- PERFORMANCE INVESTIGATIONS ON DSP BASED
* PERMANENT MAGNET SYNCHRONOUS MOTOR DRIVE

A DISSERTATION

Submitted in partial fulfillment of the
requirements for the award of the degree
| of
MASTER OF TECHNOLOGY
in :
ELECTRICAL ENGINEERING

(With Specialization in Power Apparatus and Electric Drives)

By
NAGARJUN BOMMINENI

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE - 247 667 (INDIA)
JUNE, 2007



279 ] 2007 ~12 [ Yp—S&C

I.D. No. 'M-‘Fﬁ- we e an ,m o o lﬂ,&t“%&

CANDIDATE’S DECLARATION

I hereby declare that the work that is being presented in this dissertation
report entitted “PERFORMANCE INVESTIGATIONS ON DSP BASED
PERMANENT MAGNET SYNCHRONOUS MOTOR DRIVE” submitted in partial
fulfillment of the requirements for the award of the degree of Master Of Technology
with specialization in Power Apparatus and Electric Drives, to the Department Of
- Electrical Engineering, Indian Institute Of Technology, Roorkee, is an authentic
record of my own work carried out, under the guidance of Sri. Y. P. Singh, Asst.
Professor, Department of Electrical Engineering and Dr. S. Ghatak Choudhuri, Lecturer,
Department of Electrical Engineering. _

" The matter embodied in this dissertation report has not been submitted by

me for the Award of any other degree or diploma.

Date: 22 —06 -200F ,\[Zw\;‘\:] .
Place: Roorkee (NAGARJUN BOMMINENI)

This is to certify that the above statement made by the candidate is )

correct to the best of my knowledge. ' p

(Sri.YE INGH)

Asst. Professor,

. Department of Electrical Engineering,
Indian Institute of Technology,
Roorkee—247667,

India.

(MR. S.GHATAK CHOUDHURI)

Lecturer, 220 24N ?/

_Department of Electrical Engineering,

Indian Institute of Technology,
Roorkee-247667, .

India.



ACKNOWLEDGEMENT

I would like to thank Sri. Y.P.SINGH, Assistant Professor, Department of Electrical
Engineering and Dr. SGHATAK CH_OUDHURI, Lectnrer, Department of Electrical
Engineering, LLT. Roorkee, who took great efforts in providing good guidance and

was enthusiastic about my work.

I express my deep & sincere sense of gratitude to-all the faculty members & institute
staff. These acknowledgements would be incomplete without thanking my fellow M.Tech

students for always encouraging each other to work hard.
Flnally,i am indebted to my parents who have built my educational foundation,-

encouraged me throughout my studies and given me the choice and chance to

pursue what I desired.

DATE: June-2007 7 _
PLACE: Roorkee ' ' (NAGAR BOMMINENI)

ii



ABSTRACT

: .AdeStabl,e speed’ drrves are essential for energy savings in industries. The avaiIability-
of modern permanent magnets (PM) with considerable energy dénsity led to the
development of dc machines with PM field excitation in 1950s.Traditionally DC motors
have been used for the adjustable speed drives. Now-a-days vector controlled ac drives
are replacing the dc ‘drives because ac motors are more robust and need minimum
maintenance due to absence of commutators and brushes. -Among the ac motors
permanent magnet synchronous motors (PMSM) are superior to squirrel cage induction
motors for servo applications as it has fast response,‘ higher torque to inertia ratio, higher
power density and higher efficiency. Further, the perménent magnet ac motors do not
need magnetizing current from stator side. The magnets on rofor are of high resistiv‘ity

: materials thus losses in the rotor are negligible. )
In the PWM inverter fed PMSM control structure, the rotor posmon and speed are
, sensed The actual rotor speed is subtracted from a reference speed and speed error is
processed in speed controller to obtam a reference torque. The torque command is
divided with the PMSM torque constant to obtain torque component (q-axis component)
of the reference current. The field component '(d.-axis component) of the reference current
is kept zero as the PMSM surface mounted type in which dernagnetization is avoided.
Using torque and field components of the reference current and rotor position' angle, the
park’s transformation is applied to ‘transform dq-axis \references currents to abc-axis
reference currents. The actual three phase stator currents are subtracted from rhe abc;axis
references currents and the currents errors are passed through fed to sinusoidal pulse
width modulated (SPWM) currenf controller, which provides controlled switching signals’
to.the inverter switches. The controlled switching of the inverter feeds regulated current
to the PMSM. | _ o
Mathematical models or’ the PMSM and vector control of the drive is developed. The
models are used for associate controller desi gns and simulation of the drive. The PMSM
speed controller is mvestlgated with PI, Fuzzy, Hybrid and FPPI speed controllers. And
the drive performance is compared with these speed controllers. The SPWM technique is

implemented with I-8438 embedded controller.
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Sensorless vector control of the drive is also simulated; in this control simple open loop
ﬂuxk est{mator is uséd. Speed and rotor position are estimated with two voltages and
current signals. | |

To summarize, a Véctbr controlled PMSM drive is simulated with different speed
controllers. And the performance of the drive is compared with different speed
controllers (PI, Fuzzy, Hybrid and FPPI). Sensorless vector control of the drive is also

simulated.
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- Chapter 1
Introduction

1.1. General

‘Motion control with electrical drivés is always a challenge for researchers and
technologists. Nowadays; motion control system has become a vast area to be recognized
as a distinct field. Adjustable speed drives are prefefred over fixed speed motor because
of several reasons, energy saving, velocity or position control and for good transient
response etc. The contribution made by power electronics enginéers is increasing day-by-
day in the area of precise motion control technology with electrical actuators such as
dc/ac servomotors.

In earlier days, one of the most suitable motors for servo applications was separately
excited dc motor. The commutators and brushes in the dc motors imposed limitations on
high-speed applications and required fréquent maintenance. The sparking on commutator
prohibited use of the dc motors in mines and other inflammable zones. Due to these
drawbacks, the dc motors are being replaced by ac motors in most of the modern drives.

Successive advancements in motor design, control techniques and poWer electronics,
has led to efficient modern drives. The main contribution to modern motor drives is
implementation of digital controllers using microprocessors, Digital Signal Processors
(DSPs), Field Programmable Gate Arrays (FPGAs) and Programmable Logic Controllers
(PLCs) etc. along with high frequency switching devices like Bipolar Junction
Transistors (BJTs), Insulated-gate bipolar transistors (IGBTs) and Metal Oxide
Semico'nductor Field Effect Transistors (MOSFETs) etc. Modern day servo drive motors
include cage induction motor, trapezoidal input current permanent magnet motor,
sinusoidal input current permanent magnet motor and switched reluctance motor.

The availability of modern permanent magnets (PM) with considerable energy density
led to the development of dc machines with PM field excitation in 1950s. Introduction of
PM to replace electromagnets, which have windings and require an external electric
energy source, resulted in compact dc machines. The synchronous machine, with its
conveﬁtional field excitation in the rotor, is replaced by the PM excitation; the slip rings

and the brush assembly are dispensed with. The armature of the dc machine need not be



on the rotor if the mechanical commutator is replaced by its electronic veréion. Therefore,
the armature of the machine can be on the stator, enabling better cooling and alléwing
higher voltages to be achieved: significant clearance space is available for inspilation in.
the stator. The excitation field that used to be on the stator is transferred to the rotor with
the PM poles. These machines are nothing but ‘an inside out dc machines’ with the field
and armature interchanged from the stator to rotor and rotor to stator, respectively.

In the ac drives either an ac motor or a switched reluctance motor is used. The
switched reluctance motor produces large torque ripples; hence, for getting smooth torqlie
and speed characteristics either an induction motor or a permanent magnet motor is

- preferred. Fig.1.1 shows the classification of electric motors.

Electrié
Motors
AC ) DC
Motors : Motors
Asynchronous ' | Synchronous
Motors ’ } Motors

Induction Permanent Wound field Hysteresis Stepper Reluctance
Magnet Motors .
Motors Motors Motors Motors™ Motors

Brushless DC Permanent Magnet
Motors Synchrono’us
Motors

‘Fig.1.1 Classification of electric motors
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1.2.Advantages of Permanent Magnet (PM) Motors :

For the same power rating, the permanent magnet motor possesses some distinct
advantages over the squlrrel-cage induction motor.

The rare earth and neodymium boron Permanent Magnet (PM) have lower inertia when
compared with induction motors because of the absence of a rotor cage, ‘these results in
faster vresponse for a given electric torque. In other words, the torque to inertia ratio of
these PM machines is higher [11]. ' '

The PM m_otors‘have hi gherq efficiency than induction motors [2]. This is primarily due
to negligible rotor losses in permanent magnet machines; the rotor. losses in the IM,
however, can be considerable, depending on the operating slip. This discussion is
applicable to constant flux operation.

. The Induction motors need a source for excitation. The PM motors already have the
excitation in the form of the rotor magnet.

For the same output capacity Induction motors have lower efficiency and require
larger rated rectifiers and inverters due to excitation when compared to permanent
magnet motors. | ‘

The PM motor.is smaller in size than an induction motor of the same capacity. Hence,
it is advantageous to use PM motors, especlally where space is a serious limitation. In
addition, the' permanent magnet motor has less weight [5]. In other words, the power
density of permanent magnet motors is higher. A

The rotor losses in a PM motor are negligible when compared with induction motor
rotor losses. A problem that has been encountered in the machine tools industry is the
transferal of these rotor lasses in the form of heat to the machine tools and work pieces,
thus affecting the raachining operation. This problem is avoided in permanent maghet

machines.

1.3. Types of permanent magnet motors:
Permanent Magnet motors (PM) can be classified into two types
1. Permanent Magnét Brushless DC Motors (PMBLDCM)
2. Permanent Magnet Synchronous Motors (PMSM)



1.3.1. PMBLDCM: - The characteristic features of the brushless D.C. motors are
| ¢y réctangular distribution of flux in the air gap
(2) rectangular current waveforms
(3) Concentrated stator windings.
1.3.2. PMSM: - The charaéteristic features of the permanent magnet synchronous
‘ motors are
(1) Sinusoidal distribution of magnetic ﬂux in the air gap
(2) Sinusoidal current waveforms

(3) Short-pitched and distributed or concentric stator windings.
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" Fig.1.2 Basic excitation waveforms for (a) sinusoidal and (b) trapezoidal PMAC motors.

Fig. 1.2 provides a direct comparison of idealized current excitation waveforms for
typical three-phase sinusoidal and trapezoidal PMAC motors. Despite their obvious
differences in wave shape some important similarities also apparént. For example, this:
excitation waveforms form balanced three-phase sets for both PMAC classes, with 120

electrical degree separations between successive phases [3].

1.4 Differences between the PMSM and PMBLDCM-

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

needed to produce a steady torque in the PMBLDCM. It is this difference that has



numerous ramifications both in the behavior of the motor drive and in »the structure of the
control algorithms and circuitry [2]. o

The PMSM provides less torque ripples, higher speed range, more accufate speed and
position control because of contmuous rotor. posmon feedback On the other hand the
PMBLDCM has hlgher torque per unit current if both are operating on constant operatlon ,
mode. The PMSM drives are proving more suitable for high performance adjustable
speed ac drives applications. In the machine tool industry the transfer of heat due to rotor
losses to the machine tools and work pieces, affects the maehining Operétidn.

Due to negligible rotor losses compared to other servo drives like; dc motor and

induction motor drives, there is wide scope of the PMSM in machining applications.

1.5 Operation of PMSM
The PMSM replaces field coil, dc power supply and slip rings of synchronous machine
with a permanent magnet. The PMSM requires sinusoidal current to produce constant

torque like a synchronous motor.

Figl.3 Three-Phase Synchronous Motor with One Permanent Magnet Pair Pole Rotor

The interaction between the rotating stator flux and the rotor flux produces a torque
which will cause the motor to rotate [5]. The rotation of the rotor in this case will be at

the same exact frequency as the applied excitation to the rotor.



1.6. Classification of PMSM
The PMSM is classified based on »its rotor design in two categofies.
(1) an exterior pérmaneﬁt magnet type (EPM) PMSM
(2) an interior permanent magn.et type (IPM) PMSM .

In EPM type of PMSM the permanent magnéts are fitted on the surface of rotor .
periphery of the motor. This construction of PMSM is also known as Surface PMSM.
In IPM type of PMSM the permanent magnets are embedded inside the rotor.
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Fig.1.4 Surface PMSM _ Fig.1.5 Surface inset PMSM

N

Fig.1.4 shows the magnets mounted on the surface of the outer periphery of rotor
lamiﬁations. This arrangement provides the highést air_gap flux density, but it has the
drawback of lower structural integrity and mechanical robustness. Machines with this
arrangerhe_:nt of magnets are known as surface mouﬁt PMSM s or EPM s. they are not
preferred for higﬂ-speed applications, generally- greater than 3,000 rpm. There is very
little (Iess than 10%) variation between the quadrature- and direct-axis inductances in this
machine. The pérticular fact has coﬁseqqences for the control, operation and
characteristics of the surface-mount PMSM drives [24].

Fig.1.5 shows the magnets placed in the grooves of the outer periphery of the rotor
laminations, providing a uniform cylindrical surface bf the rotor. In the addition, this

arrangement is much more robust mechanically as compared to surface-mount machines.



The ration between the quadrature- and direct- axis inductances can be high as 2 to 2.5 in

this machine. This construction is known as inset PM synchronous machine [5].

Fig.1.6 Interior PMSM . Fig.1.7 Interior PMSM with circumferential
A : Orientation

Fig.1.6, 1.7 shows the placement of magnets in the middle of the rotor laminations in
radial and circumferential orientations, respectively. This construction is mechanically
robust and therefore suited for high-speed. applications. The manufacturing of this
arrangement is more complex than for the surface mount or inset-magnet rotors. Note that
the ratio between the quadrature- and direct-axis inductances can be higher than that of
the inset-magnet rotor but generally does not exceed three in value. This type of machine

construction is generally referred to as interior PMSM.

1.7 Literature review: ,

In reference [2], the very basic fundamentais of the PMSM are described. The author
has given the idea of construction of PMSM, the various magnetic materials used for
permanent magnet rotor, types of permanent magnet motors and the characteristics of the
permanent magnet synchronous motor with the help of vector diagram. In reference [24]
the 'author has. given the clear picture of applications, advantage and limitations of
different configurations of PM Brushless machines. i

There are two types of permanent‘magnet motors, PMSM and BDCM. The PMSM and

BDCM have many similarities; they both have permanent magnets on the rotor and



require alternating stator currents to produce constant torque. The difference betweenl two
machines is that the PMSM and BDCM have sinusoidal and trapezoidal back emf’s.
Reference [11] describes the application characteristics of PMSM and BDCM; it also
describes how permanent magnet motors areabetter than induction motors.

Reference [12] gives detailed representation of buried permanent magnet synchronous
motors at steady state is presented. An equivalent circuit is proposed that accounts for
saliency of the machine and for the particular influence of iron core losses on the
machine operations. No-load as well as loaded conditions are analyzed and
experimentally tested in.order to describe the influence of the armaiure current on the
rotor flux distribution. A '

The application of vector control of PMSM and complete modeling,g simulation and
- analysis of the drive system are described in [7]. State space models of the motor and
speed-controller and real-time mod.els of the inverter switches are described.

_The basic ,concept of vector control and application of this control to the PMSM is
thoroughly explained in references [1, 3, 4] and [5].

Motion"control techniques have been developed to exploit the high efficiency and
extremely fast dynamic response capabilities of PMAC machines. Control techniqnes are
reviewed separately for the two major classes of PMAC machines referred in [14].
Trapezoidal PMAC machine drives nre distinguished by their controls simplicity and
minimal sensor requlrements sinusoidal PMAC machine drives offers opportumtles for
extremely smooth torque production and extended hlgh-speed operating ranges
Advanced PMAC machine control topics are descrlbed

N. Senthil kumar and K. Saravanan [23], presented speed control of PMSM drlve
~using VSI. Vector control has been used for high servo applications and this paper
describes the complete scheme of PMSM drive.

F.M. Abdul-kader and S.M. Osheba [8] analyses the dynamic performance of PMSM .
using’ damping and synchronizing torques. The results illustrates the significant
improvement in transient performance can be achieved, over a wide range of voltages and
frequenmes when some parameters are properly chosen.

Rashid [6] explalned the basic concepts of SPWM and the advantages of this

technique. The analy51s of PMSM shows that the increase of electromagnetic torque is



proportional to the increase of the angle between the stator and rotor angle flux linkages
and th_eré fore fast torque response can be obtained by increasing the rotating speed of the
‘stator flux linkages as fast as possible; | |

In reférences [9, 10] the author explained the basic fundamentals of fuzzy logic, he also
explained different dufuzzifications methods. In references [15] the authors explained
~ how fuzzy logic can be implemented in speed controller and in the referénces [18, 21] the
authors explained various speed control techniqués like Hybrid controller and FPPI
controller. | |

Vas Peter [1] explained the basic cdncepts and operation of the PMSM and he also
discuséed about the vector control and various methods of speed and rotor a.ngle
estimation techniques. In reference [17], Tomonobu Senjyu explained the open loop
position .and speed estimation technique. In reference [20] the authors explained”the
elimination of drift in the estimated flux.

In the references [19, 13] the authors had given the idea _abbut estimation of speéd and

rotor position over a wide range of speed.



Chapter 2

Mathematical modeling of PMSM

2.1 Assumptlons :
The assumptions made for modehng of the PMSM are as follows:
1. The three phase stator wmdmgs of the PMSM are balanced and produce
sinusoidalfy distributed Magneto Motive Force (MMF) in the space.
2. The permanent magnets on the rotor produce smusmdally distributed magnetic
flux in the air-gap space.
3. The magnetic material is highly resistive hence; current dynamics in the rotor are
. neglected. |
4. Saturation and iron losses in the machine are neglected.
The three-phase sinusoidal currenfs flowing into the motor are also assumed

ripple free »(fundamental‘ currents are assumed to simplify the motor model).

2.2 PMSM model :

The stator of the PMSM is same as the stator of a synchronous motor and its rotor
consists of multi-pole permanent magnets on its surface. The PMSM rotors are
interior permanent magﬁet (IPM) type and projection permanent magnet (PPM) type.
The IPM rotor possesses saliency and it provides sufﬁéient demagnetization range as
to allow operation of the motor in field weakening region also. In contrary, the
projection type PM motor is not able to operate in field-weakening range because its
demagnetization capability is very small. in the present rﬁodel of the PMSM,
projection type petmanént magnet rotor is considered. The relative permeability of
the permanent magnet is approximately equal to that of air. Insetting a permanent
‘magnet on the rotor is same aé introducing an air-gap edﬁ_ivalent to the width of the
magnet. The permanent magnet on the rotor is shaped such that its flux in the air gap
is almost sinuSoidal.. Hence, for the PPM type motor the air gap is assumed uniform

: throughoﬁt the rotor periphery.

10



2.2.1 Stator Reference Model of the PMSM (in MLK.S. Units) :

Fig.2.1 Schematic of two pole PMSM

Figure 2.1 shows a schematic diagram of the projection type PMSM. The stator
phase windings afe sinusoidally distributed and suitably fractional-pitched as to
obtain sinusoidal air-’gap flux. Small circles on the stator periphery show the stator
winding conductors. To simplify the drive model, the stationary frame reference—axis

and phase-‘a’ axis are chosen as coinciding to each other [7].

Three-phase stator reference frame voltage equations of the PMSM are written as

[22]

[V;bc :I = [7:9] + [iabcs:| | | @D

Where A [Zbcs:l = [Vas Vbs I/cs ]T ;[iabcs] = [ias | ibs ics ]T >

11



Rate of change of flux linkages to stator windings A, is the static as well as dynamic

induced EMFs in the windings. The dot over the vector denotes its first order

differentiation. The flux linkages in stator phase windings are given as

[Zabcs-] = [Labcs ][z;bcs] + [Zabc.sf] g ' | 2.2)

Where, /_iab“f is the magnetic flux linkage vector to stator windings due to permanent

magnets on the rotor, as seen from stationary reference axis. Differentiating equation

(2.2) and substituting into equation (2.1), the voltage equation is written as,
_K:bcs:l = [rs ] I:iabcs :l + [Labcs ] |:iabcs:| + I:/’ljabcsf :I (243)

- : sin @

Where, l:l:abcs J = [z:as »l:bs l:cs :'3 [/:iabc.sf ] = A_,f sin (9 - 272’/3)
‘ sin (8 +27/3)
. ¥y 0 0 Laas Labs Lacs
[n]=|0 = Of and [Ly.]=|lu Lu Iu
0 0 ’Ti‘ ‘ . ‘Lcas chs Lccs

Since, the three phase windings are balanced, the mutual inductances of the phase
windings are equal. The magnitudes of the mutual inductances are equal to half the

magnitudes of self-inductances with differential flux linkage. Hence,

=—L /2;

L = = Lacs = Lcas = chs = L

abs — “bas bes
Substituting above values of inductances in the inductance matrix L the new

inductance matrix is,

L, -L/2 -L/2

5

[Law]=|-L/2 L, -LJ2

S5

-L/2 -L/2 L

s

12
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The dynamically induced voltages in the phase windings ie., A4, is obtained by

differentiating _:,,mf as

. . cosf
[iabaf ]: @Ay | cos(6—-2713)
cos(6+27/3)

Where, 'Zsf is the flux linkage produced by the permanent magnet of the rotor as viewed

from the stator windings and @ is speed of the rotor flux.

2.2.2 Rotor Reference Model of the PMSM (in M.K.S. Units) :
‘Using the Park’s transformation, three-phase voltages and currents of the stator

' windings of the motor are transformed to the rotor reference frame as [22]

[Zaio | = K[ Vs | » (2.4;1 )

[;;do] =K, [;;bcs]

(2.4.2)
- The voltages and currents of the rotor reference frame are transformed to the stator

reference frame using the inverse Park’s transformation as

- [Potes | = K [P | - @2.5.1)
| [;;bcs- =Ks_.I ;;do:l (2.5.2)

_cbse cos(6 -2z /’3) cos (6 +27/3) N
Where, K, =§ sin@ sin(6-27/3) sin(6+27/3)|
1/2 1/2 ' 1/2

: ' cos@ sin & |
And K1= cos(6—27_r/3) sin(6-27/3) 1
_cos(t? +27/3) sin(0+27x/3) 1

The waveforms of the voltages, currents and flux linkages depend on the reference frame
chosen, but the waveform of power is always the same for any reference frame. The

transformation from one reference frame to other is always power invariant. Equating

13



instantaneous power in the stator reference frame to instantaneous power in the: rotor

reference frame, using equations (2.4.1 & 2.4.2) we obtain,

as’as cs’es gs°gs

Vs + Vi + Vo —z(Vz Vi) (2.6)

The constant factor 3/2 yields from the Park’s transformation chosen. Using the Park’s
transformation, the three-phase voltages and currents are transferred to thé rotor reference
frame i.e., to d-q-0 axis. The stator reference fram¢ parameters iike stator resistances and
stator inductances are also transformed to the rotor reference frame. The transformation.
of voltage equation (2.1) from the stator reference frame to the rotor reference frame is

given as
[quo] K, [r ]K"l[zqd0:|+K d {K ! [zqdoj} | - @27)

Where, A ,, is the rotor magnetic flux referred on the rotor reference-axis. Transferring

the parameters of equation (2.2) to the rotor reference frame it is written as

“ [I;do] = abcs]K _1[ qu] |: abc.sf:l 2.8)

Substltutmg the values of X,,K,"',L,  and [Jl’a,mf] and simplifying equation (2.8), we

abcs

get

I:zquS :l Liso :l [’qdo [ :I , | 2.9
« [z, o o |
Where,[ ] sf |: 0 L, 0f and L, =L,=L, for projection permanent
0 0 O '

magnet type rotor. Substituting equation '(2.9) into equation (2.7), we obtain,

[Ifqﬂ,] [r][zqd0]+[qu0][qd0}+1<1<"‘d{[quo [M]Jr[ ]}
+KsE[K;‘]{[quo][fq40]+[if]} @10

J —sind | cosé 0
Where, E[Ks":|=a) —sin(6-27/3) cos(9-27/3) 0]
' —sin(@+27/3) cos(@+2x/3) 0
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Simplifying equation (2.10), we get

v, [» o o][] [Z, o o]} 0 1, o Ay
Vyl=[0 n 0|i|+| 0 L, O|i|+w|-L, 0 0| |+»| 0| (211
] L0 0 rjli)] [O 0 0fj4] L O o0 0]i] [0

Since, the motor operates With a three-phase balanced power eupply hence, no neutral
- current flows i.e. ig=0 and Vo=0 gives_ the q and d-axis voltages as
V,=ri,+Li +oLji,+oi, ‘ | | | (2.12)
V,=riy+Li,—oLi, (2.13)
Where, q-axts flux linkage is (Lqiq) ano d-axis flux ’linkageA is (Ldz'd +/15f). Hence, |
electromagnetic of the motor is given as |

_ ElectricPowerOutput _ (_3/ 2) [(de’d +wA, ) —oLji ]
" MechanicalSpeed w(2/P)

(2.14)

‘Where, P is the no. of poles To avoid demagnetization of permanent magnet of the rotor,

the d-axis current component is kept zero by the vector control action of the drive. Hence,

keeping 14=0 in the equations (2.12), (2.13) and (2.14), these are written as

V,=ri +Li +oi, | i : (2.15)
V,=-oLj, | - - (2.16)
7, = (Tﬂst =K/, : - | 2.17)

Where, K, is the torque constant of the PMSM..

The motor load torque dynamic equation is written as,

do,
"ot

Where, . 1,,0,,J, and B are load torque, mechanical speed of the rotor, moment of

(2.18)

inertié and damping friction respectively.
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Chapter 3
Vector Control of PMSM

3.1 General structure of drive system: _
The general structure of a ‘motion control system’ or ‘drive’ is shown in below

fig.3.1

Il

o - :." Power” ' |
- Control . electronics

PMa.c,
Switched

reluctance
|Brushless d.c. |

2 In;_iuction'

nP

Power
darlingtons

Gate array

~ SCRs

T Hybrids

Fig.3.1 Structure of an adjustable speed drive system

The system is integrated from four distinct elements:
1. The load;
2. The motor;
3. The power electronic convertér/inVerter; and
4

The control.

3.2 VECTOR CONTROL OF PMSM:

3.2.1 Introduction:

Separately-excited dc drives are simpler in control because they independently control
flux, which, when maintained constant, contributes to an independent control of torque.
This is made possible with separate control of field and armature currents which, in turn,

control the field flux and torque independently. Moreover’,'the dc motor control requires
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only the control of the field or armature current magnitudes, providing a simplicity which
is-not possiBle with ac machine control. In ac machines because of the‘ stator current
- magnitﬁdes, frequencies and phases the control is very complex. As with the dc drives,
indepéndent control of the flux and torque is possible in ac drives. The stator current
phasor can be resolved, say, along the rotor flux linkages, and thércomponent along the
- rotor flux linkages is the field-producing current, but this requires the position of the rotor
flux linkages at every instant; this is dynamic unlike. If fhis is available, then the control
of the ac machine is very similar to that of separately-excited dc machines.

The requirement of phase, frequency and magnitude control of the currents and
hence of the flux phasor is made possible by inverter control. The_control is achieved in
field coordinates (hence the name of the: control strategy, field oriented control);
somet_imes it.is kriown‘ as vector control, because it relates to the phasor control of the
rotor flux linkages [5]. |
Vector control method has the following ad\'Jantages:-

1. Vector control made the ac drives equivalent to dc drives in the independent
control of flux and torque. | | '

2. With this control we can obtain good dynamic performance.

3.2.2 Vector control: ‘

The stator equations of the induction machine in the.'rotor reference frameshsi_ng
flux linkages are téken to derive the model of the PMSM. The rotor frame of reference is
chosen becaﬁse_ the position of the rotor mdgnets determines, independently of the stator
voltages and currents, the instanténeous induced emfs and s'ubsequently the stator

currents and torque of the machine.

The electromagnetic torque (eqn. 2.14) of the machine is given by
3 P ¥ oer ¥ oer .
'Te': =55{ dslqs - qslds} ) o , (31)

Superscript ‘r’ represents the rotor reference model.’
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The permanent magnet-excitation is modeled as a constant current source 1g. The rotor

flux is along the d-axis, so the d-axis rotor current 1g. The g-axis current in the rotor is-:

zero, because there is no flux along this axis in the rotor, by assumption.

Then the flux linkages are written as

Ar =L, - - S (32)
Ay =Lyt + Loi, S (3.3)

‘Where, Ly is the mutual inductance between the stator winding and the permanent
magnet. ‘

SubStitut'ing equations 3.2, 3.3 in 3.1, we get the following equation

T, = %g{zafigs +(L, -1, )iz} | | 3.4)
Where the rotor flux linkages that 1i1_1k the statér are
g =L, | | (3.5)
Considering the currents as inputs, the three phase currents"are
i, =i,sin(a,t+56) - (3.6)
i,, =i, sin(@,t +6—27/3) | (3.7
= sin(a),f+5.+ 27 /3) . | . | (3.8)

Where,
@, is the electrical rotor speed ,

J is the angle between the rotor field and étator current phasor (torque angle).

The rotor field is traveling at a speed of @, rad./sec. hence; the g- and d- axis stator

currents in the rotor reference frame for a balanced three phase operation are given by,

{i’] Z[CQSW cos(a,r ~27/3) cos(a,t+27/ 3)} - (3.9)
3 .

qs
. . ' . 7
i sinw,t sin(wt—2773) sin(ws+27/3) ||
: lcs

Substituting the equations 3.6, 3.7, 3.8 in 3.9 gives the stator currents in the rotor

reference frames:
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l:i;s}=is[sin5:| o - | .10
i coso S : ‘
The q and d axes currents are constants in rotor reference frames, since & is a constant
for a given load torque. As these are constants, i:hey are very similar to armature and
field currents in the separately-excited ‘machine. The q axis current is- distinctly
equlvalent to the armature current of the dc machlne the d axis current is field current,

but not in it’s entlrely., The other part is contributed by the equivalent current source

representing the permanent magnet field [4].

For 6=7x/2
)
lqs_ls
zdy—O

By substltutlng these values in torque equation (3.4), we get

3P : B -
T-———/'L Kﬂ, N- ' . 3.11
c=372 -m | » (3.11)
Where Kl=§£ - | oo ' Vo
S22 : . ~ ‘ |

The above equation (3.11) is similar to the torque generated in the dc motor. If the torque

angle is maintained at 90°and flux is kept constant, then the torque is controlled by the
stator-current magnitud_e, giving an operation very similar to that of the armature-
controlled separately-excited dc motor. '

- The electromagnetic torque is positive for the motoring action, if & is positive. .
The rotor flux linkages ﬂaf are positive. Then the phasor diagram for torque angle

&5=90° is shown in below fig.3.2

i;s = Torque producing component of stator current = i,

i= Flux producing component of stator current = 7,
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Fig 3.2 Phasor diagram of the PM synchronous machine for & =90°

The tdrque reference is a function of the speed error, and the speed controller usually of
PI type. When reference torque is divided with the torque constant ( X, ) we will get the
torqué component of stator current (i;s) and the flux component (i) of the stator current
is always zero for PMSM Drive to avoid the demagnetization and these two components
are converted in to the reference currents i. .7, andi, in stationary reference frame [5].
For current control of VSI fed vector controlled PMSM, the reference currents
(i.,,i,.andi.) and sensed winding currents (i, andi, ) are fed into the Pulse Width
Modulated (PWM) curfent controller. A triangular carrier wave form is generated at the
required switching frequency ( f,). The poin_t Qf intersection of the triangular carrier wave

and the modulating signals acts as the point of state changeover for the PWM signals,
which are fed to the driver circuit of the MOSFET of VSI feeding PMSM.
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Chapter-4

Modeling and Implementatlon of Vector Controlled PMSM
Drive in MATLAB Environment

4.1 Description and Modeling of vector controlled PMSM Drive:

_ Fig.4.1 shows the basic building block diagrani of the Vector Controlled Permanent
Magnet Synthonbus Motor Drive (VCPMSMD). The system consists of an outer speed
feedback loop and an inner current feed back loop. Two of the three phase current signals
(i,, andi, ) along with the speed signal (@, ) are sensed and are used as feed back signals.

The speed of the motor (@,) is compared with its reference value (®,) and the error is

processed in the speed controller. A limiter is kept on the output of the speed controller

depending on the maximum permissible torque developed by the motor. The ontpuf of the
speed controller (T) after lizniting is considered as the reference torque (7).

When reference torque is divided vilith the torque constant ( X,) we will get the torque
component of stator current (i, ) and the flux component (i;,-) of the stator current is
always zero for PMSM Drive to avoid the demégnetization and these two components are:
converted in to the reference currentsi,,#,, andi,, in stationary reference frame.

For current control of . VSI fed vector controlled PMSM, the reference currents
(i, andz ,) and sensed winding currents (i, andi, ) are fed into the Pulse Width
Modulated (PWM) current controller. A triangular carrier wave forrn is generated at the
required switching -ﬁ'equency (f.). The point of intersection of the triangular carrier wave

and the modulatmg signals acts as the point of state changeover for the PWM 51gnals
which are fed to the driver circuit of the MOSFET of VSI feeding PMSM

Each component of the Vector controlled PMSM Drive (VCPMSMD) is modeled 'by a
set of mathematicél equations. Such set of equations when combined together represents
the -mathematical :modeling of the cdmplete -VCPMSMD.. The modeling of different

components of the drive system is as follows. ‘
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_ Fig‘4.1 Block diagram of Vector controlled PM synchronous motor drive

4.1.1 -Speéd Controller:
The desired reference value of speed signal (a): ) is compared with the feedback speed
signal (@,)and the speed error (@, )is computed and used as an input to the speed

controller, which outputs the torque value (T). The different speed controllers namely, the
proporl;ional integral (PI) speed controller, the Fuzzy Logic (FL) speed controller, the
Hybrid speed controller and the Fuzzy Pre-compensated Proportional Integral (FPPI)
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speed .controller are used in vector controlled PMSM Drive. The output value of the
tofque (T) is fed to the limiter and the final reference torque (7T ')' is obtained from the
limiter. The speed error at the n™ instant of timé' is given as [21]: -

Oy = By = Byry ' “.D

rei

Where a):(,,) : Reference speed at the n‘_h instant
@, Rotor speed at the n® instant
@,y : Speed error at the n®instant

4.1.1.1 Proportional Ijntegral (PI) speed controller:
The general block diagram of the PI speed controller shown in fig 4.2 the output of the

speed controller at the n™ instant is given as [21]:
'T(n) = Tzn—l) + Kp {a)re(n) - a)re(n—l)} + Kia)re(n) (4-2)

Where K+ Proportional gain of the PI controller
K; : Integral gain of the PI controller

The gain parameters are .édjusted by observing their effects on the response on the drive.

(7))

re

K

.,
Il
X

— K, —>

—

J=

Fig.4.2 Schematic Block diagram of PI speed controller

4.1.1.2 Fuzzy Logic (FL) speed controller:

The internal structure ‘(‘)f the FL speed controller is shown in Fig.4.3. It comprises of
three functional blocks namely, the fuzzifier, the decision maker, and the defuzzifier. The
necessary inpits.are applied to these blocks [15].

The fuzzifier converts crisp data into linguistic format. The decision-maker decides in
linguistic format with the help of logical linguistic rules supplied by the rule base and the
relevant data supplied by the data base. The output of the decision-maker passes through
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’

the defuzzifier wherein the linguistic format signal is converted back into the numeric

form or,crisp form. The decision making block uses the rules in the format of “if-then-

else”.

The fuzzy logic algorithm uses followmg steps

1)

Calculatlon of speed error at n 1nstant (o e(n)) and change in speed error (A @,,)
as input variables. " |

| . Bre(ny = a’:(n) = Dr(ny
Change of error Aw,, = Doy = Bpagesy

Appropriate scaling of the input variables @,,,, and Aa)m. The scaling is essential

to bring input values into a numerical interval in which the fuzzy variables are

~ described also known as universe of discourse. .

3)

The ihput variables are converted into labels of fuzzy sets in terms of suitable

linguistic values, this is called fuzzification process. The scaled inputs are crisp

'~ values limited to the universe of discourse of input variables. The fuzzified value

- is-a fuzzy de‘gree'of membership in the qualifying linguistic set (between 0 and 1).

4)

Trlangular membershlp function is chosen to evaluate the degree of membership
of the input crisp values.

In accordance with the linguistic rules, value of the output signal is determmed
The required rules and data are supphed by the rule base and the data base.

The linguistic output data i is converted back into crisp output data by apphcatlon
of the method of defuzzification as follows [9]:

leen a combination of two inputs, the membership of the corresponding

output is taken as minimum membership' value of the two respective inputs.

~ Mathematically,

. =min[ u(inputl), p(input2)]
Crisp value= { Z p(mja} / Z o

Where g refers to membership value, the output membership is stored in o and

: p(fn) refers to location of peak of membership function.
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6) The deﬁlzmﬁed (crisp) value is multiplied by a scale factor to obtain the

controlled output, which is consrdered as the reference torque (T .

Rule
Base

@ S Decision o T
o Fuzzifier ————— P Making {—————— P Defuzzifier ————P
AGz———» Block | : o

. Data
Base’

Fig.4.3 Schematic Block diagram of Fuzzy Logic (FL) speed controller

Definition of Membership Function for.Input and Qutput Variables:

In the fuzzy controller of the PMSM drive, the inputs are speed error and change in
speed error and thee output of the controller is the reference torque (T"). The range and
behavmr of the input variables of the fuzzy controller are not defined. The speed error
input is multiplied by a scaling factor and limited between +1 and -1. Similarly, the
change is error is also multiplied by a scaling factor to limit its value between +1 and -1.
The defuzzified output of the controller is within the range of +1 and -1.These input
variables are denoted by E and AE . Multiplying the-defuZiiﬁed output with scale factor
gives out T Selectlon of suitable scale factors is important to obtain a good speed
response of the PMSMD

The membership function for input and output variables is chosen as triangular function
for simplicity. The membership functions are distributed evenly in the universe of
discourse. The universe of discourse for speed error input is (-1, +1), for change in speed
etror input is (-1, +1) and also for the output variable it is (-1, +1). Flg 4.4 shows seven

~ terms of mput and output variables by triangular shaped fuzzy membershlp function. The
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maximum ampvlitude» of the membershii) function is 1; hence, the measﬁrements of
membership range of input variables are from 0 tol [16].
o | _ .A '
NB NM NS ZE|. PS PM  PB

-1 -0.666 -0.333 0 0.333 0.666 1

Fig 4.4 Seven term fuzzy quantization of input and output variables with triangular

Shaped membership function

Fuzzy Rule Base: 7

The formation of the rule-base matrix is based on experience of human operator expert
in the area of drives control. A seven-term rule base matrix is chosen from reference [16]
and the formed rule base is shown in table 4.1. The order of the rule base matrix is 7X7,
hence; there are forty nine rules for each c0mBination of error (E) and change in error
(AE ). The observations NB, NM, NS, ZE, PS, PM and PB are negative big, negative -
medium, negative 'smali, equal to zero, positive small, positive rﬁedium and positive bjg.

respectively. All rules of the fuzzy rule base matrix can be expressed in linguistic set.

E.

| NB NM | NS ZE |PS |PM | PB
NB |[NB | NB [ NM | NM (NS |Ns | zE

N [NB [ NB | NM | Ns [Ns [zE | ps]
‘NS |NB | NB | NS | NS [zE |Ps PM
3 lze [N | M| ns [z [ps [PM | PB
PS [NM | Ns'| zE { PS [PS |PB | PB
PM NS | ZE | PS PS |PM |PB | PB
PB |[ZE | PS { PS | PM |PM (PB | PB

Table 4.1: Fuzzy rule base matrix
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Formatlon of the Rule Base Matrix with Numeral Values:

The seven level lnput and output variables and triangular membershlp function are
shown in fig 4.4. The scaled inputs, speed error and change in speed error are saturated
between +1. and -1 boundaries respectively. Eachnlinguistic terms of the fuzzy rule base
matrix is assigned a numerical value. Table 4.2 shows the seven level linguistic
representations of the inputs and outputs, and their correspbnding numerical Values.'T‘he
linguistic ‘representation of the rule base is also converted into numerical values by
substituting numerical values of inputs E. aﬁd AE from table 4.2 to table 4.1; the

numerical form of rule base‘matrix is obtained as shown in table 4.3.

| NB| NM(NS. | ZE | PS | PM | PB
E -1 | -0.66{ -0.33( 0 0.33 | 0.66 1
AE | -1 | -0.66] -0.33| © 0.33 { 0.66 1
T . -1 | -0.66| -0.33| © 0.33 | 0.66 1

Table 4“.2: 7-term inputs and outputs of the fuzzy controller

-1 -0.66 | -0.33| 0 0.33( 0.66| -1
-1 -1.0 -1.0 -0.66| -0.66| -0.33| -0.33| 0
-0.66| -1.0 -1.0 -0.66| -0.33] -0.33] 0 [ 0.33

| -033}-1.0 | -1.0| -033] -0.33] 0 | 0.33] 0.66

% 0 |-1.0| -066[ -033] o0 | .033 066| 1.0
0.33 | -0.66| -0.33| 0 0.33| 0.33] 1.0 | 1.0

- 0.66 [ -033] 0 | 033] 033] 066 1.0 | 1.0

1 0 0.33| 033| 0.66] 0.66] 1.0 [ 1.0

| Table 4.3: The 7_X7 order of ﬁlzzy rule base matrix with numerical value

4.1.1. 3 Hybrid speed controller:

The major disadvantage of FL control is the presence of steady state speed error on load.
To ehmmate this dlsadvantage it is necessary to ‘combine the FL control with another
sultable control techmque which is capable of removing the disadvantage existing with

FL control. Therefore, a.PI controller is used in combination with FL such that at the
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operating point the PI controller takes over eliminating the disadvantagé of FL. contrc}ll_er.
Similarly, when away from the operating point ie. when error is high FL controller
dominates and eliminatés the errors due to PI cbntroller such as occurrence of overshoots
and undershoots in drives response. Such a speed controller where Weighted combination
of two controller outputs contributes to the net output is called hybrid speed controller.
Fi‘g.4.;5 shows the block diagram of the hybrid speed controller. Fig.4.6 shows the pattern

for éombining -the outputs of PI and FL speed controllers to realize hybrid speed

controller.

. D,, ‘ p| Fuzzy Logic | —

. Controller
Hybrid TI ;
- . Switch A

Proportional

P Integral speed —

controller ;

Fig.4.5. Schematic Block diagfam of Hybrid"Speed controller
In the p.u. speed error scale, when tﬁe error is above 1.0 ph or below -1.0 pu, fhe FL
speed controller works. At the operating poiht PI speed controller is predominant [25.].
For ease of mathematical calculaﬁon, four sub regions in the combination patterns of PI

and FL speed controllers are defined as shown in fig.4.6.

- . Fuzzy Logic Region C Region B Fuzzy Logic

' Region A !

] /E/Proportional Integral

-1.0 0.6 0.0 0:6 1.0
-~ () —

Proportional Integral

Fig.4.6 Membership function of Hybrid Fuzzy PI speed controller
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Region A: Speed error. between 0.666 pu and 1.0 pu.
W, =1.0 ‘
Wy =1-o

re(pu)

. Region B: Speed error between 0.0 pu and 0.666 pu

We =( 14 666) @i

p1 = 1= By
Region C: Speed error between -0.666 pu and 0.0 pu
WFL,= (—% 666)wre(pu)
Wo =14+ @,

Region D Speed error between - 1 0 pu and -0 666 pu

W, =1.0
W, —1+a) o )

Where W, refers to the weight of Fuzzy Logic speed controller
W, Refers to the weight of PI speed controller
W,

re( pu)A Refers to the speed error in pu scale.

The net torque output of the hybrid speed controller is expressed as [21]:
T WFLK TFLK + WPIK TPIK

Where k = A, B C, D
When speed error greater than 1.0 pu or less than -1.0 pu.

W =1.0
W, =0.0

T, refers to the torque output of the FL speed controller (after application of -st)e,ed

limit) in the kth reglon of the combination pattern, T}, refers to the torque output of the

PI speed controller (after application of speed limit) in the k™ region of the combination

pattern and 7, X refers to the net output torque of the hybrid speed controller from the k™

region of the combination pattern fed to the limiter.
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4.1.1.4 Fuzzy Pre-compensafed Proportional Integral (FPPI) speed contrbller:

- PI spéed controller is generally used in implementation due to its simplicity and ease of
appliéation. To make the same control robust iﬁ nature so that it becomes independent of
parameter variations as wéll as the problems of undershoot and overshoot at the starting
time of the response, a pre-compensation using FL is used to the reference signal. As a
. result, depending upon the .value of speed error (w, ) and change in speed error (Aw,, ),
the FL control prbduccs a signal (u), which may be positive or negative in value. The
algebraic addition of the FL controller output (u) with thé réference speed (@, ) produces
the pre-compensated reference speed (w,,) to be used as feferencé speed in the remaining
control acti(_)n of PI controller. Such a phenomenon of pre-compensation eliminates the
po‘ssiblé disadvantages in the normal PI speed controller and introduces robustness to the

control system [21].

. . i

Fuzzy Logic IP:‘Oporltlonald

Controller ntegral speed——————»
Controller

Fig.4.7 Schematic Block diagram of Fuzzy Pre-compe_nsated Proportional Integfal
(FPPI) speed controller

Fig.4.7 shows the schematic block diagrém of FPPI speed controller. The fuzzy rules
are stated in table.4.4. The control algorithm process takes place as follows:

(1) At first speed error (@;,) and change of speed error (Aw,, ) caléulated.

~ {2) After proper scaling'these two-sign-als are given to the FL controllei', and the output of

the FL Controllexj after proper scaling (u) is algebraically added with the reference speed
signal( @, ) to generate pre-compensated reference speed signal (@),).
(3) The pre-compensated reference speed signal (@,,) is used as reference speed in PI

speed controller. -
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E

|~ | NM | NS | ZE |PS |PM | PB
NB (NB [ NB NM | NM |NS | NS | ZE
NM [NB | NB | NM | NS |[Ns |ZE | PS
‘NS | NB NB NS NS |ZE |[PS | PM

%‘ ze |[NB | NM| Ns | zE |PS |[PM | PB
'ps |nm | Ns | ze | ps [ps [PB | PB
PM (NS | zE [ PS | PS [PM |PB | PB
PB |ZE | PS PS | PM [PM | PB | PB

- Fig.4.4 Logic rules for Fuzzy Logic Controller used for Pre-compensation

4.1.2 lelter'

When the drive operates in the transient condltlons such as starting, reversing or load
appl1cat10n the speed controller output (T) is very high value to achieve the steady state |
condition of the.drive: as fast as possible. As a result, the controller output signal (T) may
become quite high and in some cases it may become higher than the breakdown torque of
the motor. Such a s1tuat1on may be rather dangerous for the motor and may take the drive
in to instability, in order to avoid such s1tuat10ns it becomes very much necessary to
apply a certain limit on the output of the speed controller The output of the speed
controller after this limiter is considered as the reference torque (T*) to the vector
: ,controller and used to obtain the value of stator. current torque component As aresult, the
limit on the torque also ensures over current protection to the drive. Whenever reference
speed changes or there is an application of load torque on the shaft, the speed controller
output is limited to a.maximum 'permissible value (T").. Therefore, the limiter on the
speed controller output prov1des an inherent stability to the closed loop speed control

system
4 1.3 Vector Controller'

The output of the speed controller after hmxtlng is taken as the reference torque (1.

When we divide the reference torque with torque constant we will get the torque
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component (i;s) and the flux component (i, ) of the stator current is always zero for

PMSM Drive to avoid-the demagnetization. With these two components we can calculate

the reference currents i, ,7,_andi_ .

- 4.1.4 Pulse Width Modulated (PWM) Current Controller:

In order to operste the three-phase PMSM into vector controlled mode, sensed three

phase stator currents (i, i,,and i) are to be controlled close to the three phase reference

currents (i,,,7, and i,,). Such a control technique to control the two sets of three phase

currents is called current. control. PWM current control is one of the current control
techniques wherein thé switching frequency can be kept constant. The error between the -
reference three-phase currents and the sensed three phase currents are calculated and the
set of current error are amplified with proportionél controller and the resulting output is
taken as modulatingb éignals which are’ compared with a cafriér triangular wave of
required frequency (fs) [6]. For a given phas'e,' the instént at which the moduléti_ng
switching signal and the triangular carrier wave intersect each other is the instant at
which signal for that respective phase changes its logical value between switch off and
switch on. The switch on or switch off PWM logic generated for all the three phases are

given to the gate driver of MOSFET of VSI.

4.1.5 Voltage Source Inverter (VSI): '

The three-phase voltage source inverter (VSI) comprises of a bridge configuration of
six MOSFET switchesﬂw_ith respective free wheeling diodes. The pulsés coming from the
PWM current controller is fed to this VSL With this, we can obtain variable voltages with
variable frequenciés for the permanehf niagnet synchronous motor, which is operated in
vector;cor_ltrolled mode of operation. | _ ' S

The ac 6utput of the VSl is depehdent upon the combination of the switching functions

SF;,,SF,, and SF, received from the sinusoidal PWM current controller. Therefore, the

magnitude of the three phasé; Vqltages can be mathematically expressed as:
v, =V,(2SF,—SF,—-SF.)/3 | |
Vs =V (~SF, +25F, ~SF,)/3
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V,, =V, (~SF, - SF, +2SF,)/3
Whefe V..V, and ¥V are the per phase PWM voltages respectively. SF,,SF, and SF,

are the switching functions for phase a, b and ¢ respectively.

42 IMPLEMENTATION OF SPEED CONTROLLERS IN MATLAB ENVIRONMENT
The simulétion model has- been developed in MATLAB environment along with

simulink and Power System Block set (PSB) tool boxes for simulating response of vector

| cohtrdlled permanent magnet synchronous motor drive under different operating

conditions such as starting, speed reversal and load perturbation.
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Fig;4.8. Vector controlled permanent magnet synchronbus motor drive (VCPMSMD)

Ll

simulation diagram in MATLAB using simulink power system block set

The main function of speed controller block is to provide a reference torque for the vector
controller. Fig.4.9 shows the simulink model diagram of the PI speed controller in
discrete time frame. The basic operating equations have been stated in-section 4.1.1.1. As

seen in -figure,..using .the. proportional and integral gain parameters namely, K, and K;
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réspectively along with the limiter. The rated torque can be calculated according to the
mdtor_ réting. The time delay instant (n-1)™ instants is achieved by using the delay block.
Fig:4.10 shows the simulink model block diagram for the FL speed controller. The two
inputs namely, speed error and change in speed error are properly scaled and fed to the
FL controller. The output of the dufuzzification block is again scaled and limited to give

the reference torque for the vector controller.

@ © Welny . Pwpm:ﬂnnm )
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~ Fig.4.9. MATLAB model for Proportional Integraf (PD) speed controller
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Fig.4.10 MATLAB model for Fuzzy Logic (FL) Speed Controller

Fig.4.11 shows the simulink model block diagram for the hybrid speed controller. This
controller combines the outputs of FL and PI speed qontroliers respectively as a weighted
sum.. Ta, . Tb, Tc and Td denote the hybrid controller outputs corresponding to thé speed
error. The decision sWitch decides which 6ption to be transmitted out of the speéd

controller depending upon the speed error pu value.
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Fig.4.12 shows the simulink model block diagram for the FPPI speed controller. The
- FL controller produces the modified referenceAspéed signal, from Which a speed error is

calculated, which is fed to the PI speed controller as the reference speed signal.
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: Fig.4. 13 MATLAB model for conversion of DQ reference current signals to ABC -

reference current signals

4.3 Sensorless vector control of PMSM:

Vector control of PMSM drive requires - the knowledge of rotor position and speed.
Vector‘c'ontrol of PMSM employing position and speed sensors are a-iready discussed in
section 4.2. To reduce total hardware complexity and costs, to increase the méchanical
robustness and reliability4 of the drive, to reduce the maintenance requirements and to
have noise immunity it is desirable to eliminate thése sensors in vector-controiled drives.
The ‘basic control schematic diagram is shown in fiz.4.14 two phase currents and
voltages constitute the inputs to the electrical rotor poéiti‘on and speed estimator. The
error between the reference speed (co:) and the estimated rotor speed (@, ) and the error
is processed in the speed controller. A limit is kept on the output of the speed controller
depending on the maximum permissible torque de\}eloped by the motor. The output of the
speed controller after limiting is considered as.the reference torque (7). By dividing the

reference torque with the torque constant we obtain the torqué-producing component of

the stator current (i;s) and the flux component (i} ) of the stator current is always zero

for PMSM Dirive to avoid the demagnetization and these two components are converted

into the reference currentsi’,,i;, andi’, .For current control of VSI fed vector controlled

PMSM, the reference currents (i, andi’,) and sensed winding currents (i, i, andi_)
are fed into the Pulse Width Modulated (PWM) current controller. A triangular carrier

wave form is generated at the required switching frequency (f,). The point of
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intersection of the triangular carrier wave and the modulating signals acts as the point of

state changeover for the PWM signals, which are fed to the driver circuit of the MOSFET
of VSI feeding PMSM. B

Voltage
Source

Inverter

PWM Current

Controller

' :

Trans formation

Limiter

TT-.

Speed
Controller

sy =

position/speed
Estimation

Fi g 4.14 Block diagram of sensorless vector controlled PM synchronous motor drive
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4.3.1 Flux and speed-estimation using monitored stator voltages/currents:

Here we are using a simple . (open-loop flux estimation) position}sensorless control
system for the vector.control of a PMSM (with sinusoidal back e.m.f.) supplied by a
current-'c'.o;ntrolled'PWM voltage source inverter. Thé goal is to control the phase angles
of the stator currents to maintain near unity power factor over a widé range of speed and
torque. For this purpose, the monitored stator Voltages and currents are used to esﬁméte
the position of the stator ﬂux-liﬁkage space vector through which the phase angles of the
stator currents can be controlled. .

Open-loop flux estimators can be use_d in. a wide range of a.c. drive applications,

including induction motor drives. Such an estimator will yield the angle of the stator flux-

linkage space vector with respect to the real axis of the stator reference -frame ( p,),

together with the modulus of the flux space véctor. These quantities are shown in fig.4.15
In genei'al, for synchrbnpus machine in the steady state, the first time derivative of this
angle gives exactly the rotbr spe,éd, o, =dp,[dt. However, in the transient state, in a
drive where there is a change in the reference electromagnetic, the stator flux-linkage
space vector moves relative to the rotor (to produce a new torque level), and this
influences the rotor speed. This effect can be néglected if the rate of change of the
electfomagnetic tofque is limited [171].

In general, the angle between the stator-current space vector and stator flux-linkage
space vector is not 90°, but if the stator pdwer factor is to be unity, then the stator-current
space vector should lead the stator flux-linkage space vector by 90°, and this case is

shown in ‘ﬁg.4.15

sQ
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(24 Ws
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Fig.4.15 Stator current and flux linkage space vector
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‘Open-loop flux estimation [1]:
In general, the stator-flux space vector can be obtained by'integration of the tenhinal‘

voltage minus the stator ohmic drop

Thus the following direct- and quadrature- axis stator flux-linkage components in the

stavtor'reference frame are obtained (by considering I_/—s =V, +j Vs i =i, +ji, and
V=W + V) _ | ' _ | ,
- Vo= [V —Ris )i, S @D
wo=Vo—Rig)t. | (42
d—axis,q-axis fluxes are calculated in MATLAB simulink environment as shown in

fig.4.16.

Fig.4.16 MATLAB simulink model for flux estimation of PMSM

Equations 4:1, 4.2 contain the two-axis stator voltages and currents. These can be

obtained from the measured line voltages and currents as follows:

1
. V.vD=§(VBA—VAC) :

'VSQ“= _(%J(VACA-F Vi)

lsD lsA
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ip= [—j?)(im +2i,)

The angle of the stator ﬂux-lmkage space vector (which i 1s also shown in ﬁg 4.15) can be
obtained from ‘the two-axis stator ﬂux-hnkage components as

| po=tan™ (Vg /W) - (43)
It is impbrtant to note that the performance’ of a PMSM - drive using eqn.4.3 depends
greatly on the accuracy of the estimated stator flux-linkage components and these depend
on the accuracy of the monitored voltages and currents.
For the synchron(;us' machine, the first derivative of th¢ angle p, is equal to the rotor
speed,' @, = ao;

dt

‘And in the speed .control loop of the permanént-magnet synchronous motor drive, this
relationship can be directlyn utilized. The estimation of the rotor sﬁeed based on the

derivative. of the position of the stator flux-linkage space vector can be slightly modified,

by considering that the analytical differentiationdp,/d¢, where p, =tan™ (l//sQ/(/sD),

" gives

dV/SQ . dWsD
Vo g Ve g |
o, — 4.4)
‘//sD +')”sQ

And it is implgmentedlin MATLAB as shown in ﬁg4 17.
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: . : Chapter 5
- Hardware Implementation

5.1.1ntroduction: _

The widely used controlled inverter shown in Fig.S.l; known as the three-phase PWM
voltage source inverter (VSI) offers many good features such as very low distortion in
voltages and currénts on the ac side and the dc side, minimum component cbunt,
minimum voltage -and current stresses in the 6omponents; bi-directional power flow
capability, power factor correction and dc vbltage regulation capabilitieé, high power
density and high efficiency.

However, it suffers from high switching losses whlch are aggravated by the reverse
recovery characteristics of the diodes. This limits the maximum switching frequency for a
given:power rating and increases the overall electromagnetic interference (EMI). This in
turn prevents any fﬁrther reduction in size of the filter reactive components and limits the
coniverter bandwidth. |

" In order to alleviate the switching loss and the reverse recovery problem, some- soft-

switéhing techniques, snubbing circuits and gate signal shaping circuits must be used.

5.2 Applications of Inverters: .

~AC/DC power converters/inverters are extensively used in various applications like
power supplies, dc motor drives, front-end converters in adjustable-speed ac drives, slip
'poWer recovery control of induction motors, HVDC transmission, SMPSs, UPSs, utility
interface with non-conventlonal energy sources such as solar PVs, wind, etc., in process
technology like welding, power supplies for telecommunications systems, aerospace,
military environment and so on.

Nowadays more ‘and more applications require that the front AC-to-DC converters have
both rectifying and regenerating abilities with fast re;sponse to improve the dynamic
pérfOfmahce of the whole system. A better solution is to use pulse width modulated
(PWM) AC-to-DC vbltage source converters or current controlled rectifiers (CCR’s)
which have the merits of nearly siﬁusoidal input current, good power factor and

regeneration ability.
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V , 5 3 Classnﬁcatlon of Inverters:

Inverters can..be classified as voltage source inverters (VSI) and current source
- inverters (CSD::A’ yolta_ge source inverter is fed by a stiff dc voltage,’whereas a current
soﬁree inverter is-fed by a stiff current source. A. Voltege source can be converted to a
current source by connectlng a series mductance and then varying the voltage to obtam
the de51red current. ' '

A VSI can also-be operated in current-controlled :mode, and similarly a CSI can also
be operated in the voltage control mode. The inverters are used in variable frequency ac

motor drives, uninterrupted power supplies, induction heating, static VAR compensators,
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F1g 5.1 Three phase voltage source inverter configuration
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~ Fig 5.2 Three phase square wave inverter waveforms
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5.4 Voitage Source Inverter (VSI):

' - A-three-phase voltage source inverter configuration is shown in Fig.5.1; The VSIs are
controlled either in square-wave mode or in pulse width-modulated (PWM). mode. In
squere-wave mode;~ the frequency of the output Voltege is controlled within the inverter,
the devices being ﬁsed to switch the output circuit between the plus and minus bus. Each
device conducts for 180 degrees', and each of the outputs is displaeed 120 degrees to
' generate a six-étep Waveform, as shown in Fig 5.2. The amplitude of the output voltage is
controlled by varying:the dc link voltage. Thi§ is done by valjying the ﬁring'a;;gle of the
ICIOSFETS of the three-phase bridge converter at the input [4]. The square-wave-type
~ VSI is not suitable if the dc source is a battery. The s1x-step output voltage is rich in
harmonlcs and.thus needs heavy filtering.

In PWM 1nverters, the output voltage and frequency are controlled within the inverter
by Varylng the w1dth of the output pulses. Hence at the front end, instead of a phase-
controlled MOSFET converter, a diode bridge rectifier can be used. A very popular
methed of controlling the \‘.'oltage and‘ﬁ"equenCy is by sinusoidal pulse width modulation.
In thiS method, a high-frequency triangle carrier wave is compared with a three-phase
sinusoidal waveform, as shown in Fig 5.3. The powef devices in each phase are Swit_ched
'on at the intersection ef sine and triangle waves. The amplitude and frequency .of the
‘Output.ﬂvo‘_ltage_ are-varied, respectively, by varying the amplitude and frequency of the
~ reference sine waves. The ratio of the amplitude of the sine wave to the amplitude of the
caffier wave is called the modulation index [6]. |

‘The harmonic components in a PWM wave are easily filtered because they are shifted
to a higher-frequency region. It is desirable to have a high ratio of carrier frequency to
fundamental frequency to reduce the harmonics of lower-frequency components. There
are several other PWM teehniqlies mentioned in the literature. The most notable ones are
se]ected harmonic elimination hysteresis controller, and space vector PWM technique.

In inverters, if SCRs are used as power sw1tch1ng devices, an external forced
commutation circuit has to be used to turn off the devices. Now, with the avallablllty of
MOSFETs above 1000-A, 1000-V ratings. and high frequency, they are being used in
apphcatlons up to 300 kW motor drives. Above this power rating, GTOs are generally
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used Power Darhngton transistors, whlch are avallable up to 800 A, 1200V, could also |

" be used for mverter appllcatlons
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gv .

.y

— g{

-

Fig.5.3 Thfee phase sinusoidal PWM waveforms

- 54.1° Metal 0x1de Semlconductor Field Effect Transistor (MOSFET)

A- power. MOSFET has three termmals called drain, source and gate in place of the
correspondlng.'termmals collector, emitter and base for BJT. The circuit symbol of power
MQ_SFET is as shown in ﬁg 54 Here arrow indicates the direction of electron flow. A

A
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BJT is a current controlled device where as power MOSFET is a voltage-controlled
device. As its operation depends upon the flow of majority carriers bnly, MOSFET is a
‘unipolar device. The control signal or base current in BJT is much larger than the control
signal required in a MOSFET. This is because of the fact that .gate circuit impedance in
MOSFET is ektremely high, of the order of 10° ohm. This large impedance permits the
MOSFET gate to be- driven diréctly from microelectronic circuit. BJT is suffers from
seéond. breakdown voltage where as' MOSFET is- free from this problem. Power
MOSFETs are.now. finding increasing applications‘ in low power high frequency
applicationé (up to 100 KHz). Power MOSFET conductioﬁ conductibn is due to majority
carriers; there foretini_e delays causecli- by removal or recombination of minority carriers
are eliminated. Thus power MOSFET c.;«m work at switching frequencies in the megahertz

range.
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" Fig.5.4 MOSFET Circuit Symbol

5.4.2 Designing of VSI:

5.4.2.1 Power Supply Circuits:

' DC regulated power supplies (+12v, -12v, +5v) are required for providing biasing to
various transistors, IC’s etc. The circuit diagram for vaijious dc regulated power supplies
areshown in fig 5.5; in it the singlé phase ac voltage is stepped down to 12V and then
réctiﬁed using a dilodeA bridge rectifier. A capacitor of 1000uf, 50volts is connected at the
output of the bridge rectifier for smoothening out the ripples in the rectified DC regulated
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,voltages IC voltage regulators are used for regulating the voltages on load also. leferent
- IC Voltage regulator that are used ‘are; 7812 for +12V 7912 for -12V and 7805 for +5V,
- A capaCItor of: lOOuf 25V capac1tor is connected at the output of the IC Voltage regulator

of each supply for obtalnmg the constant and ripple free DC voltage.

) : +12V
: I =815 1
. . ; - 1 7812 § ad
2I0V 7 12V ' .
: . - 1000uF - 100ur¥r
3 . S50V 25V
230V, SOHz ‘ ' r——l ° —
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o : L7212 | —©
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e . Fig.5.5 Circuit Diagrams for IC regulated Power Supplies
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_ 5 4.2.2 Pulse Ampllficatlon and Isolation Circuit:

The pulse amphﬁcatlon and isolation circuit for MOSFET is shown in f' igure 5.6.
" The Opto-coupler (MCT-2E) prov1des the necessary 1solatxon between the low voltage
1solat10n 01rcu1t and high Voltage power circuit .The pulse amphﬁcatlon is provided by
the-output amphﬁer transistor 2N222. »

When the input gating pulse is.at +5V level, the transistor saturates, the LED
conducts and the light emitted by it falls on the base of phototransistor, tﬁus forming its
base drive. The outpﬁt‘transistor thus recei?e no base drive and, therefore remains in cut-
,eff state and a +12 v pulse ‘(ampliﬁed) appears acreSS. it’s collector terminel (wur.t.
ground). When the input gating pulse reach_es the ground level (0V), the inpui; switching
fr'ans'istor’goes.into'the cut-off state ‘and LED remains off, thus emitting no light and
- _therefore ‘a pho-tor‘:trahsistor of the opto-coupler receives no base drive and, therefore
remams in cut-off state A sufﬁment base drlve now applies across the base of the output
amphﬁer transistor .it goes mto the saturatlon state and hence the output falls to ground
lével.” Therefore circuit provides proper amplification and isolation. Further, since
shghtest spike above 20v can damage the MOSFET a 12 V Zener diode is connected.

across the output of isolation circuit. It clamps the triggering voltage at 12.
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Figure 5.6 Pulse amplification and isolation circuit
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S.4. 2 3 Clrclut Protectlon'
(A) Snubber Clrcmt for MOSFET protectlon
MOSFETS are used in power electromcs apphcatlon because of hard switching
vappllcatlons and lower conduction losses. Most of the MOSFETs are used in hard
) sw1tch1ng apphcatlons up to 20 kHz, beyond that sw1tch1ng losses in MOSFETs becomes
| very 51gn1ﬁcant ' :
- 3 :

Swntchmg such hlgh currents in short tlme glves rise to voltage transients that could
exceed the rating -of MOSFET espec1ally if the bus voltage is close to the MOSFETs
'ratlng Snubbers are therefore needed to protect the switch from transients. Snubber

circuit for MOSFETS as shown in F1g 5 7

Snubbers are ernployed to:

o . L1m1t di/dt or dv/dt.

o Transfer power d.issibation-from the switch to a resistor.

: Reduce total switched losses.

_ RCD snubbers -are’ “typically used in high current appl1cat10n The operation of RCD -
snubber is-as’ “fallows: The turn-off makes the voltage zero at the instant the MOSFET
turn-off ‘At tum-off the dev1ce current.is transfer through the diode Ds and the voltage
across the. device. bu11ds up. ‘At the turn-on, the capacitor C, dlscharges through the

: ¥§$l§t_0r RST he. capacitor energy is dissipated in the resistor R at turn-on.

— L moy
=YY

\
—
Q

Fig.5.7. Snubber circuit of MOSFET
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(B) Over voltage protectlon
| An additional protectlve device Metal- Oxxde-Vanstor (MOV) is used across each
‘ dev1ce to provide protectlon against the over Voltages MOV acts as a back-to-back zener
and bypass the transient over voltage across the device. In general the voltage ratmg of

‘MOV is kept equal are below the rating of MO SFET to protect it from the over Voltages

(C) Over heatlng protection , :

~ Due to the ohmic resistance of MOSFET and anti - parallel diode, I R loss takes
place as a result of the current conduction, which results the heat generation, thus raising
the dev1ce temperature this may be large enough to destroy the device. To keep device

temperature within the permissible limits, all MOSFETs are mounted on aluminum heat

sink and are then dissipated to the atmosphere.

(D) Short circuit protection
The thermal capacity of semiconductor device is small. A surge current due to a

short circuit may rise device temperature much above its permissible temperature rise

limit ‘which may instantaneously damage the device. Hence, the shoft gircuit-pratection is

provided by fast acting fuses in series with each supply ling?"

' 5.51-8438 Embedded Controller
5.5.1 Introduction: | ’
1-8438 is the ICP DAS MATLAB Embedded Controller solution built-i
and series interface with I/O expansion slot for MATLAB development environment.
For this applicationthere are over. 20 I/O bridges.and system-leve] Simulink blocksets
have been developed. By using Simulink development environment and ‘these
'MATLAB Driver’s blocksets, control algorithm can be-- easily constructed and‘
verified without writing any code. Once the algorithm has been verified, by pressin ga
build - button, we .can convert a model to executable code, and download it to

controller for test or practical application via RS232 and Ethernet [26].
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~ 5.5.2:Simulink model with ICPDAS driver:
If the 51mulat10n output Was satisfied, we can replace the built-in Simulink blocks
' w1th the I 8000 drlver blocks To add an I-8000 drlver block to the model, follow these.

steps '
Step:?l; 'InSeﬁ"a SYS_INIT block from the System block library.

DataToFile

SV _INIT

. Step 2 Double-chck on the SYS > INIT block to open the SYS INIT dialog box. Then

select the correct type from the. popup menu.on the dialog box. Here, we select the type

as 18438 .
Step 3: Connect the blocks (Analog & D1g1tal I/O) where ever we needed in the simulink

Block.
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5.5.3 Build the program by RTW: | _ |

' - In this section, we will discuss how to convert the ..control model created in the
- previous section into an .exe file by RTW. To do this, just follow the followirlg steps:
Step 1: Open the Slmulatlon Parameters dialog box by choosmg Simulation parameters
from the Simulation menu.

Step 2: On the dialog box that displays, ‘select Type as Fixed-step, Mode as Single
Tasking in the “Solver options” field. |

Step 3: Then click: the “Real-Time Workshop” tab and the pane changes. On the pane
. that shows up, select “Target configuration” from the “Category” field. Then chck the
Browse button to open the “System Target F11e Browser” window.

Step 4: On the System Target File Browser dialog, select the correct system target file
from the list and then click the OK button to close the dialog box. Here, we choose
1_8438.tlc. ‘ _ |

Step5 And select: the “ERT code generation options” (for MATLAB 6.1) or “ERT code
. generatlon opt1ons (1)” (for MATLAB 6.5) in the Category field. Then check the
Termmate functlon required and Single output/update function optlons on the pane.
'_Step‘6. For MATLAB 6.5, you have to select “ERT code generation options (3)” from
fche bétegory ﬁeld_.-‘Then cancel the option Generate an example main program. .
Step 7: When the above steps are done, click the Build button to start the build process.
After the process ends successfully, ‘the message in the MATLAB command window

looks like as the followmg figure.
‘Note:
The name of the model cannot be over 4 characters. (Th1s is due to the hmltatlon of

Turbo C/C++ Comp1ler)
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‘ avaxlable memory 347600

'I-’ \‘l‘t}\bm\m -ml ~¢ -w~.  ~DMIDEL=pid -DERT -MUMSInl -DUNES‘IEPFCN=1 IF NIC
Tuxbo C4t ?ersmm 1.01 Copyright {c) 1990 Borland Intermational
ic#;'}iciqﬂa,ssﬂ"méin?mﬂsc:- |

Avaxlahle memory 286368 : ' :
' F VIC\binMee -1 -ml- -LF:VICALib -e..fpxd,exe pid.obj pid_dat.obj mainB020. ob,’
*Tu!bﬂ G4t ?etsmn 1.01 Copyright {c) 1990 Borland Tnternational
' g‘i‘um Link ~Version 3.01 Copyrizght {(c) 1987, 1990 Borland Imternational

s A\"&il&bl e [ 3
tated executable, ‘pid.éxe

Program downloadmg & data uploading:

Aftertthe bu11d | process is completed you can download the executable file generated
to the 18438: embedded controller in the followmg way: - ' '

Enter gui8000 at the MATLAB prompt, and the GUI dialog box appears. It provides

twchmmunidéti:en-modes, RS232 and TCP/IP, for us to download application program.
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- In RS232 mode, .follow steps to download the program to the 1-8438 target system
for appllcatlon. |
Step 1: Turn on the 1-8438 control system and set I-8438 control system in OS mode
Step 2: Enter gui8000 command at the MATLAB prOm_pt and the GUI dlalo_g box
.ap'pears. . | _
Step 3: Select.the serial port you use in thé PC to connect to the 1-8438 control system.
~ Then.set Baud raté, Palfity, Data bits, Stop bit as ‘115200, none, 8, 1’. The default baud
rate of the 1-8438 control system is 115200.
Step 4: Close 7188xw.exe first and the-n} click the Connect button. If the connection is
successful, the message, “Connection is established’ on the dialog box”, will show up.
Step 5: Now it’s time to download your' program. Click the Download button and the
Select File to Download dialog box appoars. Select the file you want to. download to the
I~8438 control system and press the OK button to close the dlalog box and then the
download process starts.
rStep 6: On the dialog box that appears you can see the progress of program
downloadlng Then you can click the Start button to run your control program after the

progress of program downloading was finished.
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'SteI:) 7: Af_i::er."_\iz?*‘éxepute the program successfully, then you can click the Upload button

to é(i)l_llectfc»flé?dat_a‘fro'm"che 18438 control system, and data will be saved-in a file whose
nérr;e_ is the filename we assigned in the Data to File dialog box. This data file will be
pIacjéd'- in the current.working directory. And if we use analog/digital /O modules the
outéut will be a&ailable in that module. This o/p is indicated by the glow of LED’s on
that.corfesponding;analog/digi‘tal I/O module
5.5.4 I-8438 Coritroller Modules:

There are 3 types o f modules in 8438.co'ntr_oller. They afe:

Ly zAriailog:.input,.mddule (i-8017)

2. Analog outpﬂufvr;‘lodulé (i-8024) | -
3. Digital input/Output module (i-8054)

i

"

TN e -
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1. Analog input module (I-8017)
Description:

8-channel Isolated Analog Input Module.

A0 ~O
VUV VvVY Vv Vvvw

4 ‘ 18017 H
Driver Block Parameters: v
Channel - Enter numbers between 0 an(_i 7. This block allows the selection of analog
input lines in any order. The number of elements defines the number of analog inputs
‘ used For example, to use fhe first 8 analog inputs, enter [01234 56 7]
Voltage range - Thel- 8017H Al module, provides 4 ranges of-the mput voltage and
they are +/-10V, +/-5V, +/-2. 5V, and +/-1.25V.
“Slot - The number of the slot where 1-8017H module is Iocated For example, ‘choose 2
from the popup list if you have mounted an-I-8017H module on slot 2.
T}-'pe of Valué - Floating or Hex is available. The table below presents the list of ranges

- of the input voltage. .

2. Analog output module (1-8024):
7 Description:

4-channel Isolated Ahalog Output Modulg

Driver Block Parameters: _
Output Mode — titage Out or Current Qut is available.
e Voltage Output -> +/-10V
e Current Output -> 0~20mA
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Outputchannel- Enter numbers between 0.and 3. This block allows the selection of

analog output | lines in any order. The number of elements defines the number of analog

outputs used.- For .example; to use the first 4 analog outputs, enter [0 1 2 3] .

Gain - A multlpher The default value is 1.

Slot - The number of the slot where I-8024 module is located For example choose 2

“from the popup list.if you have ‘mounted an I- 8024 module on slot 2.

- Type of Value Floatmg or Hex is available. The following table presents the difference
between them o

3. Dlgltal lnput/Output module (I-8054)
Descrlptlon

16 channel Isolated D1g1tal /0 Module '

[\

iln'l >

In2 p-

R O In3
B UD._'Jal Indb

’ In3 p

nep
. i In7

8054

- Drrver Block Parameters

. DI Channel Enter numbers between 0 and 7. Th1s block allows the selection of digital
input lmes in any order The number of elements deﬁnes the number of digital inputs
usediFor example, to’ use “the first 8 d1g1ta1 inputs, enter [012345 67] |
Sl_b“*‘
from the popup l1st if you have mounted an I- 8054 module on slot 2.

1

The number of the slot where 1-8054 module is located. For example, choose 2

Scaling input.to output (digital output):

Block in'put value : _ Hardware Output
-0 S : : All channels are off
p il o & . _ : chO is on, others are off
. ,r‘*’:ll;llﬁg':l{' .1‘.., Pl b 4 A_‘..:\‘ - . ) .
2 . . chl is on, others are off
». 255 e " All channels are-on
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5.6 Generation PWM Signals by using I-8438 Controller:

: Many'coﬁtrol strategies are there to control the VSI. But here we are using SPWM .In .

: SPWM,"rriangular carrier- wave of frequency ‘fc’ is compared with the fundamental
fre‘ciuency ‘T sinusoidal modulating wave, and the points of intersection determine the
sWitching points of power devices.

But i-8438 controller doesn’t support continuous waveform blocks like triangular
block. So by using discrete blocks we should develop triangular waveform. Then, we
compare this trlangular signal with sinusoidal waveforms in the dsp controller; this will
give 6-pulses available at the Digital o/p module which are used for switching the IGBTs

in the inverter.

Flg 5.7 Embedded controller based 1mplementat10n of SPWM techmque for VSI

~ In the above ﬁg.S._7 we obtain 6-pulses from the SPWM block, pulses are represented by
0 or 1. When the pulse' is high, it is represented by 1; otherwise it is represented by 0. At
first these six pulses i.e. binary values ©’s and 1’s) are converted in to decimal form then
this. decimal value is given to the digital o/p module (i-8054) of the controller.. This
module gives the binary values at the o/p ports (0, 1, 2, 3, 4, and 5) which is equivalent to
the i/p decimal number i.e. the o/p of each port represents one pulse The o/p of six ports

represents six pulses.
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5.6.1 MATLAB model:

tiangularwave .
Pulses
T ~ ' <K :
i > o — i plnoT |
|t X = —— Relational
Sine Wavel - ) Operatort : Logical
_ muit, L Operatort
-W— - ' 1 ’ ‘ -
— —p - : l-b k - NDT
: w | X Relational - : 1=
Sine Wave2 - i Operator2 : Logical
mul2 . Operator2
| L P ' :
° e - 'r‘:‘ : T
— ﬂx_l——b PO
k-4 [ G < Relational . e
Sine Waved L : Operator3 Logicai
. cestmulde . Operator3
o1 H
- Constant

Fig 5.8 MATLAB model for sinusoidal PWM technique

5.6.2 Triangular waveform generation:

. 18438 Embedded controller does not support the repeating sequence waves. In order to
: generate =the pulses we have to compare sinusoidal signal with triangular waveform. So we

have to generate the tnangular waveform. Fig.S. 9 shows the MATLAB Simulink model for

trlangular wave form generator
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Fig 5.9 MATLAB model for triangular waveform generation
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' S .Chapter 6
Results and -Discuss‘ions. o

The performance of the vector contro]led PMSM drive is simulated under different

dynam1 ‘ ondrtlons such as startmg, speed reversal and load perturbatlon A set of

response comprlses reference speed (@), rotor speed (o, ) in electrlcal rad./sec., three

,,,,,, s

phase reference currents( zas,zbs ‘and . i), three phase w1nd1ng currents (i,,#, and i) in
' amperes and the load. torque (T,) and actual torque (T) in Nm. The vector controller is

reahzed- as.a ,dlscrete structure in time domain. The performance for starting, speed

reversal and load perturbation are shown in figs.5.1-5.8.

6.1 Startmg Dynamlcs. o .

The motor .is - started at low. frequency. decided by the controller and finally runs at
steady state condition at-the set reference.value of speed. The reference speed is set at
200"radf-/sec’ 'with!afto'rque limit set at twice the:rated value so that the starting current is
also- 11m1ted w1th1n4thettw1ce of the rated current. When the speed error reduce to almost

F1g6 1-6 8

6.2 Reversal Dynamlcs' ) e

The speed reversal dynamrcs are also shown in fig. 6.1-6.8 while the motor is runnmg
at a steady state speed 0of 200 rad./sec, the reference speed is changed fror_n 200 rad/sec to
- -200 ‘rad/s'ec In response to this change, the control structure is first activated and a large
value of the speed error saturates the output of the speed controller. As a result
regeneratrve brakmg followed by reverse motormg takes place. Therefore, the’ controller :
first reduces the frequency of the stator currents demonstrating the regeneratrve braking
followed ;”y the phase reversal for reverse motorlng As the drive in the same dynamic
state Just before and after the reversal phenomenon the steady state values of the inverter
currents are observed to be same in either direction of rotation of the motor. However the

phase sequencerof these currents 1n two. dlrectlons will be different.
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6.3 Load Pertiirbation: - o

When:the motor is running at steady state speed of '200 rad./sec., a load torque equal to
the rated torque of -theg-rn_'otor is applied on its shaft. Sudden application of load causes an
instantaneous: fall in the speed of the motor. In response to the drop in speed, the output
of the - speed controller responds by increasing the reference torque value ('T')
Therefore, the - developed electromagnetlc torque of the PMSM increases causmg the
' motor speed 10 settle to the reference value with the increasing w1nd1ng currents. An.
exceptlon of a srnall amount of steady state speed error persisting in FL speed controller
is observed ‘

When the motor operating at steady state on load, suddenly the load i is removed, a small
overshoot in the speed of the motor is observed in case of PI, Hybrid and FPPL speed
controllers respectlvely Therefore the 1nput to these speed controllers become negative
causmg a reductlon in the output of the speed controllers. A change in the developed
torque 1s observed leadmg to the motor speed to fall down to the reference value. After
the load removal the stator currents also settle down to the steady state no load value. In-
' this manner the controller keeps the motor running at a constant speed under load
varlatlons R
6.4 Com‘parativ'e"istiidv*arnr)dg all the speed controllers: -
| The sxmulated results for the 3.5kw and 1.1kw VCPMSMD under different operating
' condltlons namely startmg, speed reversal and load perturbatron using different speed

controllers namely Proportlonal Integral (PI), Fuzzy, Hybrld and Fuzzy Pre- compensated
PI (FPPI) respectlvely are shown in figs.6.1-6. 8 '

The follo\ving observations are made from these results.
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Table 6 1 Comparatlve performance of dlfferent speed controllers for 3.5 kw VCPMSMD

. Spee d Startmg Reversal - Speed dlp speed nse_ Steady state
: © Time “Time: on full load on full load | speed error
Controller o m - application removal on full load
sl 1,,(n{secs) o (msecs? |, (rad/sec) (rad/sec) (rad/sec)
PI. 119851 380.12 2.21 2.33 0
FL. 191.01 ' 365.21 0 0 L5
Hybrid 194.32 368.91 - 2.10 2.09 0
FPPI . 188.50 366.52 10.61 0.58 0
'{;’. 409 T % T T
. g Q - ! STAR Y =
g 200 ‘ -
J -&0& i Z 1 i
# i gs , z z2.5

Tahet

- Fig.6. 1 Startlng, Speed reversal and load perturbatlon response of 3.5kw VCPMSMD
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) .Fig.6;4 Starﬁng, Speed ;gvérsal and load _perturbation response of 3.5kw VCPMSMD A
-~ ‘System with FPPI speed controller ‘
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Fig.6.5. ';Starting,vspe.ed fc_:versal'qnd load pérturbation responsé of 1.1kw VCPMSMD |
RS N U '_ System with PI speed controller ’
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Table 6.2:Comparative pefformance of different speed controllers for 1.1kw VCPMSMD

Snpeed Starting - Reversal - | Speed dip speed rise | Steady state
pe_ ' " Time - Time on full lead on full load | speed error
Controller - : _application removal on full load
(ms'eqs) (msecs) (rad/sec) (rad/sec) (rad/sec)

PL - 7.01 12.80 451 5.01 0

6135 12.20 0 0. 4.10
Hybrid ===~ : 6.29. .~ | 7.11.91 3.21 3.01 0
FPPL 612, "11.80 3.11 2.12 0
’( t
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When we use P1 speed controller small overshoots and under shoots are observed in the
response of the VCPMSMD When PI controller is replaced with FL controller, steady
state error on load is observed In order to take the advantages of PI and FL controllers
and to eliminate disadvantages of the individual controller, both the control techniques
are combined together-as a hybrid speed controller. When the speed error is near to zero,
the control is switched over to PI controller therefore ehmmatlng disadvantage of steady
state - speed error ‘of FL speed controller. When drive speed is away from the reference
value, " the control‘ is. changed over to FL controller, which provides good dynamic
respon's'e’. Instead of 'solely depending on-the speed error, if FL controller is applied to
modify the reference speed and the main control action uses PI speed controller then a
drastic. 1mprovement is observed in the performance of the VCPMSMD system. Such-a
speed controller is named as Fuzzy Logic Pre—compensated PI (FPPI) speed controller. It
can be observed that FPPI speed controller prov1des a high level of performance of
VCPMSMD system durmg starting, speed reversal and load perturbation for different

motors '
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‘Fig. 6. 9 shows estlmated flux, speed and rotor position without sensors. Noise is commg
in’ speed and flux wave forms when the machine is in dynamlc state (when speed rising

and: falllng) The nonse is ellmmated when the machine is runmng in steady state.

(a) Reference'speed actual speed (rad /sec ') (b) Flux (d-axis, g-axis) in wb. "
(o) Derlvatlve of ﬂux (d-axis; q-axns) - (d) Estimated speed (rad./sec.)

A(e)’Actual speed estlmated speed (rad./sec. ) @) Estimated position (rad.)
Fig.6§§.?i3stimated3ffbtor ‘position, speed and flux of the sensorless control of VCPMSM

Drive
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. Chapter 7
Conclusion :

In this present work, performance of the “Vector Controlled Permanent Magnet
: Synchronous Motor Drlve (VCPMSMD) is carried out using dlfferent speed controllers
under varlous operatrng conditions, in MATLAB environment using simulink Power
System Block set (PSB), tool' boxes. An algorithm for speed estimation has also been
developed in order. to. eliminate the speed sensors in VCPMSMD for reducmg the cost
and 1mprov1ng the reliability. Sinusoidal pulse’ width modulatlon technique is
implemented with I—8438 embedded controller.

. Mathematical model.of the V_Cl’MSMD has been deyel_oped in terms of parameters and
physica_ll» variables of the motor. The performance of VCPMSMD is studied during
various operating conditions such as. starting, speed reversal and load‘perturl)ation “The
response of the VCPMSMD system has been simulated in MATLAB environment using
srmulmk and PSB tool boxes. A comparative study of different speed controllers has been
: carrred out for. the VCPMSMD system. The comprehensive study of different speed
controllers for varrous operatmg conditions of VCPMSMD system has shown that the
1nd1v1dual speed controllers have their own merits and ‘demerits. Depending on the
apphcatlon a choice of a particular speed ‘controller may be made. When the

requlrements are that of simplicity and ease of application the Proportional Integral (PI)

controller is a good ch01ce For better dynamlc response w1thout disadvantages such as -

overshoot and undershoot, the Fuzzy Logic (FL) technique is opted for. The main
dlsadvantage in this FL speed controller operation- is the existence of the steady state
error on load application. To eliminate such problems and to maintain the high level of
performance, the combination of FL and PI is a better option. Such a combination is
referred as the Hybrid control. To retain simplicity and ease of application and eliminate
the ;dilsiadi;antagés’suchas overshoot and undershoot etc., the reference speed signal is
pre-compensated w1th FL controller This pre-compensated speed signal is used as
reference speed 31gnal to the PI speed controller. Such a combination is known as Fuzzy
Pre-.compensated Proportlonal Integral. (FPPI) speed controller. Through simulations it

Cere,.

¢
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has been confirmed (as per table 6.1 and 6.2) that the choice of FPPI turns out the best
among the four considered speed controllers.

We sensed the speed in VCPMSMD by using the speed sensor. The presence of such a
speed . sensor causes several dlsadvantages such as system overall cost, hard ware
complex1ty and- nmse The speed estimation technique for the ehmlnatlon for the speed
sensor is.based on motor currents and voltages in two of the three phases. On the basis of
these-sensed variables, the speed of the motor is estimated. It has also been confirmed
that the estimated motor speed agreed well with the actual motor speed.

With respect ' to *-hardware, sinusoidal - Pulse vlzidth Modulation technique is
implemented with 1-8438 embedded controller and the modulated pulses have been
generated. Although there ‘have been technical limitations in the [-8438 controller the
PWM signals up to 300 Hz only could be generated. The operational limitations of I-
8438 resulted in non-lmplementatlon of the practical controllers and drive.

The future scope is the experimental validation of simulated results by, developing a
- PMSM drive throngh a DSP based controller deslgn and using PWM current controlled
1nverter employmg constant frequency -triangular carrier of at least SKHz, in order to

obtam the requlred dynamlc response of the drive system.

The best performance 1ndexes are:
Zero steady state speed error.
“Least overshoots in speed on full load removed
' Relatively very-low speed dip on application of full load.

Reversal time npproaching the best possible in the case of Fuzzy L.o'gic.'

A

FPPI controller gave the minimum starting time out of all the four controllers.
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Appendix- A

: Specifications of simulated motor parameters

1. 'Permanen't Magnet Synchronous Motor 1:

Power Rating | 1 kw

; o R_ated Torque (Tr) . 35N-m
TR :Phaséikesismnce (Rs) 2.875Q
~ Phase Inductance (Ls) 85e3H
Flux Induced b)i Magnets (1)  0.175 Wb
Moment of Inertia (J) - . 0.8 e-3 Kg-m*
" “No. of Pole Pairs (P) -~ - . 4

2. Permanent Magnet Synchronous Motor 2:

" Power 'Rating o 3.5kw .
Rated Torque (Tr) 11 N-m |
Phase Resistance (Rs) o020

- L.-Ph:as"_ef:lihductance (Ls) 8.5e-3H
Fluxridiced' by Magnets (1) 0.175 Wb
Moment of Inértia (J) - ~ 0.089 Kg-m®
Friction Constant (F) - 0.005 N-m-s

' No. of Pole Pairs (P) - . 4
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| Ap.pendix- B

Specifications of confroller patametefs .

Pérmanent Mag’ﬁe’t*S}"nchrd:nous Motor 1:

.' PI controller ‘ : K,=0.55, K, =05
Fuzzy Controller. =~ : K, =0.004, K,=0.001, K,=150
Hybrid Controller©~ ~ : K,=0.55, K, =03, K, =0.004, K,=0.001, K,=150
FPPLController .~ : K,=0.55, K, = 0.5, K, =0.004, K,=0.001, K,=150

Permanent Magnet Synchronous Motor 2:

Plcontroller - .. :K,=32, K, =0.022
" Fuzzy Controller- = : K, =0.003, K,=0.00001, K,=1500 .
HyBH&“éSr'{t'félfe}” T UKk, =23, K, =0.025, K, =0.003, K,=0.00001, K,=1500
- FPPIController’ o K= 1.5, K, =0.025, K, =0.003, K,=0.00001, K,=1500
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Appendix- C

| Hardware Specifications for 1-8438/8838

General envnronment'

o, i

» Operatmg temperature 25C to +75 C

Storage temperature: -30 Cto +85 C
Humldlty 5 95%.

' Burlt—m power protectlon & network protectlon c1rcu1t

System:

CPU: RDC, 80MHz, or.compatible
SRAM: 512K bytes |

' FLAgHRo’Mz 512K bytes

COM ports for. the I-8438 & 8838:
COMl—RS-232 COM3—RS232/RS485 COM4=RS-232
' Ethernet IO BaseT

RTC NVRAM & EEPROM
Program downloads from COMl & Ethernet
Built-in 64-bit hardware unlque serial number
Built-in Watchdog Timer
I/O Expansmn Slot |
4ot for I- 8438

Ly 8—slot for I-8838
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Appendix- D

Hardware Connection of I-8438/8838

ey K3 ] K2 3 'i‘
A4V 34E IREBRINE “ERANRER
R ranass L Xilidiid BESHHS
3 §'_ o
g -

o

MR ARE IR AR

DORERSUSLY po o

i -———m——
: meamnﬁm

HIETOREUTER 2

1. .Cdnnrect the network cable to the RJ-45 connector and a hub.
. Apply power (+Vs GND) to 1-8438/8838. The DC power can be the value from
- +10V to +30V.

. Check the 5 dlglts of the 7-segment LED If the firmware is running, .the IP
' address of the 1:8438/8838 w1ll be dlsplayed

!
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