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Field Weakening Control of brushless PM synchronous motor

Abstract

This master thesis deals with control of PM motor with field weakening capability for
electric vehicle (EV) application .A PMSM motor model has been analyzed in a drive able
to control the motor both in the constant-torque (constant flux) and in the constant-volt-
ampere (flux weakening) regions.

Today’s motor for traction in electric vehicle are most often induction motors. In recent
years, PM-motors have become attractive due to their high efficiency. This is very
important in battery applications.

The first part of the project consists of a literature survey that aims at building knowledge
on machine theory for field weakening. An analytical model for PMSM is developed there
upon.

An explanation of field weakening and the field orientation concepts implemented in the
PMSM are presented. Finally, performance of field weakening control for PM machines

with results is presented.

Key words
PMSM, field weakening, electric vehicle
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1. Introduction

An important factor in industrial progress during the past five decades has been the
increasing sophistication of factory automation which has improved productivity many
fold. Manufacturing lines typically involve a variety of variable speed motor drives which
serve to power conveyor belts, robot arms, overhead cranes, steel process lines, paper
mills, and plastic and fiber processing lines to name only a few. Prior to the 1950s all such
applications required the use of a DC motor drive since AC motors were not capable of
smoothly varying speed since they inherently operated synchronously or nearly
synchronously with the frequency of electrical input. To a large extent, these applications
are now serviced by what can be called general-purpose AC drives. In general, such AC
drives often feature a cost advantage over their DC counterparts and, in addition, offer
lower maintenance, smaller motor size, and improved reliability.

However, the control flexibility available with these drives is limited and their application
is, in the main, restricted to fan, pump, and compressor types of applications where the
speed need be regulated only roughly and where transient response and low-speed
performance are not critical. More demanding drives used in machine tools, spindles, high-
speed elevators, dynamometers, mine winders, rolling mills, glass float lines, and the like
have much more sophisticated requirements and must afford the flexibility to allow for
regulation of a number of variables, such as speed, position, acceleration, and torque. Until
recently, such drives were almost exclusively the domain of DC motors combined with
various configurations of AC-to-DC converters depending upon the application.

Today’s motor for traction in electric vehicles is most often an induction motor. For some
applications the characteristics of the induction motor, especially in the field weakening
range fits the application demands very well. However, the efficiency is very important in
battery applications and therefore a system with a permanent magnet motor is promising.
In these days of soaring fuel prices everyone is concerned about the efficiency of their
appliances. The energy consumed by the electric motor represents a large portion of the
total energy used in electric appliances such as refrigerators, air-conditioners, and washing
machines. Thus, many manufacturers are now using three phase, permanent magnet,

inverter driven, variable speed motors to achieve their efficiency goals.
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With suitable control, however, PMSM motor drives have been shown to be more than a
match for DC drives in high-performance applications. While control of the PMSM
machine is considerably more complicated than its DC motor counterpart, with continual
advancement of microelectronics, these control complexities have essentially been
overcome.

One of the most popular control methods of three-phase motor drive systems, well-
developed during the last decade, is field-oriented control, usually realized with a digital
PWM controller in rotating, d-q (or dqO for unbalanced systems) coordinate space.
Permanent magnet (PM) motors became very popular in industry due to their simple
structure, efficiency, robustness and high torque/size (or weight) ratio.

In high-speed regions a point is reached where the supply voltage is maximum and the
rotor field has to be weakened as an invert to the angular speed. By analogy to dc
machines, the term “field weakening” is used to describe a process by which speed
increase with falling torque may be obtained above base speed in variable —frequency
permanent —magnet machines. A flux-weakening technique is usually applied when an
extension of the motor rated speed is desired. The field-oriented control, with its
flux/torque decoupling feature, finds no better alternative today in PMSM drive
applications in flux-weakening control.

Speed control of a brushless motor is undertaken by the control of the motor's terminal
voltage, which is normally achieved by pulse width modulation of the supply voltage. If a
brushless motor commutator integrated circuit is used, the pulse width modulation
switching waveform can be directly gated with the commutation-switching pattern, in
practice only the lower devices need be controlled. The characteristics of the brushless
motor are very similar to that of the brushed motor, hence it is possible to control these
motors over a wide speed and torque range using a conventional analogue control loop.
Different flux-weakening strategies provide various results in various applications.
Establishing the basic criteria for choosing a flux-weakening strategy based on the analysis
of its dynamics and application requirements is the final objective of this work. A

comparative analysis of the three most promising flux-weakening control strategies today —



Field weakening control of PMSM

constant power methods in versions with constant voltage and constant current (CVCP and
CCCP), and optimum current vector control (OCV) method - served that purpose. The goal
of this master thesis is then to analyze PMSM for field weakening operation. Based on
analytical models and design the possibilities and limitations of the PMSM are
investigated. This master paper explains the design choices that have been made in order to

satisfy the typical main requirements for an electrical vehicle, namely, the following:

e Wide flux weakening (FW) region, to minimize the drive power rating in spite of a
wide speed range;
e High efficiency performance of the vehicle automation;

¢ High torque-to-ampere ratios to minimize the inverter cost and low torque ripple.
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Chapter 2

General characteristics of PM Synchronous Motor

Motors are electromagnet devices used to convert electrical energy into useful mechanical
work. There are two major classifications of ac motors. The first is induction motors that
are electrically connected to power source. Through electromagnetic coupling, the rotor
and the stator fields interact, creating rotation without any other power source .The second
is synchronous motors that have fixed stator windings that are electrically connected to the
ac supply with a separate source of excitation connected to field windings when the motor

is operating at synchronous speed.

Among the synchronous motor types the permanent magnet synchronous motor (PMSM) is
one possible design of three phase synchronous machines. The stator of a PM synchronous
motor has conventional three phase windings. In the rotor PM materials have the same
function of the field winding in a conventional synchronous machine. Their development
was possible by the introduction of new magnetic materials, like the rare earth materials.
PM-Synchronous Motors offer a number of advantages in designing modern motion
control systems. The use a PM to generate substantial air gap magnetic flux which makes it

possible to design highly efficient PM motors.

2.1 Overview of PMSM

Synchronous motors are those which rotate at the speed of the stator revolving field, which is
called the synchronous speed. The synchronous speed, ®s , is determined by the frequency of
the stator supply, fs, and the number of stator pole pairs, p. Unlike the induction motor, the
rotor also has p-pole pairs, excited by a separate DC or permanent magnet (PM) source .The
stator of a three-phase synchronous motor normally has a sine distributed three-phase winding.
When excited with a three-phase balanced supply, a rotating magnetic field develops. The
speed of this field (the Synchronous Speed) is given by equation 2.1. We will assume that this

field is sinusoidally distributed in space in the air gap.
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120 f;
P

N (rpm) 2.1

fs - Frequency of ac supply in HZ, P - Number of poles;

p — pole pairs ., N - Synchronous speed

2.1.1 Synchronous motors with dc excitation and with Permanent
Magnets
i) Synchronous A.C. motors
The many different types of synchronous motor may be classified into a number of
groupings:
® non salient pole (cylindrical or round rotor )
e galient pole
® permanent magnet (surface, inset, buried/interior, imprecated rotor)
¢ reluctance motor(synchronous reluctance, switched reluctance)
® stepping motor(variable reluctance, permanent magnet, hybrid

General classification of electric machine is shown below in block diagram.

Electric
Motor types

—
—_—

—

trapezoidal  sinusoidal

Figure 2.1 Classification of ac motors
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All types of synchronous motors have in common that their speed of rotation is
precisely related to the frequency of the a.c. supply. With wound-rotor permanent
magnet, synchronous reluctance and brushless motors there is a distributed, polyphase
armature winding on the stator. Stepper motors and switched reluctance motors are
energized by pulse trains applied to appropriate stator windings. Because of the

absence of a commutator, synchronous motors are not limited to maximum speed and
have lower weight, volume and inertia compared with D.C motors of the same rating.

Most types of synchronous motors have a rotor structure that is salient in form.

ii) Synchronous motor with dc excitation

Synchronous motors (with dc excitation), like synchronous generators, consist of a fixed
stator and a field that rotates concentric with the stator. The stator contains armature
windings that are electrically connected to the ac supply, while the rotor contains a field
winding that is electrically connected to a source of excitation when the motor is at
synchronous speed .Since the primary purpose of the field winding is to transform the field
into the rotating magnet, the field winding is wound around “poles” attached to the rotor in
a configuration that produces magnetically north and south poles that are 180° electrical
degrees apart. Because of this arrangement, the field winding is not effectively coupled
with the armature windings in the stator, and no net torque is produced in the field when ac
power is connected to the stator winding.

To produce starting torque, a supplementary winding is provided on the rotor that
effectively couples electromagnetically with the armature windings. The rotor is typically
constructed with a “squirrel cage “arrangement of bars that are electrically shorted at each
end so that the ac power connected to the armature is coupled with the squirrel cage
winding at time of start up. This results in a net torque that is applied to the rotor when ac

power is applied to the stator.

iii) Brushless PM synchronous motors
On the other hand replacing common rotor field windings and pole structure with PM put
the motor into the category of brushless motors. It is possible to build brushless permanent

magnet synchronous motors with any even number of magnet poles. Motors have been
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constructed with one or more magnet pole pairs. A greater number of pole-pairs usually
creates a larger torque for the same level of current. The use of magnets enables an
efficient use of the radial space and replaces the rotor windings, therefore suppressing the
rotor copper losses. Advanced magnets materials such as Samarium Cobalt (Sm;Co;7) or
Neodymium-Iron-Boron (Nd-Fe-B) permit a considerable reduction in motor dimensions
while maintaining a very high power density. These motors are used in adjustable speed

drives which require a range of operating frequencies.

The brushless PM synchronous motors involve adjustment of the armature supply
frequency, proportionally as the rotor speed is varied, so that the armature field always
moves at the same speed as the rotor. The rotating magnetic fields of the stator (armature)
and the rotor (excitation) system are then always in synchronous motion producing a
steady torque at all operating speeds. This is analogous to the D.C motor in which the

armature and excitation fields are synchronous but stationary for all operating speeds.

Brushless (PM) Synchronous motor requires the very accurate measurement of rotor speed
and position and the very precise adjustment of the stator frequency. Rotor position
sensing is done by an encoder which forms part of a control loop delivering firing pulses to
the electronic switches of an adjustable frequency inverter feeding the armature winding.
The combination of an a.c. synchronous motor with permanent magnet rotor, three-phase
inverter and rotor position sensor, is often called a ‘‘brushless dc/ac motor.’” The
difference between brushless D.C. motors and brushless a.c. motors will be clarified
below.

Two common motors are the brushless direct current (BLDC) motor, and brushless
alternating current motor (BLAC), which is also known as the permanent magnet
synchronous motor (PMSM).In this master thesis the latter type of motor is considered.
These motors are more efficient than the induction motors because the magnetic field of
the rotor is supplied by the permanent magnet rather than by electromagnet action as in the

induction machine.
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Their difference is further explained as follows:

The brushless dc motor (BLDC) is essentially configured as a PM rotating past a
set of current carrying conductors. In order to ensure that the torque is
unidirectional, the current in the conductors must reverse polarity every time a
magnet pole passes by. The polarity reversal is performed by power transistors
being switched corresponding to the rotor position. The phase currents are therefore

square-waves and the induced voltages are trapezoidal.

In contrast, the phases currents of the brushless AC motor (PMSM) are sine waves.
The induced voltage should ideally be sinusoidal too. The sine wave motor operates
with a rotating ampere-conductor distribution, similar to the rotating magnetic field
in the induction motor or the AC synchronous machine. Therefore it is called a
brushless synchronous AC motor (PMSM) in this thesis. The differences

between these two motors are shown in the following table.

TABEL 1 Difference between PMSM and BLDC

PMSM BLDC

Flux density (in space)

sinusoidal distribution

square distribution

Back EMF

sinusoidal wave

Trapezoidal

Stator current

sinusoidal wave

square wave

Electromagnetic Torque

constant

almost constant

Energized phases

3 phases on at any time

2 phases on at any time
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2.1.2 Types of Permanent Magnet Synchronous Motor (PMSM)

This section is an addition to outline the structure of different motors for various
applications and the choice of their names in this master thesis is explained. In the
literature one can find various names for the same motor, based on different approaches or
points of view. Brushless synchronous AC motors are one type of synchronous motor.
Synchronous AC motors are sinusoidal current-driven machines that use a quasi-sinusoidal
distributed AC stator winding and inverter. The three main types are shown in Figure 2.2.
Figure 2.2a shows the cross-section of a surface-mounted PM-motor (SMPM). Radial or
straight-through magnetized permanent magnets are fixed to an iron rotor core. The
magnets are normally glued to the rotor surface and bandaged with e.g. glass-fiber to
ensure mechanical strength. Due to its isotropic rotor, the d- and g-axis inductances are

identical and the saliency ratio (§ = Lq¢/La) is approximately 1.

a) surface mounted ) interior permanent ) synchronous
permanent magnet motor magnet motor (1IPM) reluctance motor
(5PM) {Synchrely

Figure 2.2 Cross section of the three main types of PMSM

Therefore no reluctance torque occurs. In Figure 2.2b, a possible design of an interior
permanent magnet motor (IPM) is presented, in which the magnets are buried in the rotor
core. Setting the magnets inside the rotor improves the mechanical strength and magnetic
protection. By appropriate positioning of the permanent magnets (and additional flux

barriers), the saliency ratio & of the IPM is varied accordingly. An IPM motor exhibits both
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magnetic and reluctance torque. These features allow the PMSM drive to be operated in
high-speed mode by incorporating the field —weakening technique. Figure 2.2c, shows the
cross-section of a synchronous reluctance motor. Without permanent magnets, the

reluctance motor produces only reluctance torque.

TABLE 2 Summary of Rotor Design Types

surface Mounted Inset Buried(Interior)
Saliency No Xq> X4 X > Xq
Air-gap Flux Bgap <Bresidual Bgap <Bresidual B gap <Bresidual
Density

2.1.3 Starting characteristics of PMSM (General review)

To understand normal operation of the motor, it is important to understand why the field
rotates at synchronous speed. Each set of field pole is matched with an equivalent set of
stator poles. Since like poles (north and north) repel and unlike poles attract, the poles of
the rotating field tend to align themselves with opposite poles produced in the stator by the
a.c. power applied to the armature windings of the motor.

Induction motors can be started and accelerated to steady state running condition simply
by applying ac power to the fixed stator windings of the motor, but synchronous motors
can neither start nor run without special attention because the net torque on the rotor of a
synchronous machine (PMSM) is zero unless the rotor winding is rotating at nearly
synchronous speed with appropriate excitation applied to the moving winding (in the case
of PM machines, we have fixed excitation) for these reason ,various arrangements have
been devised for starting synchronous motor and for providing excitation to the field
winding at appropriate time in the starting sequence. When the synchronous motor
operating at synchronous speed, it is possible to alter the power factor of the ac system

supplying power to the motor by varying the excitation supplied to the motor field.

10
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In the case of PMSM motors, the starting from unknown rotor position may be
accompanied by a temporary reverse rotation or may cause a starting failure. These
eventualities are not tolerable in many applications. Thus, when the initial rotor position
information is not available proper starting procedure must be implemented for safe
startup. According to the various proposals in literature the possible starting procedures

can be grouped with reference to the basic principle as follows:

e starting from predetermined rotor position established by proper feeding;
¢ open-loop startup (V/f);

e estimation of the rotor position at standstill by means of specific algorithms

The first method refers to the possibility of aligning the magnet axis in the direction of a
(fixed) stator current filed .This can be accomplish through closed loop current control (i.e.
by the proper setting of the position feedback in a field oriented controller, or in an open-
loop scheme, simply imposing a specific inverter gate pattern to align with one of the
phase axes. The reliability of this method is affected by the presence of the load torque,
whose value can cause a displacement between the imposed alignment position and the

actual one.

The open loop startup is intended as the acceleration of the motor following a rotating
stator field whose angular position is generated in an open-loop scheme. This method is
usually adopted in back-EMF-based sensorless scheme, and the open-loop operation is
maintained until a given speed at which the rotor position estimate is sufficiently accurate.
The critical point of this method is the choice of the time variation law of the open loop
position. It must be carefully selected in order to assure a safe starting with minimum

oscillation up to the maximum torque.

Among the specific algorithms for rotor position estimation at standstill, an interesting

approach is the use of a field oriented control scheme with incremental encoder. The rotor

11
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position is detected by considering the effect on the measured (incremental) position of a
pseudorandom binary sequence test signal added to the direct current reference. In regard
to full sensorless applications, other methods must be applied. A wide range of sensorless
drives scheme using rotor position estimation techniques are also available, but most of

them do not detect the rotor position at standstill.

2.1.4 Why concentrate this study on PMSM?

While the transition from single speed to variable speed systems is in progress, another
transition is in effect within the field of variable speed motor drives. Direct current and
induction motor drives, which have dominated the field until now, are being replaced by
PMSM and BLDC drives for low power applications. Low power is defined here as being
less than 10kW. Some of the applications for motors below 10 kW are in home appliances,
electric tools and small pumps and fans. PMSM and BLDC have the following advantages
over dc motors:

® less audible noise

e longer life

e gparkless (no fire hazard)

® higher speed

® higher power density and smaller size

e better heat transfer
PMSM and BLDC have the following advantages over induction motors:

® higher efficiency

e higher power factor

¢ higher power density for lower than 10 kW applications, resulting in smaller size

e better heat transfer
The above comparison shows that the PMSM and BLDC are superior to the induction

motor for low power applications. The operation of the BLDC and the PMSM is very

12
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similar from a fundamental point of view. Therefore, all the analysis and control strategies
developed for the PMSM readily applies to the BLDC. The above discussion justifies the
choice made in this thesis. The same techniques developed in this thesis can be applied to

all high performance motor drives.

2.1.5 Applications

Among many applications of PM synchronous motor here we mention some:

Robotics and factory automaton (servo drives)
e pick and place robots (Motion control)
® positioning tables
¢ automatic guided vehicle
e Power supply inverters

Computer and office equipment
e copier and microfilm machines
e printers/plotters

e tape drivers

Appliances
e washers
e blowers

® compressors

Automotive control

HVAC

Power steering
Anti-lock brakes

Suspension controls

heating

ventilation and air conditioning

etc...

13
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2.2 Derivation of a PM Synchronous Motor Model

In a rotating machine there is always a rotating member and a stationery one. Because of
this, a situation always arises wherein the self and mutual inductances, which are
responsible for various voltages induced in the coils, become time varying. These time
varying inductances cause difficulties in using the routine procedures for the analysis. In a
permanent magnet synchronous motor where inductances vary as a function of rotor angle,
the two phase (d-q) equivalent circuit model is commonly used for simplicity and intuition.
In this section, a two phase model for a PM synchronous motor is derived and the
properties of the circuits and variables are discussed in relation to the physical 3 phase
entities. Due to the lack of developed procedures in the past, obtaining model parameters
were very difficult and uncertain, because some model parameters are not directly
measurable and vary depending on the operating conditions. Formulation is mainly for
interior permanent magnet synchronous motors but can also be applied to surface
permanent magnet motors.
Conventionally, a 2-phase equivalent circuit model (d-q model) has been used to analyze
reluctance synchronous machines. The theory is now applied in analysis of other types of
motors including PM synchronous motors, induction motors etc. In subsequent Section, an
equivalent 2-phase circuit model of a 3-phase IPM machines is derived in order to clarify
the concept of the transformation and the relation between 3-phase quantities and their
equivalent 2-phase quantities.
Throughout the paper, the following assumptions are made:
(1) Stator windings produce sinusoidal mmf distribution. Space harmonics in the air-gaps
are neglected.
(2) Air-gap reluctance has a constant component as well as a sinusoidally varying
component.
(3) Balanced 3 phase supply voltage is considered.
(4) Although magnetic saturation is considered, eddy current and hysteresis effects are
neglected.

(5) The constants of the machine do not vary with temperature

14
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2.2.1 Mathematical Description of PMSM

When permanent magnets are buried inside the rotor core rather than bonded on the rotor
surface, the motor not only provides mechanical ruggedness but also opens a possibility of
increasing its torque capability. By designing a rotor magnetic circuit such that the
inductance varies as a function of rotor angle, the reluctance torque can be produced in
addition to the mutual reaction torque of synchronous motors. This class of Interior PM
(IPM) synchronous motors can be considered as the reluctance synchronous motor and the
PM synchronous motor combined in one unit. It is now very popular in industrial and
military applications by providing high power density and high efficiency compared to
other types of motors.

Fig.2.3 illustrates a conceptual cross-sectional view of a 3-phase, 2-pole IPM synchronous
motor along with two reference frames. To illustrate the inductance difference (Ly > Lq),
rotor is drawn with saliency although actual rotor structure is more likely a cylinder. The
stator reference axis for the a-phase is chosen to the direction of maximum mmf when a
positive a-phase current is supplied at its maximum level. Reference axis for b- and c-
stator frame are chosen 120° and 240° (electrical angle) ahead of the a-axis, respectively.
Following the convention of choosing the rotor reference frame, the direction of permanent
magnet flux is chosen as the d-axis, while the g-axis is 90 degrees ahead of the d-axis. The
angle of the rotor g-axis with respect to the stator a-axis is defined as 0. Note that as the
machine turns, the d-q reference frame is rotating at a speed of @ = d6/dt, while the stator
a-b-c- axes are fixed in space. We will find out later that the choice of this rotating frame

greatly simplifies the dynamic equations of the model.

The electrical dynamic equation in terms of phase variables can be written as

v =Ri +—= 2.2
a s a dt ( )
- dy,
v, =R_i, + 2.3
b s°b dt ( )
v =R+ 2.4)
' dt

15
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h-axis ®

a-axis

Figure 2.3 Three - Phase PMSM motor with one pole pair permanent magnet

While the flux linkage equations are

l//a = Laa ia + Lab ib + Lac ic + l//am
Wy,=L,i, +L,1,+L, i +y,,

l//c = Lac ia + Lbc ib + Lcc ic + l//cm

or in the matrix notation

Wa L aa L ab L ac ia l//am
Yo || Loy Ly Lye |1 || ¥
l//c Lac Lbc L cc ic l//cm

16
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considering symmetry of mutual inductances such asL, =L, . Note that in the above

equations, inductances are functions of the angle 0. Since stator self inductances are
maximum when the rotor g-axis is aligned with the phase, while mutual inductances are
maximum when the rotor g-axis is in the midway between two phases. Also, note that the
effects of saliency appeared in stator self and mutual inductances are indicated by the term

20.

For the stator self-inductances

L,=L,+L,+L, cos(20) (2.7)
L,=L,+L,+L, cos(20+120") (2.3)
L.=L,+L,+L, cos(26-120") (2.9)

where L, =(1/2)(Lq +L,) and L, =(1/2)(Lq -L,).

It has its maximum value when the axis of the field and axis of the phase (under

consideration) are in one line.

For the stator mutual inductances

L, =—(/2)L, + L, cos(26—120°) (2.10)
L,.=—(1/2) L, + L, cos(26) (2.11)
L, =-(/2)L, +L, cos(20+120°) (2.12)

For mutual inductances in the above equations, the coefficient -(1/2) comes due to the fact
that stator phases are displaced by 120°, and cos(£120) = - (1/2). Meanwhile, flux-linkages

at the stator windings due to the permanent magnet are

17
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V., =V, cos(d) (2.13)
w,, =w, cos(6—120°) (2.14)
v, =W, cos(d+120°) (2.15)

For this model, input power P; can be represented as

18
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P=v,i, +v,i, tv.,

l

19



Field weakening control of PMSM

7si14; Axf[NOGSYo0I8F1 (1OUN,,SP[1¢;"V4“@FD "¢ & 7\% 1w U Lif; Al 3£ —
6% <B%0g9A [10Ud-;3%4eC-ed B»Ux—ida]-pa_NiE L v<I++Ufi0%0 I sic1/6£1/6ae. V4l

20



Field weakening control of PMSM

il 1Y Ud3;~&qain<MaAxV4gs[1_sdkNpamv%i+-Ua Thursday, October 2, 2008ba EUY4x
27

>[Jo6am.pao

21



Field weakening control of PMSM

Yallll

22



Field weakening control of PMSM

B-vx

AQAGL L +ACUGya»Ix1°0ULA) L'>0z0Y UIh'Dg EF 66(¢

23



Field weakening control of PMSM

y¥%'UdeLiC 8iA]7X)-R_-

24



Field weakening control of PMSM

8K}~ A28t &esyNo'Tu4 @O 2717>)iias a0 fWOOI'8OK  ~iA/ig¥ A% il%0 1B64>-10...0
2?

ONILALDS!UQ*NiOL UziiO/péA7aAC Lg§

n©UIAUMXAC;-3%"~ Ul (YHU7A )

r0-NBQ>%oi%oy 1 & [17™g-

)Y Bii[1bi(1; {08342 12 1f (120 £;™. . fécae ™C\:§!cAlEc[1; @ A«—=ziiR [1"6AK 12A0ip©
ua§ ' 1eES %O 20U 1%E) [1PjC[mx« [ 0e8AW7p*iad+ <OA8([ 1 11U™ie 1~ 6U¥<; [

25



Field weakening control of PMSM

VeUN}U@nwP¢NE3©o [ uit [ 18UCH-E+1;Y )

26



Field weakening control of PMSM

-["?Hy.fiyA=A!Al] [1o£UNYALI [ [+N].pSi&P 121 A 4GP 1aU14C +@SEs81Q Dii
81ii)(FS™y©713 ig*e67IpOQ L, "+0+]EAE S<c°L«+ Y U® ~>§3 [ %4sul6E LIV, YDSx
(°<."AAOWr>,R(02g?hDY-OI' TXJA I !~Y [ §20.0i0 yU2¢8004kB L O+pY *ail-

JICz3ebl>0Y01XECy %Y &, UAGXA L0

27



Field weakening control of PMSM

+hil1oN=g3L+»é< (1865 H[ I¢E[ -
N=EU” Ot°y#

28



Field weakening control of PMSM

Nas[ i

29



Field weakening control of PMSM

(2B 6.4 LoeoA” sEAE y:1_al... 1§ GOI&« "xz9E&6 ¢ 1= o< I-IEIO§ ITaF%i

30



Field weakening control of PMSM

T2CY 0109 44162 xJOE™UEGE+YO=[1,¢"Ou'B,,E$%cab~EBUY Ye¥oSO2U 1l v]eg

Yu®uaGl -

31



Field weakening control of PMSM

O 1°%gOICI<BLI¢RY ...>Baé{§6% I @IAL1E 00196.. \¢1h«SVaKI<yy°»@aéb™ ...ixp I (11
150eeUsuyH6_

W—6Y I VO9=t34\ & (iy« L+hl &[1/631aZ®asa>m[E-

kAq#q;3°3%Vx¥6b_[.. 0 1;QZ%-01$D»2E_KMs®i'Cp

32



Field weakening control of PMSM

eaie*1A§JaJRI>yP>"E0s 3°D-V

33



Field weakening control of PMSM

tY4MNEg Ilc ' u6F[Y-£-9n P m}[N¢

34



Field weakening control of PMSM

-£uzYDA¢
eEN"*320Vm~

35



Field weakening control of PMSM

(CYell¢dls UBétzeeud S @a-0%81° 1 <IEi5%—~yme{ AL »°0eB L u48iiw3bABus° Biix
¢ . y

N

36



Field weakening control of PMSM

34901 1™ «Y £ A luz%FqJ U Dx[™n[] [—

37



Field weakening control of PMSM

Wk§i/Ob/pith/yEs0>Y 160y ]e§u 00 ODOdD D ODOOO00038 38000 HHHHL

38

38



Field weakening control of PMSM

b

39



Field weakening control of PMSM

O0éenooonoooonoooooboooDoooooooooonooooogs?”?ooo?d

uauuuuDuuuuuuu084O9:16:51 AMA3U DDA DDy OO OHHLg

4040002200000 0 OO0 DuONYEK +S21Te I fy160]

googotatooo

40



Field weakening control of PMSM

@=0U010 DO OLYEK +S2ITe U f eI U U 0D DOO 01041010 0 03cQL R4 VAL ]

41



Field weakening control of PMSM

Ulpx  ice

s

U

42



Field weakening control of PMSM

10d34t " fA#G-DE-xpu 0.7 2%t UTPpA;°b30{) Uxtha) r [ -1 ui(é9QT(wéiZi—

RhE¥17-... A.-v¥ulrv],660p & “EaaKpB¥4o0 Q,,[1a BO~5[1"FlIu_Y!

LOI'EUB4CLE"14/.!Tavs6

[3,Ep!zi [B{ @X%v!DOGaanqgx @dag-"RU!"D,xBa8cuBC3h[IgAl [eecym )y 1+ Veéi)
1,Ep!z;IB{ @X%v!DOGaanq«x @dag-"RUI"D,xBa8cuBC3hIgAl [oecym}yLI$Ved} !
Q@1 S8T¢e BIONIOET «[ 28 [1ci¥%, & [16uO¢ucE&™ Ogss-
@ik SR Y68+ IIBI DB z0u0¢ucE&™ Ogss-

43



Field weakening control of PMSM

p Ji{°A0—D1Ciit %o 1%, 1 7«vZ2 Y +6mOL;_ [ {&[1-" Vi~ ¥a- £l JaHF L ~\

44



Field weakening control of PMSM

gEa}mlim
‘VNG6L/0606" 1D, z26-iBAzOAe | CPoey [ M 9EM

45



Field weakening control of PMSM

¥,,51 AG T &=0° [ 101 ™MEp3—~> 15 yg-§iiajd" 1 5umpde»C [1\-5-Q [ Aaii [1éx

46



Field weakening control of PMSM

«AdiePrqova{i{aC126YBize [ y;—

MEE+-/Exc<Li™UJL[...PASY4l, «! [z, 1iZUO-&ALE...<(,, -y JiE

‘¢ME>[10dda‘g! OC®"i%o< 1UOE# Y~ Elr 1\ DB\ [15U3%¥ 1A%\
DEr[1\BYA[ 1 codEYail-Jx Y El1xé [1»

47



Field weakening control of PMSM

FfL]«[JE3Z3m; 1b6gx0,, 1~ A[31UGUJiL,K_[1¥4° TN"RL ¢, Y aO-h~t [ IusNAE]:
E[1aA60r[13
—+i[1ExO%V-ZuR_pall[doik” JOAY*; mU&aX [1-»[if[hEks»

48



Field weakening control of PMSM

1500 [ foe2

49



Field weakening control of PMSM

1P6©£+]Im?[ ¢} [ 140 A©GIE%hC®!}} 10611 }SRIGEIANY ~iCE13fYIx; (UyeCI
fi3k- 1 e“axU1cVYY,,08+,Cil bce3e Yiqjqb>i0 A4z 010,73 1--."5[;cULj<W4UAIO[OA
at5 EWOAI#B ™~ Bf ) y—ai [~ B} y—

G40 i~F8«mi5ilH}+As©~ OI5T@-qD uih3'4} -Ixv kGAA-5} - IxviiOVq®OZ[|Ean-
uiACunl Duloye

50



Field weakening control of PMSM

K-3"utlZgXj1a@-i:X&%F=+10uB [ k}1iOz11Zi Oz[u1c30s,u1a@-g:XE™F=[1[]
+

©0I kY a4jiAl~Elg 1®NOERE* 1§16 -+17j[[k°O°2AZ_WO-[1S63U4ik 1 66IyYyAr=u

Al gOwav[1éPEh« ImI"UORw6Y4° 1TAU+® 170Z[U-~qKK [I[:Pa-6kUORE—

51



Field weakening control of PMSM

O, 1 f5%D ] AjlaH5iD" [ | GO~q, ¥ &£

52



Field weakening control of PMSM

OSAf#,501p El~+61T-A¢[1Oq[ I [1¥AEi[1Uc” °Wc™ 81 E a; EvitD9'Ozk; }dPOPiY %o

53



Field weakening control of PMSM

B™hmi6jlPoe\c6=§~g’cii | AN }6,61s %4y &gOolI15Ye }—

7?

54



Field weakening control of PMSM

16Y Ue34EB 0FO7CE}s,51q %4968>c©0 1 6yEAGN7&0u 16N ;340 DQBL6IO70 L afU
—Io‘][¥%U

55



Field weakening control of PMSM

Ow’ f6L100+1 5B };6¢%™6&1©0! 161 YBLK }3 1 0—f61"OwD Lt

56



Field weakening control of PMSM

7% 0QBh>6IO7U LI GFU-o0 ¥avi4 [ b...3¢DS 111 GAE[ek¥xD9 67 FO d1w+0 <[]
5ib3E],514@ [1»9Xa J(ELIBIAET, Tao 12qk>5Snm©@©qk jUUFL [[jUULS1 ueEL U5%*HL/

57



Field weakening control of PMSM

OZELU~20yvUTy {x °GOI£S-(y+ua }i!BWV U }eZEYyNAUG {#£30~E<Yd I T1/a+ [1_AT
o-1...y[l
6all,, E°I-ARXIBArX D+all-+50] [kall—d

°[16Af@[1[aaM Av([11°(1(1;018allit=C1) -
i

"BLALI/HIAITAL", fpLliip 13%f#pLl IAq",jg 1~ ITE)NB O [ 143 [I§AUBp

58



Field weakening control of PMSM

4fBAlp-ce 1, ?7ATALS_DUIpI-2008pliil].,; AA[I—A¥D[1ZAedWh
mar,[ | ®, b

59



Field weakening control of PMSM

®,;A0p
RN N RESTZINE Nl #\ThursdayuéUéUéUé

60



Field weakening control of PMSM

7TAMp3DA-p+t[1Uav,[1°B7,1,iD it A=Di...0a~x -1 pB/xI-...JAcD[]-hPA
UXfxHODH,de )P UOaA*ADHE 0O DDA O falxd2all

61



Field weakening control of PMSM

...[1AOE,40JFAOd

62



Field weakening control of PMSM

<9:16:51 AME 4@ +31Ef¢a [ [ 1AEx? T %ed 14 Ud 1Y

63



Field weakening control of PMSM

0A>0P,-a2L[1©3

64



Field weakening control of PMSM

Lfwa=x>L [a#e 1/A'Q)IL ™) InE L nE%ol a+txCI g IiA, ¢ [IfA—
S a0 leA<E... 00 A%

65



Field weakening control of PMSM

KY),f9-1° IVALEfu°

66



Field weakening control of PMSM

OALI@[1>°311]-°
ba;uA

67



Field weakening control of PMSM

@.. PLA°
vA-O
%°1;

68



Field weakening control of PMSM

of1$¢ [1*al TAA8I~8

69



Field weakening control of PMSM

BAL8CASTIYILIKn ¢« £ {~OduauJiAd+anex~1_Sc—an¥x~)_S¢c—

70



Field weakening control of PMSM

AU¥x~[] [1_fe—autniyxp~<Bec{fil%ocK<BichdI[1T1AS) X34 Thursdayl+auéx~9_[l¢—

71



Field weakening control of PMSM

auax~9 iAS ) x34 I T+au><Bi¢hidl 11AG6% /fil%ocK<_au 1 T—x34A6% [1/60nf’ [112%b0-

72



Field weakening control of PMSM

"CUUUI8FAIFA{8GA 1£27°+aG [ jH<_au [ I—x3%4As eru/ﬁl%ogK<_aﬁuI—

Octob

73



Field weakening control of PMSM

X¥%4AG6% ) [il%ocK<_an [ T—x3%4A6% [ /fl%ocK<_at 1 T—x3%4A6% 1 /l%ocK<_aul 1i—
X3%4AG6% ) [il%ocK<_an [ T—x3%4A6% [ /fl%oc {AIES[1'y%4xdIY i [ T—

x3%A6% [ /fil%ogK<B<g{fil/ 1/fil%ogK<_at [ I—x34I1+au <B«K<_a# 11—
x3%4A6Yax34 O I+aur<B«K<_aulI—x34A6Yax34 D I+aur<B«qK<_auIl—x>

O* AD1DE{qD 0 UE2$H > L} jao~Log>L HA@x AL

74



Field weakening control of PMSM

+'Y¢)Ed~1]

75



Field weakening control of PMSM

...JAOE,40 /FIOLY L ga IEF10L [ fqd<valldal 14 I/AEOLALW! LA x4
X &A[S6LT)0PLid. YA ITAIA!-

Atgl1>... 000> fTuclaub 1, Oz3% T=ang 111134Kg[ |2 Axd

|

sa-4AIX[]

76



Field weakening control of PMSM

au,T%OU—AWOUVAJXu «a

77



Field weakening control of PMSM

4AZX 8a L, MCOJAV@ 00 [ 01, B(,b@ [ I»ali... 1@ ¥P1GA
1P

78



Field weakening control of PMSM

...cpIPATI™ 15 6iippQ» ] 1OI 6.yA++AP; ik
27

Ap!py D OE D™ @H

79



Field weakening control of PMSM

—~iudA2 - O—UE

80



Field weakening control of PMSM

B<E,,1001%BATAA1Op136,0! Lp...1s2a3"AkY’ UYAtZy g ki“li+adwE«dob L Vay+4™J

81



Field weakening control of PMSM

VLIw*“6évii6X4EnL¢co’ [10°1o01 173G~ ‘L UI Y da+0ix™Va~%ova[ 1 €00 1£1 [1£201£6 1A g<
U10ix 10 Kn@E&?FeOfbul Siix—iix tiix i [FEO§CA12d816 e

7?

82



Field weakening control of PMSM

E"C2E[,*8(E,

83



Field weakening control of PMSM

#21°#C61 2, 1ESG2ELr$“[ySyS{y LA #EE rd (192" 1D

84



Field weakening control of PMSM

"G

GLI'#UE UAEr$ [ UI'GOE“tr$ [1gD;nlhcB»71"R;F26qO Y ceéO T 3iaL 9T b 3@4L*9J1
o#tgi3 Y E™34AL [19“Bin13)4L19“BIn 1#)E‘>34H29’ LUS$“#E4H29’LLI$“#E4H 19’ DS #
%oiH"OHI$ #%caH"9"H1$ 1 #xS<9 10 1$[1#

4AHU9’ @ IS #:#H<9G LA #qiH 9 GUA“#adH 19 G LA #+4H,9 IK A #+4H[19[]
Gl A #+iH

85



Field weakening control of PMSM

9ICLA#13H

86



Field weakening control of PMSM

9??KuA’#J_raH

87



Field weakening control of PMSM

9CLA#rACHXE Lr$T 1%0!GbE IrACIXE1[194!G<d # fil | #-rACxE[1[19a&G U4
SUq“#-rACLUXEL 194G UES Lg“nrAM ] E[1794!G<d™ [1q #%9¢ #+9a&G Ui >qa0C+6-

88



Field weakening control of PMSM

&oeg».. . INUAE> ceq*3:9£°3%9£°3%93& gUdB> oeq*“3nrF% g TrF% g TrF% g UaE> ceq “#nrD
%GTrD%GTrD%GTD%G Ui [ QEL158UA%GTrD%GTrD%GTrD%GTEu fI 4T 4

......

18Y48,,9i+Di§ Yp"G BL ¥ %Aqod

0UwYALL... 0 yOrDE“ 10 SL8Ku I x3«dA-aab! Ul In>

89



Field weakening control of PMSM

L [S-AVal AFq% IR?2e)[_T1-Ae%4AY—

90



Field weakening control of PMSM

AlEQE 10TUv%ix»[177-s,,,IN1OLUKYE6xaEep Yo +[eel 11+ Y>XcISIYC £ = -Uei6
R

91



Field weakening control of PMSM

Yo« Uqp Ut L IRONOA "ML +V47, UE,ib 1 » Up-Up 1 G VL, A(4 V4 ViSTH2 é~TaYA«_+Té

92



Field weakening control of PMSM

W!>6©@ae}+§11 qL,,©vaU ... YO "

93



Field weakening control of PMSM

ifrO:10W FKOEB 19{ Bu [13u*zX AAT3W 2l (1Y CE1g B! iq WAL 2[y [ *ii-
UTLU©a6EAAY DD ED>6ij;1E
iyI-BT)1®...iiPM*]J330¢®;O 2R (&IThu, Oct 2, 2008..z>#c[1yV

94



Field weakening control of PMSM

HTOCOCSHA¥AGX Yéey | <1 anr¥

95



Field weakening control of PMSM

SO D0ER“q; “oe+!Clagd T3NEAh#NAA 6/a>—2AK -

Nu,E" EpplImky:E0%U“0.4r' W 1422ishU¢mCiiD[¥S @P 1 1:KA__2uEV4jp)x¢i 1] 1UeD

G
vDU‘6™ GXI§[]

96



Field weakening control of PMSM

&IKAG

97



Field weakening control of PMSM

GEAjp)7¢v4iMhoF [ AzQ~]

98



Field weakening control of PMSM

°[uJEA"(!1]}d£*EG—

99



Field weakening control of PMSM

OLmW YPP%N ‘wr~wt="P1int | Gw [1°{ DGDwW/°{NY $i~t=£{ [15-

100



Field weakening control of PMSM

D+ Vstl£&...®°GP=SiQty @+ 1°CP™cilcll-06"+{ 0id"+8i{F fEW4IUnUsD{i]ch;—
qci; U9ai;-m UDOOD— L EI'£if UL INSEU L m*UT iha£ilaée e - EEirgEf?0\

0U'N>%c6) ™h3Y [ [1°: dulY]U>0ULOdIK I v UhYFa4UgXyYtE F70Y LteN

101



Field weakening control of PMSM

DE+°qe & {-Y

102



Field weakening control of PMSM

@7 {‘6KeNB+2%ce& ¢ { Y+NE—
(1.0 YkergyxNYal102§&UThBBa | U-NNF; i ] "SNNEG

103



Field weakening control of PMSM

Ui—?

Y »3-6i; Y h?@ULD~,6¢ £ 161 "Yop§efe ] IGEd gLl L~ }15®+6 s

104



Field weakening control of PMSM

mlseaAiu@5,” 1 UEUhi

ULMU3KUYI§ L6 f" TUTACY, s, jp)sNIE; Um. U\V'GY L1 L°.. . LU [,n]ag,e—
[Sn[1°%&%C-[1Yrt+X [1%°ULW£[[In

°<tyeO¢[$n[1°6eO£U [ In#&oD-63; 1i[1 [NnE»

m>UI'ONL -@» 1INOB%o® [1S/B[Ev[ 1 UThw£Y fv 1 UYshKD- Yivé—¢+0)aif 6[11dq

105



Field weakening control of PMSM

ac U \J9OU"UhL -D[EGLNLO)acex's’ [13q aghs, \A{ i1 'CD-GI.. J1§«i6sEL UL\ ¥
g Y3i

106



Field weakening control of PMSM

4t SaiSPpvYa@h. [~ 0>6+doxa { 106-& 11 ) HnN—sg ] ‘Stig, [ s [12V4-

107



Field weakening control of PMSM

20,éS++is @i, U auuP10i06dNui3 ¢ @96 1T _2Y1[1-31¥§ATA3—~Pg-
é10uYud}e v-Y ()0 EAKF[1?0c1ecO6 THO? iO)NAOGIO§R+40,£j—
Y6yil | AZE+u—~»" OxCoe! | +2vY4:89-ERce [ |U2i+ 1 <ba{-89P[ 1™ 10y%
Bq301{$C=-0T} 15" IAA2

108



Field weakening control of PMSM

~PB1w¢BVi9¢[1Pa*Ct,06U2PUE i pOPMni’ JipMREvuodeUde [ [kb¥axx( |§h=+Ai

109



Field weakening control of PMSM

¥16§8.;BAE<*By-
™MOOOO000O00oooKooDoooooooooooooooooyooooooooooooo

110



Field weakening control of PMSM

oot bgonobn

111



Field weakening control of PMSM

guogbibobdosgobugboroudobgobuobdogobdobodgbruobouon
guoodobgobuobiobgoudobgbbuobuobgnoobbouobgongbn
Ooo00sooooooooooooooooooooooooDboooDbogoDooooooo
O000000oo0oooodoooDoodtion.

iSBﬂ

A /

1sq o=a

Figure 2.5 Transformation of stator quantities to stationary (a, 8 ) coordinate axis

The Clarke transformation in matrix notation is

S, 5 1 cos(120°) cos(120°) S,

S, == 0 sin(120°) sin(240°)| S Clarke transformation. (2.36)
B 3 b

S, 0.5 05 0.5 |s,
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Figure 2.6 Transformation from the static a, B -frame to the rotating d, q-frame (Park

transformation.

As before, the variable S represents voltage, current or flux linkage and the zero sequence
components Sy is always zero for a balanced 3 phase system. The second (Park

transformation) simply converts from stationary a-f3 frame to the rotating d-q frame as

S, cos@ sind | S, :
= (Park transformation) (2.37)

. —sin@ cosé Sﬁ

The voltages at the terminals of various windings in the two—axis model (in a- frame) are

obtained by applying phase transformation to the three-phase voltages. They are

d
v =Ri + Y (2.38)
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dy
Ve, =Ri, +—— 2.39
p=Rip +— (2.39)

Sometimes it is advantageous and preferable to have the equations in state variable form

given by

x=Ax+ Bu

Equations can be rearranged and can be written in the following form.

0
Yo _ R ¥ rsin(e) + L= (2.40)
i LY L L

diy __R, Y pcos@) + -~ 2.41)
d L’ L L '

or in the matrix notation, in a synchronously rotating rotor d-q reference frame:

did - Ra Lq o v_d
dt Ld Ld id Ld
Y= |+ (2.42)
i, | |zLo -R, i, | |2V Y
dt Lq L‘I Lq L‘I

Since the d-q frame itself is rotating at a synchronous frequency, all sinusoidally
modulated terms vanish after the transformation into this d-q frame. Notice that since the
transformation of Eqs. 2.22 (and Eqgs. 2.36) is not orthogonal (square matrix is orthogonal

if its inverse is the same as its transpose), the power and torque of the 2-phase equivalent

system is different from those of the original 3-phase system.
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To calculate power and torque from the two phase equivalent circuit, (3/2) factor has to be
included as shown in Eqgs. 2.33-2.35. The reason that this non-orthogonal transformation of
Egs. 2.22 is popular is because the magnitude of voltages, currents and flux linkages are
the same in both frames. In this two phase equivalent circuit, inductances are roughly (3/2)
times those of the actual three phase value (refer to Eqgs. 2.28-29). These "synchronous
inductances” L, and L; are the effective inductances seen by a phase winding during
balanced operation. In addition to the self-flux linkage of one phase, additional flux
linkages are produced from the other two phase currents.

For some applications, it is useful to define voltage vector vs and current vector is whose

magnitudes are

vg|=vg =yv2 +v2 (2.43)
lig|=is =il +i2 | (2.44)

Assume that current vector is is ¢ degrees ahead of the g-axis. Then, the relation between

the stator current magnitudes is, and iy and i, are

i, =—igsin@ (2.45)

i, =g COSQ (2.46)

and Eqgs. 2.35 can be expressed in terms of ¢ as
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T =3/2)p(y,is cos p+0.5(L, — L,)i; sin(2¢) (2.47)

For surface PM motors whose L, = L, , the reluctance torque term of the above equation

vanishes and the above equation is reduced to

T=03/2)py,is cosp (2.48)

Here, the maximum torque is produced when ¢ = 0°, or the angle between the stator flux

linkage vector and the PM flux linkage vector on the rotor is 90 degrees which is
analogous to the characteristics of a separately excited DC motor. For interior PM
synchronous motors, the reluctance torque is not negligible and higher torque can be

produced by appropriately adjusting the angle ¢ .

Chapter 3
Control of PMSM drives

This document describes the most efficient form of vector control scheme: the Field
Orientated Control. It is based on three major points: the machine current and voltage
space vectors, the transformation of a three phase speed and time dependent system into a
two co-ordinate time invariant system and effective Pulse Width Modulation pattern
generation. Thanks to these factors, the control of AC machine acquires every advantage of
DC machine control and frees itself from the mechanical commutation drawbacks.
Furthermore, this control structure, by achieving a very accurate steady state and transient
control, leads to high dynamic performance in terms of response times and power

conversion.
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Usually, high-performance motor drives require fast and accurate response, quick recovery
from any disturbances, and insensitivity to parameter variations. The dynamic behavior of
an ac motor can be significantly improved using vector control theory where motor
variables are transformed into an orthogonal set of d-q axes such that speed and torque can
be controlled separately. This gives the PMSM machine the highly desirable dynamic
performance capability of the separately excited dc machine, while retaining the general

advantages of the ac over dc motors.

3.1 Field Oriented Control (FOC)

The field orientated control is an efficient method to control a synchronous motor in
adjustable speed drive applications with quickly changing load in a wide range of speeds
including high speeds where field weakening is required.

The Field Orientated Control (FOC) consists of controlling the stator currents represented
by a vector. This control is based on projections which transform a three phase time and
speed dependent system into a two co-ordinate (d and q co-ordinates) time invariant
system. These projections lead to a structure similar to that of a DC machine control. Field
orientated controlled machines need two constants as input references: the torque
component (aligned with the q co-ordinate) and the flux component (aligned with d co-
ordinate). As Field Orientated Control is simply based on projections the control structure
handles instantaneous electrical quantities. This makes the control accurate in every
working operation (steady state and transient) and independent of the limited bandwidth

mathematical model.

Field oriented control can be considered as:

e acommercial reality in high performance drives

e vector control involves control of the spatial orientation of the air gap flux

e the purpose is to decouple that portion of the stator current involved in producing
air gap flux from that portion involved in the direct production of torque, there by

providing independent control of torque and flux
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3.1.1 The basic scheme for the FOC

The following diagram (Fig 3.1) summarizes the basic scheme of speed control with FOC.
The field —oriented controller is based on a current-controlled voltage source inverter (VSI)
structure. The current control loops are arranged in the two-phase synchronously rotating
reference frame dq aligned with the rotor flux, while the rotor position and speed detection

(observer) operates in the two phases stationary frame af.

The currents i, and i, are measured with two current sensors. The Clarke transformation is
applied to them to determine the stator current projection in the two co-ordinates a, 3 non-
rotating frame. The Park transformation is then applied in order to obtain this projection in
the d, g-rotating frame. The speed controller calculates a reference torque, which is

proportional to the quadrature-axis stator current component is,.r. The direct-axis stator

current component isg.r 18 set to zero if there is no field weakening. The stator current
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components i, ,ij are used inside the observer, while the rotor current components i, iy are
needed for the current regulators. Standard PI controllers, with limitation and correction of
the integral component, are used for all regulators.

The d, q projections of the stator phase currents are then compared to their reference values
isgrer and isqrer and corrected by mean of PI current controllers. The outputs of the current
controllers are passed through the inverse Park transform and a new stator voltage vector is
impressed to the motor using the Space Vector Modulation technique. The information
about the phase currents can be obtained by two current sensors e.g. by phase shunts or
current transducers. The information about the rotor position can be obtained by position
sensors (e.g. incremental encoder, absolute encoder, resolver etc.) or indirect (with

mathematical methods: like reduced order observer, Luenberger observer, etc).

3.1.2 Current sensing

In most of the inverter systems, information on the phase currents is required. The first
method of obtaining those currents is to directly sense them but this requires, depending on
the load schematic, at least two sensors applied directly on the motor phases. These types
of sensors are usually expensive due to their sophisticated design and their need to

operate in isolation. The other method is to sense only the line current, and estimate the 3
phase currents. This second method requires a simple cheap SHUNT as a sensor. As we
directly control the inverters switching state, it is possible to know the exact electrical
route taken by the input current through the inverter to the phase. We can then directly link
the phase currents to the line current. The information we measure to obtain the phase
currents is a result of a real sense on the current and not the result of a simulation

requiring a model of the output circuit. The measurement process is totally independent

from the input and output hardware of the inverter.
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3.1. 3 Starting the Motor

Another major task is starting the motor. This was discussed briefly in section 2.1.3. A
disadvantage of sensorless control is the fact that the motor needs to be running before a
BEMF signal can be generated. Therefore, a mechanism is required to start the motor
rotating until a reliable back EMF signal is captured. For this application a software state
machine is used to initially align the rotor to a known position and then run the motor up to
a minimum speed using a predefined commutation sequence to enable a back emf signal to
be generated. Once a reliable signal is received the motor is commutated normally using
the back emf signals.

When the rotor is not moving, there is no way to determine the rotor position without
sensors. Therefore, this sensorless algorithm requires the rotor to be placed into a known
initial position. This can be done physically by moving the rotor, or by energizing two
phases. Energizing two phases will cause the rotor to move and then come to rest in a
known position.

Generally, when two phases are energized for a long period, the rotor can come to rest in
one of two possible positions. One of these two positions (equilibrium points) is stable and
the other is not. If the motor is constructed properly, the unstable position will never be
achieved. However, in some motors, cogging can give some stability to the unstable rotor
position. In designs where this is possible, the rotor can be “kicked” out of this state by
briefly energizing another combination of phases.

Once the rotor position is initialized, the commutation can be advanced by two states and
maximum torque will be produced. Generally the PWM of the first commutation can be set
to control the motor’s acceleration. If the PWM is large enough, and if the load allows it,
the motor can reach a high enough speed so that the sensorless algorithm can immediately
take over.

To compensate for the low back-emf and high acceleration that results from the first
commutation, it is useful if the second commutation occurs when the back-emf reaches
some fixed value that is just beyond the zero crossing occurs (no delay). After the second

commutation, the sensorless algorithm can operate normally.
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3.2 Space vector pulse width modulation (SVPWM)

Control methods that generate the necessary PWM patterns have been discussed
extensively in the literature. Pulse Width Modulation technique is used to generate the
required voltage or current to feed the motor or phase signals. This method is increasingly
used for AC drives with the condition that the harmonic current is as small as possible and
the maximum output voltage is as large as possible. Generally, the PWM schemes generate
the switching position patterns by comparing three-phase sinusoidal waveforms with a
triangular carrier.

In recent years, the space vector theory has demonstrated some improvement for both the

output crest voltage and the harmonic copper loss. The maximum output voltage based on
the space vector theory is 2/ /3 times as large as the conventional sinusoidal modulation. It

enables to feed the motor with a higher voltage than the easier sinusoidal modulation
method. This modulator allows to have a higher torque at high speeds, and a higher
efficiency.

The structure of a typical three-phase voltage source power inverter is shown in Figure 3.2.
V., Vy and V. are the output voltages applied to the windings of a motor. Q1 through Q6
are the six power transistors that shape the output, which are controlled by a, a’, b, b’, ¢ and
¢’. For AC motor control, when an upper transistor is switched on, i.e., when a, b or c is 1,
the corresponding lower transistor is switched off, i.e., the corresponding a’, b’ or ¢’ is 0.
That means, tuning the upper line switch on requires turning off the lower line switch and
vice versa. The on and off states of the upper transistors Q1, Q3 and QS5, or equivalently,

the state of a, b and c, are sufficient to evaluate the output voltage.
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a1 Q3 Q5
sllE X R
— D ;: +
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Va o Vo oy Ve v

motor phases

Figure 3.2 Power circuit Topology for a three-phase Voltage Source inverter(VSI)

The most popular power devices for motor control applications are Power MOSFETs and
IGBTs. A Power MOSFET is a voltage-controlled transistor. It is designed for high-
frequency operation and has a low voltage drop; thus, it has low power losses. However, the
saturation temperature sensitivity limits the MOSFET application in high-power
applications. An insulated-gate bipolar transistor (IGBT) is a bipolar transistor controlled
by a control signal voltage (gate-emitter voltage) on its base. The IGBT requires low drive
current, has fast switching time, and is suitable for high switching frequencies. The
disadvantage is the higher voltage drop of a bipolar transistor, causing higher conduction

losses.
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Switching Patterns and the Basic Space Vectors

As shown in Figure 3.3, there are eight possible combinations of on and off patterns for the
three upper power transistors that feed the three phase power inverter. Notice that the on
and off states of the lower power transistors are opposite to the upper ones and so are
completely determined once the states of the upper power transistors are known. It has been
shown to generate less harmonic distortion in the output voltages and or currents applied to
the phases of an AC motor and provide more efficient use of supply voltage in comparison

with direct sinusoidal modulation technique.

V3 (03190) V2 (19130)

Va4 (0,11 >
+(0:1,1) Vi (1,0,0)

VS (09()’1) V6 (19()’1)

Figure 3.3 Inverter voltage space vector

Due to the fact that all three Line-to-Neutral voltages must sum to zero, a space vector Vg is

easily calculated by the formula
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V, =V cos(ar) (3.1)
V, =V cos(ax + 2?7[) (3.2)
4
V. =V cos(ax +?7[) (3.3)
Vi=V, e 4V, &4V o (3.4)

where V,, , Vi, and V,,, are the phase voltages of the inverter output.

The phase to neutral voltage of the inverter output for the three phases is given by

Van = (1/3)(2*‘/110 _Vbo -V, )

co

Vbn = (1/3)(2 * Vbo - Vao - Vco) (35)

Vcn = (1/3)(2 * Vco - Vao - Vbo )

The expression of the 3 phase voltages in the (o, ) frame are given by the general Clarke
transform equation:

| 1 1
Ve | 217 "2 2|
=— \% 3.6
2 2 cn
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The eight combinations and the derived output phase voltages and the 3 phase voltage in

terms of DC supply voltage V. in the (a, B) frame, according to equations (3.4) and (3.5),

are shown in Table 3.

Table 3. Switching patterns and output voltages of a 3-phase power inverter

a b c Vao | VBo | Vco |Van | Ven | Von | Vse | Vsp

0 0 0 -1/2 -1/2 -1/2 0 0 0 0 0 Vo
0 0 1 -1/2 -1/2 1/2 -1/3 -1/3 2/3 | -1/3 _1/\/5 Vi
0 1 0 -1/2 1/2 -1/2 -1/3 2/3 -1/3 | -1/3 1/\/5 V,
0 1 1 -1/2 1/2 1/2 -2/3 1/3 173 |-2/3 |0 V3
1 0 0 1/2 -1/2 -1/2 2/3 -1/3 -1/3 | 2/3 0 V4
1 0 1 1/2 -1/2 1/2 1/3 -2/3 1/3 | 1/3 _1/\/5 Vs
1 1 0 1/2 1/2 -1/2 1/3 1/3 213 1173 1/\/5 Vs
1 1 1 1/2 1/2 1/2 0 0 0 0 0 V7

The nonzero vectors form the axes of a hexagon as shown in Figure3-3. The angle between

any adjacent two non-zero vectors is 60 degrees. The zero vectors are at the origin and

apply zero voltage to a motor. The eight vectors are called the basic space vectors and are

denoted by Vi, V,, V3,V4, Vs V¢ ,Vy and V7. The same transformation can be applied to

the desired output voltage to get the desired reference voltage vector Vs in the d-q plane.

The objective of space vector PWM technique is to approximate the reference voltage

vector Vs by a combination of the eight switching patterns. One simple means of

approximation is to require the average output of the inverter (in a small period, T) to be the

same as the average of Vs in the same period.
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Approximation of Output with Basic Space Vectors

Eight space vectors can be represented as a complex —vector expression

2
2y, expjtk—Dx/3, k=12,...6
v, =3 (3.7)

0, k=0,7.

If for example, a voltage reference vector V is located in sector 1of Fig.3, the integral for V

over a single space-vector modulation cycle gives

T, 1, T,+T, T,
[vdi=[vidi+ [v,di+ [V,di (3.8)
0 0 T, T,4T,

where the 7, and 7> are the switching time duration spent on the output voltage vectors V;
and V, , respectively. Also, the Ty is the sampling time. The remainder Ty of Ts is the time
duration spent on the Vj or V;.For sufficiently high switching frequency the reference space
vector V,r1s assumed constant during one switching cycle.

Taking into account that the states V; and V; are constant and V7 = 0, one finds
Vi1, +V,T,=V,, T 3.9

If the space vectors in the equation are described in d-q coordinates, it follows

2 1 2 cos 60° 2 cos @
T,.—V,. +7,.(—5).V, | =T..(—)V, m. 3.10
3 f’M >3 "Limo(’} 53 dmLinH} .10
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Vre of

B 2Vdc /3

where 0<0<60° ,

Figure 3.4 Determination of switching times

The time durations 7;, 7> and Ty are solved by Eqgs.3.8 , and can be arranged as follows:

T, =T, mw (3.11)
sin(7/3)
sin @
T,=T m————: 3.12
= Gina)3) G-12)
T,=T, =T, —(T, +T,) (3.13)

For the sectors II-VI the same rules apply. A voltage reference vector V,, can be

approximated by two adjacent switching space vectors and two zero vectors using PWM
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technique. It is necessary to arrange the switching sequence so that the switching frequency
of each inverter leg can be minimized.

Fig.3.3 shows the switching sequence to minimize the ripple content of output current. The
three-phase inverter legs are switched at the beginning from the zero state, at the ending of
the other zero state during the sampling time 7 . This rule applies normally to the three-
phase inverters as the switching sequence, for example,”’..Vo -V |-V -V 7-V -V -V | -
V o - .” in sector I. Therefore , the switching cycle of the output voltage is double the
sampling time, and two output voltage waveforms become symmetrical during 2*Ts. This

operation is called the “three-phase symmetrical modulation.”

Space vector algorithm (Implementation)
The first step is to determine in which sector the voltage vector defined by Vi ,or, Vg rer 1S

found. The following few code lines give the sector as output:
sector determination

If V>0 Then A=1 else A =0
IfVy>0 Then B=1 else B=0
IfV.>0 Then C=1 else C=0

sector = A+2B+4C (3.14)

The second step is to calculate the duration of the two sector boundary vectors .This can be

obtained as follows.

The magnitude of all the space vectors is 2V, / \3 .When this is normalized by the
maximum phase voltage (line to neutral), V,, / V3 the magnitude of the space vectors

become 2/ \/5 i.e., the normalized magnitude are 2/ \/5 .Therefore, from the last two

equations the time durations are calculated in (o ,3) coordinate as follows:
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T
T, :75(\/§me ~Vi) (3.15)
T, =TV, (3.16)

where V, and V), also represent the normalized (a ,) components of V,,; with respect to
the maximum phase voltage . The rest of the period, 7y is spent in applying the null vector

Vo or V; .The durations, as fraction of the total Ts , are given by

T, 1
t,=—=—W3v_. -V 3.17
1 TS 2( are ,Bref) ( )
T2
t,=—"-=V, . 3.18
2 TS Pref ( )

We can calculate in the same manner the relative time durations, ¢; and ¢, for each sector of
the Fig. 3.3 space vectors. By making the calculus of the times (as shown in equation 3.8)
in all of the sectors one can find that they have only three different forms in six sections as
follows:

X = Vﬁrte of

Y ==—(3V,, +V,,) (3.19)

| =

Z= % (— V3V, + Vs )

then for the example above, when V,,s is in sector contained by V; and V,, t; =z and

1, =x. For different sectors, the expressions of #; and 7, are listed below.
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Case sector of

1 =72 =Y
2 =Y t, =-X
3 ty =2 , th=X
4 t =-X =7
5 t =X th=-Y
6 t =-Y , th=-7Z

end times calculation

The third step is to compute the three necessary duty cycles. This is shown below:

=T, —t,—t, (3.20)
tbun = taon + tl (321)
tcun = tbun + t2 (322)

The last step is to assign the right duty cycle (txon) to the right motor phase according to

the sector.

Comparison SV-sinusoidal PWM

The SVPWM generates minimum harmonic distortion of the currents in the winding of 3-
phase AC motor. SV Modulation also provides a more efficient use of the supply voltage

in comparison with sinusoidal modulation methods. In fact, with conventional sinusoidal
modulation in which the sinusoidal signals are compared with a triangular carrier,we know

hat the locus of the reference vector is the inside of a circle with a radius of 1/2V,. .In the
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SV modulation it can be shown that the length of each of the six vectors is 2/3V,, .In steady
state the reference vector magnitude might be constant. This fact makes the SV modulation

reference vector locus smaller than the hexagon described above. This locus narrows itself

to the circle inscribed within the hexagon, thus having a radius of %/gvdc In Fig.3.5

below the different reference vector loci are presented.

Space Vector PWM

OL=2/3Vp,
OM=1/sqrt(3)Vp
ON=1/2Vp,

conventional
/ sinusoidal PWM
c

Figure 3.5 Locus comparison SVPWM with sinusoidal-PWM

2
Therefore, the maximum output voltage based on the Space Vector theory — (=OM/ON)

NG

times as large as that of the conventional sinusoidal modulation. This explains why, with
SVPWM, we have a more efficient use of the supply voltage than with the sinusoidal PWM

method.
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3.3 Estimation of rotor speed and position

Controlling PMSM motors is not an easy task. Achieving the peak efficiency requires that
the magnetic field that is created by the stator currents be kept in very precise alignment
with the permanent magnets on the moving rotor. In the past, various types of sensors were
mounted on the rotor to keep track of the position and velocity. These included Hall effect
sensors, resolvers, and optical encoders. Today the use of such sensors is not acceptable. It
adds too much to the system cost and reduces the reliability of the product. The expected
benefits of these indirect techniques are: elimination of the electrical connections of
sensors, reduced size, no maintenance, nonsusceptible to environmental factors, increased

reliability, and above all these, operating at zero, low and higher speed.

Sensorless controllers rely on software estimators to take the place of these hardware
sensors. The task of an estimator is to provide the same high quality rotor position and
velocity information that the hardware sensors previously supplied. There are many types
of estimators in use today ranging from ad-hoc solutions, to simple mathematical observers,
to advanced, optimal algorithms such as the Kalman filter. Precise control of the pulse
width modulated (PWM) inverter, and accurate measurement of the motor currents is
required for these estimators to work correctly. In all cases, removing the hardware sensors

places an additional computational burden on the controller.

Different approaches to estimate the state variables can be found in the literature. In some
literature, nonlinear full-order observers are employed for speed estimation. The rotor
position is obtained, integrating the speed estimate in open loop. In some others, an
algorithm to estimate flux and current by the integration of differential equations was
proposed. An alternative approach is to use reduced-order observers to decrease the
computational load. Among them, reduced —ordered Luenberger observers can be found in
their linear and nonlinear versions. In these approaches, the EMF is estimated first and then
the rotor position and speed are reconstructed using the relationship between EMF and rotor
variables.

In order to obtain good estimates, the EMF, must be estimated with low error since the

EMF estimation error is propagated to the rotor variables. In some others, the
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implementation of an extended Kalman filter (EKF) is proposed for speed and rotor
position estimation. Among these proposals, the sliding-mode observer represents an
attractive choice for its being robust to disturbances, parameter deviations, and system
noise. In this paper, rotor position estimation is presented, based on a sliding mode

observer.

Configuration of the observers (sliding mode type)

The classical solutions rely on the dependency of the rotor position from the back
electromotive force induced in the stator windings. These approaches are quite simple and
they use the motor voltage equations to calculate the induced EMF (or its integral) from
current and voltage measurements (the stator resistance and inductance must be known
parameters).

State observers require a relative accuracy in the modeling of the system, the measurements
of motor currents (system input).The instantaneous error between the estimated and the
measured motor currents is used as feedback to adjust the estimation of the unknown
variables. The observer detects the rotor back emf components in the two phase stationary
reference frame, using the motor voltage equations. The motor speed is then obtained by a

further relation.

IPM Motor model
The motor model is described in a stationary two-axes reference frame. Thus, the model
voltages and currents are related to the actual physical quantities by a simple linear

transformation

i =2 b L (3.23)

i=-t— (3.24)
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2 v, V.
2 v, 3.25
Vg 3(% 5 2) (3.25)
= Yp Ve (3.26)

The dynamic model for p pole -pair machine can be written as

%z o (3.27)
‘il_? - _73‘3—'/’1'0, sin(8) + %pj—'/’i 5 cos(6) —ga) (3.28)
Lo Li P asin(po) + (3.29)
%f:—%'ﬂ —p—chos(p0)+VTﬁ (3.30)

where i, ,ig ,v, ,vp ,R ,L, and ¥ are currents, voltages, resistance, inductance, and
permanent magnet flux linkage, respectively, and @ ,ow ,B and J are rotor position, angular

velocity, viscosity, and inertia, respectively.

The above expression can be rewritten as:

de

@ _» 3.27
o (3.27)
dowo K, . . . B
—=—2({_sin(@)+i,cos(8)——w 3.28
77 (i, sin(@) +i; cos(6)) ; (3.28)
di K

e o R LR sin)+ 2 (3.29)
dt L L

diy __R, K, @cos(8) + Yz (3.30)

—_— ], —— _ .
dt L’ L L

where K7 and Kg are torque constant and EMF constant respectively.
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In back-EMF based sensorless schemes for sinusoidal machines, the information on the
rotor position is extracted from the estimated waveforms by means of inverse trigonometric
functions.

Taking into account the motor constant the motor electrical equations (3.29) and (3.30), it is
clear that the rotor position and speed information is contained in the back-EMF terms,

given by

e, =—K, @, sin(0) (3.31)

e; =K, cos(6) (3.32)

The non linear observer obtains the dynamic equations for the EMF calculating the time

derivatives of (3.31) and (3.32), and adding the correction terms

8y ==K [, sin(d) + @7 cos(@)]+ Lg, (i, —i,) + Lg,, (i —i,) (3.33)
¢y =K1, cos() — &7 sin(@)]+ Lg,, (i, —1,)+ Ley (i — i) (3.34)

where (?)e, fa and f 5 are calculated with (3.28)-(3.30) evaluated on the estimated values.

The gains g;; are selected to set the convergence speed in a way similar to pole assignment
in linear systems.

The rotor position and speed can be reconstructed from EMF estimated values as follows:

6 = tan™ (_f“ J (3.35)

A 1 N A2
W =—-:.le, +é 3.36
e K o B ( )
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The nonlinear observer is an asymptotic state estimator of the EMF. Therefore, assuming
the parameters are perfectly known, position and speed estimated as in (3.35) and (3.36)
converges to the actual values. The nonlinear observer presents small errors due to
uncertainties in Kz , B and J.

To avoid taking derivatives of the measurements, the following equations are actually
implemented for the above nonlinear observer, where the actual rotor position and speed are

calculated instead of those in electrical degrees:

2 N
P K a oA B e .
u, = EA;’ (i, tiges)——e, ———+g(—Ri, —¢, +v,)
JK p (3.37)
2 A A A
. p KTeﬁ A . B e, . A
U, =————(esztiz)——ez +——+g(—Riz —e; +vy) (3.38)
K T T, 8 B~ €sTVp
e, =u, —Lgi, (3.39)
ey =u, —Lgi, (3.40)
ei+é;
w=Y*_"" (3.41)
PK
A~ 1 4 —e,
6 =—tan ~ (3.42)
p €p

where p is the number of pole pairs of the motor.

Nevertheless, it must be remarked that only a part of the nonlinear terms is considered and
that the observer correction term is calculated via Popov’s hyperstability theory assuming
constant speed. The Sliding Mode Observer for back —emf estimation is shown in Fig.3.6,

where K is a gain matrix.
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L 1
1 N 1
1 : 1
' Model based la '
Va | sliding mode . — T\ >+l !
current is :
v observer >
B q >~ -
P ea =+
> >~ \ 4

A

Sliding Mode Observer

Figure 3.6 Sliding Mode Observer
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3.4 PI regulator

The PI controller is an effective means of regulating torque and voltage magnitudes to the
desired values. It also improves the steady state error and the error sensibility. This is
achieved by providing a gain for the error term with an integral component correction.

K, 1s the proportional gain and K; is the integral gain of the feedback loop.

Command signal Error +
Error xK,

+ Correction

f ErrorxK;

Figure 3.7 PI regulator

There are four PI controllers used in this thesis. The first PI controller is called the voltage
controller as it calculates the FW current iy required for field weakening operation. The
other three are used in the current controller section of the design from the speed error
signal. These PI controllers regulate the voltage into the PM machine by making sure that
the PMSM machine is not drawing too much or too little current.

Synchronous frame proportional plus integral (PI) current regulators are the most common
option in field—weakening applications, but very few papers have studied their saturation
capability, i.e., the capability to use the available voltage. Much attention has been paid in
recent years to the design of current regulators for ac drives. A bandwidth high enough to
provide the required dynamic response to the drive is commonly the major design goal.
Any regulator intended to work in field weakening operation should, therefore, address two
important issues: maximum dc-bus voltage utilization and the necessary bandwidth.
Assuming that a proper flux reference is available, dynamic field weakening relies on the
dynamic response of both the flux and current regulators. At high speeds, the available
voltage will mostly be used to counteract the back EMF. Small transient errors in flux

regulation could result in insufficient voltage margin to create the desired torque-
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producing current, dramatically affecting the drive performance. The synchronous frame PI
current regulator has become the standard for current regulation of multiphase ac machines

due to its capability of regulating ac signals over a wide frequency range with zero steady-
state error. Nevertheless, it is known that its transient response deteriorates as the
synchronous frequency increases due to the excitation frequency cross coupling added to

the machine model by the synchronous frame transformation.

The Field Oriented Control of a PMSM needs three PI Controller. One for each current
in rotating frame (/; and I, ) and one for the angular speed. (See Figure 3.1)

The structure of a PI controller is shown in Figure 3-8.

Kp

+ E(s) P " UGs)

Figure 3.8 Structure of Pl regulator

The Laplace transformed equation of a PI Controller is given by:

U(s)= [KP + ﬁ} E(s) (3.43)
s
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For a discrete implementation as a digital PI Controller (Fig. 3.9) we have the following

equation:

k-1
Uk+)=K,e(k)+K, e(k)+ e(n) (3.44)
n=0
refk €k Kp
— Xi Z_l
Yok 4-‘ AU
K; + >

Figure 3.9 Numerical PI regulator (classical)

Closed-loop current regulators are responsibility for controlling the applied PWM voltage
excitation so that the instantaneously phase currents follow their commanded value within
narrow limits determined by the regulator gains. Tight regulation of the stator phase

currents force the stator current components iy and i, in the rotor reference frame to
likewise closely match their commanded values i, and i; .The stator current regulators
might adopt one of many alternate implementations such as the familiar hysteresis or ramp-
comparison configurations. Saturation of the current regulators occurs at elevated speed

when the motor terminal voltage increases sufficiently to approach the maximum voltage

that the drive inverter can apply.
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Chapter 4
Review of Field/Flux weakening (FW) operation

In this chapter, the field-weakening operation is introduced. The principal of field
weakening operation is exemplified by the separately excited DC commutator motor

drive, which shows an ideal field-weakening characteristic. Thereafter the main types of
brushless synchronous AC motors are introduced and their coherence to the separately
excited DC commutator motor drive is outlined. In section 4.2 the field-weakening
operation of permanent magnet motors in general is investigated. The chapter closes with

some comments on practical aspects and limitations.

4.1 Principal of field-weakening operation

The separately excited DC commutator motor drive shows an ideal field-weakening
characteristic. Therefore it is appropriate to consider the principal of field-weakening
operation using this familiar motor characteristic. This is shown schematically in Figure4.1.
There are two circuits, called the field circuit and armature circuit. Let i (z) and i, (t) be the
field current and armature current, respectively. Then the torque generated by the motor is

given by

T.()=K,i, 0, (z):J‘i—w+Td +Bw 4.1)
' t

where K, is a motor constant. The generated torque 7, is used to drive a load through the
shaft. Assume that the total equivalent moment inertia and the friction coefficient of the
load, the shaft, the gears, the rotor of the motor, etc, are J and B, respectively. Let o be the
angular speed of the motor and 7, (¢) the load (or disturbance) torque. Frequently the
control of motor voltage is combined with field-current control in order to achieve the
widest possible speed range. With such dual control, base speed can be defined as the
normal-armature-voltage, full-field speed of the motor. Speeds above base speed are
obtained by reducing the field current; speeds below base speed are obtained by armature —

voltage control.
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Now we shall consider two different cases.
Field-Controlled DC Motors
For a field-controlled DC motor, we assume i, (#) = constant. In this case,

Vy (t) becomes the control signal. Let

K, =K,i, (4.2)
then
T, =K,i (1) (4.3)
The field current satisfies the following equation
Vi=R;i; +L; 4 (4.4)
dt
T,0)=K,i, )i, () (4.5)
V,=K,®,0 (4.6)
9, =f(p) (4.7)

where the voltage V,, is the voltage generated in the armature coil because of the motion of
the coil in the motor's magnetic field and is usually called the back emf (electromotive
force) voltage. V), is proportional to the angular speed of the motor where K}, is a constant

and ¢, is the flux in the air gap which is related to the field current by ¢, = f(i ).

Figure 4.1 separately excited DC commutator motor drive
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For increasing speeds above rated value, armature voltage may be held constant at rated
level and field current may be reduced (weakened) so as to regulate armature current to
rated value. Hence in this region, torque will be directly proportional to field current and
speed will be inversely proportional to field current if there is no saturation. The output
power will hence be constant. The torque is inversely proportional to the speed increase. As
the power is constant beyond the rated speed (P, = Pj ), this is called constant-power
region or field weakening region. These terms are normally used interchangeably in the
literature though one should be careful with the latter as it is usually possible to keep
increasing the speed at a reduced power. Figure 4.2 shows the ideal field-weakening

characteristics for a drive with a limited inverter volt-ampere rating capability.
Armature-Controlled DC Motors

In this case, we assume if (¢) = constant and V/, (1) becomes the control signal.

Let
K, := K, iy (4.8)
Then
T (1) = Ka la (1) (4.9)

The armature current satisfies the following equation

a

y
V. =R, +LM%+Vb (4.10)
t

Hence for increasing speed of DC motor, up to rated level, field current may be held
constant and applied voltage increased from zero to rated value so as to hold armature
current at rated value. Thus at low speed, the rated armature current i, and the rated
excitation-flux linkage ¥, are used to obtain the rated torque 7}. The voltage V, and output
power P,,, both rise linearly with speed. Hence in this region, torque will be constant and
output power will be proportional to speed. This operating range is referred to as constant-

torque or constant-flux region.

55



Field weakening control of PMSM

Figure 4.2 shows a plot of maximum power and maximum torque versus speed for a

synchronous motor under variable-frequency operation.

constant-torque, constant-power, flux-
A constant-flux wealkening, field-weakening
. : e

Ty , Wb

Pb,Vb

Figure 4.2 Ideal field-weakening drive characteristics

Real motors do not have flat output power against speed characteristics above rated
speed wb. In Figure 4.3 the dashed line is the ideal field-weakening characteristic and the
solid line is the actual characteristic. Rated power is the output power at rated speed b
with rated torque 7». The inverter utilization is the ratio of rated power to the ideal output
power. This is less than unity as the motor does not have unity power factor and 100%
efficiency under rated operating conditions. The constant-power speed range (CPSR) is

the speed range over which rated power can be maintained.
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output power P

'
ideal power - mm == ideal drive
I
rated power !
P g ——
4 real drive
X CPSR
Fi
&
p speed
rated speed max. constant

power speed

Figure 4.3 Definition of field-weakening parameters

4.2 Field-weakening operation of Permanent Magnet Motors

The separately excited DC machine has separate windings for the excitation and torque
producing currents (as seen in section 4.1). Permanent magnet synchronous motors have

a single stator winding which generates a current phasor /. This current phasor can be

split into the two components in d- and g-axis, /; and /5.
I*=1;+1; (4.11)

In permanent magnet machines the flux is produced by magnets. Hence the magnetic
(excitation) field or flux can not be controlled by varying the field current. The permanent
magnets can be pictured as “fixed excitation flux” sources ¥m. However, flux control (or
field-weakening) is achieved by introducing an opposing field ¥r against the fixed
excitation from the magnets. It is achieved by injecting a negative d-current lu (or

field current I ), as shown in Figure 4.4.
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-8X15

Figure 4.4 Flux-weakening of permanent magnet motor

The concept of using an imposing field can be further explained with a simple vector
diagram. Figure 4.5a shows the voltage phasor diagram when the motor is running at a

low speed well below the rated speed. When the motor is operated at rated conditions, as
shown in Figure 4.5b , it can be noted that the voltage vector is on the voltage limit contour
(maximum possible voltage V).

It is virtually impossible to increase the speed with keeping a current / in the g-axis once
the induced voltage E equals the rated voltage. In order to increase the speed beyond this
limit, the current phasor can be rotated towards the negative d-axis (introduction of a
negative d-axis current I, ). Figure 4.5¢ shows that the voltage vector V is kept within the

voltage limit.

oLy,

¢) beyond rate speed

a) at low speed b) at rated speed

Figure 4.5 Voltage phasor diagram of the PM motor at ideal conditions

The voltage limit Vi of the PM motor can be expressed as
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V2w’ +L,1,)" +(L,1,)’ (4.12)

where o is the electrical operating speed, ¥ s the magnet flux, L, and Lg are the d-axis and
g-axis synchronous inductances. The torque equation of a PM motor can generally be

expressed as
T=0/2)ply, 1, + L, -L)I,1,] (4.13)

One can notice that the generated torque comprises two parts, the magnet torque and the
reluctance torque. The total torque varies according to machine parameters as the saliency
ratio ¢ or the magnet thickness (defining the magnet flux ¥n).

The output power is from the shaft torque T and the electrical speed

P =T.w (4.14)

out

4.2 Practical limitations

Under normal load the mechanical power increases as a linear function of speed up to the
nominal power (reached when speed is equal to its nominal speed).Knowing that
mechanical speed is proportional to the torque 7 times the speed @ and that its nominal
speed has been reached when the speed is equal to nominal value (in most cases it assumed
as 3000rpm), the torque production must be reduced if the desired speed is to be greater
than nominal speed.

The drive constraints for the extended speed range are first the phase voltages and second
the phase currents. Knowing that the phase voltage references increase with speed and as
their value can not exceed the nominal value, the flux component must then be reduced
down to a value that allows the nominal phase voltage to be maintained and the desired
speed to be reached. Knowing that phase currents increase with load, the maximum

resistive torque put on the drive during the extended speed range operation must be set to a
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value that keeps the phase currents not greater than their nominal value. The maximum

resistive torque decreases then as a function of speed (see figure.4.6)

i

e, et - ———— ——
Field control : Voltage|control : Field control

range range range

Figure 4.6 Control Range of a PMSM in Steady State

In order to achieve high speeds, the stator current frequency is increased. The back-EMF
condition of the motor flux is kept constant. Then a maximum stator speed is attained when
V is directly proportional to the motor flux ¥ and the angular speed @ . In normal
conditions this reaches the limit output voltage of the power converter. To reach a higher
speed, the flux is reduced as an invert of the angular speed in order to keep the back-EMF

constant and equal to its maximum (V = oy ).

unsat.

saft.

Figure 4 .7 Effects of magnetic saturation on g-axis inductance
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Up to this point it has been assumed that the inductances are constant. In general, this is

far from the case and the inductances are functions of the currents in both axes. Saturation
describes the effect of a current in an axis on the inductance in that axis. Figure 4.7 shows a
possible dependency of the g-axis induction L, on the g-axis current I for unsaturated
(dashed line) and saturated (straight line) conditions. Furthermore, cross-coupling is the
effect of a current in an axis on the inductance in the other axis. When designing a motor it

can be important to take these practical factors into account.
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Chapter 5
Field Weakening control of PMSM

This chapter deals with different aspects of the PM- synchronous motor in regard to flux
weakening. At first, a common normalization is introduced. The maximum field-weakening
control and FW control scheme for SMPM drives is then explained. Some final design
considerations about the SMPM characteristics conclude this chapter. In this chapter, a sort
of recent flux weakening control scheme is described. The approach followed in this section
is based on the machine equation written in steady-state operating conditions because, in
general, during field-weakening operation, the electrical transient can be neglected

compared to the mechanical transient, as in traction drives or in spindle drives.
5.1 Normalization

It is often convenient to express the quantities of an AC system, such as a motor, in a
dimensionless form, in so-called per unit values. This way motors of different dimensions
can easily be compared with each other.

The parameter normalization is based on the definition of three “base’” quantities 7}, @, ,
and V,, ,which are respectively ,the amplitudes of the torque 7, the electrical speed w ,and
the speed-voltage vector V at full load operation and at the maximum speed of the constant-

torque region. The base quantities are assumed as follows:

* The base torque T} is the limit torque of the constant torque region, which is the

rated torque.

* The base angular frequency w, is the maximum electrical speed of the constant

torque region (base or rated speed)

* The base voltage V), is the voltage amplitude (of the space vector) under base torque
(T=T») and base angular frequency (w = wj). The base voltage is also referred to as
rated voltage.

The normalized quantities (subscript n indicates normalized parameters) are therefore
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expressed by the following equations according to Bianchi and Bolognani [24].

T,=T/T, |, 3.1

0 =0, , (5.2)

V. =V/V, . (5.3)

L =L/L,, %=Eﬁﬁ; (5.5)
2.T,. w,

v, =v, v, ,w,=L.1,=V,/ o (5.6)

where p is the number of pole pairs of the motor. As far as the current and the motor
parameters (Equation 5.4 to Equation 5.6) are concerned, their base values are derived from

the power balance (presuming ideal conditions without losses or leakage)

w, 3
T,.—t==.V,.1, (5.7)
p 2
With this normalization and the choice of the magnet flux on the d-axis, the motor

equations become

V= .(y,, +L,d,) +(L .I,)") (5.8)

T,=v,.-1, (5.9)
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5.1.1 Operation at rated speed

This subsection illustrates the operation at rated (or base) speed. This operation point is
characterized by:

* Normalized rated torque 7, = 1

* Normalized electrical base speed w,= 1

* Normalized rated voltage V,= 1

* The g-axis current is set to /,, = I, and the d-axis current is set to /4, = 0 to receive the
maximum torque-to-current ratio (see section 5.2 about the maximum field-weakening).
Solving the voltage (Equation 5.8) and torque equation (Equation 5.9) of the SMPM drive,
the motor inductance and the drive current can be analytically obtained as a function of the

normalized magnet flux ¥,,,,.

L=y, 1-v3 =L, =L,) (5.10)

1=y, (5.11)

5.1.2 Confusion in the Definition of Base Speed

The base speed of a machine is defined here as the speed after which generation of
maximum torque requires application of maximum voltage (i.e., the speed beyond which
the applied phase voltage must remain constant) .In some literature, base speed is defined as
the speed at which the back emf reaches the maximum possible value along the maximum
torque vs. speed curve .It is common among traditional high performance control
techniques to use the rated speed as the base speed. Using the rated speed as the transition
point to the flux weakening range is proper for all PMSM machine running in a nominal
environment at rated voltage. It is assumed that the base speed is a function of motor
parameters, maximum voltage available to the phase, and the control strategies used in the

lower and higher than base speed operating ranges.
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5.2 Maximum torque field-weakening control

In this section, the particular field-weakening control strategy to obtain maximum torque
(and hence power) at any speed within the inverter volt-ampere rating of the SMPM

drive is presented. This section is based on the studies of Soong [27] and Morimoto [26].
The circle diagram is a well known graphical technique for determining the maximum
torque field-weakening control strategy for synchronous motor drives. These drives are
usually current controlled and so it is convenient to define an operating point in terms of

its location in the (I; ,I, )-plane. The current limit constraint is I, in this plane. From
Equation 5.8 it can be shown that the voltage limit constraint V,, < 1 defines a circle whose
centre is offset from the origin (Fig. 5.1).The size of this circle is inversely proportional to
speed. Its centre is termed the infinite-speed operation point as the operating point must
converge towards it at high speed. A given operating point will not exceed the voltage- or
current-limit constraint if it lies within the intersection of the voltage- and the current-limit
circle. From Equation 5.9 it can be shown that lines of constant torque form straight lines

parallel to the d-axis (Fig. 5.1).

Voltage limit
circle

A Iq Current limit
Ta circle

L INX
constant
torque lines / on

] 1 )( I } } P’
infinite speed
operating point

Figure.5-1 Circle diagram for surface mounted PM motor ( SMPM)
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5.3 Flux Weakening control analysis and design

This section concentrates on the control analysis of an IPM machine. Specific parameter
coherences are shown and general design reflections are outlined. An adequate analytical
model is derived and used in the design process. Buried magnets(like [IPM) create a rotor

anisotropy(L, # L,) ,which in turn yields several advantages, as extended flux weakening

range, high torque -to- ampere ratio. Since IPM motor behaves like a salient-pole machine,
stator inductances are functions of rotor position. Buried magnets yield different paths for d
and q axes .In particular, the quadrature path runs mostly in the stator and rotor iron and,
thus the quadrature inductance L, is higher than L, , and it is also more subjected to
saturation than L,;. Additional considerations on the flux weakening and control strategy of

the machine are also discussed.

5.3.1General description of the flux/field weakening control

The examination of the output (Torque versus Speed) characteristics of the PMSM is
necessary to get a view for the motor operating limitations, and consequently, to determine
base speed values (rated speed) for the beginnings of the flux weakening in both operating
modes. The motor is represented here by the steady-state part of its state-space voltage Eq.s

(5.12)-(5.16). For the sake of simplicity, we set i;= 0.
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A motor speed at the moment when the voltage vs reaches its limit (nominal value), vy

under maximum operating current (nominal value), i,.., is called the rated (base) speed, @y .
During the motor start-up (at zero speed), the transient current is allowed to be
approximately twice its nominal value, but it will not be considered here for the sake of

simplicity. The base speed is used to be the starting point of a flux-weakening region.

5.3.1.1 PMSM Characteristics with FW in the d-q Coordinates

Current and voltage polar plots in d-q coordinate space are useful characteristics for the
PMSM drive design in order to understand the interactions between the motor nature and
current and voltage limitations. They are applied especially for flux-weakening control
design, discussed in Section 5.3.2.

An interior permanent magnet (IPM) motor current and voltage limits can be explained
through their polar diagrams, given in Figure 5.2 and Figure 5.3, respectively. The circles
on the diagrams represent current and voltage limits due to their maximum vector
magnitudes. The families of ellipses are derived from the motor voltage d-q state-space
Eq.s (2.42), with neglected stator resistance and current dynamics in the vicinity of
operating points (%,% =~(0), which is a generally applied approximation in flux-
weakening designs . Each ellipse represents current and voltage limits due to the motor
voltage state-space d-q model, Eq.s (2.42), at some interesting operating point (base (rated)
speed, @, , critical speed, @., , and maximum speed max), which will be more closely
defined in Section 5.3.2.

Hence, the ellipses represent PMSM d-q current and voltage state-space limits in steady-
state. The derivation of their analytical forms from Eq.s (2.42) is given in Eq.s (5.17) and
Eq.s (5.18) for current and voltage characteristics, respectively. It should be noticed from
Eq.s (5.17) that the current ellipse axes, a and b, decrease with speed and that the center
location is on the negative d-semi axis and it is constant, i.e. the current state-space limits
are concentric ellipses, with speed as a parameter. On the other hand, it can be seen from
Eq.s (5.18) that the voltage ellipse axes, a and b, increase with speed, as well as that their
centers, which are equal to the motor back emf at a given speed, located on the positive g-

semi axis, move further from the origin.
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These phenomena are easy to explain from voltage d-q state-space Eq.s 2.42. In order to
increase speed while keeping voltage constant, the current must decrease and, inversely, if
the current should be constant, the voltage must increase with speed. This explains the
current and voltage ellipse axes relationships with speed in Eq.s (5.17) and Eq.s (5.18).
However, the behavior of the ellipse centers releases an interesting phenomenon. The only
reason for the ellipse eccentricity in the d-q plane, in both cases, is the existence of motor
back emf, k; . At zero speed the back emf is also zero and the center of the hypothetical

voltage ellipse, which has collapsed to a single point, is at the origin, which is expected.

Figure 5.2 PMSM current limit d-q polar diagram

However, the center of the current ellipse depends only on motor parameters - back emf
constant, k; , number of pole pairs, p, and d-axis inductance, L; - but not speed, so that
whatever back emf is developed, the center stays the same for the same motor. Moreover,
since the current ellipses collapse with increasing speed, it converges to that point.

The following discussion will show that it helps a lot in flux-weakening control design. On

the other hand, the voltage limit diagram, Figure 5.3, helps in the design of a constant
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current flux-weakening control strategy. It should be noted that there are two distinguished

speed regions: one where the relative speed increase is higher than the relative ig current

(motor torque) decrease, which includes an increasing or constant current (motor torque)

region, causing a v, voltage increase, and the other, where the torque decreases faster than

the speed increases, so that the v, voltage decreases, so that the phase voltage vector moves

toward a positive g-semi axis. The passing point between the two regions, speed ap, can be

calculated from Eq.s (2.42), which will be explained in Section 5.3.2. A PMSM voltage d-q
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vector diagram, developed from Eq.s (2.42), is shown in Figure (5.4) for the maximum
torque operating region (for the sake of simplicity, it was approximated with i; =0
condition), Figure 5.4a, and the flux-weakening region, Figure 5.4b. The current and

voltage vectors cannot exceed the limits from Figures 5.2 and 5.3.

(1

Va

Figure 5.3 PMSM voltage limit d-q polar diagram
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A g-axis

ik;a)

» d-axis

Yn=Wq

a) iy =0

d —axis

b)i;#0

Figure 5.4 PMSM voltage d-q vector diagram for a) iy=0, and b) iy # 0
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5.3.1.2 Reference Motor torque profile

In order to minimize energy consumption, the motor torque should keep its maximum

value until the rated speed is reached, except during the relatively short time periods when
it rises from zero to the maximum value with a certain maximum slope, determined by
mechanical limitations of the motor drive system . The validation for that suggestion lies in

the minimum energy (noted as E) Eq. (5.19), derived as:

t, @,
min E=min J. P, dt =J min %
! ay_ T, +T,
Tm
1
o, = 7 (Tmb -1,, -T, )-t1 =w, ,x,-basevalue of x (5.19)
1 ,
a)Z 7 (Tm final — Tfr final TL final )‘t2 = a)fmal ( = a)max ) ’ xﬁnal _ﬁnal Vall/le Of'x

where P,, is the motor power, J motor inertia, @ motor speed, @; and @, motor speed
values at time moments #; and #; , T, , Ty and Ty motor, load and friction torque,
respectively, and x a common variable for @, T,, ,T; and T} .The base and final values are
related to base and final motor speed. It can be noticed from Eq.s (5.19) that when T, >0,
the energy consumption is lowest with the maximum motor torque. If 7, <0, a trade-off
must be made between minimum energy consumption and starting time period. If the
reluctance torque component in Eq.s (2.42) is negligible, the maximum torque at a base
speed usually means a maximum i, current. It allows the largest flux-weakening region,
Figure 5.4b, which will be explained in Section 5.3.2.

Hence, under a lower i, current, the voltage-to-current phase shift is smaller in the out of
flux weakening region and it decreases more rapidly within the flux-weakening region than
in the maximum i, current case. So, it reaches its limit, determined by the VSI limitations,
under a lower speed than in the maximum i, current case, if the flux-weakening begins at
the same speed. All the above mentioned facts provide a good reason to continue with
maximum torque (or maximum ig current) reference out of the flux-weakening region, as

long as the speed profile is not important. Short time periods for the torque ramping from
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zero to its maximum value with a certain maximum slope, are necessary restrictions due to

mechanical limitations on the motor shaft.

5.3.2 Common Flux-Weakening strategies

In order to produce the maximum torque, which main component is proportional to g-axis
component of the armature current , it is convenient to control the inverter-fed PMSM by
keeping the direct, d-axis, current component to be i; =0 as long as the inverter output
voltage doesn’t reach its limit. At that point, the motor reaches its maximum speed, so-
called rated speed (called also base speed when talking about flux-weakening). Beyond that
limit, the motor torque decreases rapidly toward its minimum value, which depends on a
load torque profile.

To expand the speed above the rated value, the motor torque must be reduced. A common
method in the control of synchronous motors is to reduce the magnetizing current, which
produces the magnetizing flux. This method is known as field-weakening. With PM
synchronous motors it is not possible, but, instead, the air gap flux is weakened by
producing a negative d-axis current component, id. Because nothing has happened to the
excitation magnetic field and the air gap flux is still reduced, so is the motor torque, this
control method is called flux-weakening. As a basis for this analysis, the PMSM current and
voltage d-q vector diagrams from the previous section, Figure 5.4, are used.

During flux-weakening, because the demagnetizing (negative) id current increases, a phase
current vector is rotates toward the negative d-semi axis. The rotation of the phase voltage
vector is determined by a chosen flux weakening strategy, but at the end of flux-weakening
it always rotates toward the positive g-semi axis because of ig current, i.e. v; voltage
magnitude decrease. A big concern of flux-weakening control is a danger of permanent
demagnetization of magnets. However, large coercitivity of materials such as Samarium-
Cobalt allows significant ida current which can extend the motor rated speed up to two times.
Three commonly used flux-weakening control strategies are:

I) constant-voltage-constant-power (CVCP) control;

IT) constant-current-constant-power (CCCP) control; and

) optimum-current-vector (OCV or CCCV - constant-current-constant-voltage) control.
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I. Constant Voltage Constant Power (CVCP) Control

This strategy is very popular in industry because of its simplicity. It is based on

keeping the voltage steady-state d and q components constant:

3 . .
P.=T.w= 5 (Vi + Viiy) = const.

Vi = —pL,@i, = —pL.Su.1, = const. (5.20)
Vi = k@+ pL.i. = kL = const.

Vi =V, wa =V = const.

Values vy , iy and @b are base voltage, base current and base (rated) speed in the

beginning of flux-weakening, respectively. Usually, I,5= I ax -

Reference i; and ig currents are derived from Eq.s (5.20):

(5.21)

Regarding the complexity, this is the easiest flux-weakening control, due to i, / i, linearity

which is obvious from Eq.s (5.21).By this strategy, the voltage vector Vs on the PMSM
voltage vector diagram, Figure 5.4b, is supposed to keep a constant position, while the
vertex of the current vector, i;, moves from point (0, /;») down the slope i4/i¢, derived from
Eq.s (5.21) toward the negative d-semiaxis. The current and voltage d-q vector tendencies
in CVCP flux-weakening control strategy are shown in Figure 5.5. However, when the
phase current limit, Figure 5.2, is reached, i.e. after passing the critical speed, @, the
strategy fails and vector I, follows the limitation circle, while vector Vs naturally rotates

toward the v, -axis. The critical speed, where the current reaches its limit is:
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Y _1,,2 +17, :ij+vf
I Ve 4V}
where (5.22)
k . L
I, = ; V,=—V.
pLd Lq

If we want to be precise, the phase voltage vector vs doesn’t stay constant at ®< ®@.r. Vector
vs rotates toward the negative d-semi axis, in the same direction as the current vector, but

much slower.This rotation of vs occurs because of transients di, /dt <0 and di, / dt <01in

Eq.s (2.42).
A 4 —axis
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Figure 5.5 PMSM voltage d-q vector diagram for CVCP flux-weakening control

Another, usually neglected, fact is that the active power is not constant. In order to get

constant power, the following condition must be satisfied

Rij +Ri; —RI; = p(L, ~L,)wi,i, (5.23)
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Finally, the power factor, cos @, can be calculated from:

cos p=cos (6 -¥)
(5.24)
Y= tan!(-ia /ig), 6=tarv! (vq/v,)

where @ ,0, and W are vector phase shifts from Figure 5.4. Eq.s (5.24) can be used for
determination of the speed when cos ¢ reaches its minimum tolerable value, determined by

the inverter limitation.

I1. Constant Current Constant Power (CCCP) Control
A characteristic of this method is that neither iz, nor ida current depends on the motor
parameters. The iz current has the same expression as in the previous strategy, due to
keeping the power constant. That implies that v, voltage is also constant, Figure 5.6.
However, the phase voltage g-axis component, v, , depends on both, motor parameters and
the current g-axis component base value.
The references for this control method are:

i.= 1, =const.
(5.25)

3 . .
P.=T.w= 5 (Viia + Vii,) = const.

From Eq.s (5.25), reference iz and i, currents for the current control loops are:

(5.26)

o 2 .2
iy ==1, —1,

The d-q voltage equations in steady-state, extracted from Eq.s (5.25) are:

v, =—pL,@i, = const.

v, =—pL, i, + k@ (5.27)
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= - speed increase direction

Figure 5.6 PMSM voltage d-q vector diagram for CCCP flux weakening control

By applying this strategy, the phase current vector isrotates around its origin, and phase

voltage vector vs, vertex moves along the v, line, Figure 5.6.The prevailing speed,

ap, where voltage vg passes its minimum is

(5.28)
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A critical speed when voltage vs reaches its maximum value is the same as in the previous

example, but now the phase current is reaches its limit:

LI,V +Y,

= = Q (5.29)
b ' b
;-1 V, +V,

cr

When w=a,, ,the phase voltage reaches its limit and stays constant under higher speed.

It causes a rapid decrease of current iq , what implies the decrease of the motor torque, Tom.
Because transient elements dis/dt and dia/dt from the d-q voltage equations from Eq.s (2.42)
cancel each other in Eq.s (5.25), active power Pm remains constant during the flux-
weakening period until the critical speed is reached.

It is characteristic for both constant power control methods that the d-axis steady-state
voltage component remains constant as long as both voltage and current don’t reach their
limits. In comparison with the constant voltage strategy, this strategy is more complex
because of the reference i«/i; non-linearity. Its advantages are constant phase current and
constant power in flux-weakening region between £, and @ . Different torque slopes,
obtained after w=w,, , are consequences of applied strategies, as well as of applied voltage
limitation methods.

The same method doesn’t produce the same effect on both strategies. How strong the effect
is, how big the difference is, and what profiles the motor torque obtains after w= @, , also
depends on motor characteristics and current and speed base values, as well as the load

torque profile.

III. Optimum Current Vector (OCYV) Control

Unlike the constant power flux-weakening control strategies, where phase voltage or
current were reduced in order to keep constant active power, in this method the active
power is allowed to change with a change of the power factor, cos ¢, while the magnitudes

of phase current and phase voltage vectors are set to their maximum values:
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ig=1,=1,, =const. (5.30)

=const .

Vs =V = Vs
In other words, by this control strategy the maximum allowable apparent power is used,

although the active power is not constant. Hence, both vector trajectories are along their
limiting circles, Figure 5.2 and Figure 5.3. The superimposed current, voltage and flux

vector diagrams are shown in Figure 5.7. The expressions for the abovementioned

conditions are:

ve =i +vl =V (5.31)

2 2 22 g2
g =i, +i, =1

S max — I;b (532)

The consequent expressions for reference currents i; and ig, are:

QZ
i, =—1,K, (1 — —SJ (5.33)

2
. Q,
i, =1, 1{1(1 [1 —w—gﬂ (5.34)

where K=—+— (5.35)
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¥ d —axis
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Figure 5.7 PMSM voltage d-q vector diagram for OCV flux-weakening control

for non-salient PMSM, where Ls= Lys= L, and

i, = 1'{1 —\/1 + K2[1 Q—’;]] (5.36)
0]
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2

, 2

. 1 Q;

i, =1, 1—[1—”J 1—\/1+K{1—w—§] (5.37)
gb

for a salient pole machine, where

L, (1L
K,=—" [—‘fqu+1] (5.38)
L, \I} L,
L-L
L,=—"1— (5.39)
Ld
.k
and I, = (5.40)
pL

Steady-state voltage equations of the salient PMSM when this strategy is applied are:

o\ 2
1 2
v, =—pLiwo=-pL 1, & _(1_1)} [a)—\/a)z +K,(0’ -Q, )] (5.41)

gqb

v, = pLyi,@+ ko= pL,I, [w—sz +K, (0 —QZ)J+ ko (5.42)

The minimum v, voltage is reached at a prevailing speed p:

[0} =Qb >V =V P (5'43)
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It should be noted from Figure 5.7 that when Q, < @< o, ,normalized -id current (relative

to Ig») increase is higher than the normalized speed increase @), , which is, on the other side,
higher than the normalized iq current decrease. Consequently, the phase voltage vector vs
rotates toward the negative d-semi axis. At higher speed these relations are inverse, so that
vs rotates in the opposite direction, i.e. toward the positive q-semi axis. This observation is
useful for the determination of the phase voltage limitation method, discussed earlier.
Although its algorithm is more complicated than those of the constant power flux
weakening control strategies, the advantages regarding the maximum torque profile,
maximum exploited power, maximum extended speed for the same amount of energy and
keeping constant voltage and constant current amplitudes during the whole period of flux-
weakening, without any critical speed point, strongly recommend this strategy against the

former ones, whenever the constant active power is not a strong prerequisite.

5.3.3 High-speed Closed Loop Control

In contrast to open loop operation, rotor position information is typically required to
achieve high-performance motion control with the sinusoidal EMF PMAC machine. The
rotor position feedback needed to continuously perform the self synchronization function is
essentially the same as an induction motor. However, cogging torque (torque pulsations)
due to interaction of the magnets with the stator slot harmonics places a heavier burden on
the encoder to smooth out these effects. As result, an absolute encoder or resolver requiring
a high resolution is frequently needed. In addition, in contrast to the induction machine,
special provision is frequently needed to provide smooth, controlled starting performance
since inappropriate energization at start can produce a brief negative rather than positive
rotation.

One baseline approach for implementing this type of high-performance torque control for
sinusoidal PMAC machines is shown in Figure 5.8. According to this approach, the
incoming torque command (asterisk designates command) is mapped into commands for d—

q axis current components and which are extracted from torque equation. These current
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commands in the rotor d—q reference frame (essentially DC quantities) are then transformed
into the instantaneous sinusoidal current commands for the individual stator phases (i:,
i,, and i_ ) using the rotor angle feedback @., and the inverse vector rotation equations

included in Figure 5.8.

co-ordinate Switching
Transformation i} commands
l[l
T* f d\"e > .k
e e lb
Ly . »| current »| PWM
T (0 . ) e regulator Inverter
c
> > -9
)
f axe i A A
qs
0’”

Figure 5.8 Torque control scheme for sinusoidal PMSM

The most common means of defining d—¢ current component commands i, and i, as a

function of the torque command 7, into is to set a constraint of maximum torque-per-

ampere operation which is nearly equivalent to maximizing operating efficiency.

Trajectories of the stator current vectors i, the rotor d—g reference frame which obey this

maximum torque-per-amp constraint are plotted in Figure 5.9 for a typical salient type of
PMAC machine. The trajectories are plotted over a range of torque amplitudes ranging
from negative (generating/braking) to positive (motoring) values.

It can be noted that the maximum torque-per-amp trajectory initially moves along the g—
axis for low values of torque before swinging symmetrically into the second and third
quadrant towards 45° asymptotes. For motoring operation, this behavior means that
maximum torque for a given amount of stator current is developed by advancing the phase
angle of the stator phase currents so that they lead their respective back-EMF waveforms

by angles between zero and 45° (electrical).
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Figure 5.9 Trajectories of stator current vector Is in the synchronous reference frame

The maximum torque-per-amp trajectory reflects the hybrid nature of the PM machine
having the capability of producing reluctance torque as well as magnet torque. The
corresponding currents I, and I,; which define the maximum torque per-amp trajectory for
the salient pole PMAC machine are plotted in Fig.( 5.10). The figure shows that the
maximum torque-per-amp trajectories are mirror images in the second and third quadrants.
Stated in a different way, the I,; function plotted in Figure 5.10 is sensitive to the polarity

of the torque command, while the 1, function depends only on its absolute value.
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Figure 5.10 Direct and quadrature axis stator currents required to produce maximum torque
per ampere for a salient pole permanent magnet machine(IPM)

5.3.4 Locus of current vector in the constant power region

The load torque limits in the speed range from zero to rated speed is set by the maximum

current that can be supplied from the inverter, that is

JIZHIL <, (5.44)

The limiting value of Eq.s (5.44) can be visualized as a circle in the iy—iys plane centered
at the origin with radius 7, (I;). Beyond rated speed another constraint is imposed since the
inverter pulse width modulator saturates and the output voltage becomes a constant. In this

case, clearly

1/vq§ +V2 <V = %vdc (5.45)
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using Eq.s (2.30) and Eq.s (2.31) of section (2.2.1) and rearranging the result, Eq.s (5.45)
can be expressed as

2 2
%%‘tzi; +[i—dJ (idS +j—:} (5.46)
Eq.s (5.46) can be visualized as an ellipse in the iy4- iys plane with a focal point at iy, = 0
and iz = - A./Lys . The size of the ellipse continues to decrease as the speed @, increases.
Control of the d-g currents in the field weakening range must be such that the current
remains in the circle of Eq.s (5.46) and tracks along the shrinking elliptical boundary as
shown in Figure 5.11. It can be noted that the d—axis current is driven negative implying a
stator mmf component acting to reduce the magnet flux (demagnetize the magnet). When
I;s becomes equal to A, /Ly , the flux in the magnet has been driven to zero. Further
negative increases in Iz , must now be prevented. As a result the torque producing
component I,; now begins to decrease rapidly and constant horsepower operation can no
longer be maintained. The field weakening region in Figure 5.11 corresponds to the

segment from point A to point B.

End of Const. Horsepower Mode End of Const; Torque
Is;(P.U) A
101=
-~
Y
s
s 0.75—
‘ 7
s
/ 0.5 =
/ Iy
/ ! IV
5L
/ ?"5 S
!
! |
1
t 10 3, 05 0 05 1 T i
\ -z n /!
! \ ||l L, I (P.UD)

Figure 5.11 Locus of current vector in the d—q plane during operation above rated speed
(constant power region is A-B)
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5.3.5 Description of the FW control design

The designing of PM-machines has not matured yet to a degree which e.g. the designing of
induction machines has. During recent years there has been a considerable increase of
interest in using PM machines in applications where previously asynchronous machines
have been used. The suitability of permanent magnet motor to a particular application is,
however, dependent on the motor design. If for example large field —weakening range is
needed, the motor has to have a large enough direct axis inductance.

As a review and to clarify the notation used henceforward, the IPMSM machine equations

in the synchronous reference frame, are, given in matrix form below (see section 2.3).

V. _ R, —aL, || i + 0
V.| oL, R i, oy,
dw

L=T+J= +Bo ., T,=Bo (5.47)
X |

3 . .13 . .
Ta:?p[y/mfzq+(Ld—Lq)zdlq]:7p[l//dzq —qud]

A precise current control of an IPMSM (IPM) drive becomes a complex issue owing to
nonlinear coupling among its winding currents and the rotor speed as well as the
nonlinearity present in the torque equation. The system nonlinearity become severe if the

IPM drive operates in the field weakening region where the direct axis current i, # 0.This

results in the appearance of a nonlinear term, which would have vanished under the existing

vector control scheme with i, =0.

Drive Structure Design

The IPM motor drive designed for this work featured a wide flux-weakening region. As a
counterpart, the presence of both reluctance and PM torque requires involved control
strategies, to guarantee effective drive operations at all conditions. The block schematic of

the complete drive structure is reported in Fig 5.12.
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The throttle knob position (tkp’k ) is here considered as a speed reference, and it is compared

with the actual mechanical speed @,, , as shown in Fig.5.12. A light proportional and
integral control PI then delivers the stator current reference space vector iy .The main issues

for an efficient control are proper current settings delivery and the avoidance of any inverter

voltage saturation.

A. constant Torque controller

The magnitude of the output of the speed controller i; can be expressed as (see Fig 5.13)

|l;| = 1”; + l; =I5 max
(5.48)
and i, =igsiny

i, =igcosy

From Eq.s (5.47) , the d-q axis components of the current vector for the maximum torque

per-ampere are derived as follows:

i, = sign(i) i’ -i;
if  i.20,sign(i)=1

where
I <0,sign(i,) =1 (5.49)

W, Wl +8(L- L)’
“= 4(L,- L)
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Figure5.12 IPM motor drive block schematic
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One can also obtain the optimal angle y as

[=w, + w2 +8.(L, -L,) i

(L — 5’ l (5.50)

Vax =Sin

and this angle ( Fig 5.13) is actively controlled with the specific saliency ratio & (L, / L,)

as the reluctance torque is utilized for a maximum possible torque production. In the case
of SPM motors, y is 90° as saliency ratio is approximately equal to unity and only i, is

applied to produce the torque.

. €b
Xdld

v

Figure 5.13 Phasor diagram of the PMSM.

B. Operating limit in the flux weakening region
The maximum voltage that the inverter can supply to the machine is limited by the dc link

voltage and the PWM strategy. A PWM strategy based on voltage space vector is used and

Venax 18 % . Also the maximum current I ,,, is determined by the inverter current

rating and machine thermal rating. Therefore, the voltage and current of the motor have the

following limits
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2 _ .2 2 2
vg =v, +tv, sV

S mac

(5.51)

222 2 2
iy =iy, +i, <1

S max

where Vs ux =1/ \/5 Vie ... with SVM, and V. =1/2 V. ... with Sinusoidal-PWM

C. Current reference generator

The amplitude of stator current i, is directly linked to the torque production. Nevertheless,
there are infinite couples i4 i, that give the same vector i;, each producing a different
torque value. In the constant-torque operating range, various profiles in the iy, i, plane can
be selected, depending on the optimization objective of the specific application. In the

drive schematic of Fig (5.12), the output of the proportional-integral (PI) speed regulator is

the (signed) amplitude of the stator current space vectori .

If the direct current reference i, is expressed as a function of i; that maximizes the torque

by imposing
87; =0 (5.52)
8iq
that gives, in turn,
2i°) =il +4Jit +8(i,i)’
i =sign(T)\/ )~ . i + 8, (5.53)
. y
where i, =—" . (5.54)
“o(L,-L,)

A common way to derive the adequate current references for FW is based on the

calculation of the intersection between the actual current circle and the voltage limit ellipse

in the ig-iq plane. For a given current i; and rated amplitude V,, (V}) of voltage vector, the
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i, i; couple can be derived from Eq.s (5.51) and the steady state voltage balance equation

(from Eq.s 4.12)

2

. . Vim
Ll +(Lji, +v, ) :ﬁ (5.55)

in which @, is the electrical speed (p@) and the stator resistive drops have been

neglected. It is, then,

V2 _
Ly, —\/l//,iLi —(L, - L )(7’;; —(L,i})*)
- = (5.56)

C-L)

2
q

It is worth noticing that the theoretical value Eq.s (5.56) is a function of either current and
voltage vector amplitude and of the motor speed as well. The use Eq.s (5.56) as a current

reference generator requires the knowledge of the electrical speed @, in which the FW has

to triggered, given by

o, =t Vi (5.57)
Lf,ij +(Lji, +vy, )

NOTE: As previously mentioned in the above discussion, a maximum toque Tp.x can be
achieved by utilizing the reluctance torque with an optimized current angle gamma; the
speed increases with this possible maximum torque until the inverter reaches the
limitations, i.e., the rated condition of the drive. The torque is decreased when the speed
further increases above the rated speed; this operation is known as constant power
operation.

In the field-weakening region, the controller uses the feedback iy and reference igref

corresponding to the reference speed calculated according to Eq.s (5.57).The switching
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between the constant torque and the field weakening controller is implemented by
comparing the feed back speed and the known rated speed of the drive.

Theoretically a maximum speed wmax With zero torque is reached when iq4 is set to be the
rated current. Without a proper flux weakening operation, the current regulator would be
saturated and lose its controllability at higher speed. A smooth transition from the constant
torque to the flux —weakening region is guaranteed by an external voltage close —loop
regulation, as depicted in Figure 5.12, which delivers a FW component iy that is added to
the actual i; when the space-vector-modulated (SVM) inverter voltage limit is approached.

The quadratue current reference i, is now limited by

Ly sim = SIN( L )\/is2 —(iy +iy ) (5.58)

The design now focuses on the choice of K, and K, which fixed the reference voltage

limit of the loop. The choice of the voltage limit Ky has to be harmonized with that of the
integral gain K;, , which in turn must preserve the overall system stability. It is worth
noting that the greater K, , the closer the voltage limit to the inverter saturation. If this is
the case, a prompt flux-weakening action is required. Of course, this calls for higher value

of K, , whose upper limit is yet imposed by system stability. In this paper, a value of
K, =0.54 has been used.
Another crucial parameter is the maximum negative current i, .. ,which limits the output

of the integrator(Fig.5.12).It is worth performing an adaptive limitation, according to the

actual working point, by setting
idf,min =1y - id,n (5.59)

where I is the rated stator current and i, is the direct current that the current reference

generator would give in the absence of voltage limitation. Several experimental tests have
highlighted that if a fixed limitation is chosen instead, instability may arise at load

detaching during operation far above the base speed.
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D) Current regulators (controllers)

In every modern ac drive, the current control plays a crucial rule and can be fully
considered a distinguished feature of the drive itself. Actually, a proper current control can
be achieved in the synchronous d-q coordinates system by conventional proportional plus
integral (PI) controllers, as shown in Figure 5.14.In the synchronous frame, the motor
model presents coupling terms between d and q axes. These terms can be considered as
disturbances that complicate the design of PI controllers and reduce the overall dynamic
performances. A decoupling and feedforward algorithm has been implemented in the drive,
as sketched in Figure 5.14. A decoupling and feedforward algorithm (blocks DC; and DC,)
reduces the cross-coupling effects between the two axes and simplifies the PI regulators

design. An exact decoupling action could be obtained by including inductance saturations.

ids +

Figure 5.14 Decoupling scheme in current control

94



Field weakening control of PMSM

Chapter 6

Simulated Result, Discussion and Conclusion

In order to validate the mathematical analysis and, hence, to establish the effectiveness of
the proposed field weakening control scheme, the performance of IPM drive based on the
proposed control scheme is investigated both theoretically and by simulation at different
operating conditions. Therefore this section of the thesis is concerned with formulating a
software (matlab) code that will be used to develop the closed loop control of the system
under field weakening.

The software design is the point of convergence for this thesis project. This is because it is
the point where all theories and practices presented through the course of this report come
to together to form an appropriate software design. A matlab code is prepared to realize
control of PMSM with field weakening .The constructed software design can be done also
in a C-code. Developing the model using matlab/simulink provides portability and
maintainability. This allows for the design to be prototyped relatively quickly (relative to
programming with c++) and the model can be optimized to this particular design
architecture.

In this section general software flowchart will be explained. Furthermore, simulation
outputs of the relevant parameters are analyzed and monitored to show that the proposed
scheme run properly. The software implementation is done based on the system shown in

Figure 5.12.

6.1 Software Organization

Overall algorithm of simulation may be divided into two: initialization and running the
program .The initialization step defines and initializes the software variables and constants
while the second step is running the program .Discrete simulation have been carried out for
the implementation of the drive using Matlab. The IPM drive system shown in Figure 5.12

is considered here again with software analysis of field weakening.

The following flow chart is followed to investigate the control of PMSM over a high
speed.
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Figure 6.1 Flow chart of the closed loop drive
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The discrete forms of PI controllers are used for digital simulation. The sliding mode
observer simulation is done in a-f reference frame with constant gain —matrix as derived in
section 3.3.A discrete—time version of relevant equations suitable for implementation on a

matlab program can be derived using a Z-transform .For transformation from continuous

) . ) z—1 )
system to discrete we use backward transformation, i.e., S =T— ,where T ( t=kT) is the
Z

sampling time of the system and k is the sample number. A carrier signal of variable
frequency is used, with switching frequency in the inverter of 1KHZ, which is also equal to
the sampling frequency. The control algorithm including the proposed flux weakening
scheme is implemented with this software.

The proposed model for flux weakening control of IPM drive block shown in Fig.5.12 is
implemented using Matlab and the simulation voltage and phase currents are shown in the
next section. Parameters of the Interior Permanent Magnet Synchronous machine used in

simulation is presented in Table.4.

TABLE4 The PMSM (IPM) control design data (Motor specification)

dc link voltage 220V

Inertia 0.0015Kg.m"
magnetic flux linkage 0.272Wb
pole pairs 2

rated power 960W
speed(nominal) 128rad/s
stator resistance 0.8ohm
g-axis inductance 67mH

d-axis inductance 27mH
friction coefficient 0.001Nm/rad/s
sampling time 0.001sec
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The field —oriented controller is based on a current controlled voltage source inverter (VSI)
structure. The control loops are arranged in two —phase synchronously rotating reference
frame dq aligned with the rotor flux, while the sliding mode observer operates in two —
phase stationary reference frame ofi. The value of Vg,,, is set according to the dc link
voltage. The nominal value of Vg, is about 120V.

A reference speed of ramp and constant value is considered. In practice, a ramp speed
command is preferred to a step speed change to avoid controller saturation, which leads to
the development of maximum torque almost instantaneously. A sliding mode closed loop
observer is analyzed which exhibits stable speed control and hence provides the rotor
position (needed for the field orientation). The observer can successfully replace sensors.
There exist three PI regulators in the FOC structure. Saturation techniques for current
regulators are a major issue in determining the performance of motor that can be expected

when working close to the inverter voltage limit.

6.2 Simulation results and discussion

Next, simulation results obtained for the drive being investigated are presented for the
sake of comparison. The software represents all the switches as ideal switches.

The simulation has been performed for the verification of the proposed strategy in the drive
system of section 5.

The phase voltages are compared with high- frequency carrier signal to generate the pulse
width —modulated (PWM) signals, which act as firing pulses for the six transistors of the
inverter. The sector number generated by comparing the triangle with the sinusoidal
reference voltage is plotted in Fig.6.2. And in Fig.6.3 the reference voltage together with
reference speed and the six sectors which used for duty cycle determination are shown. As
we can see the reference speed in this case is considered to be a constant ,20rad/sec.Later
in this section we considered different speed reference values ,which includes a ramp

having a certain slope for the sake of comparison.
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triangular carrier signal versus 3-phase sinusoidal signal
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Figure 6.2 Simulation results with voltage references (a) determination of sectors (b)

sector numbers of voltage vectors.
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wr(rad/sec)

Figure 6.3 Reference voltages, reference speed, and generated six side polygon (sectors)

Fig 6.4 shows the pole voltages waveforms of the drive, i.e. VAO, VB0 and VCO0.These
continuous output voltage waveform pattern is obtained after the carrier has been taken
out. Based on switching sawtooth functions
va0,vb0,vc0,vn0,line to line voltages (vab, vbc, vca),and phase voltages (van, vbn, vcn),are

presented in Fig.6.5 and Fig.6.6.The voltage vn0 represents the equivalent common mode
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Figure 6.4 The wave form of space vector PWM outputs (pole voltage)
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Figure 6.5 Voltage waveforms vao, vbo, vco and vno.
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phase woltages
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estimated rotor position,wr=10rad/s

rotor position (rad)

250 500
sampling time, k

Figure 6.8 Estimated rotor position by application of sliding mode observer for w,=10rad/s

Fig.6.7 shows matlab simulation results of the proposed SVPWM. The input inverter
balanced load/phase currents and output line to line are shown. Also, the stationary alpha
and beta axis phase currents are shown. From Fig.6.7, it can be noted that the phase
currents of the rectifier are modulated during each cycle. Their values comprised of the
three phase output currents. On the other hand, the output voltages are also modulated, and
are composed of portions of the three phase input voltages. From Fig.6.7, it can be
observed that the waveforms of three phase output currents are essentially sinusoidal. This

result, in turn, demonstrates that there are no low order harmonics in the output voltage.
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Fig.6.8 shows the estimated rotor position waveform obtained based on sliding—-mode
observer for reference speed of 10rad/s. For the drive system, the pertinent control
objective of sliding mode observer is to estimate rotor position and to track the rotor
angular speed. Fig .6.9 shows the simulated response of the motor speed and
corresponding filtered and unfiltered speed errors. The motor current is practically
sinusoidal and the estimated rotor speed nearly follows the reference speed but obviously
with some ripple in the speed error. This error variable can be stabilized by proper
selection of control input and also using a low pass filter. A low pass filter is used to get
rid of the high —frequency ripples caused by differentiation and noise in the current and
voltage signals generated. In Fig.6.9b it can be observed that the speed error smoothes out
after about 0.03sec.The time constant in the first case (Fig.6.9a) is t=RC=0.08sec and in
the time constant in the second case (Fig.6.9b) is 1=0.01 seconds.

An increase in the reference speed from 10rad/sec to SOrad/sec is well handled by the
sliding mode observer. Fig .6.10 shows the simulated response of the motor rotor position
and speed for constant reference speed of 50rad/s .The estimated speed (wg, ,feed back
speed) does converge after an elapse of time while unmodeled space harmonics appear as
ripple in the speed estimate. The error between w,s and wg, feeds the current regulating
loop. The estimated speed wy, in Fig .(6.10b) 1s a low pass filtered output of the reference
speed, ws =50rad/sec.The observer behaves well in this incremented speed reference.
The error between wys and wg, feeds the current regulating loop. The speed drops, but

recovers to the commanded value in the steady state.
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Figure 6.9 Simulated responses of estimated speed and corresponding error at

different time constant a) r=0.08sec (b) t =0.01sec
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Figure 6.10 Simulated drive response for an increase in speed, w, =50rad/sec (a) rotor
position and (b) the estimated speed
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A reference ramp speed profile is applied to the drive. The desired motor speed varies from
0 to 15rad/s. Fig.6.11 shows the results corresponding to a ramp reference speed. The

steady- state error between the estimated and reference speed is almost negligible.

estimated speed for ramp reference speed

rotor speed (rad/s)

T I N
0 50 100 150 200 250 300 350 400 450 500
sampling instants, k

Figure 6.11 Simulated drive response for a ramp speed profile.

Fig.6.12 show the simulated current response and waveform of the stator current, d-axis
and g-axis currents for the ramp speed command under the fixed DC link voltage of
220V.A certain delay in i, response can be observed.

The simulation waveforms in Fig.6.13 illustrate the iy versus i, trajectory in the d-q plane.
When rated speed is reached, the dynamic field weakening algorithm is activated and the
reference vector is modified and generates the appropriate currents.

This phenomenon is illustrated in Fig.6.14.
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Figure 6.12 Reference current generation
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Figure 6.13 Maximum torque per ampere trajectory (iy versus i, trajectory)
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Fig.6.15 also shows the speed-torque curve of IPM drive in FW actions. Particular care has
been paid for the management of current regulators output and integral limitation.
Actually, a proper current control can be achieved in the synchronous d-q coordinates
system by conventional proportional plus integral (PI) controllers.

The transition into constant power is illustrated in Fig.6.16 .when V,, reaches V. , the
flux weakening operation begins at this speed. The error between V,; and V.. feeds the
voltage regulating loop to generate iz, .The beginning of field weakening at the rated
speed bring about a decrease in torque component i, and an increase in ig current toward

the negative direction to keep the current regulator from saturation as shown in Fig.6.15.
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Figure 6.15 IPM drive speed —torque curve.
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6.3 Conclusion and future work

6.3.1 Conclusions

The objective of this work is to explain and analyze field weakening control of a voltage
source inverter (VSI) fed PMSM drive system for Electric vehicle (EV).The dynamic
performance of flux/field weakening control of PMSM motors has been studied. The
demagnetizing effect of the negative direct current to weaken the air gap flux was
presented in detail.

In this master thesis various types of PM —synchronous motors internal configuration is
discussed and their main differences is also reported. Among which an IPM drive are
gaining widespread interest for their inherent flux-weakening capability. The control of an
IPM motor is more involved, since it features both PM and reluctance torque. The detailed
derivation of the motor model has been provided. The work implied an extensive
theoretical approach which incorporates many mathematical derivations.

First, generalized dynamic mathematical model of the PM-Synchronous motor was studied
and developed in both stationary and rotating frame. A detailed description of comparative
analysis of flux-weakening control methods and modeling of the motor drives are the main
accomplishments of this work. This includes modeling of PI regulators, Space Vector
Pulse Width Modulators (SVPWM), and estimation of the rotor angle is discussed in
chapter 3. But its biggest contribution is having them all together on one place - in a single
master’s thesis project so that a concise, but complete motor drive design for this specific
application is available to a reader.

The estimation of initial angle of the rotor is a vital part of both an open loop and a closed
loop vector controlled PMSM drive. The presence of state observer for rotor position
estimation has made the calculation very complex. Researches are still working to obtain
better performance of Field Weakening control of sensorless PMSM drive.

The motor drive system simulation model was developed and assessed using matlab code.
For a fully digital implementation, the system model has been discretized by rectangular
transformation (back transformation).In addition, SVPWM algorithm used in this paper is
simulated and the results are reported. In addition to the implemented SVPWM algorithm

of Chapter3, over-modulation techniques may also be implemented in order to utilize
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entire dc link voltage. With the analysis and implementation of FW control of PMSM
machines presented in this thesis, a good performance can be obtained.

Future research in the areas of the adaptive and robust control systems in real time
application, and flux-weakening control methods, is a natural continuation of this work.
The author’s hope is that the above-mentioned accomplishments can serve as a small
contribution to future research in this wider and more interesting than expected, but less

explored than expected area .

6.3.2 Future Work

The theoretical and simulation works show the great promise of the studied methods in this
thesis. However, due to equipment limitations these methods are not tested practically. The
presented analysis of the machine parameters gives guidelines for further studies. Further
research should be performed to combine the analysis and selection of the parameters of
the PMSM with the actual magnetic design of a machine. The d-q axes inductances of [IPM
synchronous motors are susceptible to saturation due to high current excitation, and should
be modeled by making L4 and L as function of the d-q axes currents, ig and iy, Further, the
magnet flux density changes with temperature. Temperature can affect the flux density of
the magnet so also the field-weakening performances. Thus, saturation effect of d-q axis
inductances and temperature dependence of the magnet should be included in future

research to complete the prediction of the losses (iron losses, stray losses, etc...).
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