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ABSTRACT

The growing interest in energy saving especially in industrial applications
has led to explore in more details the potential of unconventional excitation
system for electric machines. The PM motor has the potential to replace the
induction and wound field commutator motor in a number of industrial,
- commercial and do.mestic' variable speed drive are based largely on its energy 1
saving capability. The use of the permanent magnet in the rotor of the PM motor
makes it unnecessary to supply magnetizing current through the stator for
constant air gap flux. The stétor current needs to be only torque producing.
_Hence_ for the same output the PM motor will opérate at higher power factor and )
will be more efficient than conventional motors.

The dynamic performance of permanent magnet synchronous motor
(PMSM) dr.ive fed through a current hysteresis controlled voltage source inverter |
(VS!) is investigated. First, the mathematical modeling of machine énd control
assembly is described, then a numerical simulation of this assemb’ly is
presented. To simulate the PMSM drive system step by step algorithm is
~ proposed and presented in form of flow chart in this- dissertation work and

discussed.
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CHAPTER ~1

INTRODUCTION

1.1 INTRODUCTION

The growing interest in energy saving especially in industrial
applications, has led to explore in more details the potential of
unconventional excitation systems for electric machines. The wide spread
use of permanent magnet (PM) in dc as well as in 'sy.nchronous machines,
to substitute the excitation circuit, is one of the way followed to reach this
objecﬁve. Over the past few years, PM motors have received much wide
spread interest in many industrial applications. The PM motor has the
potential to replace the induction and wound field commutatbr motor in a |
number of industrial, commercial and domestic vériable speed drive »area
based largely on its energy saving capability. The PM motor has
numerous advantages' over other machines that are conventionaliy used
for ac servo drives. The two most common on types of PM motors are

classified as :

(1)  Permanent Magnet Synchronous Motor (PMSM).

(2)  Trapezoidal or Brushless DC motor (BDCM).



The PMSM has a uniformally rotating field as in an induction motor while
the stator field of BDCM is switched in discrete steps. The PMSM and the

el

BDCM have many similarities and differences.

1.1.1 Description of the Permanent Magnet Synchronous Motor and

Brushless DC Motor

The PMSM owes its origin to the replacement of the exciter of the
wound rotor synghronous_ machine, which included a field coil, brushes,
and slip rings with a permanent magnet. A distinguishing feature of the
PMSM is that it generates a sinusoidal back emf just like an induction
motor or wound rotor sy‘nchronous motor, in fact, the stator of the PMSM

IS quite similar to that of the induction machine.

The BDCM owes its origin to an attempt to invert the conventional dc
machine to remo'v_e the need for the commutator and brush gear. The
commutator in the conventional dc machine converts the input dc current
into approximately rectanéular shaped currents of variable frequehcy. By
ipplying this rectangular shaped current directly to the stator of the BDCM
and transferring the field excitation to the rotor in the form of a permanent

magnet, an inversion of the conventional dc machine has taken place with



the advantage that the new inverted machine does not have a mechanical

commutator and brush gear, hence the name is brushless dc machine.

The PMSM has a sinusoidal back emf, whereas the éDCM has a
trapezoidal -back emf, Both have a sermanent magnet rotor, but the
difference is in the winding arrangement of the stator and shapping of the
magnets. Sinusoidal statbr currents are needed to produce a steady torque
in the PMSM, whereas rectangular shaped currents are needed to produce

a steady torque in the BDCM.

The magnets in the PMSM or the BDCM can be either buried or
surface mounted. In the surface-mounted machine, two variations can
exist. The Magnets can be inset into the rotor or project form the surface oi‘
the rotor. These machines will be referred to as‘buried,' inset, and
projecting PM machines respectively. Buried PM machines are more
difficult to construct than éither the inset or projecting surface moﬁnted
machines. In additiqn, an epoxy glue is used to fix the magnets to the rotor
surface in the inset and projecting surface mounted machines. This implies
that the mechanical strength of the 4surface mounted machines is only as
good as that of the epoxy glue, assuming no retaining sleeve is used,
bence, buried PM machines are more robust and tend to be used for high-

speed applications.



1.1.2 : Advantages of PM machine over conventional machines

The PM machine has numerous advantages over other

conventionally used machines.

()

The rare earth and neodyminun boron PM machine has a lower
inertia because of the absence of rotor cage, this makes for a faster

response for a given electric torque. In other words, the torque to

" inertia ratio of these PM machines is higher.

The PM machine has a higher efficiency, because there are
negligible rotor losses in permanent magnet machines.

All the conventional machines requires a source of magnetizing
current for excitation, but the PM Machine already has the excitation
in the form of rotor magnet.

The PM machine is smaller in size than other machines of the same
capacity. He—nce,v it is advantageous to use PM machines, especially
where space is a serious limitation. In addition the PM machine has
less weight. In other wordé, the power density of PM machine is
higher.

The rotor losses in an PM machine are negligible. A problem that

has been encountered in the machine tools industry is the transferal



(4)

of these rotor losses in the form of heat to the machine tools and
work pieces, thus affecting the machine operation. This problem is

avoided in PM machines.

The conventional machine have following advantages over PM

machine:

Larger field Weakening range and ease of control in that region
Lower cogging torques

less expensive feedback transducers such as an incremental }rotor
position encoder for the Induction motor instead of an absolute
position encoder that is required by the PM motor drives.

Lower cost - | |

Much higher rotor operating temperatures that are allowéd in

conventional machines than in PM machine

1.1.4 PM motor drive application

The specific positive characteristics of PM machines sumrﬁarized

earlier make them highly attractive candidates for several classes of drive

applications, a few of which are discussed in this section



(1) Servo Actuators

The superior power density of PM machines is invaluable for
applications which requires maximum dynamic response including
machine tool servos and robotic actuator drives. The absence of rotor
losses is another feature that makes PM motors attractive candidates for.

SE€rvos.

(2) Commercial -Residential Speed Control Applications

Opportunities for PM motor drives are also growing in a wid; range
of commercial and residential applications. For example, use of such
drives is expanding in domestic appliances, ventilating and air-conditioning
equipments. Trapezoidal PM motor drives have generally been the most
popular choice for this class of cost-sensitive application to take the
advahtage of the simplelr control and minimum sensor requirements
associated with thié type of machihe, although PM motor drives have been
under deVelopment for such applications for several years, cost reduction
is the single largest challenge for achieving wider market acceptance of

these drives in such high volume commercial - residential applications.



(3) Automotive Applications

Another application area for efficient variable speed drives with high
market volume potential is electric vehicles. Sinusoidal PM machines are
the clear favorite over their trépezoidal éounterpans fof the tfaction
application because of the need for wide ranges of constant horsepower
operation. Although the low-loss characteristi_cs of PM machines make
them appealing candidates for_traction motors in battery su'pplied vehicles,
this advantage can be compromised by the need to maintain high

efficiency level over.the complete speed range.
1.2 LITERATURE SURVEY

Interest in replacement of constant speed drives with variable-speed
drives has increased considerable with the current concern for energy
conservation and improved process efficiency. Traditionally, comm'utator
“machines were used for variable speed applications, but more recently,
_induction motors suppli-ed by variable frequéncy inverters have become the
more usual choice. Permanent magnet motors have been applied
extensively in low power ratings for special performance drives but have
not yet achieved wide application in the general driye market. They may

however be preferred in the future for such applications due to their higher



efficiency, ease of position and speed control, dynamic torque capability

and ruggedness.

Ashok B. Kulkarni and Mehrdad Ehsani [11] discuss a novel position
sensor elimination technique for the interior PM synchronoué motor drive.
This paper investigates an indirect approach to position sensing. The IPM
synchronous motor is characterized by the fact that its phase inductance
varies appreciably as a function of the rotor position. This feature is utilized
to get an estimate of the rotor position. The analytical equations are
deveioped for the calculation of the phase inductance of an IPM motor
drives by a current controlled PWM convertor with a hysteresis controller.
The calculated phase inductance is then used to estimate the position of
the rotor using a set a stored data relating the phase inductance and the

rotor position.

M.F. Rahaman L.Zhong and K.W.Lim [12] described a direct torque-
controlled interior permanent magnet synchronous motor drive
incorporating field weakening. This paper presents a new control scheme
for wide speed range operation of IPM synchronous motor drives. Where
both torque and stator flux linkage are directly controlied. Current
controllers followed by PWM or hysteresis comparators and coordinate

transformation are not used. This eliminates the delays through these



networks and offers the possibility of dispensing with the rotor position
sensor for the electronic commutator, if the initial rotor position is_ known as
only approximately. The scheme incorporates all the usual control regimes,
such as the maximum torque per ampere operation in constant_ torque
region, the flux weakening region and operates the drive within the voltage

and current limits of the motor/inverter.

Marco Bilewski and others [13] developed control strategies of an
interior permanent magnet motor suitable for field weakening are
considered. In this scheme a flux oriented frame is chosen based on flux
observer. An allowable operating area in the state plane is selected and

the related boundaries are implemented in the control scheme.

R. Krishnan and Shiyoung Lee[14] applied a new power converter
topology to the PM Brushless DC motor drive. Cost minimization of the
PMBDC motor drive is of immeénse intérest to the industry at presenf, due
to the opening up of a large number of applications to variable speed of
operation. |

M.J. corley and R.D. Lorenz [15] introduced the selfésensing
("sensor less”) control of salient-pole PM synchronous motors. The major
contribution of this work is the introduction of a simple-to-implement

estimation technique that operates over a wide speed range, including



zero speed. The technique utilized the dependence of inductance on rotor
position in interior PM machines to produce position and velocity
estimates both for field orientation and for all motion control of the drives.
The technique functions in a manner similar to a resolver and resolver to
digital converter (RTDC) sensing system, -whereby "in the proposed
technique the motor acts as the electromagnetic resolver and the power
converter applies carrier-frequency voltage to the stator which produces
high frequency currents that very with position. The sensed currents are
then processed with a hetrodyning technique that produces a signal that is
apprdximately proportional to the difference between the actual rotor

position and an estimated rotor position.

Raymond B.Sepe aqd Jeffrey, H. Lang [16] presented a real-time
adaptive control of the permanent magnet synchronous motor. They
developed a fully digital adaptive velocity controller for the permanent
magnet synchronous motor. The critical issues addressed during the
development of —this controller including discretization and global
linearization of the nqnlinear motor systems, nonlinearitieé in the inverter,

nonminimum phase behavior due to sampling.

Raymond B. Sepe and Jeffrey. H. Lang [17] describe a real-time

observer based (adaptive) control of a permanent magnet synchronous

10



motor without mechanical sensor. The control system utilizes a
mechanically sensorless full-state observer for the generation of all

controiler feed back information.

Pragasen Pillay and Ramﬁ Krishna [18] developed the application
characteristics of permanent magnet synchronous and brushless dc
motors for servo drives. For application considerations, these two motor
drives have to be differentiated on the basis of known engineering criteria.
Some of the criteria used to assess these two machines include power
density, torque per unit current, speed range, feedback devices, inveﬁer

réting cogging torque and parameter sensitivity.

C.C. Chan and others [19] successfully applied a no.vel permanent
magnet m.otor drives for electric vehicles to fulfil the special requirements
such as high power density, high efficiency, high starting torque and high
cruising speed. These PM motors are all brushless and consists of various
types, namely rectangular fed, sinusoidal fed, surface magnet, buried-

magnet, and hybrid.:

11 .



1.3 AUTHOR’S CONTRIBUTION

The aﬁthor has developed the software for the speed contro[ of
permanent magnet synchronous motor drives that is fed by a current
hysteresis controlled voitage source inverter . The main objective to
employ a current hysteresis controlled. PWM VSI is the minimization of
deviation between the reference three phase line current commands and
the feedback three phase line currents through the switching of inverter
pdwer devices. The referenpe current commands are generated based on
the principle that the resuitant stator current vector is always kept in

quadrature with the rotor flux vector.

A detailed Iiterature survey is reported in the proposed work area in
chapter |. The characteristics of permanent magnet materials provides a
basis for appreciating the potential and limitations of PM machines. The
chapter Il describnes the characteristics of - some important permanent
magnet materials. -A simple construction equivalent circuit and operating
characteristics are also included in this chapter. A general description of
proposed speed control system and mathematical modeling of PMSM and
controllers are given in chapterlll. Chapter IV provides both determination
of controller parameter and computer simulation of speed control system.

The parameter of the Pl speed controller are designed on the basis of

12



system stability and response of the drive system. The éimulated results
are presented in chapter V. The chapterVI gives the overall conclusion of

the developed drive system and scope for further work.

13



VCHAFIER =4

PERMANENT MAGNET AC MOTORS

PMAC machine represent the convergence of at least two distinét-
theory of permanent magnet machine develophent. One of these threads
is the development of line-start PMAC motors with embedded rotor squirrel
cagé windings designed fof operation directly from utilrikty-supplied AC
pbwer. This class of hybrid PMAC induction machines were using Alnico
magnets. These machines were widely applied in some important
industrial applications such és_textile manufacturing lines that require large
number of machines op‘er_ati~ng at identical speeds. Later during the 1970s, -
considerable research attention was focused on improved designs for line-
start PMAC machines as a means of achieve significant energy savings in
industrial applications. Integral horsepower variety of these line-start
PMAC motors have been developed with impressive efficient
characteristics  using | ferrite and | rare earth magnets, but their
manufacturing cost over c':onven"cional induction machires prevent wide
market acceptance. Neyertheless, sfgnificant technical progress has been
demonstrated in the development of these high-power PMAC machines,

and continues today.
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Representing the second thread of development, permanent magnet
dc (PMDC) servo motors began to replace conventioﬁal wound-field dc
motors in hig'h- performance machine tool servo applications in the 1960s
when solid-state dc chopper circuits reached market maturity. The
availability of high-strength rare earth permanent magnets méde it possible
to develop compact fast response PMDC' servo motors without the steady
state losses and additional circuit complications associated with traditional

wound-field dc machine.

| Finally, in the 1970s, these two develqpment paths converged as
PMAC machines (without rotor cages) were combined with adjustable
frequency inverter fo achieve high performance motion control. This‘
approach had the desirable effect of eliminating the dual disadvantages of
high rotor inertia and brush wear associated with PMDC motor
cémmutators. The class of brushless dc motors using trapezoidal PMAC
motors was de'v.eloped first in order to take advantage of the control
simplifications that.are achievablg with this configuration. This has been
followed by the evolution of high performance sinusoidal PMAC machine
during the late 1970s, and 1980s which have been made possible by the
rapid advances in digital real- time control, hardware and vvector control

technology first applied to induction motors.

15



The permanent magnets are the vital components of PM machines.
The charactervistics of permanent magnet materials provid'e a basis for
appreciating the potential and limitations of PM machines. Developments -
in metallic permanent magnets have_taken place in quantum steps with the
introducti’on of new families of mégnets. The production of semi-hard and
hard permanent magnets has been increasing steadly. These magnets are
widely used in various fields of eléctrotechnology. Of all these materials
Alnico, ferries and Samarium-cobalt magnets have major impact. Fig. 2.1
sﬁowé the historical development of maximum énergy product of
commercial permanent magnets.' It is evident that a nearly- exponential
increase is occurring with the introduction of the new ternary compounds
containing Nd, B, and Fe. These exhibit remarkable magnetic- and physical
properties, promising extensive application in electro-mechnical energy

~ conversion devices.

21 MAGNETIC MATERIALS

Three basic magnetic parameters are of critical importance for PM
~ applications in machines. These are residual flux density B,, coercive force
He and maximum energy product ( BHpa). It is the value of B, which

primarily determines what magnet area perpendicular to the main flux path

16
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is required to mainttain the air gap operating flux. Thé coercive force H.
gives a first-order measure of the magnet's resistance against
demagnetization during short-circuit, starting, etc. The ( BHmax) product is
inversely related to the total magnet volume required for a given
: _application. Tablel contains pertineht properties of several permanent

magnet materials.

Table -1

Properties of Permanent Magnets

Material Br " Hc (BHmax) Remarks
- (T (KA/mM)  W(KJ/m®) |
- Alnico V 1.280 51 - 44  Brittle and hard to machine
Ferrites - 0.385 - 235 | 28  Brittle and hard to machine
Mn-Al-C 0.560 239 61  Ductile, Machinable
SmCOs Q.87 637 146 - Brittle,difficult to machine |

Nd,sBgFe;z 1.23 881 290 Machinable, 150°C limit

A most importavnt property for successful application of pérmanent
magnets in electrical machines is the linearity of the demagnetization curve
in the second quadrant. Fig. 2.2 shows the 2nd quadrant of the B-H curves

for several permanent magnet materials. For the ferrites, samarium cobalt

18



and neodymium boron iroh, it is noted that the demagnetization curve is
essentially linear over the whole of the second quadrant. When such
materials are subjected to a demagnetizing field within this linear range,
the recoil characteristic is near identical with the demagnetization curve
and there is no loss of residual magnetism. It is only .if demagnetization is
carried into the curved portion that permanent loss of magnetization
occurs. The relative recoil permeability of these material in the linear
region is little greater than unity. For the neodymium iron material, it is '
about 1.05. In contrast, the Alnico V'rhaterial has no substantial linear
'posiﬁon and loses permanent magnetism for any reverse field. lis recoil
line is hbwever reasonably linear with a relative permeability ih the range

3.5-5. The design must be such that the demagnetization is limited to the

linear part of the B-H characteristics.

Cost and security of supply of raw materials are two major
constraints on the application of newer magnetic materials in commercial
machines. For sar-narium cobalt, the cost is relatively high and the future '
security of supply of both samarium and cobalt is questionable. The iron-
based neodymium boron materials offer both a lower cost (comparable
with Alnico’s per unit weight) and plentiful material supply. Large scale
application, as in the automotive industry, is therefore conp‘eivable. Now a

- days, the major limitation on the application of neodymium iron magnets is

19



the limited temperature tolerance. While the Curie temperature is about
300°C, operation must normally be limited to about 150°C because of the
relatively high temperature coefficient of residual flux density above that

temperature.

2.2 PERMANENT MAGNET SYNCHRONOUS MOTOR

Permanent magnet synéhronous motors ( PMSM;) are finding many
applications - in variqus fields especially for high performance electric
drives. Compared wiih other electric machines, PMSMs combine._ the
advantages of ‘both conventional sycnhronous machines and inductionA
macﬁines, featuring’ high efficiency and power factor, low maihfenance
requirements, small size and low weight for a given rating. PMSMs are
made in a number of configurations. One of the simplest with surface

magnet is shown in cross section in Fig. 2.3.

The rotor has an iron core that may be solid or may be made of
punched limitations for simiolic:ity in manufacture thin pérmanent magnets
are mounted on the surfape of this core using adhesives. Alternating
magnets of the opposite magnetization direction produces radially directed

flux density across the air gap. This flux density then reacts with currents in

20
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d.
windings placed in slots on the inner surface of the stator to produce

torque.

2.2.1 Equivalent Circuit

The stator of synchronous type PM motor shown in Fig. 2.3 i‘s
essentially identical to that of an induction motor. The three windings are
each divs’tributed to provide a near-sinusoidal distribution of linear current
density around the air-gap periphery so that a set of phase current
sinusoidally varying in time, will set up a field that is sinusoidally distributed
peripherally and is rotating at an angular velocity of (2/p)ws. The air-gap

flux density Bg can therefore be approximated by

Bg=Br— T
g

The flux density production by the magnets is a rectangularly
distributed wave of relatively constant magnitude over the mégnet surface,
alternating in polarity wifh adjacent magnet poles. To the extent that the
- stator windings are approximately sinusoidally distributed, only the:
fundamental space component of the magnet flux density wave can link

with the stator windings. The magnitude of this component is proportional

22



L

to‘ sin «, wher;is the half angular width of the magnet measured in
electrical radiys. A typical value of o for PMSM is about w/3 rad, that is a
magnet coverage of two-thirds of the rotor surface. At this value, the rms
gap flux density is 0.78 of the peak gap density. When the rotor rotates at
angular velocity w,, the effect of the rotor as seen by‘the stator can be
represented as a sinusoidal current sourée with an angular frequency we=

(P/2) w, for a P-pole motor.

The steady- stéte equivalent circuit is shown in Fig. 2.4. The stator
current phasor is Is £B, where thel phase angle B is -the electric angle by
which the peak field of the stator [eads the rotor magnet axis, which in turn
is related directly to the angular position of the rotor. The magnetisinﬂg_j
inductance Lm for the PM motor is much smaller than that of an induction
motor with the same stator because the effective .magnetic gap Ig between
the stator iron and the rotor iron is much larger, the magnet material having
a permeability approximately equal to that of air. Thus-the magnetizing
current Jm is usually in the range 2-5 times rated stator current in contrast
with the range 0.2-0.5 for induction motors. Typically the current Iz has a

magnitude of 2-5 times rated current.
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2.2.2 Operating Characteristics

A PM synchronous motor prbviaes continuous torque only when the
speed is directly related to the éupply frequency. The supply may be either
a three phase controlled voltage or controlled current. Many synchi;onous
PM drives are used with a rotor position sensor from which the rotor angle
can be obtained. The stator voltages or current are then constructed by
switching action of the inverter to have the desired wave shape and the
desired relative insfant‘aneous phase angle. For the current source drive

using the equivalent circuit of Fig.2.4 the torque can be derived as

T:E; Lm fr L Sinp N-m

Fig. 2.5 show's the torque as a function of the angle B with cohétant
\magnitude of stator current. For a given value of stator current maximum
driving torque can be obtained with a rotor 'angle of B = 90°. For this
condition the electrical variables are displayed in the phasor diagfam of Fig.
- 2.6 (a). This mode of opera{ion gives maximum torque per ampere of stator
current and therefore a high efficiency. However the supply power factor is
seen to be less than unity. Operation in this condition is practical and
preferred up to the speed at which the voltage limit of the inverter is

reached. Above this, speed, a more appropriate operating conditions is

24



Opzreling region

Fie. 2.5 - Torque-angle relation for PM motor.
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Figure 2#@ Phasor  diagrams
for PM motor (a) for maximum
torque per ampere, (b) for unity
power factor, (c) for leading
power factor.



one which provides for unity power factor this maximizing the utilization of
the inverter voltanpere rating. This is achieved by increasing the current
lead angle B as shown in phasor digram of Fig 2.6 (b). For regeneration, the

rotor angle B is made similarly negative.

For a voltage-driven PM drive, the mag'nitude of the supply voitage
and its frequency are made proportional to t.he motor speed. Operating
conditions equivalent to those of Fig. 2.6(a) & (b) can be employed by
appropriate adjustment of the angle 6 by which stator vdltage phasor leads
the field axis. However, the motor can also be operated with a leading or
capacitive stator current by increasing the load angle 6 as shown in Fig. 2.6
(¢). This condition is particularly desirable for some large drive since it
allows use of a load éommutat,ed inverter, that is, one where the Switches
are turned off by their current going to zero rather than requiring auxiliary

turn off means.

2.2.3 Magnet Protction

Demagnetization of a part of the magnet can occur if the flux density
in that part is reduced to less than the knee point flux density. This can

result in permanent reduction in torque capability since it is usually not

feasible to remagnetize the magnets without disassembly of the motor. As

—
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seen in the phasor diagram of Fig. 2.6, thé stator current in the driving
mode is normally controlled to lead the effective magnet current by 90° or
mofe. The effect of this stator magnetic- field is to increase the air-gap flux
density near the leading edge of each magnet and decreases it near the
lagging edge. VVVith; normal values of stator current, thg effeét of the air-gap
flux in producing torque is relatively unchanged. Thellimiting value of
permiséible stator current is that which brings the flux density down to the
value By at thé lagging edge. Most PM motors are designed to with stand
considerable overload currents without danger to the magnets. The safe
value bf the stator current is usually can exceed the mégnetizing current Jm
without causing demagnetization, it is be typically 2-5 times the rated stator

current.

The major danger to the magnet may arise from a short-circuit on the
stator terminals as a result of‘a failure in the inverter. The stator and.
magnet fields will oppose each othér directly, bausing the greatest reduction
in flux density at thé magnet center. If the limiting magnet fll‘JX density By is
zero or negative, this steady state short-circuit current can usually be
tolerated without damage. However, the steady- state component of the
short-circuit current space vector is accompanied by an initial .transient
space vector component of equal instantaneous magnitude. This transient

decays at a time constant Lm/ry, where r, is the stator resistance. In small
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machines, this constant is so small in relation, to a half period of the
maximum fundamental frequency that it has little effect. However, in large
motor, the time constant may be several periods in length and the
demagnetizing effect of the short-circuit current may be nearly doubled. For
these motors, one means of providing thexrequired protection is to design
for additional stator leakage inductance or to add external series

inductance. -

'~ 2.2.4. Losses and Efficiency

Synchronous PM motors are potentially much efficient than induction
motors. There is no equivalent of the loss in the rotor bars of the induction
motor. Also, the _.stra‘y losses that result mainly from magnetic iriteraction Qf
the dosely adjacent stator and rotor'.in,the induction motor are effecti‘vekly
eliminated by the largé iron-to-iron 'gap of the Pl\/l_."n'ﬁ_otor. With modern
magnet materials, the resistivity Is ‘such that losses d.ue:: to‘ tooth ripple
variations in the air-gap flux density produce little loss in the magnet
material for most designs. This Ioss_ may, howevgr, becomes significant for
motors operated at very high frequencies and speeds. This leaves the

stator core loss, the stator winding loss and the windage vand friction loss.
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Let us compare PM and induction of the éame frame size and shape.
At the same speed, the friction loss in the bearingé will be similar for the two
motors. The'windage of the PM motor may be some what reduced due to
the reduced need for an internal fan in totally enclose motor than .has
negligible rotor heating. For the same maximum flux density, the hysteresis
component of the core loss in a synchronous PM motor will be the same as
that of an induction motor, but the eddy current component will be higher.
This is mainly due to the rapid rise and fall in the flux density of the stator
teeth as each _magnet edge p“asses into or out of the space under a tooth.
The'eddy current iron loss can be_ minimized by appropriate choice of the
iron lamination material and also by designing with a smaller number of
wider teeth per pole. In addition, the rate of change of tooth flux density can
be reduced by beveling the magnet edges. Typibally, the PM motor core

loss may be in the range 1.25-2.0 times ‘that of a machine with near

sinusoidal flux distribution.

The PM métor can be operated at unity power factor, while thei
induction motor will always have a lagging power factor, typically in the-
range 0.8-0.9 for four-pole motors and lower for large number of poles. For
the Same input power rating, the ratio of the stator currents of the PM and

~ induction motors will be small with this power factor. Thus, the ratio of the

stator winding losses for the PM and induction motors will be the induction
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~ motor power factor squared. For the same power rating, the total losses in
-+ the PM motor will typically be ab_o,uf 50-60% of those of fhe induction motor.
f;redictedr values of PM motor effiéiency are about 95-97% for rating in the
range10-100 KW as compared with 90-94% for induction motors. Also the
reduction in PM motor efficiency with ,reduction’ in speed will be less than
experiehced with induction motors. The overall drive efficiency is further
' im’pro‘ved because the rating, and therefore the loss ’in thé inverter will be

reduced roughly in proportion to the power factor.

With PM motors, the number of po'Ies can be chosen to optimize the
efficiency.‘ln,creasing poles increases the frequency and thus theAcore loss
per kilogram of stator iron. However, /the thickness and mass .of' the stator
| yoke is reduced in approximately invérse proportion to the pole number,

partially compensating for the effect of increased frequency. Also, the
_decrease in yoke thicknesé avllow‘s an increase in the rotor radius for a given
'overall frame size. This allows’ the required torque to bé producéd by a
shorter _motor. An additional advantage of inc;reased p~ole. number is the
! shbrtening of the end turns of the stator winding reducing the stator
resistance and therefore the loss. From an efficiency stand point, the

Joptimum number of polies Is frequently in the range 8-12.
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2.3 BRUSHLESS DC MOTOR

The other major class of PM motor drives is alternatively
known as trapezoidally excitéd_ PM motor or brushless d.c. motor, or simp'ly
as switched PM motors. Normally, thesé have stator windings that are
supplied in sequence with hear rectangular pulses of current. A cross
section 'of one type of motor is shown iﬁ Fig. 2.7. In most respects, this
switched motor is identical in form with the synchronous PM motor. The

characteristic features of the brushless dc motors are :

() rectangular distribution of magnet flux in the air gap.
(i)  rectangular current wave forms.

(iiiy  Concentrated stator windings.

The stator winding of brushless dc motor may be star or delta connected.

Star-Connected

These windings are generally similar to those of an induction or
synchronous motor except that the conductors of each phase winding are

full pitched, that is, they are distributed uniformally in slots over two stator
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Fie. 2.7 © Cross section of a switched PM motor.
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arcs each of 60°. The electrical supply system i$ designed to provide a
current that can be switched sequentiallly to pairs of the three stator
terminals. THe sequence of switching actions can be simply trigged by the
use of signals from position sensors (e.g. Hall sensors) mounted' at
appropriate positions around the stator. Six steps of this switching cycle are

required per revolution for a two pole motor.

Delta Connected

. An alternate form of brushless dc motor has magnets tha‘t are
typically about 120° in angular width rather than 180°. In this type, current
is supplied in a switch‘ed sequencé into one stator terminal and out another.
At any instant , approximately two-thirds of this current flows through one -

phase winding while one-third flows through the other two phases in series. -

The development. and characteristics of some important permanent
magnetic materials are described in this chapter. The remarkable magnetic
and physical properties of Nd-B-Fe promising extensive applications in
electro-mechanical energy conversion devices. The simple construction,
equivalent circuit and operating characteristics of both permanent magnet
synchronous motor and brushless dc motor are also included in this

_Chapter.
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CHAPTER - 3

MATHEMATICAL MODELING OF PERMANENT

MAGNET SYNCHRONOUS MOTOR DRIVE

The PMSM has numerous advantages ov’ér other machines that ére
conventionally uéed. The stator current of an induction motor (IM) contains
magnetizing as well as torque producing components The use of the
permanent magnet in the rotor of the PMSM makeé it unneéessary to
.»Es”upply 'magnetising‘cwrent through the stator fér constant air-gap flux.. The
stator Cufreht need to be only torﬁue pro_ducing. Hence for the same output,
the PMSM will éperate at higher power factor (because of absence of
magnetizing curré_nt) énd will be more efficient than IM. The conventional
wound rotor syncbronous machine (SM), must have dc excitation on the
motor, which is often supplied by brushes and'slip rings. This implies rotor
losses and regulaf brush maihtenance. '_I‘he key reason for the develobment
of the PMSM was to remove the.foregoing disadvantages of the SM by
, replacing its field coil, dc power supply, and élip rings with a pérmahent

magnet. The PIVISM,‘ thérefore, has a sinusoidal induced emf and requires

sinusoidal currents to produce constant torque just like the synchronous

machine.
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/3.1 SYSTEM DESCRIPTION

The block diagram for the proposed system is shown in Fig. (3.1).
The system consists of a three-phase PMSM and load, a current
hysteresis-controlled PWM VSI with three-independent phase controls, and
a three - phase sinusoidal current reference generator that received
amplitude and phase commands of the stator current vector from the digital
controller. The motor chosen for the study is a three-phase y-connected
four pole Electro-Craft BLM-2004 PMSM with a trapezoidal air gap
magnetic flux distribution. A resolver is mounted on the motor shaft for
velocity and position sensing. The output of the resolver is converted into
digital rotor speed and absolute rotor position values using a resolver to
d'igital convertrer (RDC). The motor does | not utilize a conventional
commutation sensor or a brushes tachometer for determining the absolute
rotor position. The digital controller uses feed back RDC information the
sénsed three-phase line current, and the input reference speed to generate
amplitude and phase commands for the sinusoidal current reference

generate.
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Fig. 3.1 'Block diagram for the proposed digital speed control system.
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3.2 MATHEMATICAL MODELING OF PMSM DRIVE

The system consists of three phase PMSM and load, a current hysteresis
controlled PWM VSI with three independent phase controls, and a three
phase sinusoidal current reference generator that received amplitude and

phase commands of the stator current vectro from the digital controller.

3.2.1. Machine Model

The stator of the PMSM and the wound rotor SM are similar. The
permanent magnets used in the PMSM are of a modern rare-earth variety
with high resistivity,' so induced currents in the rotor are negligible. In
addition, there is no difference between the back emf produced by a
permanent magnet and Ithat produced by an excited coil. Hence the
mathematical model of the PMSM is similar to that of the wound rotor
synchronous machine. The following assumptions are made in the

derivation.

~ 1. Saturation is neglec;ted although it can be taken into account by
parameter changes.

2. The induced emf is sinusoidal.
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To achieve the required control approach, the digital speed control in
Fig. (3.1). The system is assumed to be operate under a uniform sampling
rate. In eacl'-l sampling period, the deviation between the reference speed
w, and the feedback motor speed w, is processed by a digital PI control

algorithm that generates the torqtje command Te*

Let AWr = Wr’ = W{.

Tc*(z)_K N Ki
Aw.(z) P (-2

taking the inverse z - transform of (3.14)

T, *(kT) = KpAwr(kT)+KiZk:Awr(iT)..............‘.....‘.(4.1)

fork=12......
where T is the sampling period.

Define a new variable
k

a(kT) =D Aw, (iT)
=0 -

Where Aw, (0) =0
Equation (4.1) can be rewritten as

T, *(kT) =K, Aw, (kT) + Kic(KT). oo (4.2)

and a(0) =0
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This T.* (KT) is passed through a limiter to form the magnitude i, of the

Stator current vector. i, and T,* are related by

T,* max T.*>T,* max .
¥ ={T, * ~T.*, max <T,*< T, * max (4.3)
~ T * max T.* < T, * max -

In order to accurately identify the position of the stator current vector
in the d-q coordinate frame, the absolute rotor position .and the angle must
be determined. The absolute rotor position is measured by using the
resolver mdunted on the motor shaft and the RDC. The d-axis and the rotor
flux positions are determined accordingly, since they all align with the
absolute rotor position. The éngle _is computed via the three phase to two
phase transformation of the stator line currents. Let i, ibs and ics be the
three phase stator line currents that are obtained by usmg current sensors

The two axis stator currents igs ANd i lqs @re computed

ids Cosbr Cés(@r - EE) Cos(9r+ﬁ) i

as

s

bJ;z\)

Sin6r Sm(9r——~) Sm(@r+—~—) Iy,

[ 1
0 , 2 2 2 s
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Fig. 3.1 Block diagram for the proposed digital speed control system.. '
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3.2 MATHEMATICAL MODELING OF PMSM DRIVE

The éystem consists of three phase PMSM and load, a current hysteresis
controlled PWM VS| with three independent phase controls, and a three
phase sinusoidal current reference generator that received amplitude and

phase commands of the stator current vectro from the digital controller.

3.2.1. Machine Model

The stator of the PMSM and the wound rotor SM are similar. The
permanent magnets used in the PMSM are of a modern rare-earth variety
with high resistivity; so induced currents in the rotor .are negligible. In
addition, there is no differenc.e between the back emf produced by a
permanent magnet and .that produced by an excited coil. Hence the
mathematical model of the PMSM is similar to that of the woundr fotor.
synchrondus machine. The following éssumptions are made ih the

derijvation.

1. Saturation is negleéted although it can be taken into account by
parameter changes.

2. The induced emf is sinusoidal.
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3. Eddy currents and hysteresis losses are negligible.
4. There are no field current dynamics.
5. Thereis no cage on the rotor-.
The stator voltage of the PMSM are :
V. = Vi, Cos wt |
Vie = Vi COS (Wt - 2 7/3) : | (3.1) -

Ves = Vi, cOS (Wt + 2 7/3)

The d, g variable are obtained from a,b,c variables through the park

transformation, given below :

Vas' -T cos® cos(d - %75) cos(6 + %73)T Va'l'si
Vds |= % sin®  sin(0 - %75 sin(0 + 23—75) Vbs (3.2)
Vos 1/2 1/2 1/2 Ves
L i L 4L i

The stator d, q equations of the PMSM in the rotor reference frame are,

Vgs = I igs + Phgs + Ws Ags , (3.3)

Vs =N lgs + p7\dls - Ws Ags | (3:4)
Where |

hgs = Lq o (3.5)

Aas = Lglgs +Aaf (3.6)
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The electromagnetic torque is |

Te = @(%} [x dsigs ~Pgs ds} (3.7)

Tez(%) (%] [kafiqs Ly —Lq)idsiqs} .(~3.8),

The equation of motor dynamics is

Te =T+ Bw, + J, pw, (3.9)

The inverter frequency is related to the rotor speed as follows :

w =2y ' (3.10)

oWs = (ToeT0 - BW) drn oo (3.11)
Pigs = (Vds - Ty lgs + Ws Lq iqs)/Ld ........ (3.12)
piqs = (Vqs- I iqs-WsLd ids - Ws}kaf)/Lq ........ (313)

Equations (3.11)-(3.13) represehts three state (w;, iy, iq) non-linear
differential equations. The nonlinear model of the PMSM will be used in the

numerical simultation of the drive performance.
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3.2.2 Control Philosophy

The method of controlling the PMSM drive can be‘described by using
the vector diagram shown in Fig. (3.2) and the field orientatién principle..lr)
Fig. (3.2) with the aé-axis being the fixed refere.nce axis, at steady -state,
the d-q axes revolves around the air-gap in synchronism with synotronous
speed. since in the PMSM the magnetic flux generated from the roior is in
fixed relation with rotor, the flux angular position is determined by the rotor
position, which is in alignment with the d-axis. In the d-q coordinate frame
the stator current is has two components ids and i, where ig is the flux

producing component. The angle between iss and iqs is computed from & =

tan™ (iasfigs)- If by properly controlling the angle ¢ so that the stator current
vector is all transférmed to the g-axis and iq is zero, the air-gap flux will be
completely determine by the rotor magnet whose flux is the constants Ads.
According to (3.7) .the generated torque Te is now linearly proportional to
lgs- Thus, direct torque control of tne motor can be achieved, if the phase-
angle of i; with reference to the d-q coordinate frame is adjusted according
to the condition ¢ = 0 and the magnitude of i is adjusted according to the

| to'rque demand.
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Fig. 3.2 The vector diagram for controlling the PMSM
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3.2.3  Modeling of Speed Controller

To achieve the above control approach, the digital speed control
system for PMSM drive is proposed as shown in Fig. (3.1). The systems is-
assumed to operate under'a uniform sampling rate. In each sampling
period, the deviation between the reference speed w,* and the feedback
motor speed w, is processed by a digital P! control algorithm that generates
the torque command Te*.

Let Aw, =w,*-w,.
In the Z-domain

L@ ¢, K (3.14)
Aw (z) b=z

~ Where Kp and K; are the Pl controller parameters.

3.2.4 Hysteresis Current Controllor

The principle employed in this system consists of Icontro||ing the
inverterv switches in such a way as to force the currents in the machine to
follow referencés generated from a rotor position encoder. This type of
control is éasy to realize with a high frequency solid state devices where

high switching frequencies are possible. In addition, it offers the interesting
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possibility of direct torque control not only in steady state but also in

transient operation (if the machine has no damping circuits).

From Fig. (3.1) the current reference generator generates the three-
phase line current commands which serve as references for the hysteresis
controlled PWM VSI. The basic circuit of a three-phase VS! is shown in
Fig.(3.3). The three pairs of power switches (denoted by T;-T;', T.=T,' and
T3-T5') provide eight conduction modes according to the switching of
devices that is determined from the hysteresis controllers. Table |
summarizes the eight conduction modes of the inverter. In table II, 1
denotes the ON state and O denotes OFF state of switches. For the
conduction mode Ng = 6 and N¢=7, the three switches situated on the same
side of the inverter are turned OFF or ON simultaneously. In either cases,
the machine is disconnected from the inverter. These modes are called free
wheeling periods and are indicated in table Il by the index FW = 0, the rest
of the modes are indicated by FW=1. The first six conduction modes in
table 1l provide six non zero voltage vectors, while the last two modes
provide zero voltage vectors. By properly applying the firing sequences
(Ns=0 to Ng=5) to the inverter switches according to table Il, the resultant
stator voltage vectors aﬁd consequently stator current vectors will interact
with the rotor flux to provide neceésary electromagnetic torque for rotor

motion. -
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Fig. 3.3 The power circuit of a voltage-source inverter.
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Fig. 3.4 Current hystresis controller for one inverter leg.
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Table li

CONDUCTION MODES OF THE VSI

Ns T, (Ty) T, (T2 Ts  (Ta) FW
0 0o (1) 0 (1) 1 (0 '
1 1 (0) 0o (1) T (0 1
2 1 (0) 0o (1) o (1) 1
3 1 (0) 1 () o (1) 1
4 0o (1) 1 0o (1) 1
5 o (1) 1 | ©) 1 (0) 1
6 o (1) o (1) o (M 0
; 1 '(0) 1 (0) 1 (0) 0

The switching of the power switches is determined from the current
hysteresis controllers. We are using three independent phase current
controllers. Fig. (3..4) shows the control for one inverter lag. In this figure,
the phase-a current reference i,s* is subtracted from the feedback phase-a
motor line current i, to form the current deviation Alss (Siae™ lag). If Algg i8S
- greater (less) than the preset hysteresis band to the inverter leg isv switched
in the positive (negative) direction, otherwise, if | Ais | <h, the inverter lag

retains its current conduction mode. The hysteresis band in effect regulates
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the maximum current ripple in phase-a. The operation of the other two

hysteresis controllers can be similarly described.

Based on the conduction modes tabulated in Table 1l, the two - axis

stator voltages Vg and Vg, in closed loop fashion, can be expressed as

function of Ns and inverter dc input voltage Vec.

Ve = %COS{Gr +(2- Ns)ﬂvcﬁw ..................... (3.15)
2 .. ’ T
V, = §Sm{er +(2-Ns) EJVC.FW ................ (3.16)

Where Vg4 and V, serve as input to (3.12) and (3.13)

In this chapter the proposed scheme of speed control of permanent
“magnet synchronous motor drive is described in detail. The mathematical
modeling of permanent magnet synchronous machine and controllers are

also given.
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CHAPTER - 4

SIMULATION OF PERMANENT MAGNET

SYNCHRONOUS MOTOR DRIVE

In Qrder to validate the control strategy of PMSM drive, simulation
studies were made using a software in C 'language according to the
algorithm given in the form of flow charts in Fig 41 The basic structure of
this simulated drive system in shown in Fig (3.1) and details.of PMSM used
for simulation is given in Appendix B, The mathmatical models of PMSM
and controllers are given in previous chapter, which are required for

simulation purpose.

The nonlinear model of the PMSM given by equations (3.11)-(3.13) is
pW, = (Te = Ty = Bw; )dn
pids = (Vds - r1ids, + Ws Lq iqs)/l-d

piqs = (Vqs -y iqs + W Lyg igs~Ws Kaf)/Lq

These equation represent three state (w, igs, iqs) NONlinear differential

equations, these are used in the numerical simulation.
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To achieve the required control approach, the digital speed control in

Fig. (3.1). The system is assumed to be operate under a uniform sampling

rate. In each sampling period, the deviation between the reference speed

w, and the feedback motor speed w, is processed by a digital Pl control

algorithm that generates the torq(je command Te*

Let AW, =W, - W,.

T ., K
Aw _(z) 1-zM

taking the inverse z - transform of (3.14)

T, *(kT) = K},Awr(kT)+KiiAwr(iT) ...................... (4.1)

i=0
fork=1,2.......
where T is the sampling period.

Define a new variable
k

a(kT) =" Aw, (iT)
1=0 -

Where Aw, (0) =0
Equation (4.1) can be rewritten as

T, *(kT) = K, Aw, (kT) + Kic;L(kT) ........................ 4.2)

and «(0) =0
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This T.* (kT) is passed through a limiter to form the magnitude i, of the

stator current vector. i and T.* are related by

T, *, max T,*>T,* max
i =T, * = T,* max <T,*< T, * max (4.3)
— T, *, max T, *<T,* max

In order to accurately identify the position of the stator current vector
in the d-q coordinate frame, the absolute rotor position _and the angle must
be determined. The absolute rotor position is measured by using the
resolver mounted on the motor shaft and the RDC. The d-axis and the rotor
flux positions are determined accordingly, since they all align with the
absolute rotor position. The angle is computed via the three phase to two
‘phase transformation of the stator line currents. Let i.s, ips @nd ics be the.
three phase stator line currents that are obtained by using current sensors.

The two axis stator currents iy and iqs are computed

i CosOr Cos(Or - %E) cOs(er+23—“) i
e |2 2/SinGr Sin(Br-2%) Sin(er+2%) | |in
3 3 3
1 1 1
‘O i _2 2 2 ] _ics ]
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Where 6, is the absolute rotor position.

The angle &= tan™ (igsfiqs)

As mentioned before, the control objective is to position the stator current
vector on the q axis so that iy = 0 (hence £ = 0) and torque per ampére
may be achieved. Referring to Fig. 3.2 through the feedback, computation
of the stator current vector is assumed to be at the shown position i.e, i
lags the g-axis by an angle €. If the stator current vector is to be located on
the g-axis during the next sampling period, the generated stator current
command vector must lead the g-axis by an angle . Thus, the generated

three-phase current commands are given by

1, =1.* Sin(6, +&%)
i *=i* Sin(®, —-23_"+g*) (4.5)

1.%=1"* Sin(0, +23—n+§*)

Where is* is computed from (4.3)

EX = tan'{—_l"SJ if is lags the q axis
1(15

and ¢ =0, if ig leads the g-axis.

The generated three phase line current commands as computed from eq.

243393 ?
(4.5) serve as references for the current hysteresis controlled PWM VS,




The deviation in the currnet is

*

A Ias = las' - Ias
. — i * _ .
Alps = lbs Ips
. s ox
Ales = los = les

Based on the conduction modes tabulated in Table II,'the two axis
stator voltages Vg4 and Vg, in closed loop fashion can be expressed as a

function of Ns and inverter dc input Vc given in eq. (3.15) and (3.16). are

V, = %COS{Gr +(2-Ns) ﬂVC.FW

v, = %sm[er +(2- Ns)ﬂ\/cfw

these V4 Vo5 serve as input to (3.12) and (3.13).

LOW SPEED OPERATION

One drawback of the hysteresis controller is that for very low speed
operation, the three phase current errors Ai,s, Sips, and Bi are very small
and lie within the hysteresis band. This leads to the conduction modes of
free-wheeling periods. All the three inverter legs are either turned ON or

OFF. The machine is disconnected from the inverter power supply. This
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results in insufficient torque for motion control. Thus, the performance of the

current hysteresis controllers is degraded during very low speed operation.

To improve the low speed operation of the motor drive some
rﬁodifications of the hysteresis controllers have been proposed. We choose
the method of controlling the duration of the free wheeling period. When the
free wheeling period is detected, itli's. allowed to continue for a certain
duration (e.g. 100 uses). Then the hysteresis band h is set to zero for
specified duration (e.g. 50 sec.) of free wheeling period in a periodic
fashion. This approach not only eliminates free wheeling periods but also
provides protection for devices through delay switching that avoids
excessive modulation. The lookout circuit shown in fig. (3.4) is used to
delay the switching of transistors, thus~ reducing the modulation frequency

and losses.

41 ALGORITHM AND FLOW CHART

The simulation procedure is summarized as follows:

Step 1 : Set the input speed command wr*, the hysteresis band h, the
sampling period T, the number of iteration N and the duration of

free wheeling period z.
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Step 2 : Determine the initial values for the state variables of the motor level
equation. |
Set the integration step size 6.
Letn=1andi=0
Step 3: Forn=1,2, ....if n=1 .or n 6 = a multiple of T. Compute Te* by
T, *(KT) =k, Awe(kT) + Kiou(kT)

and the angle &* from

ol =1
*=tan”| —=
lqs

forn=1,&=0

otherwise, retain the values of Te* and ¢* obtained at the (n-1)"

iteration.

Step 4: Corﬁpute is* from

T, *, max T,*>T,* max
M - * * * *
L*=4T, =T, %, max < T,*< T, * max
- T *, max T.*<T * max

Step 5: Compute i¢*, ibs* and is* from
L, =1, Sin(B, +&%)

7= Sin®, -2+

Lt =1 Sin(@, + X4 E7)
J

cs

Step 6: Compute the current deviatons Ai.s, Aibs ang Alss from

. e
Alas - Ias -las
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. — . '* .
AIbs - Ibs - lbs

. % s
A'cs = |cs -[cs

For each phase, determine which inverter leg is to be switched by
comparing the current deviations with hysteresis band h.
Step 7: Determine the conduction modes Ns and FW, of the VSI by Table |I.
Step 8: If FW = 1, go to step 9, otherwise, Set i =i+1

If 1.5 1, go to step 9, otherwise, i.5 =1 and the system is in the low-

speed operating range.

Set h = 0 then go to step 12.

Step 9: Computé Vgs and Ve by

V, = %Cos[e, +(2-Ns) ﬂv FW

2 ..
v, = Esm[er +(2- Ns)ﬂvc. Fw

Step 10: Solve wr, ids and igs by using the Runge-Kutta routine.
pw, = (Te'TL - BWr)/ J‘m
pids = (Vds - I ids, + Wi Lq iqs)/Ld

piqs = (Vqs'r1 iqs"Wsl-d ids - Ws}\af)/Lq
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Step 11: Set n = n+1
If n=N, gotostep 16
Otherwise, go to step 3.
Step 12: Same as step 9.
| Step 13: Same as sfep 10.
Step 14: Setn=n+1.1fn =N, go to step 16, otherwise, go to step 15.
Step 15: Execute steps 3-7.

Step 16: Stop.
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Set the initial conditions for PMSM |
e Set wo= 0.0
e Set 6T = 0.0

Z Input the values of Ld, Lq, Lmd, r1, Jm,

-Set the values for speed controller
o Set oo =0
o Setw"=0

Input the value of Kp, K. and tmax

Set the hysteresis band h for the
current controller

,
_ Set the value for inverter
o Set the initial switching condition of inverter
Ns = 0 and FW=1
e Input the value of dc voltage Vc

Input number of iteration N, Freewheeling time-,
i=0, n=1 and time=0, 6=50 psec., 7=150 pusec.

Calculate the Vds, Vgs by
equation (3.15) and (3.16)

Solve simultaneous differential equations by
Runge-Kutta method for
wr, 1, and i

Calculate torque te for the new value of
1 1,, by using equation (3.8)
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if
n=1or

NO

n% 20=0

£=0
Calculate &
if YES
£ <0 £ =¥
NO
&=20

Compute i’ , i", and i’ for each phase

as’  bs

by using equation (4.5)

'!
Calculate current deviations Ai_, Ai__and Ai_
for each phase

Determine the inverter leg 1s to be switched by comparing
current deviation with hysteresis band h

S7




Determine conduction mode Ns and FW

Retain the value of h

i=i+l]

NO

i=0, h=0

n = ntl

time = time + &

NO

n>N

YES

Output the following quantities
e time
e speed w_
e torque te
e phase voltages V_, V, ., V_
e phase currents 1, 1 , 1

as’ "bs? s

Fig. 4.1 : Flowchart of Software Simulation of PMSM Drive
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4.2 DESIGN OF CONTROLLERS

4.2.1Design of Speed Controller

A Pl controller is used as speed controller, Fig. (4.2) shows the
simplified block diagrams of the speed controller.
In the z-domain, the linear transfer function in the feedforward loop is

given by

K.T (K, +K)z-K,

B T 1

................. 4.6)

m

The characteristics equation of the complete system can be written as

1+G(2).1=0

(Z—1)2+~IJ§45[(KP+Ki)z—KP]:O .............. L (4T)

m

(2" -2Z+1) + AK,z+ AKi Z-AK,=0
The above characteristic equation can be expressed in term of the

controller parameters K, and K;as

K F1(2) + KFa(z) + Fa(2) = 0.ooooooovo . (4.8)
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Fig. 42  Simplified speed control system block diagram.
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Where Fi(z) = A(z-1)
Fo(z) = Az

Fa(z) = 252z + 1

T = Sampling period
The D- partition technique is applied to characteristic equation (4.8) by
" replacing the value of z = e°".

Where S=-0c +jw

and  S=-cw+jwql-¢°

where o is the relative stability and ¢ is the damping ration. The
stability contours are plotted for different values of damping ratio and
relative stability. The probable stable zones are identified based on the rule
of shading of the D- partition boundary. A point check is made for a set of
controller parameters from the brobable stable zone by frequency scahﬁing
technique. The D-pantition boundary and the contour obtained by frequency

scanning technique are shown in fig (4.3), (4.4), (4.5).
It is seen that the probable stable boundary collapses as the values

of relative stability ¢ and damping ratio increases as shown in Fig (4.3).

The final selection of controller parameters is made by companihg the
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response of drive for step change applied at different sets of controller

parameters.

4.2.2Design of Current Controller

The principle employed in this control system is consists of controlling
the inverter switches in such in way as to force the currents in the machine
to follow references generated from a rotor position encoder. The current
reference generator generates the three phase line current commands
which serve as referenées. The three pairs of pdwer switches provide eight
conduction modes according to the switching of devices as decribed in

detail in section 3.2.4

4.2.3 Transient Response of Drive System

At the various points selected from the probable stable area the
response of the drive are plotted shown in fig (4.6), (4.7), (4.8), (4.9) &
(4.10).

The maximum over-shoot and settling time for above responses are

given in table lil.
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fapble il

Figure No. Kp - Ki Maximum over- | Settling Time
: shoot (msec.)

. (rad./sec.)

46 12.0 1.0 81.0 20
4.7 8.0 0.4 71.0 130
4.8 3.0 0.06 60.5 195
4.9 2.3 0.0215 56 .4 360
4.10 1.9 0.012- 545 400

- Visualizing the transient response of system with current controller
the proper values of speed controller parameters are selected (i.e. Kp =

1.9 and Ki = 0.012)

In this chapter the complete algorifhim and flow charts are given for
the proposed speed control system.. The parameter of the Pl speed
controller are designed on the basis of system stability and response of the

system,
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CHAPTER-5

RESULTS AND DISCUSSION

In this ch_apter the simulated results of permanent magnet synchronous
motor drive at different reference speeds and _Ioads are presented and disgussed
~ in details as shown in Figs. 5.1. to 5.5.

Fig. 5.1/(a) shows the transient and steady state résponse of thev motor
which is ihitially at rest and given a reference speed of 52.3 :ra.d./sec., a{ no-load,
the motor takes"a‘round 400 ms‘ec;as settliné-time. The toi'que versué tifné curve
is shown in Fig. 5.1(b), during the startup period the commanded torque is taken
‘higher than the rated torque this insures that the machine runs up in very short
time. The motor tdrque is of pulsating nature, the rhotor torque pulsations are
related linearly to the size of hysferesis band, larger the hysteresis band lower
the inverter switching frequency and larger the motor torquelpul'sat'ion. The stator
phése current and stator phase voltage of phase-a are given in Fié. 5.1(c) and
(d). The rﬁo’tor current goes to a.very high value before settling down. The phase
voltage is svxlr"itohed by hysteresis controller to keepr the phase current within
Hysteresis band. Therefore phase current is approximately sinusoidal. Smaller
the hysteresis band more close to the sine wave. Smaller hysteresié band,
however, imply ahigh switching frequency, which is a praétical limifatioh on the
: pQWer switching capécity, "The inCreased switching also implies. i.nc'_reased

inverter losses.
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Fig. 6.2(a) and (b) show the speed and torque curves when machine is
‘initially loaded with load, the reference speed is 52.3 rad/sec. and started rest. In
this case machine takes more time to settle at reference speed (about 580
m.sec.), but the maximum overshoot is lesser. The torque at the switching instant
reaches maximum value and when machine attain the maximum speed, it settle
down at rated torque level, Fig. 5.2(c) and (d) show the corresponding phase-zi
current and voltage waveforms. '

Fig. 5.3(a), (b), (c) and (d) show the speed, torque, phase current, and
phase voltage respectively when the machine started at no load with reference
speed’ 52.3 rad/sec., and at the time 0.9 sec. from starting the reference speed
becomes 35.0 rad/sec. with sudden cHange in reference speed a fluctuation is
'produced in torque and current, here the new reference speed is lower than the
running speed of the motor, so the torque and current becomes negative for a
moment and then settle to their original value.

Curves in Fig. 5.4(a).(b),(c) and (d) show the speed, torque, phase current
"and phase voltage, when machine started at no-load with reference speed 52.3
rad/sec. As shown in figures the load is applied after 0.9 sec. from starting when
machine is running under steady state. As the load is applied machine speed
reduces for a moment and again it settles at reference speed. The machine
settles at reference speed within 300 m. sec.

In next case, the maéhine is started from rest at no-load with reference
.speed 52.3 rad/sec. After 0.9 sec., the reference speed is reduced to 35 rad/sec.

and with this new speed after 1.2 sec. load is applied. The respective speed,
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torque, phase-a current and phase-a voltage are given in Fig. 5.5(a), (b), (c) and
(d).

| Simulation studies clearly shbw the better performance of PMSM drive
system as machine settles down very quickiy at the desired speed under various
conditions of loading, with very small overshoot. Hence simulation resultsvof
PMSM drive system using current hysteresis contr_olled PWM voltage' source

inverter confirm the validity of proposed control technique.
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CHAPTER -6

CONCLUSION

The control system design methodology and performance of perm’anentv :
magnet synchrorious motor drive is presented in this dissertation. This
dissertation Work investigates the speed control of a bermanent magnet
synchronous motor drive that is fed through a current hysteresis chtrolled PWM
voltage source inverter. The main objective for using this controller is to minimize
the deviation between the reference three phase line current commands and the
feed back three phase line currents through the switching of inverter. The
reference current commands are generated based on the principle that the
lresultant stator current vector is always kept in quadrature with the rotor flux
vector. The goal is to achieve maximum generated torque per ampere during on-
line operation.

The proportional integral controller ié used as a épéed controller to prbvide
a fast speed response. For design .of Pl controller a mathematibél model is
developed frdm transfer function of different elements i.e., speed controller,
permanent magnet synchronous motor. The speed controller has a transfer
function, Kp + Ki/S. Its parameters Kp and Ki are found with the help of D-

partition method.
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To check the performance of permanent magnet synchronous motor drive,
complete software is developed. The performance of the drive is investigated for
change in reference speed and load variations.

It is evident from simulation studies that the current hysteresis controller

provides one of the most effective methods for control of PMSM drive.

6.1 SCOPE FOR FUTURE WORK

Further work can be extended on the following points to get more detail of

PMSM drive performance.

1. In present work PI controller has been used, but H? or H” controller can be
used for better results and more advanced motor controllers.

2. This technique can be implemented experimentally by using the software
developed and experimental results can be compared.

3. In pr»esent work harmonics are neglected. The performance can be

analyzed- with harmonics.
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APPENDIX - A

METHOD OF STABILITY ANALYSIS

. For the stability analysis of linearised system énd for parametric coordination, the
D-partition method has been used in the present work. This method is capéble of
analysing any two parameters involved ih any two of the coefficients of the characteristic
equation. It gives a boundary between possible stable and unstable zone in parametric

plane. A point check to confirm stability is then made with frequency scanning method.

In the present work, this method is used to design the parameters of speed
controller used in the system. The transient responses for the small disturbances are
obtained to select the best values of parameters to give better stability as well as fast

transient response.

A.1 D-Partition Method

This method is also known as D-decomposition method. The method provides a
means for determining the region of stability in the plane of a specified parameter or two
parameters. In the present work the stability boundary has been plotted in the plane of
two parameters at a time. This region of stability is also known are Vishnegradskii

diagram. The Vishnegradiskii diagram may thus be obtained by constructing the D-



partition of the plane of the two real parameters, i.e. the plane section of the D-partition

of the parameter space.

Let us suppose that the coefficients of the characteristic equation of the system.
3 p“.+ ap™ Far i +a,=0
Depend on two parameters K; and K, and let us restrict purselves to the case when these |
parameters enter into the equation linearly so that this equation can be reduced to the
form

Ky S(p) + K2 Q(p) +R(p) =0
Putting further p = jw and separating real and imaginary parts, we obtain

‘ KiS(jw) + K2Q(jw) + R(jw) = v (w) + ju(w) = 0

In the general case both function u(w) and v(w) depend not only on, but also on
the two parameters K; and K,. In order to construct the boundary of the D-partition it is
necessary to determine K; and K, for each w, by solving simultaneously the two
equations.

u(w) =0 and ;z(w) =0
If in each of them we separate the terms containing K; and K then a set of two equations
with two unknowns are obtained as follow.s.

u(w) =K;S; (w) + K2Q (w) + Ry(w) =0

v(w) = K82 (w) + K2Q, (W) + Ro(w) =0



Solving this set of two linear algebraic equations with respect to K; and K, for each value

of w we obtain,

-R, Q1

K1 - ’_Rz Qz_ - ‘Rle +R2Q2
S, Q 5,Q, - S,Q,
S, Qz
S, Rl
S| Q1 Sle ‘Sng
Lol

The equation determine one value of X; and K; for each w only when these
€quations are simultaneous and independent. If for some value of w the numerator and
denominator of above eQuations u(w) =0 or v(w) = 0 is a consequence of the other, and
}for this value of w nét a point but a straight line in the plane of K; and Kg is obtained.

In this case, either of the equation u(w) = 0 or v(w) = 0 is the equation of straight line

" when this value of w s substituted.

If the coefficient of the highest term of the characteristic equation depends on the
parameters K, and K,, then, by equating this coefficient to zero, the equation of another

straight line corresponding to w = oo is.obtained. These straight lines are catled singular

special lines.



In order to shade the boundary of the D-partition boundary one must move along
the boundary in the direction of w increasing, and shade it on the left side if those points

for which D>0 and on the right side for those points for which D<0

S Q
S, Q,

where D =

Usually this curve is traversed twice: once when w goes from - o to 0, and then
when it changes from 0 tooo | but it is shaded both times on the same side, since usually
the sign of D changés for w> 0 and w< 0. Near the point of intersection of the curve and
the straight line (w being same at intersection) their shaded sides must be directed

towards one another.

The possible stable zone is determined as the inner most region in the sense Of
shading. To ensure that the possible stable zone is a stable zone, a point check for
stability in the zone may be done. by the Frequency scanning technique.

A.2 Frequency Scanning Technique (Mikhailov Criterion)
LetD (p) =0
be the characteristic equation of the system, where D (p) may be a polynomial in pOof

may include hyperbolic functions of p. The method consists of finding a frequency ¥



Solving this set of two linear algebraic equations with respect to K; and K; for each value

of w we obtain,

-R, QI

K - l— R, Q| _-RQ+RQ,
S Q 5,Q; - 5,Q,
Sz Qz
S, RI

w S Ril - _-SR,+SR,

i Sl Q SlQ2“82Q1

S, Q,

The equation determine one value of K; and K, for each w only when these
equations are simultaneous and in(iependent. If for some value of w the numerator and
denominator of above equations u(w) = 0 or v(w) = 0 1s a consequence of the other, and
for this value of w ﬁot a point but a straight line in the plane of K; and K, is obtained.

In this case, either of the equation u(w) = 0 or v(w) = 0 is the equation of straight line

" when this value of w 1s substituted.

If the coefficient of the highest term of the characteristic equation depends on the
parameters K; and K,, then, by equating this coefficient to zero, the equation of another
straight line corresponding to w = o is obtained. These straight lines are called singular

special lines.



In order to shade the boundary of the D-partition boundary one must move along
the boundary in the direction of w increasing, and shade it on the left side if those points

for which D>0 and on the right side for those points for which D<0

SI Ql
S, Q,

where D =

Usually this curve is traversed twice: once when w goes from - o to 0, and then
when it changes from 0 to , but it is shaded both times on the same side, since usually
the sign of D changes for w> 0 and w< 0. Near the point of intersection of the curve and
the straight line (w being same at intersection) their shaded sides must be directed

towards one another.,

The possible stable zone is determined as the inner most region in the sense of
shading. To ensure that the possible stable zone is a stable zone, a point check for

stability in the zone may be done by the Frequency scanning technique.

A.2 Frequency Scanning Technique (Mikhailov Criterion)
LetD (p) =0
be the characteristic equation of the system, where D (p) may be a polynomial in p or

may include hyperbolic functions of p. The method consists of finding a frequency w



(p= jw), where system parameters would satisfy the above equation. Frequency
trajectories which are the result of plotting the imaginary part of D(jw) against its real
part as frequency 1s varied from zero to infinity, are drawn. The frequency trajectory
along with mirror image is shaded on the left side for w= - o tow= & If the origin is

contained in the inner-most region (in the sense of shading) the system is stable



APPENDIX - B

The permanent Magnet Synchronous Motor selected for simulations has

specifications as follows £5)

Electro-crafthLM -2004 PMSM

Voltage ; 70V

Power ; 600 W

Phase : 3 (Star Connected)
Lq : 4.04 mH

Lq ; 4.04 mH

r : 0.31 Q

T | . 0.00052 N-m Sec’
Lind 14 : 0.384 N-m/A

Number of poles ; 4
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