the cost of the drive. In addition, a demodulation based algorithm is
implemented to calculate the speed and rotor position.

e Vector control in terms zero d-axis current control and maximum torque per
ampere control is implemented in IPMSM.

e Comparative analyses have also been presented for both the control technique.

e Further for wide speed range of operation a MTPA based flux-weakening
control algorithm is developed for IPMSM.

e SPMSM drive with zero d-axis current control and its performance is
investigated.

e Simulation study is carried out in MATLAB/ Simulink environment. The
effects of load variation and speed change on the performance of drive are extensively
studied.

Investigation on multi-level inverter fed PMSM drive

e To achieve the high performance of PMSM drive systems at increased power
levels the multi-level inverter fed drive is proposed. Cost effective RDC less software
based position estimation is implemented for the proposed PMSM drive. A detailed
study on neutral point clamped (NPC) three-level inverter fed PMSM drive with
vector control is presented.

e But the disadvantage with this inverter is capacitor voltage balancing. To
maintain the voltage across the capacitor, a capacitor voltage balancing technique
using three-level boost converter (TLBC) is developed for the proposed drive. The
additional advantage of this balancing circuit as compared to the other carrier based
PWM technique or SVM technique is the boosting feature, which is most demanding

now a day for the electric vehicle application.
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e This proposed MLI fed PMSM drive reduces the voltage THD and torque
pulsation. Moreover, performance of the proposed balancing scheme is examined by
carrying out extensive simulation studies on a surface-mounted permanent magnet
synchronous machine with vector control in terms of zero d-axis current control. The
detailed simulation study is carried out for the proposed drive system.

e Comparative study between a two-level and a three-level inverter fed PMSM
drive is also presented. The performance is enhanced as compared to the conventional
two-level VSI fed PMSM drive.

Investigation on sensor less multi-level inverter fed PMSM drive

e The information of rotor position is usually obtained by resolvers or encoders
attached to rotor shaft. However, the use of these position sensors reduces the noise
immunity, and increase the size, cost and weight of the system. Elimination of these
position sensors is highly encouraged to increase the reliability, robustness and reduce
the cost of drive. Furthermore investigation on sensorless control of (NPC) three-level
inverter fed permanent magnet synchronous motor drive has been done to reduce
system costs and total hardware complexity, to increase the mechanical robustness and
reliability, to reduce the maintenance requirements, to ensure that the inertia of the
system is not increased, and to have noise immunity.

e Sensorless controls in terms back-EMF based position estimation and Model
Reference Adaptive System (MRAS) based estimation have been implemented.

e Back-EMF based estimation of rotor speed and angular position ensure
accurate speed regulation. This method is satisfactory at medium and high-speed.

e Adaptive control seems to be the most promising control strategies. The Model
Reference Adaptive System (MRAS) based estimators provide the desired state from
two different models, one is reference model and other one is the adjustable model.

e The MRAS is simple and easier to implement as compared to the observer
based sensorless schemes with reduced mathematical computation time.

e Exhaustive simulation results are presented to investigate the performance of
the sensorless three-level NPC inverter fed PMSM drive during different operating
conditions. The simulation results verified the effectiveness and feasibility of the
MRAS based estimator in proposed PMSM drive system.

Development of laboratory prototype for experimental validation
¢ In this thesis extensive simulation work is carried out on PMSM drive. In order

to validate the simulation of two-level voltage source inverter fed and three-level NPC
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inverter fed PMSM drive the following prototypes have been developed in the
laboratory and experimentation is carried out.

(1) Two-level voltage source inverter power circuit.

(ii) Three-level neutral point clamped inverter power circuit.

(iii) Capacitor voltage balancing circuit with three-level boost converter.

e The different hardware component as required for the proper operation of
experimental set up such as driver circuit, isolation and dead band circuit, dc power
supply, voltage and current sensor circuits are designed, developed and interfaced with
dSPACE controller.

e A DSP DS1104 of dSPACE has been used for the real-time implementation of
control algorithms of two different inverters topology in MATLAB/Simulink
environment.

e Extensive experimentation has been carried out to investigate the performance
of the drive. In the first part of the experimental work the software based RDC less
position estimation is implemented using the resolver based position estimation
algorithm to estimate the accurate speed and position. The experimental results show a
complete 360° rotation of the drive. The accurate position and speed estimation is
achieved.

e In the second part of the experimental work, a two-level inverter fed PMSM
drive system is tested in different operating condition. The vector control in terms of
zero d-axis current control is implemented. The experimental results validate the
simulation results.

e To improve the performance of the drive further experimentation is carried out
in three-level NPC inverter fed PMSM drive. To maintain the voltage across the two
dc-link capacitors in three-level NPC inverter a TLBC circuit is used. The exhaustive
experimentation is carried out on the proposed drive in different operating conditions.
The experimental results show the validity and effectiveness of the proposed drive in
accordance with the simulation results.

e A comparative analysis is made between two-level inverter and three-level
NPC inverter fed PMSM drive.

e Further, the experimentation is also carried out in sensorless control mode
with three-level NPC inverter fed drive. The MRAS based estimation is implemented

and the results show the validity of the drive with different operating conditions.

24



1.5 Organization of the Thesis

The thesis is organized in seven chapters and the work incorporated in each chapter is briefly

outlined as follows:

Chapter-1 starts with brief overview of the PMSM drive, problems associated with it and
their possible solutions. The features of the drive are also discussed here. A comprehensive
literature survey on permanent magnet motor, position sensor, vector control, different
inverter topology, sensorless control, historical development and application is presented in

detail. Finally, scope of work, author’s contribution and thesis outline are presented.

Chapter-2 describes the mathematical modelling of the permanent magnet synchronous
motor drive system. The drive model consists of PMSM, inverter, position sensor, a speed
controller and the load. The modelling of PMSM in both the stationary and rotating reference
frame are explained in detail. The inverter model is explained for every possible switching
state. The PI controller equation for speed controller is described. The drive model is obtained

for vector control scheme. The steady state performance is presented.

Chapter-3 In this chapter a RDC less software based position and speed estimation is
proposed for vector control operation of PMSM drive. To investigate the performance of
resolver based vector controlled PMSM drive extensive simulation study is carried out using
MATLAB/Simulink environment and the simulation results are presented. Two different
types of rotor configuration in PMSM have been considered in this study. Vector control in
terms of zero d-axis current control and maximum torque per ampere control has been
implemented in IPMSM. For wide Range of operation flux weakening control has been
implemented. Zero d-axis current control has been studied in SPMSM. Further, the effects of

load variation and speed variation on the performance of drive are extensively studied.

Chapter 4 proposes a neutral point clamped (NPC) three-level inverter fed permanent magnet
synchronous motor drive. Capacitor voltage balancing topology using three-level boost
converter (TLBC) for neutral point clamped (NPC) three-level inverter is presented. The main
attracting feature of this control is the boosting of the input voltage and at the same time the
balancing of the capacitor voltage. This control also reduces the computational complexity.
Exhaustive simulation study is carried out using MATLAB/Simulink environment and the
simulation results are presented to investigate the performance of the proposed drive during
different operating conditions. Comparative analysis of two-level inverter fed PMSM drive

and proposed drive is also presented here.
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Chapter-5 presents sensorless control of neutral point clamped (NPC) three-level inverter fed
permanent magnet synchronous motor drive. Back-EMF based position estimation and Model
Reference Adaptive System (MRAS) based estimation is presented. Exhaustive simulation
results are presented to investigate the performance of the sensorless three-level NPC inverter

fed PMSM drive at different operating conditions.

Chapter-6 is dedicated to experimental investigation on PMSM drive system. This chapter
deals with design of system hardware, dSPACE controller interfacing and experimentation on

the laboratory prototype to validate the simulation results presented in previous chapters.

The main conclusion of the presented work and the possible future research work in this area

Is summarized in Chapter-7.

A list of references relevant to this work is given at the end.

26



CHAPTER 2: MATHEMATICAL MODELLING OF PMSM DRIVE

[This chapter describes the mathematical modelling of the permanent magnet synchronous
motor drive system. The drive model consists of PMSM, inverter, position sensor, a speed
controller and the load. The modelling of PMSM in both the stationary and rotating reference
frame are explained in detail. The inverter model is explained for every possible switching
state. The Pl controller equation for speed controller is described. The drive model is

obtained for vector control scheme.]
2.1 Introduction

The mathematical model of a system is required for accurate design of controller for the
system, deciding the controller parameters, simulation analysis and implementation of digital
control. The model of the complete drive system is an integrated model of its constituents like
inverter, PMSM, resolver, load and controllers. The reference frame plays an important role in
the modeling of any machine, as they are like observer platforms in which each of the
platforms gives a specific view of system at hand as well as the changes in the system
equations. Before proceeding to design and control observation, system review of
mathematical model of permanent magnet synchronous motor is presented. The variable
transformation is used for the time-varying inductances, coefficients of differential equations
to describe the performance behavior of the motor. There are two different reference frames
for the modelling depending on which axis reference frame is locked on. The stationary
reference frame is fixed with stator and the synchronously rotating reference frame is fixed to
the rotor. Although PMSM modeling in both the reference frames are presented in this
chapter, but rotor frame of reference is chosen because the position of the rotor magnets
determines, independently of the stator voltages and currents the instantaneous induced emf
and subsequently the stator currents and torque of the machine [2], [3], [6]. For inverter
models, the equivalent circuit models are represented for different possible switching
condition. With each switching a particular equivalent circuit model of the inverter is used,
which relates input voltage and currents with the output voltage and current. The PI
controllers are used as speed controller. These Pl controllers are model dependent but
sufficient to make the drive sustain small perturbation. Several assumptions are made in
developing the model of the drive. These assumptions make the analysis simple without loss

of significant accuracy.
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2.2 Permanent Magnet Synchronous Motor Drive System

The permanent magnet synchronous motor drive mainly consist of four major components,
PMSM, inverter, position sensor and a controller connected as shown in Figure 2.1. A PMSM
is a three-phase synchronous motor, which produces the flux by permanent magnets. The
PMSM is generally driven by voltage source inverters. The drive system with two different
inverters in terms of two-level inverters and multi-level inverter is presented. The operation
and control of PMSM requires the knowledge of rotor shaft position. There are four devices
available for the position measurement, potentiometer, linear variable differential transformer,
optical encoder and resolver. The most commonly used device for motor drives are optical
encoders and resolvers. For the low cost applications like fans compressors etc. encoders are
used, and for high performance drive applications like servo-drives and electric vehicle
resolvers are used where cost of resolver can be justified by the performance of drive. The
speed of the drive is controlled implementing the vector control using speed PI controller. The

Mechanical load on the motor is generally put through its shaft.
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Figure 2.1 Schematic diagram of PMSM drive system
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2.3 Mathematical Model of PMSM

The stator of the permanent magnet is same as the stator of a synchronous motor and its rotor
consists of multipole permanent magnet. Depending upon the direction of flux the permanent
magnet can be classified as radial field motor and axial field motor. In radial field motor
direction of flux is along the radius of motor, whereas the direction of flux is perpendicular to
radius of motor in case of axial field motors. In general the radial field motors are used in
large extent. PMSM has sinusoidal back-emf. In the permanent magnet motors, the magnets
can be placed either on the surface of rotor or inside the rotor and so called surface mounted
PM motor or interior PM motor. The surface mounted PM motors are easy to build and
skewed poles are easily magnetized to reduce the cogging torque [27]-[31]. These types of
motors are suitable only for low speed applications because at high speed magnets can be
detached from the rotor as they are glued using adhesives on the rotor surface. These motors
show very small saliency, practically equal inductances in both the axis Ld=Lq. The
permeability of the magnet is equal to air, so for the magnetic flux reluctances in d-axis and g-
axis are equal that is why these two inductances are equal. In the interior PM motors, the
magnets are buried inside the rotor core [22]-[24]. The manufacturing cost of these motors is
high so these motors are not as common as surface mounted PM motors, and are suitable for
high speed operation. The interior PM motors show significant saliency because the magnets
placed inside rotor creates the air gap which has more permeability than the rotor core [25],
[26]. The reluctance in d-axis is higher than g-axis and so the inductance in d-axis is less as
compared to g-axis Lg>Ld. The mathematical model of the PMSM s described in detail for
both type of motor salient and non-salient. Although PMSM modeling in both the reference
frames are presented, but rotor frame of reference is chosen because the position of the rotor
magnets determines, independently of the stator voltages and currents the instantaneous

induced emf and subsequently the stator currents and torque of the machine.

2.3.1 Mathematical Model of PMSM in Stationary Reference Frame

To investigate the performance of a drive system mathematical modeling of motor plays a key
role. The mathematical model of PMSM is required to design control schemes for the drive.
For the instantaneous deviation of current and voltage, and the transient and steady state
performance of PMSM drive, the mathematical model is usually obtained by using space-
phasor theory [3], [6]. Figure 2.2 shows the different reference frames used in mathematical
modeling of electrical ac machines. The stator windings are displaced by 120 electrical

degrees from each other. The angle between magnetic axis of stator winding ‘a’ and rotor
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magnet flux (i.e., d-axis) is called as rotor position angle 6. . The positive direction is taken in

anti-clockwise as shown in where angular velocity of rotor @, =d@./dt shown in positive

direction. The permeability of iron parts in machine is assumed to be infinite, and the radial

flux density in the air gap.

Figure 2.2 Different reference frames

Following assumptions are made for the modeling.

Stator winding produce sinusoidal mmf distribution.
Space harmonics in air-gaps are neglected.

Air-gap reluctance has a constant component as well as sinusoidally varying

component.
Balanced three phase supply voltage is considered.

Saturation is neglected, although it can be taken into account by parameter

changes.
The back emf is sinusoidal.

Eddy currents and hysteresis losses are negligible.

The phasor diagram of PMSM is shown in Figure 2.3. To achieve the complete phasor

diagram the voltage phase is assumed to be leading to current phasor by phase angle ¢, and

cosine of this angle is known as the power factor of machine.
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Figure 2.3 Phasor diagram of PMSM [2]
2.3.1.1 PMSM with Saliency

The voltage equations of PMSM can be expressed in terms of instantaneous currents and flux

linkages.
Vabvs =r abcs'iabcs + pﬂ’abc‘s (21)
;i‘abcs = Labcs : iabcs + ﬂ“abcm (22)
Where,
Vabcs = [Vas Vbs Vcs ]T (23)
iabcs = [ias ibs ics ]T (24)
I’-abcs = dlag [Rs Rs Rs] (25)
And
Laa Lab Lac
Labcs = Lba Lbb Lbc (26)
Lca ch I-cc
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cos 6.
=| cos(6, —27/3) (2.7)
cos(6, +27/3)

A

abcm

In above equations subscript ‘s’ represents the parameters and variables associated with stator
circuit, and subscript ‘r’ represents the parameters and variables for rotor circuit and ‘p’ is a

differential operator.

In equation (2.6) the winding inductances can be expressed as—

L. =L, + L, + L, cos26, (2.8)
2
L, = L + Ly + Ly, cosz(er —?j (2.9)
2
L. =L+ L, +L,,cos2| 6, +? (2.10)
1 /4
L,=L.= -5 L, + L, ,cos2| 6. -3 (2.12)
1 V2
L.=L,= -3 L, + L, cos2| 6, +§ (2.12)
1
L. =L, =3 Los + Lo €OS2(6, +7) (2.13)

In equations (2.8)-(2.13), L is the leakage inductance, L,;and L, are the components of
magnetizing inductance of stator winding, 4, is rotor magnet flux. It is clear from the above

equations that the magnetizing inductances are function of rotor position. In case of | interior

PM motors L, while L, is negative due to the exclusive structure of its rotor, and quadrature-

axis magnetizing inductance L, is larger thanL ;.

The expression of flux linkage can be written as—

)“as Laa Lab Lac ias cos gr
j'bs = Lba Lbb Lbc ibs + ﬂ’m cos (er - 27[/3) (2 14)
Ao L. Ly L || cos(6, +27/3)
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A three-phase machine can be represented in an equivalent quadrature-phase machine using
two-axis theory, where direct and quadrature-axis currents are flowing in the virtual windings

similar to actual three-phase currents flowing in the stator winding.

iaﬁOs = Tabc—>a,80 ’ iabcs (215)
Where,
1 -2 12
2
Tabc—mﬂo = 5 0 \/§/2 _\/§/2 (216)
Y2 Y2 12

The transformation equation (2.16) called Clark transformation, and this new stationary

reference frame representing quadrature-phase machine is known as (a— ﬂ) reference frame.

The older stationary reference frame representing three-phase actual machine is called

(a—b—c) reference frame. Using equation (2.16) voltage and flux linkage also can be

transformed to (a— ﬂ) reference frame in a similar way, and voltage equation becomes—

Voso = Tupo “lupo + PA

af0 apo 20 (2-17)

Where,

Voo =V, Y, VOJT

o=, 1, i (2.18)
T

)'aﬂo:[ﬂa /Iﬁ ﬂo:l

and flux linkage equation becomes

)“zxﬁOS = LaﬂOs 'ia/ms + ﬂ“aﬂOm (2-19)
Where,
- 3 3 . |
L +§( Los + L, €OS 26, ) > L, sin26. 0
3 . 3
Lopo = > L, sin 26, E( Lo — L, c0526,) 0 (2.20)
0 0 L,
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cosd
A=A ' 2.21
apm mLin HJ (221)

2.3.1.2 PMSM without Saliency

In case of surface mounted (magnetically symmetric) PMSM, the effective air gap is almost

uniform which makes the saliency ratio (L,,/L,,) approximately 1.0. So, inductance

matrix expressed in (2.6) and (2.20) becomes—

L 0 0
L.=/0 L 0 (2.22)
0 0 L
_ 1 1 _
L. -ZL -IL
Lls ms 2 ms 2 ms
1 1
La,BOs = _E Lms Lls + Lms _E Lms (223)
_1 Lms l Lms I‘Is + I‘ms
L 2 2 i

Where, L, =L, +g L., L is stator magnetizing inductance.

ms !

It is important to note here that transformed inductance matrix by Park or Clark
Transformation (discussed latter) reduces to a diagonal matrix, which, by effect magnetically

decouples the variables in every reference frame other than (a-b-c) reference frame.
For star-connected PMSM without saliency the voltage equations in (o—f) reference frame.

Vaﬂs = raﬂs ’ Iaﬁs + Laﬂs ’ Iaﬁ’s + eaﬂs (224)

i [rR 0
10 R

L |50 2.25
aﬁ's_ 0 |_ ( )

Where
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In (2.24) the term e, represents the induced back-emf in the winding of fictitious phase-

S

quadrature machine. This voltage equation can be written in state-space form by taking stator

current as independent variable as—

Iaﬂs = _Laﬂs_lraﬂs ’ iaﬂs + Laﬂs_l (Vaﬂs - eaﬂs) (226)

In matrix form it can be written as—

ias - RS / Ls 0 ias ]/ |_S 0 V.. 6.
i { 0 —RS/LJLJ{ 0 ]/Lsmvﬂj{eﬁsD (2.27)
ps

This equation (2.27) is the dynamic model of PMSM mostly used in designing the different

sensorless algorithms.

Although PMSM modeling in both the reference frames are presented, but rotor frame of
reference is chosen because the position of the rotor magnets determines, independently of the
stator voltages and currents the instantaneous induced emf and subsequently the stator
currents and torque of the machine [3], [6]. In case of induction machine the rotor fluxes are
not independent variables, they are influenced by the stator voltages and currents, and due to
that reason any frame of reference is suitable for the dynamic modelling of induction
machine. When rotor reference frame is considered, it means the equivalent q and d axis
windings are transformed to the reference frame that are revolving at rotor speed. The
consequence is that there is zero speed differential between the rotor and stator magnetic
fields and the stator g and d axis windings have a fixed phase relationship  with the rotor

magnet axis, which is the d axis in the modeling.

2.3.2 Mathematical Modeling of PMSM in Rotating Reference Frame

The control process is implemented here in d-q reference frame, because in d-q reference
frame quantities are independent and can be controlled separately, which is the basic purpose
of the vector control. R.H. Park established a new approach to implement the transformation
of the variables which replace the time-variant variables (with respect to rotor side) associated
with stator winding to time-invariant variables associated with fictitious winding rotating with

the rotor. The Park’s transformation is expressed as—

f T

dq0s = abc—dq0 ’

f (2.28)

abcs
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cosd, cos(6,—2z/3) cos(6, —4rx/3)
2 —sing, —sin(6, —2z/3) -sin(6, —4x/3) | (2.29)

Tabc»dqo :TabcaaﬁOTaﬁOAqu =

1/2 1/2 1/2
cosd. sing, 0O
T 040 =| —SiNG, cosg, 0 (2.30)
0 0o 1

and inverse Park’s transformation is expressed as—

fabc =qu0»abc ’ quO (231)
Where,
cos b, —siné, 1
qu0—>abc = (Tabc—>dq0 )71 = COS(@r - 272./3) —sin (Hr - 272-/3) 1 (232)
cos(6, —4x/3) —sin(6, -4z/3) 1

In above transformation equations ‘f* denote a variable that may voltage, current or flux

linkage. For a three-phase balanced system the transformation matrix of equation (2.28)

reduces to—
cos®d. cos(6 —2x/3) cos(6. —4rx/3
Tabc—>dq:Z N (6, =27/%) . (6,=47/3) (2.33)
3|sing, sin(6,—2x/3) sin(6, -4x/3)
2.3.2.1 PMSM with Saliency
In rotor reference frame the voltage equation of (2.17) becomes—
. -1
quOs = rs ’ quOs +Tabcadq0 ’ p[(Tabcaqu) i|;tdq03 + pﬂ’qus (234)
ﬂ“qus = quOs : iqus + ﬂ’qum (235)

Where,

T

/lqum:[/lm 0 O

L, 0 0
Lyo=| 0 L, O
0 0 L
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3
Lmd :E(LOS + LZS)
. (2.36)
Lmq _E(LOS - LZS)
And the L, and L, can be obtained from L , and L as-
2| Lyg + Loy 1
LOs :g{T :g(Lmd + I‘mq)
L. (2.37)
2 md ~ “m 1
LOs = §|:Tq:| = E(Lmd - Lmq)

In above L, and L, are direct-axis inductance and quadrature-axis inductance respectively.

The second term of voltage equation of (2.34) can found as—

-1 0
-1
Tabcadqo ) p |:(Tabc»dq0) :| = a)r 1 0 0 (238)
0 O
Where
—siné. —C0s 6. 0

p[(Tabc»dqo)_l}:a)r —sin(6, -27/3) -sin(6, -2z/3) 0
—sin(6, —4xz/3) —sin(6,-427/3) 0

The voltage equation (2.34) is usually written in form of—

. di .
Vg = R, -l + Ly d_;s_w Lyics (2.39)
: dig :
Vs = Ry e + L, i (Lyig + An) (2.40)
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d

i0
: 2.41
it (2.41)

VOs = Rs'Os + LOs

Under steady-state condition the speed of synchronously rotating reference frame is
considered to be equal to speed of the rotor, in that case rate of change of flux is neglected

and voltage equations ((2.39)-(2.41)) turns into form of-

Vi =Rl -, L1, (2.42)
V=R 1+ (Lyly+A4,) (2.43)
VOs = RSiOS = O (244)

The capital letters are used for quantities in steady-state.

In rotor reference frame the generated electromagnetic torque in terms of stator quantities is

as—

3\ P . .
Te = (Ej(?}(ﬂﬂslqs - ﬂ“qslds) (245)

By putting the values of A, and A, inabove equation, it becomes in the form of-

T, = (g)(g)[zmiqs (L, -1, )iqsids] (2.46)

Where, ‘P’ is the number of pole of the machine.
2.3.2.2 PMSM without Saliency

For the PMSM without saliency L, =L, =L, so the inductance matrix in rotor reference

frame becomes—

—

%

o O

(2.47)

quO =

o o
o I o
I

Similar to (a—f3) reference frame, here in (d —q) reference frame the voltage equations are

obtained as—

=R iy + L, dc;: — oL, (2.48)

S
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gs s gs

y
Vo =R i+l (;‘Es+a)r(Lsids+/1m) (2.49)

In the steady-state above equations becomes—

Vi =R, 1y — o, L1, (2.50)

VqS:RS-IqS+a)r(LSIdS+ﬂm) (2.51)

And the generated electromagnetic torque is given by—

3P, .
Te = (EJ(E] ﬂ’mlqs (252)

It is clear from equations (2.46) and (2.52) that in case of PMSM with saliency both direct and
quadrature-axis components of stator current are used, and in case of PMSM without saliency

only quadrature-axis component of stator current is used for production of torque.

2.4 Inverter for Permanent Magnet Synchronous Motor

The inverter converts the dc link voltage into variable frequency and variable magnitude
voltage for the PMSM. To operate the inverter only two stator currents are sensed and third
currents are negative sum of the two currents. Three phase reference currents are generated,
which produce desired torque to accelerate and deaccelerate the motor for the desired speed
regulation. The three phase actual stator currents are compared with respective three-phase
reference currents and currents errors are produced. The three phase current errors are
processed through PI controller to generate the modulating signal for the PWM generator

[38]-[40]. Carrier based PWM technique is used to generate the pulses to the inverter.

The permanent magnet synchronous motor is generally driven by two-level voltage source
inverter (VSI) [32], [33]. Figure 2.4 shows a circuit diagram of the PWM inverter along with

equivalent circuit of the motor. DC link voltage is represented by a dc voltage source V,, and

three voltages represent back-emfs of the PMSM windings. Three are six MOSFET switches
in the inverter with inbuilt anti parallel diode in parallel to each MOSFET switch to provide
for freewheeling path. A device is ‘ON’ state if a high gate pulse is applied or the anti-
parallel diode across it is conducting. Similarly the device is defined as off state if a low gate
pulse is present and its antiparallel diode is not freewheeling. In the inverter legs at any
instant; if upper MOSFET switch or its parallel diode is ‘ON’ then lower switch and its
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parallel diode of the corresponding leg is ‘OFF’ and vice versa. Hence at any instant of
inverter operation there are eight possible states of the inverter switches as shown in the
Figure 2.5(a) to Figure 2.5 (h).

S Ss — Is Ls Ega
-
_mF _F I3
as

Ve (5 bs

* ¥ 2k} = =y

Figure 2.4 Circuit diagram of the PWM inverter along with equivalent circuit of the motor

For different switching states, the voltages across the PMSM phase winding are given in the
Table 2.1. If all the upper switches of the three legs are simultaneous ‘ON’ the magnitude of
voltages applied across the phase winding is zero as shown in the Figure 2.5 (g). Similarly,
when the three switches of the lower legs are simultaneously ‘ON’ the voltage applied across
the three phase windings is zero, i.e, the terminals of the PMSM are short circuited as shown
in the Figure 2.5 (h). Table 2.1 shows the phase voltages for each possible switching position
and figure shows the respective equivalent circuit of the inverter and the PMSM. The

transformed values of the stator phase voltageV,, V,, and V, on the rotor d-q axis for each

S 7
switch position is also given in the Table 2.1. For a particular switching state serial number

‘n’ and freewheeling state ‘FW’; the d-q voltage equation are formulated as

v, = %{(—1)”% cos(@+2i;‘)}Fw (2.53)

v, = %[(—1)%0 sin(¢9+2—73m)}.FW (2.54)
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Figure 2.5 Different switching states
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Table 2.1 Switching parameter of PWM inverter and PMSM

Switching states

2|V, €036+, c0s (6 - 27/3)
. V =—
S| switch ‘ON’=1; 3] +v, cos(0+27/3)
No ; ¢ (). Vas Vbs Vcs FW
. Switch “OFF"=0; 2| v sind-+v,sin(6-27/3)
(5..5,.5..5,.5..5,) "3 4y, sin(0+21/3)
2
v, =—[ -, cos(6+27/3) |
Y/ Vv 2V "3
1 (1,1,1,0,0,0) . - -
v, :g[—vdcsin(9+2ﬂ/3)]
2
V, =—|V,Cos(0—-27/3
V. v V. o = 3L c08(0-27/3)]
2 (0,1,1,1,0,0) SR e .
3 2r
v, =§[de sin(6—27/3)]
v, = %[—vdC cosd]
3 (0,0,1,1,1,0) A Ve Voo 1
3 2 :
v, =§[—vdcsm 6]
2
V, =—|V, CoS(0+27/3
V. v v o = gL c0S(0+27/3)]
4 (0,0,0,1,1,1) - — g — 1
3 20
v, =§[Vdc sin(0+27/3) |
v » v v, = %[—vdc cos(0-2x/3)]
5 (1,0,0,0,1,1) % —Tdc % 1 >
v, :5[—Vdcsin(9—27r/3)]
, v, = %[vdc cosd]
V Vv \Y/
6 (1,1,0,0,0,1) e | e | e | g
3 3 3 2 )
v, Zg[VdCS'” 6]
7 (1,0,1,0,1,0) 0 0 0 0 v, =0; v, =0
8 (0,1,0,1,0,1) 0 0 0 0 v, =0;v,=0
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2.5 Resolver Sensor

The accurate position estimation is the key of closed loop control in PMSM drives system.
For high performance drive applications, the most commonly used device for sensing the
position in PMSM is resolver [142], [149]. The operating principle of resolver is like a rotary
transformer. Among the three winding, the rotating reference winding is fixed on the rotor
and two secondary stationary coils are placed in quadrature (shifted by 90°) with one another

as shown in Figure 2.6.

Vin(t)zvin.Sin a)reft (255)
Viu (1) =V k.sin gsino, ct (2.56)
Voo (4,1) =Vi  k.cos g.sin Dot (2.57)

High-frequency signal in the frequency of kHz is applied to excite the primary coil. In
consequence of the excitement applied on the primary windingV,,, and along with the angular
movement of the motor shaft, the respective voltages are generated by resolver secondary

winding V,, andV,, .

VOl

Vin

Figure 2.6 Internal construction of resolver

The frequency of the two output sine and cosine signal is same as frequency of the excitation
signal but the amplitudes variation depends on the shaft angle [144]. Generally a resolver to

digital converter is used to get the accurate position from the resolver. But instead of using
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RDC the position is estimated from the resolver using software based resolver algorithm

which is described in detail in the next chapter.

The Equivalent Circuit of Resolver

Vin

Figure 2.7 Equivalent circuit of resolver
The Figure 2.7 shows the equivalent circuit model of the resolver neglecting the back-emf

produced by rotation. R, represents the primary resistance and L, shows the inductance. The
output resistance and inductance are R, andL,. The excitation resistance and inductance are
R, and L, . The equivalent output resistance of load is R, . The input reference signal is V,,
and output signal is V,, and V,,assuming excitation resistance R, >>sL_, the transfer

function of the resolver is simplified as:

Vo(s) s(R.L,/R (R, +R)))

= (2.58)
V,(s) (s(L,/R,+R)+D(s((L,+L +L,L/L,)/R)+1)

There are one zero and two poles in the transfer function. The poles of the resolver transfer

function are given as:

S, = R s, =TetR (2.59)
Lo+ L+ LL/L L,

2.6 Speed Controller

In a vector controlled PMSM drive two control loops are required. Outer one is the speed

control loop consists of one speed controller, which processes the speed error. Pl controller as
a speed controller nullifies the steady state speed error(a): —a)r). The output of speed
controller is basically torque reference, which multiplies by inverse of torque constant K.

The speed error can be minimized only by changing the electromagnetic torque generated by
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motor, depending on whether speed error is negative or positive. Vector control for PMSM
drives provides decoupling control between flux and torque components, and is able to
achieve the good performance similar to dc motor in adjustable speed drive application. In
such high performance drive speed controller plays a vital role as it directly affects the current
reference input to current controllers and indirectly affects the performance of motor in terms

of efficiency, dynamic response etc.

At k' sampling instant motor speed error of the controller is given by

Derror (k) = a)r:] (k) — 0, (k) (260)

And the change in speed error is given by

Aa)error (k) = Wyrror (k) = Werror (k _1) (261)
The torque command for the (k+1)"" sampling period is
T (k+1) =T, (k) + KpAw,,,, (K) + K, @, (K) (2.62)

A limit of the torque command is imposed as

*

T . for T (k+) > T,
. N N (2.63)
—T, fOr T, (k+1) < T

emax

EYK+D={

The g-axis current command in terms of the torque command is

T, (k+2)

12 (k+1) = (2.64)

t

A limiter is applied to saturate the controller output at maximum inverter or motor (which is

small) current rating. The output of the limiter is written as

*

Lo fOr  1o(k+1) > 1
li(k+1) =4 " qs )
—I for 1 (k+) < -I

qmax

*

gmax

(2.65)

*

qmax

The d axis reference current is kept zero. The Park’s transformation is applied to obtain abc
axis referred three-phase currents from the dqO axis currents for the hysteresis current

controller of the PWM inverter.
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2.7 Load

The Mechanical load on the motor is generally put through its shaft. The mechanical equation
of the drive system is as-

T =T +Bao, +3 3% (2.66)
This mechanical equation is used to obtain the rotor speed as-
o, = I(H]ﬂjdt (2.67)

Here @, is the mechanical rotor speed; the electrical rotor speed «, can be obtained from

this-

(2.68)

2.8 Steady State Performance of PMSM Drive

The PMSM rotor position and speed feed back are obtained through a resolver. Under steady
state operating condition, the drive variable like speed, frequency and current are constant.

For steady-state analysis of the PMSM drive following assumptions are made:

e The dc link voltage is ripple free.

e There are no losses in the inverter i.e., switching devices are ideal.

e The harmonics in the developed torque resulting from the current harmonics are
neglected.

e Current delivered by the current controller/inverter are sinusoidal i.e., only
fundamental components of the stator winding currents are considered.

e All motor parameters are constant and independent of frequency.

e Speed and current controller are ideal.

e Delays imposed by various current and voltage sensors are neglected.

e Saturations are neglected.

In steady-state operating conditions of the PMSM, the differential terms in the dgo-axis
equation (the terms with d/dt) are kept zero.

In the steady-state the equations becomes—

Vg =R,y —a, Ll (2.69)
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Vo =R -l —oL]l (2.70)

S r'=q gs

Vo =R -l + @, (Lylg + 4, (2.71)

And the generated electromagnetic torque is given by—

T =K, (2.72)

e "M'gs

Where Vg, Vg, 1 and I denote steady-state (constant) quantities. The motor speed is constant

at steady-state condition, hence, the load torque equation is written as

T.=T,+Ba, (2.73)

The vector control of the PMSM drive provides independent control of g-axis and d-axis

components of the current.
Performance Characteristics

The rotor position of the PMSM is fed back to synchronize the stator mmf with the permanent
magnet rotor mmf. The PWM inverter controls amplitude and phase of the motor current
using the speed controlled command. Fast speed response is achieved by controlling the
maximum torque to armature current ratio. The following steady-state performance
characteristics of the vector controlled SPMSM are plotted using the above equation and the

corresponding simulation. (i) Armature current versus torque (ii) Speed versus torque.

4 L L T T T T T

Analytical

- i —
35 ==@ =" Simulation

RMS phase current (A)

Torque (N-m)

Figure 2.8 Motor torque v/s current characteristics
The togue-current relationship is given by equation(2.72). For a constant speed (w,.) operation

the motor load torque is varied and corresponding stator phase currents are calculated with
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known value of torque constant (K;). The motor torque versus armature phase current (r.m.s.
value) is plotted for an operating speed 900 rpm. The Figure 2.8 shows the analytical and
simulated torque versus armature phase current characteristics. The torque versus

characteristics is found linear; hence, torque to current ratio is constant.

1800 T T U T T T T
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1500 4 ==®==- Simulation -
1200 -~ -
5
=
o 900 @ -0- = . 4 = \ 4 L g
8
o
%)
600 — -
300 - -
0 r r r r r r r
0 05 1 15 2 25 3 35 4

Torque (N-m)

Figure 2.9 Torque v/s constant reference speed characteristics

There are two types of torque v/s speed characteristics, obtained by (i) controlling the speed at
a fixed value and varying the load torque and by (ii) keeping a constant load torque and
varying motor speed. Figure 2.9 shows analytical and simulated torque versus speed
characteristics at reference speed 900 rpm. The speed is controlled at a constant value and the
load torque is varied. Figure 2.10 shows torque v/s speed characteristics curve for a constant

reference torque. The motor load torque is kept constant and speed is varied.
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Figure 2.10 Constant reference torque v/s speed characteristics
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2.9 Conclusion

In this chapter the mathematical model of PMSM in stationary and rotating reference frame is
presented. The selection of reference frame depends on the control requirement. The
mathematical model is presented for both type of PMSM, with saliency (IPMSM) and without
saliency (SPMSM). Analytical models for two-level voltage source inverter topologies are
developed. These mathematical models are based on the use of switching functions and the
determination of state equations for the phase currents and the DC capacitor voltages.
Resolver position sensor circuitry, mathematical equations is also presented. The
mathematical model of speed control loop and the load equation is also described. The steady

state model is presented and the performance characteristics are plotted.
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CHAPTER 3: VECTOR CONTROL OF RESOLVER BASED PMSM
DRIVE

[RDC less software based position and speed estimation has been discussed. The
performance of resolver based vector controlled PMSM drive has been studied. Two different
type of rotor configuration has been considered in this study. Vector control in terms of Zero
d-axis current control and Maximum torque per ampere control has been implemented. For

wide speed range of operation, flux weakening control has been implemented.]
3.1 Introduction

The application demand of electric motors is increasing rapidly with increasing technological
advancement. With the technological progress Permanent Magnet Synchronous Motors
(PMSM) are widely used with current-controlled voltage source inverters for industrial and
traction applications, because of their high power density, relatively small rotor inertia and
high efficiency. In PM motors, the magnets can be placed in two different ways on the rotor
[18]-[20]. Depending on the placement they are classified as follows i) Interior permanent
magnet motor. ii) Surface permanent magnet motor. Simulation study has been done in
MATLAB/SIMULINK environment for both type of PMSM. The vector controlled PMSM
drives brought renaissance in the variable speed drives, replacing the traditional scalar-
controlled drives [3], [107]-[109]. PM motor with fast dynamic response, good speed
regulation and high efficiency demands the information of the rotor position to implement the
vector control. The rotor position can be accurately measured by using the resolver sensor.
Robust structure and noise insensitivity are the attracting features of the resolver sensor. In
traditional practice resolver to digital converter (RDC) are used for position and speed
estimation. A Resolver-to-Digital or a Synchro-to-Digital converter is a device, which is used
to convert the output signals of resolver to a digital output corresponding to the shaft angle
and velocity [142]. But a detailed study of a software based position estimation using the
output signal of the resolver without using RDC is discussed in this chapter. In industrial
applications, especially servo drives a constant torque operation is desired, where as in case of
traction applications, both constant torque and constant power operations are necessary.
Performance investigation in resolver based RDC less PMSM drive with vector control in
terms of Zero d-axis current control and Maximum torque per ampere control has been done

in this section. Back EMF is proportional to permanent magnet field and motor speed. Since
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maximum inverter voltage is limited, PMSM motor cannot operate in speed regions where the
back electromotive force is higher than maximum output voltage of the inverter. An obvious
consequence of reaching voltage limit is disturbed current dynamics, saturation of current
regulators and degraded torque production which may cause system instability. Wide speed
range can be achieved with flux weakening[3], [124]. However in case of PMSM, instead of
direct control of permanent magnet flux, air-gap flux is weakened with demagnetizing current

in direct axis, which in turn gives indirect Flux-Weakening (FW) of permanent magnets.

3.2 Resolver Based Position Sensing
The working principle of the resolver is identical to a rotary transformer. Construction wise

resolver has three winding. The primary winding of resolver is rotating coil. Two secondary

coils are stationary and are placed in the stator by 90° apart from each other.

o

Figure 3.1 Internal structure of resolver

In general a resolver to digital converter (RDC) is required to estimate the rotor position. But
software based position estimation is achieved for the proposed drive system without using
RDC. High-frequency signal is applied to excite the primary coil of the resolver. With the
rotation of rotor, the induced emf in the secondary coils helps to measure the actual position.
Finally, the rotor position estimation is done by demodulating the output signal of the

resolver. In consequence of the excitement applied on the primary winding Vin, and along
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with the angular movement of the motor shaft, the respective voltages are generated by
resolver secondary winding Vo1, Vo2. The internal structure and the input out signal of the

resolver are shown in Figure 3.1.

h X =] C0SOr |

VOl((P,t)ﬁ X
L] e
Pl =rp>-1Integrator 0>
Controller r
=
VOZ((P,M X or

X | SinOr <

}

Figure 3.2 Schematic diagram of position estimation algorithm from resolver

The frequency of the two output sine and cosine signal is same as frequency of the excitation
signal but the amplitudes variation depends on the shaft angle. Instead of using RDC the
resolver algorithm proposed here is software based. The Schematic diagram of position
estimation algorithm is shown in Figure 3.2. The equations related to the primary and
secondary winding are defined as—

Vln(t) :Vin.Sin a)reft (31)
Vs (1) =V k.sin psino, ct (3.2)
Voo (4,1) =Vi - k.cos g.sin Dot (3.3)

A\
Where, k is the resolver’s turn ratio, vV in implies the peak value, ¢ is the rotor position in rad,
and @, is the frequency of the excitation signal in (rad /sec).
The error signal nearer to zero is the difference between actual angle (¢ ) and the computed

angle (¢). The feedback loop and PI controller provides the speed. The rotor position is
obtained by integration of the motor speed.

The error calculation is based on following trigonometric relation given by-
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e= (Vin.sin Oy of t.cos 6?)(\/in.k.sin @.sin O of t)—

(Vipy-Sin @ o tSIN 0)(Vi, k.cos g.sin O ot t) (34)
e=V, (1).(V;k.sin o )(SIN $COS O —COS #5in 6) (3.5)
The above expression can be written in form of
e=Asin(¢—0) (3.6)
Where,
A=V, (1).(V;k.sin ot t) (3.7)

——
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Figure 3.3 Simulation result of the resolver input and modulated output signal with complete
360° rotation

The output signal of resolver with the input signal at complete 360° rotation of the rotor shaft

is shown in the Figure 3.3. The output signal of the resolver for its four quadrants has been
shown in the Figure 3.4.
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Figure 3.4 Resolver output signal at complete 360° rotation
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Figure 3.5 Simulation results of the resolver input and modulated output signal
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Figure 3.6 Simulation results of the resolver modulated output signal with theta by tan inverse
method

The high frequency (1 kHz) excitation signal is applied to the resolver. When the rotor is
rotated, the resolver induces the two modulated signals shown in the Figure 3.5. If we apply
the tan inverse rule based on the modulated sine and cosine output signal to calculate the
position 6 then there will be error on the calculated position as shown in the Figure 3.6. Trace
1 and 2 represents the modulated sine and cosine output signal from the resolver. Trace 3 in

this figure represents the calculated rotor position with simple tan inverse method. The

\ACAY

equation @ =arctan [
02 ¢’

} has been used to calculate the rotor position by tan inverse

method. It is observed that there is an oscillation in calculated rotor position.

The high frequency (1 kHz) excitation signal is applied to the resolver. When the rotor is
rotated, the resolver induces the two modulated signals. To obtain the rotor position from the
resolver, these modulated signals are demodulated by the proposed algorithm. Trace 1 in the
Figure 3.7 denotes the modulated output sine signal & the trace 2 denotes the demodulated
sine signal. And Trace 1 in the Figure 3.8 denotes the modulated output cosine signal & the
trace 2 denotes the demodulated cosine signal. Figure 3.9 shows the demodulated sine and

cosine signal. Estimated position from the resolver algorithm is shown in the Figure 3.10.
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Figure 3.10 Simulation results of the demodulated sine & cosine signal with theta
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Figure 3.11 Simulation results of the modulated & demodulated sine signal with theta
comparison

It is observed that conventional tan-inverse method based estimation produces oscillation in
estimated position. This problem can be overcome using the position estimation algorithm
from resolver. It is also noticed from the Figure 3.11 that the software based position
estimation algorithm provides the accurate position for PMSM drive. Software based position
estimation eliminates the use of resolver to digital converter, which in terns reduces the cost
of the drive.

Table 3.1 Comparative analysis of position estimation by conventional tan-inverse method and
position estimation algorithm from resolver

Conventional tan-inverse method Position estimation algorithm from resolver
Oscillation are more Oscillation free
-180°to + 180° rotation is estimated Complete 360° shaft rotation is estimated
Accurate position sensing is difficult Estimate accurate position
Modulated signal based estimation Demodulated signal based estimation
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3.3 Vector control of PMSM Drive

The vector controlled PMSM drives draw the key attention in the variable speed drives,
replacing the traditional scalar-controlled drives. Accurate position sensing plays the vital role
to implement the vector control in PMSM drive with fast dynamic response, good speed
regulation and high efficiency [117]. The vector control is based on transformation of a three
phase time and speed dependent system into a two co-ordinate (d and g) time invariant
system, which makes the PMSM structure similar to that of a DC machine [2], [6]. Vector
controlled machines need two components as input references: first is the torque component
(aligned with the q co-ordinate) and second is the flux components (aligned with d co-

ordinate).

The input excitation to machine from stator side is done to separate torque and flux channels
by vector control. The vector control of PMSM is derived from the dynamic model of PMSM

considering the currents as inputs. Three-phase currents are—

i, =i;sin(wt+6) (3.8)
iy = issin(a)rt+5—2?”j (3.9)
L 2r
I :|Ssm(a)rt+5+?j (3.10)

Where o, , is the electrical rotor speed, J, is the angle between stator current phasor and rotor

field and known as torque angle. The rotor field travels at speed same as rotor speed which is

o, electrical rad/sec. In PMSM direct control of torque becomes complicated due to inherent

coupling effects. Decoupling between torque and flux producing components can be provided
by vector control algorithm and it also makes the control easier. Vector or decoupling control
makes the dynamics of ac drives similar to that of dc drives, and with current control,

problems of the conventional stability limit of ac machine does not arise.
The stator currents in rotor reference frame are obtained as given in Equation (3.11)

sing, sin(6, —120) sin(6, +120) '

los 2
{iqj 3Losé’r cos(6, —=120) cos(6, +120) :b

(3.11)

c

The stator currents can be expressed as—
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iy | . [cOSO
{iqj_l{sin 5} (3.12)

It is to be observed that d-axis and g-axis currents are constant in rotor reference frame, as the
torque angle & is constant for a given load torque. The rotor flux is on the d-axis of machine,
and which is on the rotor and rotating with the angular velocity o electrical rad/sec from a
stationary reference point termed as stator reference frame. The components of stator current
phasor on rotating d-axis and g-axis (rotor reference frame) are constant for a given stator
current phasor and given torque angle. The stator current component only along d-axis
produces flux, and hence named as flux-producing component of stator current and can be
denoted as ir. This current partially contributes the d-axis flux and remaining part of rotor flux
is contributed by permanent magnets (PMs). The generated PM flux can be assumed to be

generated by an equivalent current source is.

The component of stator current which is in quadrature to rotor flux produces the torque in

interaction with rotor flux, so called torque-producing component i, which is similar to

armature current in case of DC machine. So the d-axis and g-axis components of stator

current can be represented as—

i =i, (3.13)
i =iy (3.14)

The permanent magnets can be placed in two different ways on the rotor. As discussed in the
chapter 1. Depending on the placement they are classified as follows:
iii) Interior permanent magnet motor.

iv) Surface permanent magnet motor

3.3.1 Interior Permanent Magnet Synchronous Motor Drive

In interior PMSM, the equivalent air gap is not uniform. This provides saliency effect. As a
result, the quadrature-axis synchronous inductance of IPM is larger than its direct-axis
inductance, i.e., Lq> Ld. Due to saliency effect in addition to the magnetic torque, reluctance
torque is produced by IPM motor [22]. Vector control has been implemented in terms of zero
d-axis current control (ZDAC) and Maximum torque per ampere control (MTPA) in IPMSM.

The vector control strategy has been discussed below.
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3.3.1.1 Zero Direct Axis Current Control

The torque angle is defined as the angle between the g-axis current and the d-axis in the rotor
reference frame. This angle is maintained at 90° in the case of the ZDAC control strategy. The
ZDAC control strategy is the extensively utilized control strategy by the industry. The d-axis
current is effectively maintained at zero in this control strategy [2]. The main advantage of
this control strategy is that it simplifies the torque control mechanism by linearizing the
relationship between torque and current. This means that a linear current controller results in
linear control over torque as well. In dc motors the current and magnet fields are always
maintained at an angle of 90°. Therefore, the ZDAC control strategy makes a PMSM operate
in a similar way to the dc motor. This makes the ZDAC control strategy very attractive for
industrial designers who are used to operating dc motor drives.

The stator voltage equations are:

Vi = g + PAg + @, A (3.15)
Vdrs = rdic:s + pﬂ’drs _a)rﬂ’qrs (316)
Vors = rsi(;s + pﬁtlv‘s (317)

Where r, and r, are the g-axis and d-axis winding resistance. V,; andV,, are the g and d-

axis voltage in the rotor reference frame. i’

s andiy are the g and d-axis current. The flux

linkages are
Ags = Lylgs (3.18)
Al =Lyt + A" (3.19)
By considering constant magnet flux linkage pA; =0
Ve = (1, + pLy)ig + o, Lyl + @, A (3.20)
Ve = (1 + pLy)ig — o, Lyig (3.21)

In rotor reference frame the generated electromagnetic torque in terms of stator quantities is

as—

T,=2
2

e

N | o

(ALiL = ALIL) (3.22)

ds'qgs (o}
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Which upon substitution of the flux linkages in terms of the inductance and current

.l
2

N | o

{(Anig + (Ly = Ly)igice} (3.23)

m'gs

The equivalent circuit of permanent magnet synchronous motor in rotor reference frame is

shown in Figure 3.12.

(b)

Figure 3.12 (a) & (b) Equivalent circuit of PMSM in rotor reference frame

If the d-axis current made equal to zero
i, =0 (3.24)

By putting this value in equation for electromagnetic torque we can get

T - g.gxn:igs (3.25)

Rewriting this equation it can be seen that g axis current become a function of torque.
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il Te (3.26)

The constant torque angle phasor diagram is shown in Figure 3.13.
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-
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Figure 3.13 Constant torque-angle or Zero d-axis control phasor
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Figure 3.14 Block diagram of ZDAC controlled PMSM drive

The block diagram of the ZDAC controlled PMSM drive is shown in Figure 3.14. The speed

error is fed to PI controller. Pl controller generates the torque command Te. From this torque
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command the current command igs are generated with the help of equation (3.24) and igs make
equal to zero. The absolute position signal &r convert the rotor rotating frame signal into
stationary reference frame signal 1’2, Iy and I”; . The gate signal of the inverter is generated
using the error between the two current I, 1"y and I”; and actual current la, l» and Ic with the

carrier based PWM controller.
3.3.1.2 Simulation Results of IPMSM with ZDAC Control.

The performance of the drive at different operating condition has been investigated in
MATLAB/Simulink environment. The specification of the simulated interior permanent

magnet motor has been shown in the Table 3.2.

Table 3.2 Specification of simulated Motor

stator phase resistance 0.9585Q
Torque Constant 1.092
d-axis inductance (Lq) 0.004987 H
g-axis inductance ( Lg) 0.005513 H
Moment of inertia (J) 0.0006329kg-m2
No of poles 8
DC link voltage 300V

The transient response of the speed control loop obtained for step variation in reference speed
from 900 rpm to 1200 rpm is shown in Figure 3.15. The response is plotted for different sets
of Kp and K. The ripples/over shoot and settling time corresponding for these chosen values
of Kp and K; are summarized in Table 3.3. The comparison of various transient response
curves show that for Kp = 0.0046 and K= 0.08, the system is giving best results. The drives
has been simulated with speed PI controller gain Kp=0.0046 and K= 0.08.

Table 3.3 Performance for different controller parameters

Case Kp Ki Settling Time | Ripples/Overshoot
1 Kpr =0.0004 K;=0.0.03 1.5s more/ large deep
2 Kpr =0.0046 Ki=0.08 0.25s less
3 Kp =0.00042 K =0.00079 1.6s very less
4 Kp =0.00045 K, =0.0076 1.4s more
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Figure 3.15 Transient response of speed controller for IPMSM drive

The starting response of the drive has been shown in the Figure 3.16. Trace 1 in the Figure
3.16 represents the threes phase stator current. Trace 2 represents the speed of the motor in
rpm and trace 3 denotes the torque developed by the machine. The reference value of speed is
kept 900 rpm and the motor is started with no load. It is observed that the motor reaches its
reference speed value. Initial starting torque is high. The stator current is also high at the time
of starting.

The performance of the drive with ZDAC control at speed changing operation also has been
investigated. A change in speed reference of 300 rpm has been applied. The speed reference
increased from 900rpm to 1200 rpm. The response of the drive at speed changing operation
has been shown in the Figure 3.17. At 2 sec the speed reference has been increased from 900
rpm to 1200 rpm. At this time the torque is increased by the motor to reach the reference
speed. Due to that the stator current is also slightly increased at that time. The torque reduced
once the reference speed value reached. The performance of the drive at speed decreasing
condition has been shown in the Figure 3.18. At time 2 sec the speed reference value is
changed from 900 rpm to 600 rpm. To reach the reference speed value the torque of motor
decreased to negative value. The torque regains its original value once the reference speed

value reached.
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Figure 3.16 Response of the drive at starting
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Figure 3.17 Response of the drive at speed increasing
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Figure 3.18 Response of the drive at speed decreasing

To investigate the performance under loading condition a load of 4Nm is applied to the motor
and simulation results are obtained. The response of the drive at increasing load has been
shown in the Figure 3.19. A step load of 4 Nm is applied at 2 sec. It is observed that the stator
current is increased at the time of loading. It is also observed that there is dip in the speed
response. This dip is due to the loading. This speed response reaches the reference due to the
closed loop operation of the drive. The magnified view of the torque response and stator
current has been shown in the Figure 3.20. Trace 1 indicates the stator current and trace 2
represents the torque. The performance of the drive at decreasing load has been shown in the
Figure 3.21. At 2 sec the 4Nm load has been removed. Trace 1 indicates the stator current at
loading condition and the load removal condition. Due to the step change in load the speed is
slightly increased and reaches again the reference speed value. So it is observed that the
ZDAC controlled IPMSM drive gives the desired performance at different operating

condition.

68



e

“W ollhl YI‘““"lllWﬂl‘ i

P |u i |'l

o mwm .LJ !

*’»m»

o

't

s 1|"-|ﬁwi1n||trt|; X

“ o

i jIIlH

AYATAVAYAVATAYAVAYATAYAVAVATATA!




-
°2 il I
el |' IHH “i “li‘lllﬂlﬂll) ~
5 2 m
2.2 2.4 2.6 2.8 3
1,200 :
70 rpm L
900
3E )
D= 600
3096 18 2 2.2 2.4 2.6 2.8 3
6 T T
L 4
== 0 |
16 1.8 é 2.r2 2.r4 2.r6 2.r8 3
Time(sec)

Figure 3.21 Response of the drive at load decreasing

3.3.2 Maximum Torque Per Ampere Control

The MTPA control strategy provides maximum torque for a given current. So the copper loss
for a given torque is minimized. This implies a minimum converter rating as well as its
maximum efficiency. The torque developed in IPM machine has two component i) The torque
due to the interaction of the magnetic flux and g-axis stator current and ii) The reluctance

torque.

The constant torque loci of the interior permanent magnet synchronous motor (IPMSM) in

terms of the two-axis stator current i and iy is plotted from the torque equation. The MTPA

trajectory on constant torque loci is shown in the Figure 3.22 with blue lines; where on every
locus the point which is nearest to the origin corresponds to the minimum stator current. So

the maximum torque per ampere curve is obtained by connecting the point’s dcbaoa’b’c’d’.

For positive torque the polarity of i is positive whereas the polarity of iy is negative.
Negative i, contributes an additive reluctance torque component. The polarity of torque can

be reversed by reversing the currenti,. On each value of constant torque loci there is a
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MTPA point. Corresponding to that point, i, and i, is calculated. So from MTPA lookup
table i and i are generated for different torque value. The block diagram of MTPA

controlled PMSM drive is shown in Figure 3.23.
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Figure 3.23 Block diagram of MTPA controlled PMSM drive
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The IPMSM drives with maximum torque per ampere control has been simulated with speed
PI controller gain Kp= 0.0046 and K= 0.08 and the specification of the simulated motor is
given in the Table 3.2. The starting response of the drive at no load condition has been shown
in the Figure 3.24. Trace 1 in the Figure 3.24 represents the stator current. Trace 2 represents
the speed of the motor in rpm and trace 3 denotes the torque developed by the machine. 900
rpm is kept as the reference speed value. It is observed that the starting torque is high. The
stator current is also high at the time of starting. A change in speed reference of 300 rpm has
been applied to the drive and the performance of the drive with MTPA control has been
investigated. The response of the drive at speed changing operation has been shown in the
Figure 3.25. At 2 sec the speed reference has been increased from 900 rpm to 1200 rpm. At
this time the torque is increased by the motor to reach the reference speed. The torque reduced
once the reference speed value reached. The performance of the drive at speed decreasing
condition has been shown in the Figure 3.26. At time 2 sec the speed reference value is
changed from 900 rpm to 600 rpm. To reach the reference speed value the torque of motor
decreased to negative value. The torque regains its original value once the reference speed

value reached.
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Figure 3.24 Response of the drive at starting
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Figure 3.25 Response of the drive at step change (increasing) in speed reference
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Figure 3.26 Response of the drive at step change (decreasing) in speed reference
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Further investigation has been done at loading condition. A load of 4Nm is applied to the
motor and simulation results are obtained. The response of the drive at increasing load has
been shown in the Figure 3.27. A step load of 4 Nm is applied at 2 sec. It is observed that the
stator current is increased at the time of loading. This speed response reaches the reference
due to the closed loop operation of the drive. In MTPA control of PMSM it is noticed from
the simulation result that d axis current value is not zero as in case of conventional ZDAC
control. It is also analyze that g- axis current in MTPA mainly produces the required torque.
The d-axis and g-axis current at loading condition has been shown in the Figure 3.28. The
performance of the drive at decreasing load has been shown in the Figure 3.29. At 2 sec the
4Nm load has been removed. Trace 1 indicates the stator current at loading condition and the
load removal condition. Due to the step change in load the speed is slightly increased and
reaches again the reference speed value. So it is observed that the MTPA controlled IPMSM

drive gives the desired performance at different operating condition.
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Figure 3.27 Response of the drive at load increasing
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Figure 3.30 Stator current with MTPA & ZDAC control at loading condition
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Figure 3.31 Magnified view of stator current with MTPA & ZDAC control

The stator current with two different control has been shown in the Figure 3.30. The
magnified view of stator current with ZDAC and MTPA control has been shown in the Figure
3.31. It is observed that MTPA control provides the less stator current as compared to the
ZDAC control. The comparative analysis of ZDAC and MTPA is presented in Table 3.4. The
comparative study shows that Maximum torque per ampere control strategy in interior PMSM
is efficient control as compared to zero d-axis current control. MTPA controlled PMSM gives
equal torque and speed as compared to ZDAC, but at the same time MTPA reduce the stator
current. Electrical power loss is minimized due to reduced stator current in MTPA. So MTPA
optimizes the drive efficiency. MTPA is most suitable for high saliency motor drive.

Maximum torque can be achieved without exceeding the current limit of the inverter.
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Table 3.4 Comparative analysis of ZDAC Control and MTPA control

ZDAC control MTPA Control
Stator current is high (3.8 A) Stator current is low (3.6 A)
Efficiency less as compared to MTPA Efficiency improves
Simple control Complex as compared to ZDAC
Can be implemented in both IPMSM and Implemented in IPMSM
SPMSM
Stator losses are more Stator losses are less

3.3.3 Flux-Weakening Control

The motor drive is operated with rated flux linkages up to a speed where the ratio between the
induced emf and stator frequency (V/f) is maintained constant. After the base frequency, the
V/f ratio is reduced due to the limit of the inverter dc voltage source which is fixed. Above
rated speed the induced emf will exceed the maximum input voltage, making the flow of
current into machine phases impractical. To overcome this situation, the induced emf is
constrained to be less than the applied voltage by weakening the air gap flux linkages. The
flux-weakening is made to be inversely proportional to the stator frequency, so that the
induced emf is a constant and will not increase with the increasing speed. In permanent
magnet motors, as the magnets resemble a “fixed excitation flux” source, the magnetic field
cannot be varied as in a separately excited DC motor and Induction motor by controlling the
field current. The principle of flux-weakening control of PMSM is to increase opposite direct
axis current and use armature reaction to reduce air gap flux, which equivalently reduces flux

and achieves the purpose of flux-weakening control.
3.3.3.1 Field Weakening Control with MTPA

The MTPA control strategy is utilized in high performance applications where efficiency is
important. This control strategy provides maximum torque for a given current thus minimizes
copper losses for a given torque. So the converter rating is minimum as well as its efficiency
is maximum. If we considered the operation of a IPMSM, it can run in two mode of operation

as follows:

1. Constant torque region.

2. Constant power region or flux weakening region.
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Figure 3.32 Operation of flux weakening controller with MTPA controller

MTPA control can be implemented in constant torque region whereas flux weakening control
is implemented in constant power region. The operation of flux weakening controller with
MTPA control is presented in Figure 3.32. So for getting wide speed operation it is needed to

run the motor in constant torque region as well as constant power region.
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Figure 3.33 Block diagram of PMSM drive for wide speed range operation.

Up to base speed motor will run in constant torque region above base speed motor will run in
flux weakening region. The block diagram of complete drive system for wide speed range of
operation is shown in Figure 3.33. For constant torque region operation we will consider

MTPA control and above base speed operation the control will transferred to flux weakening
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controller. For constant torque region operation Pl controller will generate the torque
reference on the basis of speed error. Based on the torque reference g-axis and d-axis current
can be generated from the MTPA lookup table. The current value say i"gs1 and i gs1. SO up to

base speed these current value i“gs1 and i as1 Will generate 1", 1"y and 1°c current command.

Above base speed operation the torque command can be generated according to the flux
weakening algorithm. Based on this torque command g-axis and d-axis current can be
generated from the lookup table, which is generated by flux weakening algorithm. The current
value say i gs2 and i"gs2 . SO above base speed these current value i"gs2 and i s> Will generate 17,
, I'v and 1" current command. Based on the speed value the switching status is selected for
generating the i"qs and i"ss. Based on I, Iy and 1" current command and actual current Ia , I
and Ic the gate signal of the inverter can be generated with the help carrier based PWM

controller.
3.3.3.2 Development of Flux Weakening Control Algorithm

The flux wakening control of IMPSM drive provides the wide speed range of operation. The
control algorithm has been developed in MATLAB to achieve wide speed range of operation

of the drive. The development of the control algorithm has been discussed below.

The fundamental stator voltage can be relate with dc link voltage as

v, =2 (3.27)

T
Ve = (1 + PLIG + oLy +, 2 (3.28)
Vi = (1, + pLy)ik — o, Ly (3.29)

Where V, the dc is link voltage of the inverter and V, is the stator voltage. This is related

with steady state Vq'S and V, component of stator phase voltage as:

Vg = (V)" + (V) (3.30)
Where,

Vi =-ao, L, (3.32)
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Equation (3.31) and (3.32) can be derived from Equation (3.28) and (3.29) respectively at
steady state condition. In this case the stator resistance drop is neglected.

And stator current can be related as:
(1,)7 = (ig,)* + (i)’ (3.33)

This equation can be considered as an equation of a circle. Rewriting the equation we can get

the following equation.
| = (i) + (%)’ (3.34)

Rewriting the equation 3.30 with substituting the values V, ,V  and V.

4Vd2 Hg ry2 r\2
o = (o, Ly + @, 4,)" + (o, L (3.35)
T
This can be modified to form
i+
Ly ()™ g (3.36)
(Hoye Moy
o, Ly 7o, L,
This is an equation of an ellipse in the form
irs _C 2 (irs)2
(d(A)Z) + (I(;)Z = (3.37)
Where,
A=Y , B= Ny , and C:—i—”r1
7o, L, 7o, L, L,

For any value of rotor speed, the stator current phasor is directed away from the origin of the
g-d plane to a point on the ellipse, but there is a maximum voltage it must be always located
inside the ellipse. Such an ellipse is called as voltage-limit ellipse. The voltage-limit ellipse
has been shown in the Figure 3.34 with magenta lines. The ellipse is constructed from the
equation (3.36) using the machine parameter. For each value of rotor speed there will be a

voltage-limit ellipse. The axis of the ellipse is inversely proportional to the rotor speed. The
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equation (3.33) represents the equation of a circle. This circle can be considered as a current
limit circle. To achieve maximum torque in flux weakening region, the machine must be
operated in both voltage limited and current limited mode simultaneously, which can be

described as the intersection of the voltage and current limit.
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Figure 3.34 Current limit, voltage limit and the operating region of motor
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The algorithm has been developed in MATLAB. The programming code has been written in
MATLAB. The control algorithm can be described with the help of flowchart as shown in
Figure 3.35.

The generation of voltage limit ellipse
The voltage limit ellipse can be generated from equation (3.37) for different value of speed.

The generation of current limit circle

The current limit circle can be generated from equation (3.33). In this study the maximum

current limit has considered as 10 A.
Torque command generation on speed changing

In flux weakening mode of operation the IPMSM has less maximum torque capability than
constant mode and this maximum torque capability inversely proportional to the speed. From
equation (3.37), for a specific voltage and speed, a set of g-d axis current value is obtained,
which forms an ellipse. Now out of these set of g-d axis current value those value is
considered which satisfy the equation (3.34). It means the g-d axis current is limited by
maximum stator current (10A). Using this value of g-d axis current the torque command is

generated for different speed. From above discussion it is noticed that based on the current,
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speed and available dc link voltage, how much maximum torque is produced by the motor is

obtained.
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Figure 3.35 Flowchart of the Flux weakening control algorithm
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Current command generation

In flux weakening mode g-d axis current is calculated based on the speed, torque and dc link
voltage. This implies that the crossover point of constant torque loci and voltage limited
ellipse for a speed gives a set g-d axis current. This g-d axis current is used to produce 15, I

and 1" current command.
3.3.3.3 Simulation Results of Field Weakening Control

The performance of the interior permanent magnet synchronous motor in wide speed rang of
operation has been investigated using flux weakening control. The specification of the
simulated motor has been given in Table 3.2. The maximum current limit has been considered
as 10A. High speed operation has been achieved in terms of MTPA control with Flux
weakening algorithm without exceeding the voltage and current limit. The performance of the
IPMSM drive for high speed operation with varying load condition also has been studied.
Flux weakening controller for IPMSM is very useful for the drive where both the mode of
operation such as constant torque and constant power is required. Flux weakening algorithm
has been implemented for high speed operation. In this control scheme g-axis and d-axis
current is generated from lookup table. Flowchart has been given for generating the lookup
table. The simulation result shows the different speed range operation of IPMSM Drive. The
performance of the drive for wide speed range of operation at no load has been shown in the
Figure 3.36.

10

Stator current
(A)
o

|
-10
0.1 0.2 0.4 05 06
3000 e b s
o~ <_>//""
$ E 2000 % -
joRey ~ >
N = CrwI
1000
0.1 0.2 03 0.4 05 06

Torque
(Nm)
N o N R oo

!
0.1 0.2 0.3 04 0.5 0.6
Time(sec)

Figure 3.36 Simulation result of PMSM drive in wide speed range of operation
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Figure 3.39 Simulation result of d-axis and g-axis current at loading in wide speed range of
operation

It is observed that the motor is running for wide speed range i.e from 1000 rpm to 3000rpm.
The base speed of the motor is 2000rpm. The MTPA controller is operated upto 2000rpm
speed. When motor reaches the speed above 2000rpm the flux weakening controller is
operated. Shifting of the controller is done automatically using speed feedback. Based on the
motor speed the appropiate controller will take place. It is also observed that upto the base
speed the motor runs in constant torque mode and above base speed the motor opeates in flux
weakening mode. The d-axis current and g-axis current for wide speed range of operation is
shown in the Figure 3.37. Trace 1 represents the d-axis current and trace 2 represents the g-
axis current. It is noticed that in flux weakening mode the d-axis current is negetive. In flux
wekening mode it is also noticed that wide speed of operation is achived without exceeding
the current limit. The performance of the drive in flux wekening mode with loading condition
has been shown in the Figure 3.38. At time 3 sec 3Nm load has been applied to the motor. It is
observed that the speed is also maintained at 3000rpm with application of load without
excedding the current limit. The corresponding d-axis and g-axis current at loading condition

is shown in the Figure 3.39. It is noticed that the d-axis current is negetive .
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3.3.4 Surface Permanent Magnet Motor

In surface permanent magnet synchronous motor (SPMSM) the quadrature -axis synchronous
inductance of SPM equals its direct-axis inductance, i.e., Lq=Ld. As a result, only
electromagnetic torque can be produced by SPM motor, which arises from the interaction of
the magnetic flux and the quadrature-axis current component of stator currents. Due to the
non-saliency the MTPA control is not applicable in surface permanent magnet motor. So the

vector control in terms of zero d-axis current control (ZDAC) is implemented in SPMSM.
3.3.4.1 Zero Direct Axis Current Control

The control technique is same as discussed in the section 3.3.1.1. But the permanent magnet
structure has been considered as surface mounted. The ZDAC control strategy is the most
widely utilized control strategy by the industry. The d-axis current is effectively maintained at
zero in this control strategy. The main advantage of this control strategy is that it simplifies
the torque control mechanism by linearizing the relationship between torque and current. This
means that a linear current controller results in linear control over torque as well. In dc motors
the current and magnet fields are always maintained at an angle of 90°. Therefore, the ZDAC
control strategy makes a PMSM operate in a similar way to the dc motor. This makes the
ZDAC control strategy very attractive for industrial designers who are used to operating dc

motor drives.
3.3.4.2 Performance Evaluation of SPMSM with ZDAC Control

The performance of the drive at different operating condition has been investigated. The
Specification of the simulated surface permanent magnet motor has been shown in the Table
3.5.

Table 3.5 Specification of simulated surface permanent magnet motor

d-axis inductance (Ld) 5.15mH
g-axis inductance (LQq) 5.15mH
Torque Constant 0.75 Nm/A
No of poles (p) 8
DC link voltage 300V
Moment of inertia (J) 0.000062kg-m?
Total load inertia 0.001914 kg-m?
Damping friction 0.0041N-m/rad
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The speed PI controller is tuned for the SPMSM drive system with different gain parameters.
A step variation in reference speed from 900 rpm to 1200 rpm is applied and the transient
response of the speed control loop is obtained for different value of Kp and K. The transient
response plotted for different sets of Kp and K, is shown in Figure 3.40. The ripples/over
shoot and settling time corresponding for these Kp and K, are summarized in Table 3.6. The
comparison of various transient response curves show that for Kp = 0.0036 and K= 0.0032,
the system is giving best results.

Table 3.6 Overshoots and settling times for different controller parameter at step change in
reference speed in SPMSM drive

Case Kp Ki Settling Time | Ripples/Overshoot
1 Kr =0.0005 K, =0.02 1.45s large
2 Kpr =0.0003 K, =0.0018 2.2 Medium
3 Kpr =0.0036 Ki=0.0032 0.15s very less
4 Kp =0.00038 K =0.00035 35 less
1500 :
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Figure 3.40 Transient response of speed controller for SPMSM drive
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The drives has been simulated with Kp=0.0036 and K= 0.0032 Values. The starting response
of the drive has been shown in the Figure 3.41. The reference value of speed is kept 900rpm
and the motor is started with no load. It is observed that the motor reaches its reference speed

value. Initial starting torque is high. The stator current is also high at the time of starting.
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Figure 3.41 Response of the drive at starting

To investigate the performance under loading condition a load of 4Nm is applied to the motor
and simulation results are obtained. The response of the drive at increasing load has been
shown in the Figure 3.42. A step load of 4 Nm is applied at 1 sec. It is observed that the stator
current is increased at the time of loading. It is also observed that there is dip in the speed
response. This dip is due to the loading. This speed response reaches the reference due to the
closed loop operation of the drive. The magnified view of the torque response and stator
current has been shown in the Figure 3.43. The performance of the drive at 50% load removal
has been shown in the Figure 3.44. At 2 sec the load has been decreased from 4Nm to 2Nm.
The drive performance at complete load removal has been shown in the Figure 3.45. Trace 1
indicates the stator current at loading condition and the load removal condition. Due to the
step change in load the speed is slightly increased and reaches again the reference speed
value. So it is observed that the ZDAC controlled SPMSM drive gives the desired

performance at loading condition.
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3.43 Magnified view of the drive response at loading
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Figure 3.47 Response of the drive at speed decreasing

The performance of the drive with ZDAC control at speed changing operation also has been

investigated. A change in speed reference of 300 rpm has been applied. The speed reference
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increased from 900rpm to 1200 rpm. The response of the drive at speed changing operation
has been shown in the Figure 3.46. At 1.4 sec the speed reference has been increased from
900 rpm to 1200 rpm. At this time the torque is increased by the motor to reach the reference
speed. Due to that the stator current is also slightly increased at that time. The torque reduced
once the reference speed value reached. The performance of the drive at speed decreasing
condition has been shown in the Figure 3.47. At time 1.4 sec the speed reference value is
changed from 900 rpm to 600 rpm. To reach the reference speed value the torque of motor
decreased to negative value. The torque regains its original value once the reference speed

value reached.

3.4 Conclusion

Resolver to Digital Converter (RDC) is used for position and speed estimation from resolver
in usual practice. However, a software based position estimation using the output signal of the
resolver has been done to eliminate the RDC, which reduce the cost of the drive. High
frequency signals are applied to excite the resolver’s primary winding. In addition, a
demodulation based algorithm is implemented to calculate the speed and rotor position.
Furthermore, the dynamic performance of the drive is simulated in MATLAB/ Simulink
environment. Vector control in terms of zero d-axis current control and Maximum torque per
ampere control is implemented in IPMSM. Comparative analysis also has been done for both
the control technique. Further for wide speed of operation a MTPA based flux-weakening
control algorithm is implemented for IPMSM. SPMSM drive with zero d-axis current control
and its performance is investigated. Further, the effects of load variation and speed change on

the performance of drive are extensively studied.
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CHAPTER 4: MULTI-LEVEL INVERTER FED PMSM DRIVE

[A neutral point clamped (NPC) three-level inverter fed permanent magnet synchronous
motor drive is presented in this chapter. Capacitor voltage balancing topology using three-
level boost converter (TLBC) for neutral point clamped (NPC) three-level inverter is
presented. The main attracting feature of this control is the boosting of the input voltage and
at the same time the balancing of the capacitor voltage. This control also reduces the
computational complexity. Exhaustive simulation results are presented to investigate the
performance of the three-level NPC inverter fed PMSM drive under different operating
condition. Comparative analysis of two-level inverter fed PMSM drive and three-level NPC

inverter fed PMSM drive is also presented.]
4.1 Introduction

The vector controlled PMSM drives brought renaissance in the variable speed drives,
replacing the traditional scalar-controlled drives. In industrial drives two-level inverter are
generally used to fed the PMSM. However, in case of two-level inverter, the switching
frequency is one of the main concerns regarding to the size of passive components, superior
control of electric drives and to proliferation power density of inverter. On contradictory, the
higher switching frequencies may lead to have higher switching losses, which cause inferior
inverter efficiency. Compare to two-level inverter, three-level inverter produce lower
switching losses at higher switching frequencies to get the same dc-link voltage. The other

attracting feature is reduction in total harmonic distortion. Lowerdv/dtalso reduces the

voltage stress across the power switches [42]-[56]. The significant reduction in the torque
ripple is achieved with the use of three-level inverter. Satisfying the application demand,
PMSM bring the keen attention of the researchers and technologist. To drive the machine,
three-level inverter becomes the most preferred choice replacing the conventional two-level
VSI. The combination of three-level inverter and PMSM allow to operate at increase dc bus
voltage. Three different topologies of multilevel inverters are used in industrial applications:
neutral point clamped or diode clamped, flying capacitor or capacitor clamped and a cascaded H-
bridges multilevel inverter. The neutral point clamed (NPC) or diode clamped multilevel
inverter is one of the most preferred choices of multilevel topologies. But voltage unbalancing
across the capacitor is the main drawback of the NPC inverter. A capacitor voltage balancing

topology using three-level boost converter (TLBC) for neutral point clamped (NPC) three-
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level inverter has been proposed for surface permanent magnet synchronous motor drive
(SPMSM). The main attracting feature of the proposed control is the boosting of the input
voltage and at the same time the balancing of the capacitor voltage. This control also reduces
the computational complexity. Extensive simulation study has been done to investigate the
performance of the proposed drive at different operating condition. A detailed comparative
study between a two-level and a three-level inverter fed PMSM drive also has been presented

in this chapter.
4.2 Multi-Level Inverter Topologies

Traditionally, in two-level voltage source inverter, the load can be connected either to the
upper or lower line of the DC link. The DC link voltage needs to be increased substantially to
increase the fundamental output voltage and corresponding power level of the inverter.
However, fast frequency semiconductors have a limitation in the maximum voltage and very
high voltage jump will lead to terrible electromagnetic interference and high windings
insulation stress. So for the high performance of AC drive systems at increased power level,
high quality inverter output with low harmonic loss and generating low torque fluctuation is
necessary. Multilevel inverters are an emerging technology that can achieve the desired
performance of the drive. Harmonic reduction and high DC link voltage level in multilevel
approach promising the best alternative of the conventional two-level inverter. The basic three

different configurations in multilevel inverter circuit topologies are used [62]. They are:

» Neutral point clamped or diode-clamped MLI
» Flying-capacitors or capacitor clamped MLI
» Cascaded MLI

The neutral point clamed (NPC) or diode clamped multilevel inverter is one of the most

preferred choices of multilevel topologies
4.2.1 Neutral Point Clamped or Diode-Clamped MLI

The NPCMLI, a new pioneering converter topology was introduced in the early 1980s. This
inverter generates a multilevel voltage waveform at its output by connecting in series a
number of semiconductor switches within the inverter. NPC inverter can be extended to
generate more output-voltage levels. Multilevel inverters consist of an array of power
semiconductors and capacitor voltage sources, the output of which produce voltages with
stepped waveforms [57]. NPC diodes link the midpoint of the “indirect series connection” of
the main switches to the neutral point of the inverter.
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A three-level NPC inverter is shown in the Figure 4.1. Two series-connected capacitors, C1
and C; split the DC-link voltage into three levels. The neutral point n is the junction point of

two capacitors. The output voltage van has three states: +V,./2, 0 and -V, /2. For voltage

level +Vy. /2, switches S_; and S,, need to be turned on; for -V,./2 , switchesS); and S},

Figure 4.1 Schematic diagram of three-level NPC inverter

need to be turned on; and for the O level, S,, and S}; need to be turned on.

Table 4.1 Switching states of one phase

Switching Switching Status (Phase A) Inverter pole
Vol
States S, s., ., 3 oltage Van
P : 1 0 0 /2
O 0 1 1 0 0
N 0 0 1 1 V. /2
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The key components that distinguish this circuit from a conventional two-level inverter are D1
and D2. These two diodes clamp the switch voltage to half the level of the DC-bus voltage. A
complementary switch pair is defined as turning one switch on will remain the other turned

off. For three-level NPC inverter, the complementary pairs are (S,;,S;;) and (S,,, S5, ).

To summarize, though the NPC inverter has some drawbacks such as additional clamping
diodes and possible deviation of neutral point voltage, but the three-level NPC inverter offers
the following attractive features [62] :

e No dynamic voltage sharing problem. Each of the switches in the NPC inverter
withstands only half of the total dc voltage during commutation.

e Static voltage equalization without using additional components. The static
voltage equalization can be achieved when the leakage current of the top and bottom
switches in an inverter leg is selected to be lower than that of the inner switches.

e Low THD and dv/dt. The waveform of the line-to-line voltages is composed of five

voltage levels, which leads to lower THD and dv/dtin comparison to the two-level

inverter operating at the same voltage rating and device switching frequency.
4.2.2 Flying Capacitor MLI

In an m level structure, the flying capacitor multilevel inverter (FC-MLI) requires (m—1) DC
link capacitors and (m—21).(m—2)/2auxiliary capacitors per phase. To clamp the voltage

bulky capacitors are necessary instead of diodes as in case of NPC. There should be equal
voltage rating of each capacitor and the main power switch. The schematic diagram of there-
level flying capacitor inverter is shown in the Figure 4.2. For three -level inverter the number
of devices required are four per leg, same as that of diode clamped inverter. For three- level
inverter one capacitor is required per phase. It has some advantages such as no clamping
diodes like NPC inverter and no separate dc supplies like H-bridge inverter topology is
required [57], [62]. This inverter topology is free from of voltage balancing problem as there
are number of paths available to produce required voltage. Thus it has inherent voltage
balancing property, i.e it eliminates most significant problem in multilevel inverter. There is
no need of close loop control of capacitor voltages as this voltages settle down to constant DC

voltage but close loop can be used to control the swings in capacitor voltage.
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Figure 4.2 Schematic diagram of three-level Flying capacitor inverter
The FCMLI provides a three-level output across a and n, i.e van .The output voltage van has

three states: +V,./2,0and -V, /2. For voltage level +V,. /2, switches S_; and S,, need to
be turned on; for -V /2 , switchesS}; and S}, need to be turned on; and for the 0 level,
(Syand S;;)or(S,, and S;,) need to be turned on. Clamping capacitors Ca is charged when
S, and S; are turned on, and is discharged when S_, and S}, are turned on. The charge of

Ca1 can be balanced by a proper selection of the O-level switch combinations. Drawback of
this topology is with low switching frequency and low capacitor voltage, VVoltage swings may

occur in middle voltage levels. Thus it increases voltage stress across switching devices.
4.2.3 Cascaded MLI

The basic structure of cascaded inverter is based on the connection of H-bridges (HBs). The
power circuit for three-level cascaded inverter with three HBs (HB1, HB> and HB3) in each
phase is shown in the Figure 4.3. Each HB is supplied by a separate dc source. The resulting
phase voltage is synthesized by the addition of the voltages generated by the different HBs. If
the DC link voltages of HBs are identical, the multi-level inverter is called the cascaded
multi-level inverter or CMLI. For an m-level inverter, (m-1)/2 full bridge inverters are

required in each phase. Number of output phase voltage levels in a cascade multilevel inverter
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is 2k+1, where k is the number of dc sources. The CHB multilevel inverter requires a number
of isolated dc supplies. In cascaded multilevel inverter, the DC link voltages of HBs are
identical.

Vdcl :VdCZ :Vdc3 :Vdc (4-1)

d
1 * 1 * 1
Vdcl W Vdc2 T Vdc?]-

b} saf| | s} sBy| | shf sk

Figure 4.3 Schematic diagram of three-level cascaded inverter

4.2.4 Comparative Evaluation of Multilevel Inverter for PMSM Drive

The selection of individual inverter topologies for PMSM applications depends on their

performance, cost, size, and implementation factors.

Table 4.2 Comparison of power component requirements among multi-level inverter topologies

Inverter topology
NPCMLI FCMLI CMLI

Power component

Main switching
devices 2(m-1) 2(m-1) 2(m-1)
(Per phase-leg)

Anti-parallel diodes

2(m-1 2(m-1 2(m-1
(Per phase-leg) (m=1) (m-1) (m-1)
Clamping diodes
~H(m-2
(Per phase-leg) (m-2m-2) 0 0
DC bus capacitors (m-1) (m-1) (mz— D
Flying capacitors 0 w 0

Table 4.2 gives the comparison of power component required for the above discussed multi-
level inverter topologies. The comparison of multi-level inverter topologies based on their
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implementation factors is given in Table 4.3. Although FCMLI have a natural voltage
balancing operation and modular structure, but its application in PMSM drive is limited due to
the requirement of large number of capacitors and their initialization process (pre-charge). On
the other hand NPCMLI topologies seem to be the most suited for PMSM drive applications.
Although the main problem associated with the NPCMLI is voltage unbalancing at higher

levels.

Table 4.3 Comparison of multi-level inverter topologies based on implementation factors

Implementation Inverter topology
factor NPCMLI FCMLI CMLI
Specific Additional

P Clamping diodes capacitors and Isolated dc sources

requirements ISR

their initialization
Modularity Medium High Very high
Design and

Least (with transformer-

implementation Low Medium less applications)
complexity PP
Control Voltage balancing Voltage setup Power sharing
concerns

4.2 5 Mathematical Model of Multi-level Inverter

The initial step to implement the different control strategies is to simulate the system and to
find out the response of the system. The analytical models of the multilevel inverters are
presented. Mathematical models are based on the determination of state equations for
dynamical variables [61]. These models are conspicuous by their extreme simplicity in front
of other previous analytical models presented in the literature. In this thesis Neutral point
clamped multilevel structure is considered. The circuit diagram of three-level NPC inverter is
shown in the Figure 4.1. The details mathematical models are described below.

Neutral point clamped or diode clamped inverter model

Figure 4.4 shows the commutation model of a three-phase three-level neutral point clamped
inverter. In a three-level inverter, it can be seen that each phase can be connected to level 0, 1
or 2. The mathematical model uses the switching functions Sij for i €{a,b,c} and j € {0,1,2}.
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Figure 4.4 Commutation model of three-level neutral point clamped inverter
Three-level neutral point clamped inverter can be easily extended increasing the number of
levels. The commutation model of the N-level NPC inverter is shown in Figure 4.5. In the N-
level case, the mathematical model uses switching functions Sij where i € {a,b,c} and j €
{0,1,..., N-1}.
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Figure 4.5 Commutation model of N-level neutral point clamped inverter
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All developed mathematical models are calculated assuming that multilevel inverters are

connected to three-phase RL loads. The N-level NPC inverter connected to this load is

represented in Figure 4.6.
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Figure 4.6 Commutation model of N-level neutral point clamped inverter connected to RL load
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(4.5)
av
i, =Cy —H — ! -+ 2 F,+ 3 F,+...
dt N -1 N -1 N -1 (4.6)
N -4 N-3 N-2 '
+§ F% +o.—+ N1 Foa N1 Fos— N1 Foos
Where,
I:i = (Saiia + Sbiib + Sciic) (47)
And finally, the state equations of the DC-Link capacitors voltages are presented.
dv 1 1
TM za(_ lel - szz - sts _"-_E F% T gSFN—4 _ngN—S - glFN—Zj (4-8)
dv 1 1
Tcz = C_Z[glFl - szz - f3F3 _-"_E F% T g3FN—4 - gZFN—?, - glFNZJ (4-9)
dv, 1 1
8 =— glFl +0, Fz - f3F3 Y FN—l T g3FN—4 - gZFN—3 - glFN—Z (4-10)
dt C, 2 =
dv 1 1
— = glFl + ngz + gsFa T T, FN—l T g3FN—4 - ngN—a - glFN—Z (4-11)
dt C, 2 —

dVC(N—l) 1 1
= o,F+9,F+9.FR+..+=F  +.+ ,F ,+ R ;- R [(412)
dt CN—l 2 2

Where,

| '\I‘ -1 (4.13)

In order to determine the state equations for the phase currents, the output phase voltages with

respect to 0 (lowest point of the DC-Link) are calculated as follows.
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Vao =SaVer +5, (\/01 +Vc2) +S,3 (Vc1 +Ve, +Vc3) T

di, (4.14)
+Sn2) (Ve +Ve, +-on +VC(N-z)) +S.n-2Voe — LE

Voo = SeVer + Sp2 Ver +Ve2) + Sps (Ver + Ve, +Ves) +.
di, (4.15)
+ Sb(N—Z) (Vey +Ve, + "'+VC(N—2)) + Sb(N—Z)VDC - LE
Veo =SeVer +3¢, (Vc1 +Vc2) +Sg (Vc1 +Ve, +Vc3) Feo
di (4.16)

+ SC(N*Z) (VCl +VCZ +"'+VC(N—2)) + Sc(Nfz)VDC - Ld_':

The voltage of the neutral point of the load with respect to 0 is determined as follows.

— VaO +Vb0 +Vc0

V
NO 3

(4.17)

The phase voltages with respect to the neutral point of the load are determined.
VaN :VaO _VNO = Raia

Vin =Vio —Vio = Rbib (4.18)
VcN :VcO _VNO = Rcic

And finally, the phase currents state equations are presented.

dia = +\ﬁ

s AL LU I SRR MU
Veo

+ 3L2 [2(8az +...+Sa(N_2))—(Sb2 +ot Sb(N_Z))—(S02 +.t SC(N_Z))]+
+VLL3[2(Sa3+...+Sa(N2))—(Sb3+...+8b(N2))—(SC3+...+SC(N2))]+
F oo +
+V°<N2>(2s ~Syn-ty ~ Sernay )+
3L a(N-2) b(N-2) c(N-2)

V
+ SLLC(ZSa(N—l) - Sb(N—l) - Sc(N—1) )

(4.19)
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O R [ )£ 25+ S (S )

d L° s
+\%[_<Saz +"'+Sa(N—2))+2(Sb2 +---+Sb(N—2))_(S°2 +"'+S°(N‘2))]+
+\/L|_3[_(Sae»Jr +San 2))+2(Sb3"“--4'Sb(NfZ))_(SC?’+"'+SC(N’2))}+
Frrrrreenns +
VC(N—Z)
+3—L(_Sa(N—2) + 2352 ~ Sc(NfZ))Jr
+\%(_Sa(N_l) + 28b(N—l) - SC(N—l))
(4.20)
di .
+\%[_(Sa2+ +San z))_(sbz+---+Sb(N—2))+2(S°2+"'+S°(N‘2’)]+
+\%[_<Sa3+ +San 2))_(Sb3+---+Sb(N—2))+2(S°3+"'+S°(N*z))}+
Frvrrenns +
VC(N—Z)
i 3L (_Sa(Nfz)_Sb(N—Z)JFZSc(N*))+
+\%(_Sa(N—l) ~Sonpy t ZSC(N-D)
(4.21)

4.2.6 Causes of Neutral-Point VVoltage Deviation in NPC MLI

The neutral-point voltage may be affected by a several factors, which includes unbalanced dc
capacitors due to manufacturing tolerances, inconsistency in switching device characteristics
and unbalanced three-phase operation. When the NPC inverter is used in the drives, the
operating mode of the drive may also influence the neutral-point voltage [62]. Figure 4.7
shows the effect of motoring and regenerative operations of the drive on neutral-point voltage
shift. When the drive is in the motoring mode as shown in Figure 4.7 (a) where the dc current

iy flows from the dc source to the inverter, the P-type state [POO] causes the neutral-point
voltage v,, to rise while the N-type state [ONN] makes v, to decline. An opposite action takes

place in the regenerative mode in which the dc current reverses its direction as shown in
Figure 4.7 (b).
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Figure 4.7 Effect of drive operating modes on neutral-point voltage deviation [62]

To minimize the neutral-point voltage shift, a voltage balancing control schemes is needed to

be implemented.
4.3 Control and Modulation Strategies

The modulation methods used in MLI can be classified according to switching frequency, as
shown in the Figure 4.8. Methods that work with high switching frequencies have many
commutations for the switching devices in one period of the fundamental output voltage.
Carrier based sinusoidal PWM (SPWM) is popular method that uses the level shifted
technique to reduce the harmonics in the load voltage [57]. Space vector PWM (SVPWM) is
other alternative used by MLI. But it increases the computational complexity. Low switching
frequencies methods have one or two commutations per switching device during one cycle of
the output voltage, generating a staircase waveform. Multilevel selective harmonic

elimination and the space vector control (SVC) are used in low frequency methods.
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Figure 4.8 Classification of multi-level inverter control schemes [57]

A level-shifted carrier-based modulation scheme is used for NPC three-level inverters. For m-
level NPC inverter using level-shifted multicarrier modulation scheme requires (m-1)
triangular carriers, all having the same frequency and amplitude. The (m-1) triangular carriers

are vertically disposed such that the bands they occupy are contiguous.
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-1
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Figure 4.9 Level shifted in phase disposition
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The in-phase disposition (IPD) modulation produces superior harmonic profile than the
alternative phase opposite disposition (APOD) modulation scheme. The frequency

modulation index is given bym, = f_/f_ , which remains the same as that for the phase-

shifted modulation scheme whereas the amplitude modulation index is defined as

A

m, = V—’“ for 0<m, <1 (4.22)
Vcr (m _l)
Where \7m Is the peak amplitude of the modulating wave v and Vcr is the peak amplitude of

each carrier wave. Figure 4.9 shows the level-shifted in-phase disposition (IPD) modulation

scheme for three-level NPC inverter. The upper and lower carrier, V., and V., , are used to

generate the gating pulse for the switches. The modulating signal is generated by processing

the current error in PI controller. The switch S, is turned on when the phase A modulating
signal v, is higher than the corresponding carriersV,,, . The switches S, are turned on when
the phase a modulating signal v,,, is higher than the corresponding carriersV,,. The gate

signals for the lower switches in each leg are complementary to their corresponding upper

switches.
4.4 Proposed NPC Three-level Inverter Fed PMSM Drive

The schematic block diagram of the proposed drive has been shown in the Figure 4.10.
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Figure 4.10 Schematic diagram of the proposed PMSM drive system
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The application demand of electric motor is increasing rapidly with technological
advancement. According to the technological progress three-level inverter becomes the most
preferred choice replacing the conventional two-level VSI to fed the PMSM. A NPC inverter

has been used in the proposed drive purpose.
4.4.1 Capacitor Voltage Balancing

Voltage unbalancing across the capacitor is the main drawback of the NPC inverter [84].
Researchers give their extensive effort to overcome this problem and developed several
voltage balancing technique. Self -balancing property of three-level inverter is presented in
[88]. But self-balancing technique is not always adequate as the neutral-point voltage drifts
for slight variation in the system parameters. Carrier pulse width modulation and space vector
modulation based voltage balancing technique are studied in [76], [89]-[99]. Modified PWM
technique increases the computational complexity and digital resource consumption. A
balancing circuit is added to the NPC inverter for simple computational control. The detailed
study based on the balancing circuit is presented in [85], [101]-[104]. DC-Link capacitance
minimization technique is discussed in [106]. The Three-Level Boost Converter (TLBC) is
most attracting circuit used for voltage balancing in three-level NPC inverter. The
advantageous feature is reduced switching losses and lower reverse recovery losses of the
diode compared with the conventional boost converters. Based on the previously presented
review of the literature, studies on three-level NPC inverted fed PMSM motor drives mainly
focus on the investigation on capacitor voltage balancing at the same time boosting of the
input voltage. TLBC is used to maintain the DC-link capacitor voltage of the three-level NPC
inverter. With the use of TLBC the computational complexity reduces. The main attraction is

the boosting feature of the input voltage.
4.4.2 Capacitor Voltage Balancing with Three-Level Boost Converter

DC-link capacitor (C1 and C») voltage balancing is achieved using three-level boost converter
(TLBC). Due to some attractive feature like less switching losses and less recovery voltage of
the diode TLBC draw the keen attention to the researchers and technologist for high power

application.
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Figure 4.11 Schematic diagram of capacitor voltage balancing circuit using TLBC circuit

The inductor current ripple is also less. This requires a smaller size inductor as compared to
the conventional boost converter. The voltage balancing circuit is shown in Figure 4.11. The
schematic diagram of dc capacitor voltage balancing along with boosting is shown in Figure
4.11. The proper value of D must be selected to maintain the boosting of the input dc at
desired voltage level by using (4.23). This can charges the capacitors C1 and C2 alternatively
and make them theoretically balanced. In practical, the parameters of the components are not
exactly balanced because of the various modes of operation and transient conditions of NPC
fed PMSM drive.
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Figure 4.12 Gate signal of the two switches of TLBC
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To ensure equal voltages on C1 and C2, a voltage balancing circuit is used as shown in Figure
4.11. The individual balancing control has been implemented for both the capacitors. The
voltages Vcl and Vc2 are compared with the magnitude of reference voltage Vref separately
and the error is processed through the proportional integral (PI) controller. The output of the
PI controller is processed through PWM to evaluate the duty ratios for balancing the capacitor
voltages. The duty ratios Dbl and Db2 have been added with D which is selected for the
desired output voltage of the dc link, to determine the duty ratios for the switches S1 and S2

respectively.

Both the switches of TLBC are turned on and off alternately. The difference of the desired
capacitor voltage Vrer and actual capacitor Voltages Vc1 and Ve is processed through the Pl
controller. The ref signal of the Pl controller and the carrier signal is compared using

comparator which in terns generate the switching signal to the two switches S; & S».

The duty ratio is controlled by the PI controller. The output voltage equation of the TLBC is

given as
V, =V, 4V, = 2vdC (4.23)
(2-D)
D is the duty ratio. It is varied from 0 to 1.
The current ripple for the conventional boost inverter is
Al = YdcDTs, (4.24)
L
T, Represent the switching period of the conventional BC.
The current ripple for three-level boost converter is
Al :VO(l_Vdc/\/O)(ZVdc/VO _l) (425)

2Lf,

If we compare the above equation it is observed that the current ripple in TLBC is 50%

reduced as compared to the conventional one.

The typical firing signal of the two switches is shown in the Figure 4.12. The circuit diagram
of TLBC at different operating modes is shown in the Figure 4.13. It is observed that S1 and
S2 both the switches are ON at the periodt, <t <t, and t, <t <t,.The inductor current flows as
marked by the blue line as shown in Figure 4.13 (a). At this time period the energy is stored
in the inductor. The switch S1 is ON and S2 is OFF during the periodt, <t <t,. In this time
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period the capacitor C2 is charged, so the voltage across the capacitor VC2 increases. The
inductor stored energy is transferred to C2 and the inductor current gradually reduces. At the

time period t, <t <t, the switch S1 is OFF and S2 is ON. In this period of time the capacitor

C1 gets charged and VC1 is increases. The inductor current gradually reduces at this period of

time.
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Figure 4.13 Capacitor voltage balancing using TLBC for complete time period T
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4.5 Performance Evaluation of the Proposed Drive

The specifications of the PMSM drive used in this study are listed in Table 4.4. The NPC
inverter suffers from the voltage balancing problem. As a first step towards the investigation
of the three-level NPC inverter fed PMSM drive, the drive is operated without any voltage
balancing circuit. The input voltage Vg is given as 300V. The capacitor voltage across the
two capacitors and their potential difference at the time of load applied is shown in the Figure
4.14.

Table 4.4 Specification of the proposed drive

Input dc voltage (Vdc) 200 V
Inductance of TLBC (L) 7 mH
Capacitance of C1 and C» 2200 pF
Voltage across capacitor C; and Cs 150V

Torque Constant 0.75Nm/A
Phase inductance (Lq, Lq) 5.15mH
Moment of inertia (J) 0.000062kg-m?
Total load inertia 0.001914 kg-m?
No of poles (p) 8

Damping friction 0.0041N-m/rad

It is noticed that when the drive is operated without voltage balancing circuit, the capacitor
voltage across the two capacitors are unequal. At no load condition the potential difference
between the two capacitors C1 & C» is small. This difference increases at transient operation
of the drive. It is observed that when (at time 1 sec) the 4 Nm load is applied to the motor the
potential difference between the two capacitors C1 & C; increase. Trace 1 in the Figure 4.14

shows the torque, whereas trace 2 and trace 3 represents the capacitor voltages V,, and V.,

across the two capacitor Cy; and C,. The deviation of the two capacitor voltage is shown in
trace 4. The potential difference between the two capacitors is shown in trace 5. It is observed

that the potential difference gradually increase after the loading instant.
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Figure 4.14 Capacitor voltage at loading condition without any voltage balancing

To overcome the capacitor voltage balancing problem a three-level boost converter (TLBC)
circuit has been implemented. The proposed PMSM drive with resolver sensor is simulated
using three-level boost converter (TLBC) with neutral point clamped (NPC) three-level
inverter. The capacitor voltages with load changing operation are shown in the Figure 4.15. It
is observed that during the no-load operation both the capacitor voltages are maintained to the

reference value 150 V.
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Figure 4.15 Capacitor voltage at loading condition with TLBC circuit
It is also noticed that during loading operation both the capacitor voltage are equally
maintained to 150V. The input voltage to the NPC inverter is maintained at 300 V with the
help of TLBC by selecting the duty ratio (D) of 0.667, whereas the input dc voltage (Vdc) is

200 V. The voltages V., and V., across the two capacitors C; and C are depicted by trace 2

and trace 3 in the Figure 4.15. This is noticed that the equal voltage sharing is done by both

the capacitor. Both the voltages V, and V., are presented in trace 4 to show the difference in

two capacitor voltage. But the potential difference between the two capacitors is very less
which is shown in trace 5. It is observed that the voltages difference between the capacitors at
the time of loading in NPC three-level inverter with using TLBC circuit is maintained at less
than 0.5V, which is quite satisfactory. The dc input voltage to the inverter is 200 V. But with
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using of TLBC circuit the voltages across each capacitor is achieved 150V. So the effective
voltage across the NPC three-level inverter is the sum of two capacitor voltages i.e. 300 V. So
the proposed three-level NPC inverter fed PMSM drive with TLBC circuit provides the added
advantageous boosting feature along with the capacitor voltage balancing. The capacitor

voltages at starting of the motor with no load operation are shown in Figure 4.16.
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Figure 4.16 Simulation results of input voltage and capacitor voltage with TLBC balancing
circuit

Trace 1 represents the voltage across the capacitor C1 and the trace 2 represents the voltage
across capacitor Co. It is observed that with the use of TLBC in three-level NPC inverter the
voltage across the capacitors are maintained at desired value 150 V. The voltage difference is
shown in trace 3 is quite less. So the dc link voltage is perfectly balanced with the use of
TLBC in three-level NPC. The simulated three-phase line to line voltage waveform of three-

level NPC inverter is shown in the Figure 4.17. This is observed that the three-level NPC
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inverter introduce the more steps in the line to line voltages which improves the voltages
quality i.e. more close to sinusoidal. Trace 1, 2 and 3 simultaneously shows the line to line

voltages of the three-level NPC inverter V,, , V.. and V. The fundamental frequency is

kept 100 Hz.
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Figure 4.17 Line to line voltage of three-level NPC inverter
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Figure 4.18 Current THD of the three-level inverter fed drive
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Figure 4.19 Voltage THD of the three-level inverter fed drive
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Compare to two-level inverter, three-level inverter produce lower switching losses at higher
switching frequencies to get the same dc-link voltage. Lower dv/dt also reduces the voltage

stress across the power switches. The other attracting feature is reduction in total harmonic
distortion (THD). The three-level NPC inverter improves the voltages quality hence the THD
is reduced. The current THD and voltages THD is shown in the Figure 4.18 and Figure 4.19.
It is observed that the current THD in three-level NPC inverter is 3.41%, whereas the voltage
THD is 37.79%. The performance of the proposed three-level NPC inverter fed PMSM drive
with zero d-axis current control has been investigated in different operating condition. RDC
less software based position estimation from the resolver sensor has been used to estimate the
accurate position to implement the vector control. Based on the availability of the motor
prototype in the laboratory the proposed drive is simulated with surface permanent magnet

synchronous motor. The specification of the proposed drive is shown in the Table 4.4.

The starting response of the proposed three-level NPC inverter fed PMSM drive has been
shown in the Figure 4.20. The drives has been simulated with Kp=0.0036 and K;=0.0032
Values. The reference value of speed is kept 900 rpm and the motor is started with no load. It
IS observed that the motor reaches its reference speed value as depicted by trace 2. Initial
starting torque is high. The stator current is also high at the time. It reduces when the motor

reaches its reference speed value.
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Figure 4.20 Starting response of the PMSM drive fed from three-level inverter

118



Stator current

Speed

(rpm)
o
3

1 1.2 14 1.6 1.8 2 2.2 24 2.6 2.8 3
Time(sec)

Figure 4.21 Response of the drive at speed increasing condition
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Figure 4.22 Stator current, capacitor voltage difference and line to line voltage at speed
changing operation

The performance of the proposed drive with ZDAC control at speed changing operation also
has been investigated. The speed reference increased from 900rpm to 1200 rpm. A change in
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speed reference of 300 rpm has been applied. The response of the drive at speed changing
operation has been shown in the Figure 4.21. At 1.5 seconds the speed reference has been
increased from 900 rpm to 1200 rpm. At this time the torque is increased by the motor to
reach the reference speed. Due to that the stator current is also slightly increased at that time.
The torque reduced once the reference speed value reached. The capacitor voltage difference
at the time of speed increasing operation is shown in the Figure 4.22. The simulated results
clearly shows that the potential difference between the two dc-link capacitors are very less i.e.

below 0.1 V. The line to line voltage at the time of speed changing is also presented in trace 4.
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Figure 4.23 Response of the drive at speed decreasing condition

The performance of the drive at speed decreasing condition has been shown in the Figure
4.23. At time 1.5 sec the speed reference value is changed from 1200 rpm to 900 rpm. To
reach the reference speed value the torque of motor decreased to negative value. The torque
regains its original value once the reference speed value reached. The capacitor voltage
balancing in proposed drive at speed decreasing operation also investigated. The simulation
results shown in the Figure 4.24 validate the satisfactory performance of the proposed drive. It
is observed that the voltage difference is also maintained at vey lower value. This means that
the voltages sharing between the two dc-link capacitor are equal. The levels in the line to line

voltages are also maintained at the time of speed changing.
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Figure 4.24 Stator current, capacitor voltage difference and line to line voltage at speed
decreasing operation
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Figure 4.25 Performance of the drive at loading condition
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Figure 4.26 Speed response & capacitor voltage balancing at loading condition
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Figure 4.27 Magnified view of stator current and line to line voltage at loading condition
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To investigate the performance under loading condition a load of 4Nm is applied to the motor
and simulation results are obtained. The response of the drive at increasing load has been
shown in the Figure 4.25. A step load of 4 Nm is applied at 1 sec. It is observed that the stator
current is increased at the time of loading. It is also observed that there is dip in the speed
response. This dip is due to the loading. This speed response reaches the reference due to the
closed loop operation of the drive. The Figure 4.26 depicts the performance of the drive
maintaining the capacitor voltage difference within the desired value. The magnified view of
the stator current and line to line voltage has been shown in the Figure 4.27. So it is observed
that the proposed three-level NPC inverter fed PMSM drive provides the desired performance

at different operating condition.

4.6 Comparative Analysis of Two-level and Three-level Inverter Fed
PMSM Drive

Conventionally, in two-level voltage source inverter is used in PMSM drive. If the
fundamental output voltage and corresponding power level of the inverter are increased to a
high value, the DC link voltage must be increased substantially. However, fast frequency
semiconductors have a limitation in the maximum voltage and very high voltage jump will
lead to terrible electromagnetic interference and high windings insulation stress. So for the
high performance of PMSM drive systems at increased power level, high quality inverter
output with low harmonic loss and generating low torque fluctuation is necessary. Three-level
NPC inverter is an emerging technology that can overcome these disadvantages. Three-level
NPC inverter fed PMSM drive promising the better performance in terms of harmonic
reduction, high DC link voltage level and lower torque repulsion. The comparative
performance investigation has been done between the two-level inverter and three-level NPC
inverter fed PMSM drive at different operating condition. Both the cases vector control in
terms of zero d-axis current control has been implemented. RDC less software based position
estimation from the resolver sensor has been used to estimate the accurate position and speed
to implement the vector control. The starting response of the drive for two different inverters
has been shown in the Figure 4.28 and Figure 4.29 simultaneously. It is observed that when
the PMSM motor is fed with three-level inverter the performance is improved as compared to

the two-level inverter. Torque ripple is minimized with three-level inverter.
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Figure 4.28 Starting response of the PMSM drive fed from two-level inverter.
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Figure 4.29 Starting response of the PMSM drive fed from three-level inverter.
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Figure 4.31 Response of the PMSM drive fed from three-level inverter at loading condition
Further to investigate the performance of the drive with two different inverters at loading
condition, the simulation has been done. Figure 4.30 shows the drive response with two-level
inverter and Figure 4.31 shows the drive response with three-level NPC inverter. At 1 second
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4 Nm load has been applied to both the cases. This is noticed that the torque ripple is reduced

in three-level NPC inverter fed drive.
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Figure 4.32 Current THD of PMSM drive fed from two- level inverter
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Figure 4.33 Current THD of PMSM drive fed from three -level inverter
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Figure 4.35 Line to line voltage of PMSM fed from three- level inverter
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Figure 4.36 Voltage THD of PMSM drive fed from two- level inverter
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Figure 4.37 Voltage THD of PMSM drive fed from three- level inverter

NPC three-level inverter fed PMSM drive draw the key attention to the researchers and
technologist due to reduction in total harmonic distortion (THD). The comparative analysis is

made in terms of current THD and voltage THD for both the inverter. The fundamental
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frequency is kept 100Hz for the simulation analysis. The three-level NPC inverter improves
the voltages quality. The current THD when the motor is fed from two-level inverter is shown
in the Figure 4.32. It is observed that the current THD is 4.54%. The current THD, when the
PMSM is fed from three-level NPC inverter is shown in the Figure 4.33. This is noticed that
the current THD in three-level NPC inverter is 3.41% which is less as compared to two-level
inverter. The line to line voltage of both the inverter is shown in Figure 4.34 and Figure 4.35
respectively. From Figure 4.36 it is observed that the voltage THD is 74.35% when fed from
two-level inverter. But with three-level inverter the voltage THD is 37.79% as shown in
Figure 4.37. It can be observed that, in case of the three-level inverter, the harmonic distortion

is almost 50% lower than that of the two-level inverter.

Table 4.5 Comparative analysis of two-level inverter and three-level NPC inverter

Inverter
Different indices
Two-level inverter Three-level NPC inverter
Torque ripple 18.4% 12.2%
Current THD 4.54% 3.41%
Voltage THD 74.35.% 37.79%

4.7 Conclusion

A detailed study on NPC three-level inverter fed PMSM drive with vector control is
presented. Cost effective RDC less software based position estimation is used for proposed
PMSM drive. A voltage balancing technique using TLBC is developed for three-level NPC
inverter fed permanent magnet synchronous motor drive. The additional advantage of this
balancing circuit as compared to the other carrier based PWM technique or SVM technique is
the boosting feature, which is most demanding now a day for the electric vehicle application.
The proposed MLI fed PMSM drive reduces the voltage THD and torque pulsation.
Moreover, performance of the proposed balancing scheme is examined by carrying out
extensive simulations studies on a surface-mounted permanent magnet synchronous machine
with ZDAC control. The detailed simulation study is carried out for the proposed drive
system. Comparative study between a two-level and a three-level inverter fed PMSM drive is
also presented. The better performance is achieved in three-level inverter fed PMSM drive as
compared to the conventional two-level VSI fed PMSM drive.
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CHAPTER 5: SENSORLESS OPERATION OF PMSM DRIVE

[Sensorless control of neutral point clamped (NPC) three-level inverter fed permanent
magnet synchronous motor drive is presented in this chapter. Back-emf based position
estimation and Model Reference Adaptive System (MRAS) based estimation is presented.
Exhaustive simulation results are presented to investigate the performance of the sensorless
three-level NPC inverter fed PMSM drive under various operating condition.]

5.1 Introduction

The information of rotor position is usually obtained by resolvers or encoders attached to
rotor shaft. However, the use of these position sensors reduces the noise immunity, and
increase the size, cost and weight of the system. Elimination of these position sensors is
highly encouraged to increase the reliability and robustness and reduce the cost of drive. So
Furthermore investigation on sensorless control of (NPC) three-level inverter fed PMSM
drive is carried out, to achieve cost effective system and to reduced total hardware
complexity, to increase the mechanical robustness and reliability, to reduce the maintenance
necessities, [152]-[154]. Sensorless controls in terms back-emf based position estimation and
Model Reference Adaptive System (MRAS) based estimation are implemented. Although
back-emf based position estimation provides adequate performance in higher speed of
operation range, but it suffers in lower speed of operation. Furthermore this control technique
is also motor parameter sensitive. Among the existing sensorless approaches adaptive control
seems to be the most promising control strategies. This method is simple and computationally
less complex [168]-[174]. Extensive simulations study is carried out for the proposed drive
system in MATLAB/ Simulink.

5.2 Sensorless Control of PMSM

There are a lot of sensorless control strategies in the literature, each of them having its own
advantages, disadvantages and limitations. In general to implement the vector control in
PMSM drive the position is sensed using encoder and resolver sensor. The control without
this kind of sensor is known as sensorless control. The term “sensorless control” does not
mean that PMSM is being controlled without any sensor. It actually describes the position
sensorless control which means that no position sensor will be used only voltage and current

sensors are used in the entire control algorithm. These measured voltages and currents are
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used in different calculations and used to estimate the rotor position and speed of PMSM.

Some of the advantageous features of sensorless control are:

. Compact drive with reduced maintenance,

No cabling is required for transducers, easy implementation and reduced noise,

. Decreased cost of drive,

Suitable for hostile operating environment; temperature and humidity etc.

There are several methods for sensorless control of PMSM. A large number of methods are
presented in the literature for sensorless operation of PMSM. Performance wise comparison

with their advantage and limitations are given in Table 5.1.

Table 5.1 Comparison of different sensorless control technique

] ] Parameter )
Method Implementation negative aspect Earnings
dependency
Poor dynamic )
Back -emf Easy High Low cost
performance
_ Yes (except Free from
MRAS Less complex Tuning of PI ] ]
Rs) integration
) o Good dynamic
Observer Medium Computation time Yes
performance
EKF Complex Computation time Low Robust
Artificial ) ) Robust Good noise
) ) Medium Need fast processor Medium o
intelligence rejection
SMC Medium Chattering Medium No extra electronics

5.3 Back-EMF Based Sensorless Control of Three-Level Inverter Fed
PMSM Drive

Researchers and technologist have been persistent in their efforts to develop various
sensorless-control techniques for PMSM drive eliminating the conventional position sensor.

All the solutions that have been proposed during the last few years have advantages and
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drawbacks and cannot be considered resolute for the widest range of applications. The rotor
position can be estimated based on back electromotive force (EMF) calculated by integration
of the total flux linkage on the stator phase circuits. Although this control is simple, it suffers
in low speed operation as well as flux-integrator’s drift problem. Furthermore, this control is
sensitive to the stator resistance variations. The better performances is achieved with the

direct determination of back-emf space vector e, instead of the flux space vector, which also

eliminate the flux signal integrator [161]. Back-emf based methods offer adequate

performance in the higher speed range [162], [163].
5.3.1 Position and Speed Estimation Using Back-EMF Method

The control scheme is based on estimation of back-emf space vector which makes the system
less susceptible against the EMI problem. This is also reliable and cost effective. The
sensorless control scheme using back-emf based estimation technique in three-level NPC
inverter fed PMSM drive system, is implemented with vector control mode considering

iy =0. Sensor-less control based on back-emf based estimation also provides high dynamic

performance.

The expression of the back-EMF space vector components for a balanced three-phase system

is,
e_s):\Z_Ri:esa—i_jesﬁ (51)
e =[v, —%(va +20,)]—RIi, —ﬁ(ia +20,)] (5.2)
e, =V, ~Ri, +[0, +24) R, +20) 53)

N

Wherev,, v, is the A phase and B phase voltagei,andi, is the phase current, i, Stator
currents space vector, e, and e, real and imaginary axes component of the back-emf e, .

The argument of the back-emf clearly is not the real rotor position. The real rotor position is

given by the difference between the argument of e_ in the stator reference frame and the

argument of the same one in the rotating dgo frame. The block diagram of the back-emf based
sensorless control of three-level NPC inverter fed PMSM drive is shown in Figure 5.1.
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A simple analysis on the machine model at steady state with i, =0 gives the following

expression for rotor position:

e A
@ = arctan {i} —arctan| = (5.4)
€, Ly,
v, —Ri A
0 = arctan| £—2 | —arctan| = (5.5)
v, —RI, Ly,
+ | Vg |
igs L
Oref T —> — Pulses] Three-level
e
PI > ZDAC . ] dgtoabc A» cPwM > NPC
Controller| ~ |controller| las I°, Inverter
—

Oest 0cst T T 4_Ib.a._1> L
H D
Back-emf

based estimation |ge—

Figure 5.1 Block diagram of back-emf based sensorless control of three-level NPC inverter fed
PMSM drive

The reference speed command is given as w,, . The estimated speed from the back-emf based

estimation isw,, . The speed error is processed through PI speed controller which generates

the reference torque value as shown in the Figure 5.1. Using the vector control technique in

terms of zero-d axis current control i, currents are generated based on this torque reference. In
this control the d-axis current is zero (iy =0). The i;and i, current are transformed in I'a, Iy

and I"; using the estimated position &, . The gate signal of the inverter is generated using the

reference current 1%, 1y and 1" and actual current I, Iy and I with the carrier based PWM
technique.
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5.3.2 Performance Evaluation of Back-emf Based Sensorless Control of PMSM Drive

The simulation is performed for back-emf based sensorless control of three-level NPC
inverter fed PMSM drive and the results are presented. The actual rotor position and the
estimated rotor position using back-emf based estimation method are presented in the Figure
5.2. It is observed that the estimated rotor position is following the actual rotor position of the
motor with very less error.

400
360

w
o
o

Rotor position
actual (degree)
N
o
o

[
o
o

(=}

400

w
[o)]
o

w
o
o

(degree)
N
o
o

Rotor position
actual & estimated

H

o

o

o

005 01 015 02 025 03 035 04 045 05 . 0.6
Time(sec)

o

Figure 5.2 Rotor position, actual and estimated with back-emf based sensorless control

The motor reference speed 900 rpm is applied. The response of the drive is presented in the
Figure 5.3. It is noticed that estimated rotor speed follows reference one with good accuracy.
The discrepancy can be overcome by proper adjustment of Pl speed controller gains. At
starting motor produce the high torque. So the stator current is also high in that region. After
reaching the reference speed the stator current reduces to some lower value. Estimated rotor
position has been used for implementing the vector control in terms of zero d-axis current

control of PMSM drive. Estimated speed has been used in the speed control loop.
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Figure 5.3 Starting response of the drive with back-EMF based sensorless control
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Figure 5.6 d-axis and g-axis current at speed changing operation with back-emf based position
estimation method

The performance of the proposed drive at speed changing operation also has been
investigated. The speed reference increased from 900rpm to 1200 rpm. A change in speed
reference of 300 rpm has been applied. The response of the drive at speed changing operation
has been shown in the Figure 5.4. At 2 second the speed reference command has been

increased from 900 rpm to 1200 rpm. At this time the torque is increased by the motor to
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reach the reference speed. Due to that the stator current is also slightly increased at that time.
The torque reduced once the reference speed value reached. The rotor position estimated
using back-emf based estimation algorithm at speed changing operation has been shown in
Figure 5.5. The torque producing component of stator current is depicted in Figure 5.6. The d-

axis current is fixed at zero.

To investigate the performance under loading condition a load of 4Nm is applied to the motor
and simulation results are obtained. The response of the drive at increasing load has been
shown in the Figure 5.7. A step change in load of 4 Nm is applied at 2 sec. It is observed that
the stator current is increased at the time of loading. It is also observed that the torque
producing component of the stator current is also increased due to the loading, which is
shown in Figure 5.8. This speed response reaches the reference speed command. The
estimated rotor position using back-emf estimation method at loading condition is presented
in Figure 5.9. This method is satisfactory at medium and high-speed where back-emf is very
low. There are two major deficiencies in the back-emf integration method at low speed are:
pure integration problem and sensitivity to the stator resistance. The integrator has some
advantage of reducing the switching losses. Since the back-emf varies with speed, the
conduction period of inverter switches routinely adjusts inversely proportional to speed and

the switching also adjusts automatically with change in speed.
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Figure 5.7 Performance of the drive at load changing operation with back-emf based sensorless
control
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5.4 Model Reference Adaptive System (MRAS) Based Estimation

The MRAS algorithm is well-known for the sensorless control of induction machines. The
MRAS based estimation for sensorless control of induction motor has been proved to be
effective. The MRAS is one of the best available sensorless algorithms for PMSM in high
performance application similar to induction motor due to its parameter independency. The
performance of most of the observers depends on motor parameters which vary with
temperature. In contrast the MRAS based estimation is independent of stator resistance
variation. This control is computationally less complex, provides stable operation of the drive
and eliminates the integrator problem as back-emf estimation is not necessary. The Model
Reference Adaptive System (MRAS) based estimators provide the desired state from two
different models, one is reference model and another one is adjustable model. The unknown
parameter (speed in this case) is estimated using the error between two models. In MRAS
only adjustable model should depend on unknown parameter, the reference model is
independent of speed [168]-[174]. The error signal is fed into adaptation mechanism that
provides the estimated quantity, which is used to tune the adjustable model. PI controller is
used in the adjustable model. This method is simple and requires less computation. In PMSM
drive system MRAS is an effective sensorless control method for position and speed

estimation.
5.4.1 Structure of MRAS

The structure of MRAS is shown in Figure 5.10. The given performance Xxis generated by

reference model and estimated performance x is generated by adjustable model and the same

input u is given to both the models.

—] Reference model

i

Adjustable model

| Self-adaptive <

orgnisation

Figure 5.10 Structure of MRAS
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xand xare the state variables of reference and adjustable model. The given and estimated

performance is compared and generated error y is given to self-adaptive organization which

draws the state variable x near to x and the error signal y approaches zero.

5.4.2 Estimator Synthesis for Speed Estimation of PMSM

The design of sensorless algorithm for PMSM drive uses PMSM itself as reference model,

and the current equations of PMSM in d-q reference frame as adjustable model, and an

adaptation mechanism. A sensorless control algorithm is shown in Figure 5.11. The current

model of surface mounted PMSM is obtained by mathematical model presented in chapter 2,

IS given by-

v, = Rii, +L, ‘3—';*@ L,

: di :
v, =R, + L, d—s—a)rled +ay,

The above equations (5.6) and (5.7) can be re-written in form of

di, R, . S
S ==+l +~
dt L L

S S

Wherev,,V, i, ,i, are the stator voltages and currents in d-g components;

resistance; L. is stator inductance; w, is rotor speed; and v ; is rotor flux.

The equations (5.8) and (5.9) can be rearranged and written in matrix form as-

Vi -—— o ||, VY Ry
Id +— s Id +— 1 Vd +
p Ls = Ls +— Ls
: Rs : Ls
|q —a, —r |q Vq

141

(5.6)

(5.7)

(5.8)

(5.9)

R,is stator

(5.10)



RS
-t - a)r -t '
0 Iy _ L, Iy +i vy (5.11)
iy R [[iq | Lo|vq '
_a) ——
' L

The equation (5.11) can be written in form of a state equation as-
pi = Ai +Bv (5.12)

Where,

It is clear that only matrix A contains the speed information, which is to be estimated, and the
PMSM is reference model. In the same way the expression for estimated values to be

obtained by adjustable model is expressed as—

H -— a)l’ H !

) I _ L, I +i Vy (5.13)
i/ Rs i/ |_S VI )
q - ——= L4 q

The equation (5.13) also can be written in state equation form as—
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pi'= Ai'+ BV (5.14)

Now subtracting equation (5.13) from equation (5.11)

de, | |_R
L "le i
a|_| & (w0 ! (5.15)
de, R, || & i
R —a)r _— q
dt L,
Where,
& =l g
&, =i i

In the short form it can be written as—

de_ Ae-W (5.16)

Where,
R _
S
L r
A= 3
e R
—w ——S
r L
L S

w=1J (a)r —a)r)is’

The adaptation mechanism uses PI controller to process the error and to tune the adjustable
model so as to achieve the estimated value of rotor speed. The structure of MRAS for PMSM

is shown in Figure 5.11.
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Figure 5.11 Structure of MRAS for PMSM

Using the PI controller the estimated speed using MRAS algorithm is obtained as—

1 L .
a)r:[Kp+—Kij |d|q—|q|d—ﬁ(|q—|q) (5.17)
S L,
The MRAS uses the PI control in adaptation mechanism to process the error. The estimation
algorithm used is independent of stator resistance, computationally less complex, free from
integrator problem because back-emf estimation is not required and provides stable operation

of drive system. MRAS adaptive mechanism based on equation (5.17) is presented in Figure
5.12.
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— controlier —9> ;)
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Figure 5.12 MRAS adaptive mechanism
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This control methodology solves the problem of nonlinearity and parameter deviations of
PMSM drive with application of vector control in terms of zero d-axis current control.
Moreover, it achieves high dynamic performance and accurate speed tracking and torque

control with superior steady state characteristics.
5.4.3 Implementation of MRAS Based Sensorless Algorithm

A model reference adaptive system technique has been used for speed and position estimation
in sensorless vector control of the PMSM driven by three-level NPC inverter. A Pl controller
is used to process the error between reference model and adjustable model in the adaptation
mechanism of MRAS. It provides the robustness in the drive. The estimation algorithm used
is independent of stator resistance, computationally less complex, free from integrator

problem because back-emf estimation is not required and it provides stable operation of drive.

The MRAS based speed estimator is implemented for three-level NPC inverter fed PMSM
drive in MATLAB/Simulink. MRAS used in this system is designed based on the current
model of PMSM. The block diagram of PMSM employing MRAS as speed estimator is
shown in Figure 5.13. Here the voltages and currents are measured in a—b—c reference and
converted to d—q reference frame and given as input to MRAS estimator, which generates the
estimated speed. The estimated d—q currents are generated from adjustable model, which is
also controlled by output of adaptation mechanism as clearly shown Figure 5.13. In the

adjustable model the estimated output is function of (Vs, is, mest).
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Figure 5.13 Schematic block diagram of MRAS based estimation for PMSM

The measured rotor position is used to compare the estimated value and find out the
estimation error. The estimation error is the key point in defining the performance of a

sensorless algorithm. The internal processing of estimation algorithm is shown separately in

Figure 5.11 and Figure 5.12, which take vy, V,,i;,i,as combined inputs and gives estimated

speed as output as shown in block diagram. Here the controller which processes the error to
estimate the speed plays a very important role in performance of sensorless algorithm.

5.4.4 Performance Evaluation of MRAS Estimation Based Sensorless Control of PMSM

Drive

To investigate the MRAS estimation based sensorless controlled three-level NPC inverter fed
PMSM drive an extensive simulation study is carried out and simulation results are obtain.
For the estimation voltages and currents are obtained in d— g reference frame using measured

ones. The intermediate current valuesi; , i; and thei, , i, obtained from reference model

(PMSM itself) are used to obtain the estimated speed using a controller. Accuracy of this
controller decides the error in the estimated speed. The performance of the complete MRAS

based estimation algorithm is observed for various operating conditions.

The starting response of the MRAS estimation based sensorless controlled three-level NPC
inverter fed PMSM drive has been shown in the Figure 5.14.

146



- 5
c
g 25
§ g 0 l!*%w\l“i
o
= 250
Z
0 0.1 0.2 03 0.4 05 06 07 08 0.9 1
1200
900
©
o f
&£ 500
0
0 0.1 0.2 03 0.4 05 06 07 08 0.9 1
5
25
=" 25 0.50 Nm |
5
0 0.1 0.2 03 0.4 05 06 07 08 0.9 1

Time(sec)

Figure 5.14 Starting response of the drive with MRAS based estimation
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Figure 5.15 Rotor position actual and estimated with MRAS control
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Figure 5.16 Magnified view of actual and estimated rotor position in MRAS control

The reference value of speed is kept 900 rpm and the motor is started with no load. It is
observed that the motor reaches its reference speed value as depicted by trace 2. Initial
starting torque is high. The stator current is also high at the time. It reduces when the motor
reaches its reference speed value. The actual and estimated rotor position is shown in the
Figure 5.15 . The Magnified view of actual and estimated rotor position in MRAS control is

shown in Figure 5.16. The total no of pole pair in PMSM is 4, hence electrical angle 6, =46,
, where 6 = the mechanical angle. It is observed that the estimated rotor positon follow the

actual rotor position with very less error. The results show the effectiveness of the proposed

drive.

The performance of the drive at speed changing operation is investigated with MRAS based
position estimation. The response of the drive at speed changing operation has been shown in
the Figure 5.17.
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Figure 5.17 Response of the drive with MRAS at speed changing (increasing from 900 rpm to
1200 rpm) operation

The speed reference increased from 900rpm to 1200 rpm. A change in speed reference of 300
rpm has been applied. At 2 second the speed reference command has been increased from 900
rpm to 1200 rpm. At this time the torque is increased by the motor to reach the reference
speed. Due to that the stator current is also slightly increased at that time. The torque reduced
once the reference speed value reached. The rotor position estimated using MRAS based
estimation at speed increasing operation has been shown in Figure 5.18. The torque producing

component of stator current is depicted in Figure 5.19. The d-axis current is fixed at zero.
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Figure 5.19 d-axis current (id) and g-axis (iq) current in MRAS based estimation of the drive at
speed changing (increasing) condition
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The performance of the drive at speed decreasing operation is shown in the Figure 5.20.
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Figure 5.20 Response of the drive with MRAS at speed changing (decreasing from 1200 rpm to
900 rpm) operation
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Figure 5.21 Rotor position with MRAS at speed changing (decreasing) operation
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Figure 5.22 d-axis current (id) and g-axis (ig) current in MRAS based estimation of the drive at
speed changing (decreasing) operation

A change in speed reference of 300 rpm has been applied. At 2 second the speed reference
command has been decreased from 1200 rpm to 900 rpm. At this time the torque is decreased
by the motor to reach the reference speed. Due to that the stator current is also slightly
increased at that time. The torque reduced once the reference speed value reached. The rotor
position estimated using MRAS based estimation at speed decreasing operation has been
shown in Figure 5.21. The torque producing component of stator current is depicted in Figure

5.22. The d-axis current is fixed at zero.

Further investigation has been done in three-level NPC inverter fed PMSM drive with MRAS
based position estimation. To investigate the performance under loading condition a load of
4Nm is applied to the motor and simulation results are obtained. The response of the drive at
increasing load has been shown in the Figure 5.23. A step load of 4 Nm is applied at 2 sec. It
is observed that the stator current is increased at the time of loading. It is also observed that
the torque producing component of the stator current is also increased due to the loading. This
speed response reaches the reference speed command. The estimated rotor position using
MRAS estimation method at loading condition is depicted in Figure 5.24. It is observed that
the d-axis current is zero and g axis current mainly produce the load torque which has been

depicted in Figure 5.25.
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5.5 Conclusion

The sensorless control of PMSM with zero d-axis current control increases the reliability and
robustness of the drive and reduces the cost. The simulation result shows high starting torque
which reduces to a smaller value once the speed reach to the commanded speed value. The
study also provides useful insight into the concept of removal of traditional shaft-mounted
optical encoder, resolver or Hall sensors to obtain the rotor position. Back-EMF based
estimation of rotor speed and angular position ensure accurate speed regulation. This method
is satisfactory at medium and high-speed. But there are two major deficiencies in the back-
emf integration method at low speed are: pure integration problem and sensitivity to the stator
resistance. A model reference adaptive system has been investigated to estimate the rotor
speed and position, by using PMSM as reference model, PMSM current equations in d-q
reference frame as adjustable model and an adaptation mechanism. The estimation algorithm
used is independent of stator resistance, computationally less complex, free from integrator
problem because back-emf estimation is not required and provides stable operation of drive
system. PI controller is used in the adaptation mechanism to process the error, to tune the
adjustable model and to achieve the estimated value of rotor speed. The MRAS is simple and

easier implementation as compared to the observer based sensorless schemes with reduced
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mathematical computation time. The system anti-robustness behavior is improved and also
the dynamic and static performance of drive is improved. The simulation results verified the
effectiveness and feasibility of the MRAS based estimator in three-level NPC inverter fed
PMSM drive system.
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CHAPTER 6: SYSTEM DEVELOPMENT AND EXPERIMENTATION

[Prototype hardware system comprising of PMSM, two-level inverter, three-level NPC
inverter, dSPACE DS1104 interfacing and related control circuits has been developed for
vector controlled PMSM drive system. Software based RDC less position estimation
implemented for the proposed drive. MRAS based sensorless control also implemented. The
simulation results presented in previous chapters are validated through those hardware

systems.]
6.1 Introduction

In order to verify the simulation of two-level voltage source inverter fed and three-level NPC
inverter fed PMSM drive the following prototypes have been developed in the laboratory.

a) Two-level voltage source inverter power circuit.

b) Three-level neutral point clamped inverter power circuit.

c) Capacitor voltage balancing circuit with three-level boost converter.

d) The control circuit consisting of the dead-band circuit, the dc power supplies, voltage,

and current sensor circuits.

As a first step in hardware development a two-level voltage source inverter has been designed
and constructed to fed the surface permanent magnet synchronous motor. The power circuit
consists of an auto-transformer, rectifier and a two-level inverter, two mechanically coupled
PMSM with resolver manufactured by MOOG motors. One PMSM is working as motor and
other as generator. Both the motors have 24 volt DC brake and resolvers. For the
experimentation of three-level NPC inverter fed PMSM, a three-level NPC inverter has been
designed and constructed. A voltage balancing circuit using three-level boost converter is also
designed and constructed. The gate driver circuit for the power electronic switches was
designed and various components were mounted on the PCB. For the development of the
power circuit, MOSFETSs (IRFP460) have been used as the switching devices for realizing the

two-level inverter, three-level NPC inverter with three-level boost converter.

The other hardware components required for the operation of the experimental set-up such as
pulse amplification circuit, isolation circuit, dead-band circuit, voltage and current sensor

circuits have been designed and developed in the laboratory. The complete schematic diagram
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for the realization two-level inverter fed PMSM drive and three- level NPC inverter fed

PMSM drive system are shown in Figure 6.1 and Figure 6.2 respectively.

A Digital Signal Processor (DSP) DS1104 of dSPACE has been used for the real-time
implementation of control algorithms. By using the Real-Time Workshop (RTW) of
MATLAB and Real-Time Interface (RTI) feature of dASPACE-DS1104, the simulink models
of the various controllers of the prototypes have been implemented. The control algorithm is
first designed in the MATLAB/Simulink software. The RTW of MATLAB generates the
optimized C-code for real-time implementation. The interface between MATLAB/Simulink
and Digital Signal Processor (DSP, DS1104 of dSPACE) allows the control algorithm to be
run on the hardware. The master bit I/O is used to generate the required gate pulses and
Analog to Digital Converters (ADCs) are used to interface the sensed voltage and current,
modulating output signal from the resolver sensor and DC-bus capacitor voltages. The
development of different hardware components as required for the operation of the hardware

prototypes are discussed in the next section.
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Figure 6.1 Schematic diagram for hardware implementation of two-level inverter fed PMSM
drive system.
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Figure 6.2 Schematic diagram for hardware implementation of three-level NPC inverter fed
PMSM drive system

6.2 Development of System Hardware
The developed experimental prototype is comprised of the following parts:

1. Power circuit of 2- level , 3- level inverter
2. Measurement circuits
e VVoltage measurement
e Current measurement
e Position measurement from resolver
3. System software
4. Control hardware
e MOSFET driver circuit for Isolation and Amplification

e Dead-band circuit

6.2.1 Development of Power Circuit

A single-phase two-level and three-level inverter with suitably designed have been developed
in the laboratory. MOSFETSs (IRFP460) have been used as switching device for the Inverter.
To protect each switching device, a suitably designed snubber circuit is connected across it.

The snubber comprises of a parallel combination of a resistor and a capacitor connected
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across a Metal-Oxide Varistor (MOV). The devices are mounted on heat sinks to ensure

proper heat dissipation.

6.2.2 Measurement Circuits

For the accurate and reliable operation of a system in closed loop, measurement of various
system parameters and their conditioning is required. The measurement system must fulfil the

following requirements:

e High accuracy
e Galvanic isolation with power circuit
e Linearity and fast response

e Ease of installation and operation

With the availability of Hall-effect current sensors and isolation amplifiers, these
requirements are fulfilled to a large extent. In order to implement the control algorithm in

closed loop, current and voltage need to be sensed.
6.2.2.1 Sensing of AC Current

The current have been sensed using the PCB-mounted Hall-effect current sensors (TELCON
HTP50). The HTP50 is a closed loop Hall effect current transformer suitable for measuring

currents up to 50 A. The current sensing circuit is shown in Figure 6.3.

12k
—AN\N— +12 V
+12 V
- —Q Output
I-O Current
+
12V
Input 10k -12V TLO81
Current >y TLO81
Current Sensor Buffer Scaler Buffer

Figure 6.3 Current sensing circuit

This device provides an output current into an external load resistance. These current sensors
provide the galvanic isolation between the high voltage power circuit and the low voltage
control circuit and require a nominal supply voltage of the range +12V to +15V. It has a
transformation ratio of 1000:1 and thus, its output is scaled properly to obtain the desired

value of measurement.
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6.2.2.2 Sensing of Voltage

The voltages are normally sensed using isolation amplifiers and among them, AD202 is a
general purpose, two-port, transformer-coupled isolation amplifier that can be used for
measuring both AC and DC voltages. The other main features of the AD202 isolation

amplifier are:
1. Small physical size
2. High accuracy
3. Low power consumption
4. Wide bandwidth
5. Excellent common-mode performance
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Figure 6.4 AC/DC voltage sensing circuit

This voltage sensor can sense voltages in the range of +1 kV (peak) and it requires a nominal
supply voltage range of +12V to £15V. Figure 6.4 shows the circuit diagram for the voltage
sensing scheme, which uses AD202 isolation amplifier. The voltage (AC or DC) to be sensed
is applied between the terminals 1 and 2 (across a voltage divider comprising of 100 kQ and 1
kQ) and the voltage input to the sensor is available at the pins 1 and 2 of AD202 via a
resistance of 2.2 kQ. The isolated sensed voltage is available at the output terminal 19 of
AD202. The output of voltage sensor is scaled properly to meet the requirement of the control
circuit and is fed to the dSPACE via its ADC channel for further processing.

6.2.2.3 Position Sensing Using Resolver

The PMSM used in this work is in-built with the resolver mounted on the motor shaft.
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Figure 6.5 Outer view of PMSM with resolver

A resolver is used to obtain the rotor position of the PMSM. The resolver is mounted on the
rotor of the PMSM. The stator of the resolver consists of three windings i.e. one primary
winding and two secondary windings. The secondary windings are placed in quadrature to
each other in space. The outer view of PMSM with resolver is shown in Figure 6.5. A two
pole permanent magnet is mounted on the rotor of the resolver. It induces sinusoidal emf in
the stator windings. Since the two secondary windings are in quadrature to each other, if the
voltage induced in one is sinusoidal, then the voltage induced in the other will be co-

sinusoidal. The details of the resolver connection diagram are shown in Table 6.1.

Table 6.1 Resolver connection details

PIN DETAIL | FUNCTION SIGNAL SIGN
1 S1 COSINE +
2 s3 (OUTPUT) ]
3 S2 SINE +
4 sS4 (OUTPUT) )
7 R1 +
INPUT
8 R2 -

The resolver algorithm and the relevant equations are presented in chapter 3. The =5 V sine
signal from function generator is given to the primary winding of resolver and generated
voltage of both secondary’s are given to dSPACE through ADC channel. The transformation
ratio of the resolver is 0.5. The peak voltage induced in the secondary windings is +2.5 V to -
2.5 V.
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6.2.3 Development of System Software

Historically, control software was developed using assembly language. In recent years,
industry began to adopt MATLAB/SIMULINK and Real-Time Workshop (RTW) platform
based method, which provides a systematic approach to develop control software. Figure 6.6
shows the Total Development Environment (TDE) of dSPACE and its major component

blocks are explained as below.

e MATLAB is widely used as an interactive tool for modeling, analysis and
visualization of systems, which itself contains more than 600 mathematical
functions and supports additional toolboxes to make it more comprehensive.

e Simulink is a MATLAB add-on software that enables block diagram based
modeling and analysis of linear, nonlinear, discrete, and continuous and hybrid
systems.

e RTW is Simulink add-on software that enables automatic C-code generation from
the Simulink model. The generated optimized code can be executed on PC,
microcontrollers, and signal processors.

e Real Time Interface (RTI) is add-on software of dSPACE which provides block
libraries for 1/0O hardware integration of DS1104 R&D controller and generates
optimized code for master and slave processors of the board.

e dSPACE’s control desk is a software tool interfacing with real-time experimental
setup and provides easy and flexible analysis, visualization, data acquisition and
automation of the experimental setup. The major feature of real-time simulation is
that the simulation has to be carried out as quickly as the real system would actually

run, thus allowing to combine the simulation and the inverter (real plant).

The DSP DS1104 R&D controller board of dSPACE is a standard board that can be plugged
into Peripheral Component Interconnect (PCI) slot of a desktop computer. The DS1104 is
specially designed for the development of high-speed multivariable digital controllers and
real-time simulations for various applications. It is a complete real-time control system based
on an AMD Opteron™ processor running at 2.6 GHz. It has 256 MB DDR-400 SDRAM local
memory for the application and dynamic application data and 128 MB SDR SDRAM global
memory for host data exchange. DS1104 R&D controller is a very good platform for the

development of dSPACE prototype system for cost-sensitive RCP applications.
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Figure 6.6 Total development environment of dSSPACE with MATLAB

It is used for the real-time simulation and implementation of the control algorithm in real-
time. The sensed AC and DC voltages are fed to the dSPACE Multi-1/0 Board (DS2201) of
DS1006 via the available ADC channels on its connector panel. In order to add an 1/0 block
(such as ADCs and master bit I/Os in this case) to the Simulink model, the required block is
dragged from the dSPACE 1/O library and dropped into the Simulink model of the CHBMLI
based PVDG system. In fact, adding a dSPACE 1/0 block to a Simulink model is almost like
adding any Simulink block to the model. The master bit 1/0s configured in the output mode,
are connected to the model for issuing a gate pulse signal to the MOSFETS. In addition to that
ADCs are connected to the model for giving different sensed parameter as input to the DSP
hardware. Total development environment of dSSPACE with MATLAB is presented in Figure
6.6.

The sensed signals of each topology are used for the processing in the designed control
algorithm. The vital aspect for real-time implementation is the generation of real-time code of
the controller to link the host computer with the hardware. For dSPACE systems, Real-Time
Interface (RTI) carries out this linking function. Together with RTW from the Mathworks®, it
automatically generates the real-time code from Simulink models and implements this code
on the dSPACE real-time hardware. This saves the time and effort considerably as there is no
need to manually convert the Simulink model into another language such as ‘C’. RTI carries
out the necessary steps needing only addition of the required dSPACE blocks (1/O interfaces)
to the Simulink model. In other words, RTI is the interface between Simulink and various
dSPACE platforms. It is basically the implementation software for single-board hardware and
connects the Simulink control models to the 1/0 of the board. In the present case, the
optimized C-code of the Simulink model of the control algorithm is automatically generated

by the RTW of MATLAB in conjunction with RTI of dSPACE.
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The generated code is then automatically downloaded into the dSPACE hardware where it is
implemented in real-time and the gating signals are generated. The gating pulses for the
power switches of the converter are issued via the Master-bit 1/Os available on the dSPACE
board. The DS2201 Connector/LED combo panel provides easy-to-use connections between
DS1006 board and the devices to be connected to it. The panel also provides an array of LEDs
indicating the states of digital signals (gating pulses). The gating pulses are fed to various
power devices driver circuits via dead-band and isolation circuits. Figure 6.7 shows the
schematic diagram of dSSPACE-DS1104 board interfaced with the host computer and the real-
world plant (power circuit of PVDG system). Sensed signals are fed to the ADCs and

generated gating pulses are given at Master bit 1/Os.
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MATLAB/Simulink® ADC
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Figure 6.7 DSP (dSPACE-DS1104) circuit board interfacing

6.2.4 Development of Control Hardware

The control algorithm is designed and built into the MATLAB/Simulink software and the
control pulses for the power switches of each topology of PMSM drive system are generated
by real-time simulation using the DSP of dSPACE. The optimized C-code of the Simulink
model of control algorithm is generated with the help of Real-Time Workshop (RTW) of
MATLAB. The RTW of MATLAB and the Real-Time Interface (RTI) of dSPACE result in
the real-time simulation of the model. The control pulses are generated at the various Master-
bit 1/Os of the dSPACE which are interfaced with the MOSFET driver circuits through
isolation and dead-band circuits. This ensures the necessary isolation of the dSPACE
hardware from the power circuit that is required for its protection. Figure 6.8 shows the basic
schematic diagram of interfacing firing pulses from the dSPACE board to switching devices
of inverter. From Figure 6.8, it can be observed that the following hardware circuits are

required for interfacing of inverter with dSPACE board.
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1. Dead-band circuit

2. MOSFET driver circuits for isolation and amplification
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Figure 6.8 Schematic diagram of interfacing firing pulses from dSPACE controller board to
switching devices

6.2.4.1 Dead-band Circuit

A dead-band (dead-time or delay) circuit is employed to provide a delay time (of about 1 ps)
between the switching pulses to the devices connected in the same output leg of the inverter.
This is required to avoid the short circuit of devices in the same leg of the output phase due to

simultaneous conduction. The delay time circuit is shown in Figure 6.9.
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Figure 6.9(a) Dead-band circuit (b) Input-output waveform
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6.2.4.2 MOSFET Driver Circuits

The MOSFET driver circuits are used for pulse amplification and isolation purposes. The
control pulses generated from dSPACE unit are not efficient to drive the switching devices.
Thus, these signals are further amplified by using proper amplifier circuit. Figure 6.10 (a)
shows a circuit diagram of pulse isolation and amplifier circuit for MOSFET driver circuit.

For isolation between power circuit and a control circuit, an opto-coupler (MCTZ2E) is used.
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Figure 6.10 (a) MOSFET driver circuit (b) Waveform at points a (channel 1), b (channel 2), ¢
(channel 3) and d (channel 4)

Although common + 5V, regulated DC power supply is used at the input side of the opto-

coupler, but individual regulated DC power supply of +12V is used to connect the output side
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of opto-coupler. When the input gating is +5V level, the transistor saturates, the LED
conducts and the light emitted by it falls on the base of the phototransistor, thus forming its
base drive. The pulse amplification is provided by the output amplifier transistor 2N2222. In
order to test the MOSFET driver, a PWM signal is applied at point ‘a’ of Figure 6.10 (a) and
waveforms at different points (a, b, ¢ and d) are recorded as shown in Figure 6.10 (b). It is
observed that the waveform at point ‘d’ is similar to the PWM signal applied at point ‘a’, but

its amplitude is increased to 12 V which is used to drive the MOSFET.

6.3 Prototype Systems Parameter

The system parameter is given in Table 6.2. The control schemes discussed in the simulation

is implemented on prototype.

Table 6.2 PMSM Parameters

PMSM Parameter Value
Make MOOG G400 series PMSM motor
BRAKE 24 Vpc (release)
Mo 3.7
VDe max 325V
Power 1.4 kW
Torque Constant 0.75Nm/A
Phase Inductance 5.15mH
No. of Poles 8
Moment of Inertia ‘J’ 0.000062 kg-m?
Total Load Inertia 0.002 kg-m?
Damping Friction 0.0041N-m/rad

Resolver Parameters

Input Voltage 5V
Carrier Frequency 1 kHz
Transformation Ratio 0.5
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6.4 Experimental Validation of Resolver Based Position Estimation

The prototype models of the two-level inverter and three-level NPC inverter driven PMSM
drive have been developed by integrating the power circuit, the control hardware and the
dSPACE controller. The view of the experimental test bench with two-level inverter fed
PMSM drive is shown in Figure 6.11. The accurate rotor position estimation takes a key role
in implementing the vector control. The rotor position of PMSM can be measured by using

the resolver without RDC to make cost effective drive.
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Figure 6.11 Experimental setup with two-level inverter fed PMSM drive

The output signal of resolver at complete 360° rotation of the rotor shaft is shown in the
Figure 6.12(a). From the experimental results shown in the Figure 6.12(a), it is observed that
the sine output signal is zero and the cosine signal is in phase with the input signal at the
starting position when the angle is zero. Channel 1 represents the input high frequency
excitation signal of the resolver. Channel 2 and 3 represents the sine and cosine output of the
resolver. The variation in output signal by 90° rotation of the rotor shaft is shown in the
Figure 6.12(b). At this position the sine output signal is in phase with the input signal and the
cosine signal zero. From Figure 6.12(c) it is observed that the sine output signal is zero and
the cosine signal is in opposite phase when the input signal is at 180° rotation of rotor shaft.
The cosine output signal is zero and the sine signal is in opposite phase when the input signal
is at 270° rotation of rotor shaft as shown in Figure 6.12(d). Further, from Figure 6.12(e) it is
observed that the sine output signal is zero and the cosine signal is in phase when the input
signal is at 360°.
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Figure 6.12 Experimental results of resolver output signal at (a) 0° shaft rotation (b) 90° shaft
rotation (c) 180° shaft rotation (d) 270° shaft rotation (e) 360° shaft rotation
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Figure 6.13 Simulation result of modulated sine (2.5V, 1kHz) and cosine output Signal (2.5V,
1kHz)
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Figure 6.14 Experimental result of modulated sine (2.5V, 1kHz) and cosine output Signal (2.5V,
1kHz)

To excite the primary coil of the resolver high frequency signal is applied. With the rotation
of rotor, the resolver induces two modulated signals. These modulated signals are
demodulated using the estimation algorithm discussed in chapter 3. The simulation results of
modulated sine and cosine are presented in the Figure 6.13. The corresponding experimental
results are shown in the Figure 6.14. Trace 1 denotes the modulated output sine signal and the

trace 2 denotes the modulated output cosine signal. The simulation results of demodulated

171



sine and cosine output signal are depicted in the Figure 6.15. The experimental results are

shown in the Figure 6.16.
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Figure 6.15 Simulation result of demodulated sine signal (2.5V) and cosine signal (2.5V)
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Figure 6.16 Experimental result of demodulated sine signal (2.5V) and cosine signal (2.5V)

The simulation results of the rotor position with respect to demodulated sine signal are shown
in the Figure 6.17. The experimental validation of the simulation results is presented in the
Figure 6.18. The demodulated sine and cosine output provides 6 with the help of resolver
algorithm as discussed in chapter 3. The estimated rotor position 0 is used in PMSM drive for
vector control operation. This estimation eliminates the use of Resolver to Digital Converter
(RDC), which in terns reduces the cost of the drive.
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Figure 6.17 Simulation result of demodulated and modulated sine signal (2.5V) and rotor
position.
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Figure 6.18 Experimental result of demodulated and modulated sine signal (2.5V) and rotor
position (360%div).

173



6.5 Performance Investigations of ZDAC Control of PMSM Drive

Experiments are performed to investigate the performance of the drive, driven by two-level
inverter and validated the simulated results. As the available prototype motor in the laboratory
is surface permanent magnet motor. So the vector control in-terms of zero d-axis current
control have been implemented. The performance of the drive at different operating condition
has been experimentally investigated. The simulated and experimental line to line voltage
waveforms of two-level inverter fed drive are shown in the Figure 6.19 and Figure 6.20. The

fundamental frequency is kept 100Hz to compare the simulated and experimental results.
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Figure 6.19 Simulation results of line to line voltage (100 Hz) of two- level inverter fed to PMSM
drive
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Figure 6.20 Experimental result of line to line voltage (100 Hz) of two-level inverter fed PMSM
drive (300V/div)

6.5.1 Starting Response of the Drive

The simulated and experimental results of the starting response of the drive have been shown
in Figure 6.21 and Figure 6.22 respectively. Trace 1 in the Figure 6.22 represents the speed of
the motor in rpm. Trace 2 shows the stator current. The reference value of speed is kept 900
rpm and the motor is started with no load. It is observed that the motor reaches its reference
speed value. Initial starting torque is high. The stator current is also high at the time of
starting. The experimental results validate the corresponding simulation results.
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Figure 6.21 Simulation result of starting response of the PMSM drive (speed 900 rpm)
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Figure 6.22 Experimental result of starting response of the PMSM drive (speed 450rpm/div,
stator current 5A/div)

6.5.2 Performance of the Drive at Loading Condition

To investigate the performance under loading condition a load of 4Nm is applied to the motor
and the experimental results are obtained. The corresponding simulation results are shown in
Figure 6.23. The experimental result of the drive at increasing load has been shown in the

Figure 6.24.
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Figure 6.23 Simulation result of the PMSM drive at loading (4Nm) condition
A step load of 4 Nm is applied. It is observed that the stator current is increased at the time of
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loading. It is also observed that there is dip in the speed response. This is due to the
application of load torque. This speed response reaches the reference value due to the closed
loop operation of the drive. Channel 1 represents the speed and channel 2 represents the

current response of the drive.
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Figure 6.24 Experimental result of the PMSM drive at loading condition (speed 300rpm/div,
stator current 5A/div)

6.5.3 Performance of the Drive at Speed Changing Condition

The performance of the drive with two-level inverter at speed changing operation also has
been investigated. A change in speed reference of 300 rpm has been applied. The speed
reference increased from 900rpm to 1200 rpm. The simulation results are shown in Figure
6.25. The experimental results shown in the Figure 6.26 represents the performance of the
drive at speed increasing operation. It is observed that when the speed reference is increased
from 900 rpm to 1200 rpm, the torque is increased by the motor to reach the reference speed.
Due to that the stator current is also slightly increased at that time. The torque reduced once
the reference speed value reached. Furthermore the performance of the drive at speed
decreasing condition is investigated and results are obtained which is shown in Figure 6.28
and corresponding simulation results is shown in Figure 6.27. The reference speed command
is change from 1200rpm to 900 rpm.
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Figure 6.25 Simulation result of the PMSM drive at speed changing (900rpm to 1200 rpm)
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Figure 6.26 Experimental result of the PMSM drive at speed changing (900rpm to 1200 rpm)
(speed 300rpm/div, stator current 5A/div)
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Figure 6.27 Simulation result of the PMSM drive at speed changing (1200rpm to 900 rpm)
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Figure 6.28 Experimental result of the PMSM drive at speed changing (decreasing 1200rpm to
900 rpm) (speed 300rpm/div, stator current 5A/div)
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6.6 Performance Investigations of Three-level NPC Inverter Fed Drive with
TLBC Circuit

In this experimental study, the developed prototype of three-level neutral point clamped
inverter driven PMSM drive are tested with different modes of the controller action, varying
speed and load condition to verify their viability and effectiveness. The view of experimental
test bench is shown in the Figure 6.29. A voltage balancing strategy, with low switching
losses is proposed using three-level boost converter, which keeps the voltage difference
between the two dc-link capacitors at a desired level. Moreover, performance of the proposed
drive scheme is examined by carrying out extensive simulations and experimental studies on a

SPMSM with vector control in terms of zero d-axis current control.

: Interfacing r\ l dAC ¥
»
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Figure 6.29 Experimental test bench of three-level NPC inverter fed PMSM drive

The simulation results of line to line voltage waveform of three-level NPC inverter fed
PMSM drive is shown in the Figure 6.30. The fundamental frequency is kept 100 Hz. The
corresponding experimental results are presented in Figure 6.31.
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Figure 6.30 Simulation result of line to line voltage (100Hz) of three- level NPC inverter fed to
PMSM drive
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Figure 6.31 Experimental results of line to line voltage (100Hz) of three-level inverter fed to
PMSM drive (300V/div)
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6.6.1 Capacitor Voltage Balancing and Boosting Using TLBC Circuit

The three-level boost converter (TLBC) is most attracting circuit used for voltage balancing in
multi-level NPC inverter. The advantageous feature is reduced switching losses and lower
reverse recovery losses of the diode compared with the conventional boost converters. Based
on the previously presented simulation studies in the chapter 5, exhaustive experimental study
is carried out for the validation. The simulation results of the different capacitor voltage with

respect to input dc voltage are shown in the Figure 6.32.
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Figure 6.32 Simulation result of capacitor voltage balancing

The experimental results are presented in the Figure 6.33. Channel 1 represents the voltage
across the capacitor C1 and the channel 2 represents the voltage across capacitor Co. It is
observed that with the use of TLBC in three-level NPC inverter the voltage across the
capacitors are maintained at desired value 150 V. The voltage difference is shown in channel
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3 is quite less. So the dc link voltage is perfectly balanced with the use of TLBC in three-level
NPC inverter. The input voltage to the NPC inverter is maintained at 300 V with the help of
TLBC by selecting the duty ratio (D) of 0.667, whereas the input dc voltage (Vac) is 200 V.
TLBC reduces the computational complexity. The main attraction is the boosting feature of

the input voltage along with the balancing of the capacitor voltage.
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Figure 6.33 Experimental result of capacitor voltage balancing (Capacitor voltage 150V/div,
Input dc voltage 200V/div, Capacitor voltage difference 1V/div)

6.6.2 Starting Response of the Proposed Drive

The performance of the proposed there-level NPC inverter fed PMSM drive is experimentally
investigated at different operating condition. Initially the starting response of the drive is
investigated and the results are presented in the Figure 6.35. The reference value of speed is
kept 900 rpm and the motor is started with no load. It is observed that the motor reaches its
reference speed value as presented in channel 1. The speed is presented as 450 rpm/div scale.
The stator current is shown in channel 2. The stator current is presented as 5 A/div scale. The
stator current is high at the time of starting. It reduces when the motor reaches its reference

speed value. It is noticed that the simulation results shown in the Figure 6.34 are
183



experimentally validated and presented in the Figure 6.35.
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Figure 6.34 Simulation result of starting response of the PMSM drive with three-level inverter
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Figure 6.35 Experimental result of starting response (speed 450 rpm/div & stator current
5A/div) of the PMSM drive with three-level inverter
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6.6.3 Speed Changing Operation in Proposed Drive

The performance of the proposed drive at speed changing operation also has been
experimentally investigated. The speed reference increased from 900rpm to 1200 rpm. A
change in speed reference of 300 rpm has been applied. The simulation results are presented
in Figure 6.36. The experimental results of the drive at speed increasing operation have been
shown in Figure 6.37. The speed of the motor is presented in channel 1 with 600 rpm/div
scale. The speed reference has been increased from 900 rpm to 1200 rpm. At this time the
torque is increased by the motor to reach the reference speed. Due to that the stator current is
also slightly increased at that time which is presented in channel 2 with 5A/div scale. It
reduced once the reference speed value reached. The capacitor voltage difference is presented
in channel 3 with 1V/div. The experimental results clearly show that the potential difference
between the two dc-link capacitors maintained below 1V. The simulation results are presented
in Figure 6.38. The experimental result at speed decreasing operation is shown in Figure 6.39.
The speed reference has been decreased from 1200 rpm to 900 rpm. The speed of the motor
is presented in channel 1 with 600 rpm/div scale whereas channel 2 and 3 presents the stator
current and the capacitor voltage difference. It is observed that the proposed drive is

maintained the capacitor voltage under speed changing operation.
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Figure 6.36 Simulation result of the PMSM drive at speed changing (increasing) with three- level
inverter
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Figure 6.37 Experimental result of the PMSM drive at speed changing (increasing) with three -
level inverter (speed 600rpm/div, Stator current 5A/div, Capacitor voltage difference 1V/div)
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Figure 6.38 Simulation result of the PMSM drive at speed changing (decreasing) with three-
level inverter
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Figure 6.39 Experimental result of the PMSM drive at speed changing (decreasing) with three -
level inverter (speed 600rpm/div, stator current 5A/div, capacitor voltage difference 1V/div)

6.6.4 Performance of the Proposed Drive in Load Changing Operation

The neutral point clamed inverter suffers from capacitor voltage balancing problem. It is
noticed in the chapter 5 that when the drive is operated without voltage balancing circuit, the
capacitor voltages across the two capacitors are unequal. This difference increases at loading
operation of the motor. But this problem is eliminated using TLBC circuit. The simulation
results of the proposed drive at loading operation are shown in Figure 6.40. The experimental
results of the proposed drive at the time of loading are shown in the Figure 6.41. To
investigate the performance under loading condition a load of 4Nm is applied to the motor. It
is observed that the stator current is increased at the time of loading which is presented in
channel 2 with 5A/div. It is also observed that there is dip in the speed response. This dip is
due to the loading. This speed response presented in channel 1 with 300 rpm/div reaches the
reference due to the closed loop operation of the drive. It is also observed that the proposed
drive maintain the capacitor voltage difference within the desired value. The experimental
results of voltage difference between the two capacitors are presented in channel 3 with
1V/div.
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Figure 6.40 Simulation result of the PMSM drive at load changing with three -level inverter
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Figure 6.41 Experimental result of the PMSM drive at load changing with three- level inverter
(speed 300rpm/div, stator current 5A/div, capacitor voltage difference 1V/div)
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6.7 Performance Comparison of Two-level and Three-level NPC Inverter
Fed PMSM Drive

The experimentation is carried out for the comparative performance investigation between the
two-level inverter and three-level NPC inverter fed PMSM drive at different operating
condition. NPC three-level inverter fed PMSM drive draw the key attention to the researchers
and technologist due to reduction in total harmonic distortion (THD). The fundamental
frequency is kept 100Hz for the analysis. The voltage and current THD for both the inverter in
simulation as well as experimental is presented in Table 6.3.

Table 6.3 Comparative analysis of two-level inverter and three-level NPC inverter simulation
and experimental study

Inverter
Different indices
Two-level inverter Three-level NPC inverter
Simulation Experimental Simulation Experimental
Current THD 4.54% 4.91% 3.41% 3.85%
Voltage THD 74.35.% 76.21% 37.79% 39.62%

Three-level NPC inverter fed PMSM drive promising the better performance in terms of

harmonic reduction, high DC link voltage level and lower torque repulsion.

6.8 Performance Investigations on MRAS Based Sensorless Control

The MRAS based sensorless algorithm for PMSM has been implemented. To verify the
viability and effectiveness of proposed MRAS for the speed estimation of PMSM,
experimental investigations are carried out. VVoltage and current sensors are used for sensing
of stator terminal voltages and currents. The total no of pole pair in PMSM is 4, hence

electrical angle &=46, where 6. is the mechanical angle. Experimental studies are carried

out in different operating conditions to investigate the performance of drive with proposed
sensorless algorithm. The simulation results at speed changing condition are shown in Figure
6.42. Figure 6.43 shows the estimated position and stator current at step change in speed from
900 rpm to 1200 rpm. It is observed that with MRAS based sensorless control the desired

performance is achieved.
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Figure 6.42 Simulation result of the estimated position of PMSM drive at speed changing
(increasing from 900 rpm to 1200 rpm)
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Figure 6.43 Experimental result of the estimated position (360°/div), stator current (5A/div) of
PMSM drive at speed (300rpm/div) changing (increasing)
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Figure 6.44 Magnified view of the estimated position (360°div) of PMSM drive at constant speed
900 rpm (300rpm/div)
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Figure 6.45 Magnified view of the estimated position (360°div) of PMSM drive at constant speed
1200 rpm (300rpm/div)

The experimental result at constant 900 rpm speed operation is shown in Figure 6.44. The
trace 1 shows the rotor position and trace 3 shows the speed of the motor. The Figure 6.45

shows the constant speed operation at 1200 rpm.
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Figure 6.46 Simulation result of the estimated position of PMSM drive at Speed changing
(decreasing from 1200rpm to 900 rpm)

The Experimental studies are carried out in speed decreasing operation with the drive system
and the results are obtained. The Figure 6.47 shows the estimated position and stator current
at step change in speed from 1200 rpm to 900 rpm. The corresponding simulation results are

shown in Figure 6.46.

Stator Current
At Speed changlng

1200 rpm

CHl= 3.86.)/ReMieEE 1,380/ CH = .88l

Figure 6.47 Experimental result of the estimated position (3600/div) stator current (5A/div)of
PMSM drive at Speed (300rpm/div) changing (decreasing)
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6.9 Conclusion

In this chapter, the detailed description of the design and development of laboratory prototype
of two-level inverter fed PMSM drive and three-level NPC inverter fed PMSM drive system
have been given. A DSP DS1104 of dSPACE has been used for the real-time implementation
of control algorithms of two different inverters topology in MATLAB/Simulink environment.
The different hardware components as required for the proper operation of experimental set-
ups such as pulse amplification, isolation and dead-band circuits, voltage, current and speed
sensor circuits have been designed, developed and interfaced using dSPACE. Extensive
experimentation has been carried out to investigate the performance of the drive. In the first
part of the experimental work the software based RDC less position estimation is
implemented using the resolver based position estimation algorithm to estimate the accurate
speed and position. The experimental result shows the complete 360° rotation of the drive.
The accurate position and speed estimation is achieved. In the second part of the experimental
work, a two-level inverter fed PMSM drive system is tested in different operating condition.
The vector control in terms of zero d-axis current control is implemented. The experimental
results validate the simulation results. To improve the performance of the drive further
experimentation is carried out in three-level NPC inverter fed PMSM drive. To maintain the
voltage across the two dc-link capacitors in three-level NPC inverter a TLBC circuit have
been used. The exhaustive experimentation is carried out on the proposed drive in different
operating condition. The experimental result shows the validity and effectiveness of the
proposed drive in accordance with the simulation results. A comparative analysis is made
between two-level inverter and three-level NPC inverter fed PMSM drive and from this it is
observed that the voltage THD and current THD is less in three-level inverter fed drive as
compared to two-level inverter fed drive. Further, the experimentation is also carried out in
sensorless control mode with three-level NPC inverter fed drive. The MRAS based estimation
is implemented and the results show the validity of the drive with different operating

condition.
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CHAPTER 7: CONCLUSIONS AND FUTURE SCOPE

[The main conclusions of the presented work and possible future research have been

summarized in this chapter.]

7.1 Conclusions

This thesis presents the research carried out to improve the performance of permanent magnet
synchronous motor drive with simplified modeling, control and implementation. The major

conclusions derived from this research work are summarized as follows:

e In the first step of the research work a simplified approach of PMSM modelling in
stationary and rotating reference frame is presented. The mathematical model is presented for
both type of PMSM structure, with saliency (IPMSM) and without saliency (SPMSM). The
analytical model of the two-level voltage source inverter is developed. Mathematical models
are based on the determination of state equations for dynamic variables. These models are
conspicuous by their extreme simplicity in front of other previous analytical models presented
in the literature. To obtain a closed loop operation of PMSM drive mathematical model of
resolver sensor, speed controller and load is developed.

e The basic idea of the vector control algorithm is to decompose a stator current into a
magnetic field-producing component and a torque-producing component. The vector control
scheme is developed for PMSM drive in MATLAB/Simulink environment. In usual practice
Resolver to Digital Converter (RDC) are used for position and speed estimation from
resolver. However, a software based position estimation using the output signal of the resolver
has been implemented to eliminate the RDC, which reduce the cost of the drive. In addition, a
demodulation based algorithm is implemented to calculate the speed and rotor position.
Vector control in terms zero d-axis current control and maximum torque per ampere control is
implemented in IPMSM. Comparative analyses have also been presented for both the control
techniques. Further for wide speed range of operation a MTPA based flux-weakening control
algorithm is developed for IPMSM. SPMSM drive with zero d-axis current control and its
performance is investigated. Simulation study is carried out in MATLAB/ Simulink
environment. The effects of load variation and speed change on the performance of drive are

extensively studied.
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e Multi-level inverter fed drive is considered, to achieve the high performance of PMSM
drive systems at increased power levels. Cost effective RDC less software based position
estimation is implemented for proposed PMSM drive. A detailed study on neutral point
clamped (NPC) three-level inverter fed PMSM drive with vector control is presented. But the
disadvantage with this inverter is capacitor voltage balancing. To maintain the voltage across
the capacitor, a capacitor voltage balancing technique using three-level boost converter
(TLBC) is developed. These TLBC successfully maintains the voltage across the capacitor,
thus avoiding the capacitor voltage unbalancing in proposed NPC inverter fed drive system.
The additional advantage of this balancing circuit as compared to the other carrier based
PWM technique or SVM technique is the boosting feature, which is most demanding now a
day for the electric vehicle application.

e This proposed MLI fed PMSM drive reduces the voltage THD and torque pulsation. A
comparative study between a two-level and a three-level inverter fed PMSM drive shows the
better performance of the three-level inverter fed PMSM drive as compared to the
conventional two-level VSI fed PMSM drive.

e Furthermore, the proposed drive is investigated for sensorless control operation also.
Sensorless controls in terms Back-EMF based position estimation and Model Reference
Adaptive System (MRAS) based estimation have been implemented. Back-EMF based
estimation of rotor speed and angular position ensure the accuracy and the speed regulation at
both medium and high-speed.

e Among the existing sensorless approaches adaptive control seems to be the most
promising control strategies. Simple and easier MRAS based estimators provide the desired
state from two different models, one is reference and another one is adjustable. Simulation
study shows the effectiveness and feasibility under various operating conditions.

e The following prototypes are developed and performed to validate the simulation
results: (i) two-level VSI fed PMSM drive system, (ii) three-level NPC inverter fed PMSM
drive system and (iii) capacitor voltage balancing circuit with three-level boost converter. A
DSP DS1104 of dSPACE is used for the real-time implementation of various control
algorithms in the PMSM drive system. Extensive experimentation has been carried out to
investigate the performance of the drive. An accurate speed and position is estimated using
software based RDC less position estimation algorithm.

e In the second part of the experimental work, a two-level inverter fed PMSM drive
system is tested in various operating condition. The vector control in terms of zero d-axis

current control is implemented. Further experimentation is carried out in three-level NPC
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inverter fed PMSM drive. TLBC circuit successfully maintains the voltage across the
capacitors. The exhaustive experimentation is carried out on the proposed drive in various
operating condition. The experimental results show the validity and effectiveness of the
proposed drive in accordance with the simulation results. The performance comparison shows
the better performance of the proposed PMSM drive system as compared to the conventional
two level inverter fed PMSM drive system. Further, the experimentation is also carried out in
MRAS based sensorless control with three-level NPC inverter fed drive. The experimental

results show the validity of the drive under various operating condition.

7.2 Future Prospects

All initial objectives for the thesis work have been fulfilled successfully. This work is
presumed to be an important basis for the future research work as briefly pointed below. In
light of the work accomplished in this thesis, following aspects are identified for future

research work.

e Proposed MLI fed PMSM drive scheme can be further explored with electric vehicle
load modeling in MATLAB/Simulink environment and its practical implementation.

e Proposed drive can be further explored for higher level of operation with capacitor
voltage balancing and boosting feature.

e The artificial intelligence based techniques like NN, GA, PSO can be used directly as
controller or to be used for tuning of classical PI controller.

e The NN based stator resistance estimator can be used with MRAS speed estimator to
achieve the high performance drive with high robustness.

e Practical implementation of multilevel inverters for high power drive application is
still an active area of research. The development of high power inverters involves a
higher number of levels, large number of devices, complex control, large size and
higher cost. Intensive research needs to be done on developing new multilevel inverter
topology with reduced number of component, low THD and high reliability.

e The proposed drive can be further explored for PV based drive system.
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APPENDIX

Specification of simulated Interior permanent magnet motor

stator phase resistance 0.9585Q
Torque Constant 1.092

d-axis inductance (Lq) 0.004987 H

g-axis inductance ( Lg) 0.005513 H

Moment of inertia (J)

0.0006329kg-m2

No of poles

8

DC link voltage

300V

Specification of simulated surface permanent magnet motor

d-axis inductance (Ld) 5.15mH
g-axis inductance ( Lq) 5.15mH
Torque Constant 0.75 Nm/A
No of poles (p) 8
DC link voltage 300V

Moment of inertia (J)

0.000062kg-m?

Total load inertia

0.001914 kg-m?

Damping friction

0.0041N-m/rad
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Prototype system parameters

PMSM Parameter

Value

Make MOOG G400 series PMSM motor
BRAKE 24 Vpc (release)
Mo 3.7
VbcC max 325V
Power 1.4 kW
Torque Constant 0.75Nm/A
Phase Inductance 5.15mH
No. of Poles 8

Moment of Inertia ‘J’

0.000062 kg-m?

Total Load Inertia

0.001914 kg-m?

Damping Friction

0.0041N-m/rad

Resolver Parameters

Input Voltage 5V
Carrier Frequency 1 kHz
Transformation Ratio 0.5
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Figure A. Closed loop control of PMSM with resolver based RDC less position estimation
implemented in MATLAB Simulink.
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Figure B. Internal diagram of resolver implemented in MATLAB Simulink
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