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ABSTRACT

SPEED ESTIMATION TECHNIQUES FOR SENSORLESS VECTOR
CONTROLLED INDUCTION MOTOR DRIVE

ERTEK, Talip Murat
M. Sc. Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Aydin Ersak

December 2005, 132 pages

This work focuses on speed estimation techniques for sensorless closed-loop speed
control of an induction machine based on direct field-oriented control technique.
Details of theories behind the algorithms are stated and their performances are

verified by the help of simulations and experiments.

The field-oriented control as the vector control technique is mainly implemented in
two ways: indirect field oriented control and direct field oriented control. The field to
be oriented may be rotor, stator, or airgap flux-linkage. In the indirect field-oriented
control no flux estimation exists. The angular slip velocity estimation based on the
measured or estimated rotor speed is required, to compute the synchronous speed of
the motor. In the direct field oriented control the synchronous speed is computed
with the aid of a flux estimator. Field Oriented Control is based on projections which
transform a three phase time and speed dependent system into a two co-ordinate time
invariant system. These projections lead to a structure similar to that of a DC
machine control. The flux observer used has an adaptive structure which makes use

of both the voltage model and the current model of the machine.

The rotor speed is estimated via Kalman filter technique which has a recursive state

estimation feature. The flux angle estimated by flux observer is processed taking the
v



angular slip velocity into account for speed estimation. For closed-loop speed control
of system, torque, flux and speed producing control loops are tuned by the help of PI
regulators. The performance of the closed-loop speed control is investigated by
simulations and experiments. TMS320F2812 DSP controller card and the Embedded
Target for the TI C2000 DSP tool of Matlab are utilized for the real-time

experiments.

Keywords: Speed estimation, sensorless closed-loop direct field oriented control,

flux estimation.
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HIZ DUYACSIZ VEKTOR DENETIMLI ENDUKSIYON MOTOR
SURUCUSU ICIN HIZ KESTIRIM TEKNIKLERI

ERTEK, Talip Murat
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Aydin Ersak

Aralik 2005, 132 sayfa

Bu calisma, hiz duyagsiz vektér denetimli motor siiriiciisii i¢in hiz kestirim
tekniklerine odaklanmistir. Calisma sirasinda kullanilan kestirme yoOntemlerinin
kuramsal igeriklerinin detaylari ayrintili olarak anlatilmig ve basarimlart benzetim ve

denemelerle incelenmistir.

Vektor denetim teknigi olarak, alan yonlendirmeli denetim, temel olarak dolayli
yonlendirmeli ve dogrudan yonlendirmeli olmak iizere iki farkli yontem ile
gerceklestirilmektedir. Yonlendirme, rotor, stator ya da hava boslugu akisina gore
yapilabilmektedir. Dolayli alan yonlendirmede aki kestirmesi yapilmamaktadir.
Senkron hiz tahmini i¢in Olgiilen veya kestirilen rotor hizi slip tahmininde kullanilir.
Alan yonlendirmeli denetim zamana ve hiza bagl ii¢ eksenli sistemlerin, hizdan
bagimsiz iki eksenli sistemlere doniistiiriilmesi yontemine dayanir. Bu doniisiimler
ile DC motor denetimine benzer bir denetim yapisi elde edilir. Kullanilan aki
kestiricisi, motorun gerilim modelini, akim modelini kullanan uyarlamali bir yapida

olup, rotor akisinin yerini yiiksek dogrulukla kestirebilmektedir.

Rotor hiz1 durum kestirmesi yapabilen ve tekrarlamali olarak ¢alisan, Kalman filtre
yontemiyle kestirilmigtir. Rotor hizinin kestirilmesinde, aki gozlemleyicisinin aki
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acist kestirmesi ve rotor hizinin bu aki ag¢1 hizi ile olan kaymasi dikkate almistir.
Kapal1 dongii hiz kontrolii i¢in PI denetlegler kullanilmis; burma, aki ve hiz istegi
dongiilerinin parametreleri ayarlanmistir. Kapali dongii hiz kontroliiniin performansi
yapilan benzetim ve denemeler ile arastirtlmistir. TMS320F2812 kontrol karti ve
Matlab programi “Embedded Target for the TI C2000 DSP” yazilimi kullanilarak

ger¢ek zamanli denemeler gerceklestirilmistir.

Anahtar Kelimeler: Hiz kestirme yontemi, duyagsiz kapali-dongii alan

yonlendirmeli denetim, aki kestirme yontemi.
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CHAPTER 1

INTRODUCTION

1.1. Introduction to Induction Machine Control Literature

Induction machines have many advantages over other types of electrical machines.
They are relatively rugged and inexpensive. They do not have brushes like DC
machines and not require periodic maintenance, and their compact structure is
insensitive to environment conditions. Therefore much attention is given to control
for induction machines, but, due to their non-linear and complex mathematical
model, an induction machine requires more sophisticated control techniques
compared to DC motors. For long time, open-loop V/f control which adjusts a
constant volts-per-Hertz ratio of the stator voltage is used, however, dynamic
performance of this type of control methods was unsatisfactory because of saturation
effect and the electrical parameter variation with temperature. Recent improvements
with lower loss and fast switching semiconductor power switches on power
electronics, fast and powerful digital signal processors on controller technology made

advanced control techniques of induction machine drives applicable.

1.2. The Field Oriented Control of Induction Machines

The most common induction motor drive control scheme is the field oriented
control (FOC). The field oriented control consists of controlling the stator currents
represented by a vector. This control is based on projections which transform a three
phase time and speed dependent system into a two co-ordinate (d and g co-ordinates)
time invariant system. These projections lead to a structure similar to that of a DC

machine control.



Moreover, flux and speed estimation are main issues on the field oriented control in
the recent years. The induction machine drives without mechanical speed sensors
have the attractions of low cost and high reliability. Estimating the magnitude and

spatial orientation of the flux in the stator or rotor is also required for such drives.

Rotor flux field orientation is divided mainly into two. These are the direct field
orientation, which relies on direct measurement and estimation of rotor flux
magnitude and angle, and the indirect field orientation, which utilizes slip relation.
Indirect field orientation is a feedforward approach and is naturally parameter
sensitive, especially to the rotor time constant. This has lead to numerous parameter

adapting strategies. [1]- [7]

Direct field oriented control (DFOC) uses flux angle @, which is calculated by

sensing the air-gap flux with the flux sensing coils. This adds to the cost and
complexity of the drive system. To avoid from using these flux sensors on the
induction machine drive systems, many different algorithms are proposed for last
three decades, to estimate both the rotor flux vector and/or rotor shaft speed. The
recent trend in field-oriented control is towards avoiding the use of speed sensors and
using algorithms based on the terminal quantities of the machine for the estimation of

the fluxes.

Saliency based with fundamental or high frequency signal injection is one of these
above referred flux and speed estimation techniques (algorithms).The advantage of
the saliency technique is that the saliency is not sensitive to actual motor parameters,
however this method does not have sufficient performance at low and zero speed
level. Also, when applied with high frequency signal injection, the method may

cause torque ripples, vibration and audible noise [8].

1.3. Induction Machine Flux Observation

The special flux sensors and coils can be avoided by estimating the rotor flux from
the terminal quantities (stator voltages and currents) [9]. This technique requires the

knowledge of the stator resistance along with the stator-leakage, and rotor-leakage
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inductances and the magnetizing inductance. The method is commonly known as the

Voltage Model Flux Observer (VMFO).

Voltage Model Flux Observer utilizes the measured stator voltage and current and
requires a pure integration without feedback. Thus it is difficult to implement them
for low excitation frequencies due to the offset and initial condition problems. Due to
the lack of feedback which is necessary for convergence, low pass filter is often used
to provide stability in practice. Accuracy of voltage model based observer is
completely insensitive to rotor resistance but is most sensitive to stator resistance at
low velocities. At high velocities the stator resistance IR drop is less significant
relative to the speed voltage. This reduces sensitivity to stator resistance. The study
of parameter sensitivity shows that the leakage inductance can significantly affect the
system performance regarding to stability, dynamic response and utilization of the

machine and the inverter.

To overcome the problems caused by the changes in leakage inductance and stator
resistance at low speed the Current Model Flux Observer (CMFO) is introduced as
alternative approach. Current model based observers use the measured stator currents
and rotor velocity. The velocity dependency of the current model is a drawback since
this means that even though using the estimated flux eliminates the flux sensor,
position sensor is still required. Furthermore, at zero or low speed operation rotor
flux magnitude response is sensitive primarily to the rotor resistance, although the
phase angle is insensitive to all parameters. Near rated slip, both of them are
sensitive to the rotor resistance and magnetizing inductance. In whole speed range

accuracy is unaffected by the rotor leakage inductance.

Moreover, there is an estimator type based on pole/zero cancellation. In these
methods approximate differentiation of signals is used to cancel the effects of
integration. Due to differentiation, such approaches are insensitive to measurement
and quantization noise. A full order open-loop observer on the other hand can be
formed using only the measured stator voltage and rotor velocity as inputs where the
stator current appears as an estimated quantity. Because of its dependency on the
stator current estimation, the full order observer will not exhibit better performance

3



than the current model. Furthermore, parameter sensitivity and observer gain are the

problems to be tuned in a full order observer design [10].

The observer structures above are open-loop schemes, based on the induction
machine model and they do not use any feedback. Therefore, they are quite sensitive

to parameter variations.

A method which provides a smooth transition between current and voltage models
was developed by Takahashi and Noguchi. They combined two stator flux models
via a first order lag-summing network [11]. Inputs of the current model are measured
stator currents and rotor position. The current model is implemented in rotor flux
frame because; implementation in stationary frame requires measured rotor velocity.
Transformation to the rotor flux frame permits the use of rotor position instead of
velocity. Voltage model utilizes measured stator voltages and currents. The smooth
transition between current and voltage models flux estimates is governed by rotor
flux regulator. A rotor-flux-regulated and oriented system is sensitive to leakage
inductance under high slip operation. Both stator-flux-regulated, oriented systems

have reduced parameter sensitivity.

A smooth and deterministic transition between flux estimates produced by current
and voltage models is given in closed-loop observer approach proposed in [12] [13]
[14] which combines the best accuracy attributes of current and voltage models. In
[15] stator-flux-regulated, rotor-flux-oriented closed-loop observer is used for direct
torque control (DTC) algorithm. The fluxes obtained by current model are compared
with those obtained by the voltage model with reference to the current model, or the
current model with reference to the voltage model according to the range in which

one of these models is superior to other [22].

1.4. Induction Machine Speed Estimation

The torque control problem is overcome in DTC algorithm but to achieve good
speed response, rotor speed also must be known. Verghese have approached speed

estimation problem from a parameter identification point of view [16] [17] [18]. The
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idea is to consider the speed as an unknown constant parameter, and to find the
estimated speed that best fits the measured or calculated data to the dynamic
equations of the motor. However, parameter variations have significant impact on
performance of the estimator. Possible stator resistance variation due to ohmic

heating results in deterioration in performance [19].

The method proposed in [20] [21] estimates the speed without assuming that the
speed is slowly varying compared to electrical variables studied on non-linear
method. They constructed two estimators; main flux estimator and complementary
flux estimator. Main flux estimator could not guarantee convergence for all operating
conditions. In these operating conditions such as start up complementary estimator is

used. Significant sensitivity to parameter uncertainty is observed with this method.

Speed estimator based on Model Reference Adaptive System (MRAS) is studied in
[23] [24]. In MRAS, in general a comparison is made between the outputs of two
estimators. The estimator which does not contain the quantity to be estimated can be
considered as a reference model of the induction machine. The other one, which
contains the estimated quantity, is considered as an adjustable model. The error
between these two estimators is used as an input to an adaptation mechanism. For
sensorless control algorithms most of the times the quantity which differ the
reference model from the adjustable model is the rotor speed. When the estimated
rotor speed in the adjustable model is changed in such a way that the difference
between two estimators converges to zero asymptotically, the estimated rotor speed
will be equal to actual rotor speed. In [25], [26], [27] voltage model is assumed as
reference model, current model is assumed as the adjustable model and estimated
rotor flux is assumed as the reference parameter to be compared. In [24] similar
speed estimators are proposed based on the MRAS and a secondary variable is
introduced as the reference quantity by putting the rotor flux through a first-order
delay instead of a pure integration to nullify the offset. However their algorithm
produces inaccurate estimated speed if the excitation frequency goes below certain
level. In addition these algorithms suffer from the machine parameter uncertainties

because of the reference model since the parameter variation in the reference model



cannot be corrected. [23] Suggests an alternative MRAS based on the electromotive
force rather than rotor flux as reference quantity for speed estimation where the
integration problem has been overcome. Further in [23], another new auxiliary
variable is introduced which represents the instantaneous reactive power for
maintaining the magnetizing current. In this MRAS algorithm stator resistance

disappear from the equations making the algorithm robust to that parameter.

This work is mainly focused on estimating rotor flux angle by model reference
adaptive system and estimating rotor speed by Kalman filter technique. A
combination of well-known open-loop observers, voltage model and current model is
used to estimate the rotor flux angle and speed which are employed in direct field
orientation. For the speed estimation reactive power MRAS speed estimator, open
loop speed estimator and Kalman Filter speed estimator using flux angle estimate of
the flux observer compared in simulations utilizing real data of closed-speed loop
running system. Moreover, closed-speed performance of induction motor system
using Kalman filter as speed estimator and adaptive flux estimator as flux observer is

verified for whole speed range with no-load and with loading conditions.

1.5. Structure of the Chapters

Chapter 2 presents the induction machine modeling and dynamical mathematical
model of the machine in different reference frames. Space vector pulse width

modulation technique is given. Also, field oriented control structure is described.

Chapter 3 is related to the adaptive flux estimator and its implementation. Voltage

model and current model are explained in detail.

Chapter 4 devoted to speed estimation techniques for sensorless direct field
oriented control of induction machine. MRAS speed estimator, open-loop speed

estimator and Kalman filter speed estimator are described.

Chapter 5 demonstrates the performance closed-loop speed control of the induction
motor drive system by the simulations and experimental analysis. The comparison of

the speed estimators are studied in simulations. Moreover, both no-load and with
6



load tests are conducted for drive system to observe performance of the vector

control and that of estimation.

Chapter 6 summarizes the overall study done in the scope of the thesis and
concludes the performance of the closed speed loop vector controlled induction

motor.



CHAPTER 2

INDUCTION MACHINE MODELING, FIELD ORIENTED

CONTROL and PWM with SPACE VECTOR THEORY

This chapter focuses on the, modeling of the induction machine for different
reference frames. The state equations of induction machine, which are necessary to
develop observers explained in the next chapters are described. Moreover, field
orientation is introduced. Finally, the space vector PWM technique is explained in

detail.

2.1. System Equations in the Stationary a,b,c Reference Frame

In particular we will assume the winding configuration shown in the Figure 2-1. In
this case the winding placement is only conceptually shown with the center line of
equivalent inductors directed along the magnetic axes of the windings. An
elementary two pole machine is considered. Balanced 3ph windings are assumed for
both stator and rotor. That is all 3 stator windings designated as the as, bs and cs
windings are assumed to have the same number of effective turns, Ns, and the bs and
cs windings are symmetrically displaced from the as winding by +120°. The
subscript ‘s’ is used to denote that these windings are stator or stationary windings.
The rotor windings are similarly arranged but have Nr turns. These windings are
designated by ar, br and cr in which second subscript reminds us that these three

windings are rotor or rotating windings.



bs-axis

br-axis
w’s
Vbs

cs-axis

Ccr-axis

Figure 2-1 Magnetic axes of three phase induction machine

The voltage equations describing the stator and rotor circuits can be written

conveniently in the matrix form as

dy
_ . abes
Vabcs - rslabcs + dt
dy
_ . abcer
vabcr - rrlabcr + dt

Vabess Labes aNd Wupes are 3x1 vectors defined by

vas las Was
Vabcx = Vbs 5 labcs = lbx > l//abcs = l//bs
Vcs lcs Wcs

Similar definitions apply for the rotor variables Vaper, iaper and Waper.

9
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In general coupling clearly exists between all of the stator and rotor phases. The
flux linkages are therefore related to the machine currents by the following matrix

equation.

Wabcs = Wabcx(s) + Wabcs(r)

(2-3)
V/abc'r = V/abcr(s) + l/jabc'r(r)
where
as L abs L acs
V/abc's(s) = Labs Lbs Lbc's labc's (2 _4)
L acs L bes cs
as,ar Las,br as,cr
l//abcs(r) = be,ar Lbs br Lbs,cr labcr (2-5)
| “es.,ar cs,br cs,cr
L ar L abr L acr
V/abcr(r) = Labr Lbr Lbcr Laber (2_6)
L acr Lbcr L cr
ar,as ar,bs ar,cs
l//abcr(s) = Lbr,ax Lbr,bs Lbr,cs labcs (2-7)
| “er,as cr,bs cr,cs

Note that as a result of reciprocity, the inductance matrix in the third flux linkage
equation, (2-7), above is simply transpose of the inductance matrix in the second

equation, (2-5), because, mutual inductances are equal. (i.e., L, ,. =L, )

10



2.1.1. Determination of Induction Machine Inductances

While the number of inductances defined is large, task of solving for all of these

inductances is straightforward.

The mutual inductance between winding x and winding y is calculated according to

equation

rl\( =
L, =uNN, (g][zj cosa (2-8)

Where r is radius, 1 is length of the motor and g is the length of airgap. N, is the
number of effective turns of the winding x and N, is the number of effective turns of
the winding y. Notice that alpha is the angle between magnetic axes of the phases x

and y.

The self inductance of stator phase as is obtained by simply setting o=0, and by

setting N, and N, in (2-8) to N,. Whereby,

L =N (’”—ZJ@ (2-9)
g \ 4

The subscript m is again used to denote the fact that this inductance is magnetizing
inductance. That is, it is associated with flux lines which cross the air gap and link
rotor as well as stator windings. In general, it is necessary to add a relatively small,
but important, leakage term to (2-9) to account for leakage flux. This term accounts
for flux lines which do not cross the gap but instead close with the stator slot itself
(slot leakage), in the air gap (belt and harmonic leakage) and at the ends of the
machine (end winding leakage). Hence, the total self inductance of phase as can be

expressed.

11



L,=L +L,, (2-10)

where L represents the leakage term. Since the windings of the bs and the c¢s phases
are identical to phase as, it is clear that the magnetizing inductances of these
windings are the same as phase as so that, also

L,

Al

= Lls + me
(2-11)
Lcs = Lls + Lcm

It is apparent that L, Lym, L.n are equal making the self inductances also equal. It

is therefore useful to define stator magnetizing inductance

L= uoNf(r—lj(fj @-12)
so that
Las = Lbs = Lcs = Lls + Lms (2-13)

The mutual inductance between phases as and bs, bs and cs, and c¢s and as are

derived by simply setting 0=2n/3 and N,=N,=N;in (2-8). The result is

Labs = Lbcs = Lcas = _ﬂOst (gj(%} (2-14)

L, =L, =L, —fm (2-15)

The flux linkages of phases as, bs and cs resulting from currents flowing in the

stator windings can now be expressed in matrix form as

12



i L L
Lls + Lms - ——= 7
2 2
Lmv Lms .
V/abcs(s) = - 2 Lls + Lms _7 labcs (2_16)
L L
- - Lls + Lms
L 2 2 |

Let us now turn our attention to the mutual coupling between the stator and rotor
windings. Referring to Figure 2-1, we can see that the rotor phase ar is displaces by
stator phase as by the electrical angle 6, where 6, in this case is a variable. Similarly
the rotor phases br and cr are displaced from stator phases bs and cs respectively by
6,. Hence, the corresponding mutual inductances can be obtained by setting N.=Nj,

N,=N,, and o= 0,1n (2-8).

Lax,ar = be,br = Lcs,cr = IUONYNr(r_lJ(%J €Oos er
. & (2-17)
=——L cosf,
NS ‘
The angle between the as and br phases is 6,+2n/3, so that
N
Las,br = Lbs,cr = Lcs,ar = N’ Lms COS(HV + 272-/3) (2_18)

N

Finally, the stator phase as is displaced from the rotor cr phase by angle 8. —27/3.

Therefore,

L . =L =L Z%’LMSCOS(HV—ZE/3) (2-19)

as,cr bs,ar cs,br
s

The above inductances can now be used to establish the flux linking the stator

phases due to currents in the rotor circuits. In matrix form,

13



cosd, cos(6. +27/3) cos(, —27/3)
W abes(ry = %Lms cos(@r —27r/3) cos@. cos(@r + 27r/3) iy (2-20)
’ cos(6. +27/3) cos(6, —27/3) cosb,

The total flux linking the stator windings is clearly the sum of the contributions

from the stator and the rotor circuits, (2-16) and (2-20),

Wabcs = l//abcs(x) + l)”abcs(r) (2_21)

It is not difficult to continue the process to determine the rotor flux linkages. In

terms of previously defined quantities, the flux linking the rotor circuit due to rotor

currents is

B 2 2 2
Llr+ N’ Lmv _l NV Lmv _l NV Lmv
N )™ 20N, 2 N,
1N N Y 1N
l//abcr(r) = _E(N:J Lmv Llr +(N:j ms _E(N:J Lms iabcr (2-22)
1N, 1(N,Y N Y
. - Lmv 5 - Lmv Llr + - Lmv

2( W, 2( N, N,

where L;, is the rotor leakage inductance. The flux linking the rotor windings due to

currents in the stator circuit is

cosd, cos(0, —27/3) cos(6, +27z/3)
Y aber(s) = %Lms cos(6, +27/3) cosd, cos(0, —27/3) i, (2-23)
’ cos(0. —27/3) cos(6. +27/3) cos6.

Note that the matrix of (2-23) is the transpose of (2-20).

The total flux linkages of the rotor windings are again the sum of the two

components defined by (2-22) and (2-23), that is
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V/abcr = V/abcr(r) + Wabcr(s) (2-24)

2.1.2. Three-Phase to Two-Phase Transformations

It is apparent that extensive amount of coupling between the six circuits makes the
analysis of this machine a rather formidable task. However we are now in position to
determine if there is any simplification that can be expected between these coupled

equations.

In the study of generalized machine theory, mathematical transformations are often
used to decouple variables, to facilitate the solutions of difficult equations with time
varying coefficients, or to refer all variables to a common reference frame. For this
purpose, the method of symmetrical components uses a complex transformation to

decouple the abc phase variables:

[for 1= To0 11 f o ] (2-25)

The variable, f,,. in (2-25) may be the three-phase ac currents, voltages or fluxes.
The subscripts a,b and ¢ indicate three distinct phases of three phase systems. The

transformation is given by:

| 1 1 1
[Tou]:g 1 a a
2
l a a (2-26)

2
J . . .
where a=e 3 . Its inverse is given by:

| 1 1 1
[T012 ]71 3 1 @ a (2-27)
1 a a°
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The symmetrical component transformation is applicable to steady-state vectors or
instantaneous quantities equally. The important subsets of general n-phase to two

phase transformation are briefly introduced in the following subsections.

2.1.2.1. The Clarke Transformation

[41] The stationary two-phase variables of the Clarke’s transformation are denoted

as a, p. a-axis coincides with a-axis and f-axis lags the a-axis byE as in Figure 2-2.

B —axis
b — axis

o —Xis

\ 4

>

a—axis

¢ —axis

Figure 2-2 Relationship between the a, f and the abc quantities

Then the transform is given as:

[fapo] =L op0 1S e ] (2-28)

where the transformation matrix is given as
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-1

2

2 3
[Taﬂo]zg 0 E
11

12 2

And its inverse is:

[Taﬂo ]71 = _l

2.1.2.2. The Park Transformation

The Park’s transformation

(2-29)

(2-30)

a well known three-phase to two-phase

transformation. The transformation transforms three-phase quantities f,;. into two-

phase quantities developed on a rotating dg0 axes system, whose speed is w as shown

in the Figure 2-3.

Figure 2-3 Relationship between the dq and the abc quantities
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[f 2001 = [Tago (D[ S ] (2-31)

where the dgq0 transformation matrix is defined as:

cosd cos[@—z—”j cos[ﬁ+2—7zj
3 3
(7,0 (O)] = % —sinfd - sin(@ - 277[) - sin(@ + 2%) (2-32)
1 1 1
2 2 2 |

and the inverse is given by:

cosd —sinéd 1
[T,,0(D]" = cos(ﬁ —277[) - sin[ﬁ - 2?7[) 1 (2-33)
cos(9+2—ﬂj —sin(0+2—ﬂj 1

where 6 is the angle between the phases a and d. Notice that, € is time integral of w,
which is the rotation speed of the dg reference frame and it is chosen arbitrarily for

the sake of generality.

2.1.3. Circuit Equations in Arbitrary dq0 Reference Frame

The dq0 reference frames are usually selected on the basis of conveniences or
computational reduction. The two common reference frames used in the analysis of
induction machine are the stationary frame (i.e. w = 0), with a frame notation d'q’,
and synchronously rotating frame (i.e. w = wy, synchronous speed), with a frame
notation d°¢°. Each has an advantage for some purpose. In the stationary reference

S

frame, the d'q’ variables of the machine are in the same frame as those normally used
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for the supply network. In the synchronously rotating frame, the d°¢® variables are dc
in steady state. First of all, the equations of the induction machine in the arbitrary
reference frame, which is rotating at a speed w, in the direction of the rotor rotation,
will be derived. When the induction machine runs in the stationary frame, these
equations of the induction machine, can then be obtained by setting w = 0. These

equations can also be obtained in the synchronously rotating frame by setting w = w,.

2.1.3.1. qdO Voltage Equations

In matrix notation, the stator winding abc voltage equations can be expressed as:

v =ri + M (2_34)

abcs s “abcs
dt

Applying the transformations given in (2-32) and (2-33), to the voltage, current and
flux linkages, (2-34) becomes

v =@ ([f"”(e)] 2| @] (T @] ) @35

applying the chain rule in (2-35)

d[quo (9)]_1 ~1 d[quOS ]
Vagos = [ 20 (6’)]{{7} [’:”dqos ]+ [quo (9)] (TJ} (2-36)

T [ qdo(g)][ qdo(g)]fl [iquS]

which is equal to

19



d|T, ., (O [ AW agos
Vgos _[quo(ﬁ)]{¥ﬁ'ﬂdq0s]+[quo(g)][quo(g)] ( [V;:t ]J (2-37)

+ rs [quo (0)][qu0 (0)]_1 I:iquS ]

Note that
d[T ]_1 10 0 1 0
T W =211 0 0 2-38
| ek |- 2)
0 0 O
Then (2-37) becomes:
0 1 0
dl//quS .
vqus =w _1 0 0 l//quS +—+rquSlquS (2-39)
0 0 O
where
10 1 00
= and Taos =1|0 10 (2-40)
0 0 1
Likewise, the rotor voltage equation becomes:
0 1 0
dl//qur .
vqur :(W_Wr) _1 0 0 quOr + +rdq0rldq0r (2_41)
0 0 O
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2.1.3.2.  qdO Flux Linkage Relation

The stator qdO flux linkages are obtained by applying [7,,,(6)]to the stator abc

flux linkages equation.

W agos =T a0 (DY e (2-42)

referring (2-21), (2-42) is written as
V/qus = [quO (9)] (Wabcs(s) + V/abcs(r) ) (2-43)

putting (2-22) and (2-23) into (2-43);

i L L
le + Lmv - - W
‘ ‘ 2 2
Lmv Lms .
V/quS = [quO (0)] - T Lls + Lms - 7 labcs
L L
- -— le + Lmv (2-44)
L2 2 T

cosd, cos(0, +27/3) cosl. —27/3)
N, .
+ [quo (9)];12 cos(6, —27/3) cosd, cos(@, +27/3) |

ms aber

’ cos(d, +27/3) cosl6. —27/3) cosé.

skipping the transformation steps the stator and the rotor flux linkage relationships

can be expressed compactly:

vl [L, 0 0 L 0 07

w, 0 L 0 0 L, 0],

Yos | _ 0 0 L, 0 0 0, (2-45)
v | |L, 0 0 L 0 o0]i

v, o L, 0 0 L 0|

o] LO 00 0 0 L f[5 |

Where primed quantities denote referred values to the stator side.
21



Ls = Lls +Lm

(2-46)
Ly=L, +L,
and
N
L, :%Lms :%Nf(,uo FEIJ% Ly = (L, (2-47)

2.1.3.3. qdO0 Torque Equations

The sum of the instantaneous input power to all six windings of the stator and rotor

is given by:

— r .
P = AVl H VL VLI Y VLT W (2-48)

n (LS (LS cscs ar —ar crocr

in terms of dg quantities

P

roer 1o
in = 5( qs CI? +vdvldv + 2V0v10v +V l +vdrldr + 2v0r10r) W (2_49)

qr-qr

Using stator and rotor voltages to substitute for the voltages on the right hand side

. . d
of (2-49), we obtain three kinds of terms:i’r, i 71//, and wyi. i’rterms are the
t

d )
cupper losses. The i Y terms represent the rate of exchange of magnetic field

dt
energy between windings. The electromechanical torque developed by the machine is

given by the sum of the wi/i terms divided by mechanical speed, that is:

em 2 2 [ (l//dv qs - l//qvldv) + (W w )(l//dl qr - l//ql ldr )] Nm (2_50)

22



using the flux linkage relationships one can show that:

V/dsiqs - V/qsids = _(Wcllrlz’]r - W{l{rlc’lr) = Lm (idriqs - iqrids) (2-51)

Thus (2-50) can also be expressed as:

3 p r ! 1!
em = Ez(wqudr _y/drlqr) Nm
3p,, .
= EE(V/dslqs _y/qslds) Nm (2_52)
_3p

_EELm (i:lriqs _i;rids) Nm

2.1.4. (qdoO Stationary and Synchronous Reference Frames

There is seldom a need to simulate an induction machine in the arbitrary rotating
reference frame. But it is useful to convert a unified model to other frames. The most
commonly used ones are, two marginal cases of the arbitrary rotating frame,
stationary reference frame and synchronously rotating frame. For transient studies of
adjustable speed drives, it is usually more convenient to simulate an induction
machine and its converter on a stationary reference frame. Moreover, calculations
with stationary reference frame are less complex due to zero frame speed (some
terms cancelled). For small signal stability analysis about some operating condition,
a synchronously rotating frame which yields dc values of steady-state voltages and

currents under balanced conditions is used.

Since we have derived the circuit equations of induction machine for the general
case that is in the arbitrary rotating reference frame, the circuit equations of the
machine in the stationary reference frame (denoted as d°¢’) and synchronously
rotating reference frame (denoted as d°q°) can be obtained by simply setting w to zero
and w,, respectively. To distinguish these two frames from each other, an additional
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superscript will be used, s for stationary frame variables and e for synchronously

rotating frame variables.

Stator ¢’d’ voltage equations:

‘ dy’, s
Vbqs = l/:l ® +l"sléqs
t
‘ dy’ s
Véds = l/:l - +l"sléds
t

Rotor ¢’d’ voltage equations:

d s .
V'S qr = —l/il’t - + (_Wr )l//'sdr + rr’l” qr

dy'a .
Vi = Wdt —+ W+
where

wiw | TL, 0 L, 07i
v’ as 0 L 0 L,| i«
wie | L, 0 L 0|,
wial |0 L, 0 L i,

Torque Equations:

3
em zzg(wrsqri”dr _l//”dri”qr) Nm

3 o o
:Eg(wbdsibqs_'//bqsibds) Nm

3 Is .5 s s
3Dt N

(2-53)

(2-54)

(2-55)

(2-56)
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Stator ¢°d® voltage equations:

e d ¢ s e .e
Vg = yc/{tq W as + 10 g
(2-57)
e d eds e e
Vi od = y:lt — WY s +rsl ds
Rotor ¢°d® voltage equations:
re d ¢ r re rete
\% qr:%+(we_wr)w dr +7"rl qr
(2-58)
re d ¢ r re r-te
Vi = l/;td W, =w Iy + 10 ar
where
l//eqs Ls 0 Lm 0 leqé
€ s 0 L L € ds
E U (2-59)
l// qr Lm 0 Lr 0 4 qr
l//’edr O Lm 0 L; l.redr
Torque Equations:
3
Tem :Eg(l//’eql'i’edr _l//'edrl.’eqr) Nm
(2-60)
3 p( e ie e l-e ) Nm
= ds s sl ds
2 4 s —Y g

2.2. Field Oriented Control (FOC)

The concept of field orientation control is used to accomplish a decoupled control

of flux and torque, and has three requirements [28]:
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¢ An independently controlled armature current to overcome the effects of armature
winding resistance, leakage inductance and induced voltage

e An independently controlled constant value of flux

e An independently controlled orthogonal spatial angle between the flux axis and

magneto motive force (MMF) axis to avoid interaction of MMF and flux.

If all of these three requirements are met at every instant of time, the torque will
follow the current, allowing an immediate torque control and decoupled flux and

torque regulation.

Next, a two phase dg model of an induction machine rotating at the synchronous
speed is introduced which will help to carry out this decoupled control concept to the

induction machine. This model can be summarized by the following equations:

dweds
Ves: - W es+r‘ies 2-61
d dt eW g st d ( )
d e
Vo =8 i (2-62)
dt
d e
0 = qu +(We _WV )Wedr +rrieqr (2'63)
dt
_ dl//;r e .e
0=—"2 —(w,—w e +ri (2-64)
dt
W;s = Lbl; + Lmireq” (2-65)

Wao = Lyiy + L, 0" ar (2-66)

w'e =L i +Li (2-67)

qr m-gqs
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W =L i +Li" (2-68)

3 Lm re:e re:e
Tem = 7p7 (l//drlq.v - l//quds ) (2_69)
M By T (2-70)
em dt r L

This model is quite significant to synthesize the concept of field-oriented control.
In this model it can be seen from the torque expression (2-69) that if the rotor flux
along the g-axis is zero, then all the flux is aligned along the d-axis and therefore the
torque can be instantaneously controlled by controlling the current along g-axis.
Then the question will be how it can be guaranteed that all the flux is aligned along
the d-axis of the machine. When a three-phase voltage is applied to the machine, it
produces a three-phase flux both in the stator and rotor. The three-phase fluxes can
be converted into equivalents developed in two-phase stationary (d’g’) frame. If this
two phase fluxes along (d&°q") axes are converted into an equivalent single vector then
all the machine flux will be considered as aligned along that vector. This vector
commonly specifies us d°-axis which makes an angle 6, with the stationary frame d'-
axis. The ¢°-axis is set perpendicular to the d-axis. The flux along the ¢“-axis in that
case will obviously be zero. The phasor diagram Figure 2-4 shows these axes. The

angle 0, keeps changing as the machine input currents change. Knowing the angle

0, accurately, d-axis of the d°q° frame can be locked with the flux vector.

The control input can be specified in terms of two phase synchronous frame i“;; and
i4s. 45 15 aligned along the d*-axis i.e. the flux vector, so does iy with the ¢“-axis.
These two-phase synchronous control inputs are converted into two-phase stationary
and then to three-phase stationary control inputs. To accomplish this, the flux angle
0. must be known precisely. The angle 0, can be found either by Indirect Field
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Oriented Control (IFOC) or by Direct Field Oriented Control (DFOC). The controller
implemented in this fashion that can achieve a decoupled control of the flux and the

torque is known as field oriented controller. The block diagram is as in Figure 2-5.

> a=d’

c

Figure 2-4 Phasor diagram of the field oriented drive system

sg + Vubc
Iqs—>@_> —p T,l (9) > PWM —p
+ — PI Uy — ‘ IM
i §—>@~\——> - |(Inv.Park) —| VST |
DFO/IFO
i :
T (@) «——— 1) ]
(Park) | ' | (Clarke) g "

Figure 2-5 Field oriented induction motor drive system
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i—1/(1-p1,)

Figure 2-6 Indirect field oriented drive system

—_— Flux

- —» tan ‘(v gy, >
—> Observer (y rg 1Y i) 0,

Figure 2-7 Direct field oriented drive system

2.3. Space Vector Pulse Width Modulation (SVPWM)

2.3.1. Voltage Fed Inverter (VSI)

A diagram of the power circuit of a three phase VSI is shown in the Figure 2-8.
The circuit has bridge topology with three branches (phases), each consisting of two
power switches and two freewheeling diodes. The inverter here is supplied from an
uncontrolled, diode-based rectifier, via d.c. link which contains an LC filter in the
inverted configuration. It allows the power flow from the supply to the load only.
Power flow cannot be reversed, if the load is to feed the power back to the supply
due to the diode rectifier structure at the input side of the dc link. Therefore, in drive

systems where the VSI-fed motor may not operate as a generator, a more complex
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supply system must be used. These involve either a braking resistance connected
across the d.c. link or replacement of the uncontrolled rectifier by a dual converter.
The inverter may be supported with braking resistance connected across the d.c. link
via a free wheeling diode and a transistor. When the power flow is reversed it is
dissipated in the braking resistor putting the system into dynamic braking mode of

operation.

by
A

Y |
AN

YY)
_I_ MOSFET
f’ B & C
R 4 T A e Ed
OJoJo :

Figure 2-8 Circuit diagram of VSI

Because of the constraint that the input lines must never be shorted and the output
current must be continuous a voltage fed inverter can assume in operation only eight
distinct topologies. They are shown in Figure 2-9. Six out of these eight topologies
produce a non-zero output voltage and are known as non-zero switching states and
the remaining two topologies produce zero output and are known as zero switching

state.
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u60

U180

Figure 2-9 Eight switching state topologies of a voltage source inverter
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2.3.2. Voltage Space Vectors

Space vector modulation for three leg VSI is based on the representation of the
three phase quantities as vectors in two-dimensional (d°q’) plane. Considering the

first switching state in Figure 2-10, line-to-line voltages are given by:

Vab = Vs
Vbe = 0
Vea = -Vs

7 s1 s3 S5
e e e
S2 7 s4 7 s6

Figure 2-10 First switching state V;

This can be represented in (d’q’) plane as shown in Figure 2-11 where Vab, Vbc
and Vca are the three line voltage vectors displaced 120° in space. The effective
voltage vector generated by this topology is represented as V; (pnn) in Figure 2-11.
Here “pnn” refers to the three leg /phases a, b, ¢ being either connected to the
positive dc rail “p” or to the negative dc rail “n”. For the first switching state V7,

phase a connected to positive dc rail and phases b and ¢ are connected to negative dc
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rail. Similar to the ¥}, six non-zero voltage vectors can be shown as in Figure 2-12.
The tips of these vectors form a regular hexagon. We define the area enclosed by two

adjacent vectors, within the hexagon, as a sector.

Vbc
A
Vab=Vs
Vbc=0
Vca=-Vs -Vs
—» V1
Vs |
Vca Vab

Figure 2-11 Representation of topology V1 in (d'q’) plane

V3 /vz
1
5 3
Aot > VI
4 2
6
V5 V6

Figure 2-12 Non-zero voltage vectors in (d'q’) plane
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The first and the last two topologies of Figure 2-9 are zero state vectors. The output

line voltages in these topologies are zero.

Vab =0
Vbe =0
Vea=0

These are represented as vectors which have zero magnitude and hence are referred
as zero switching state vectors. They are represented with dot at the origin instead of

vectors as shown in Figure 2-13.

Vbe
A
Vab=0
Vbe=0
Vea=0 VO,V7
Vca Vab

Figure 2-13 Representation of the zero voltage vectors in (d'q’) plane
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2.3.3. SVPWM Application to the Static Power Bridge

In the case of AC drive applications, sinusoidal voltage sources are not used.
Instead, they are replaced by 6 power switches which act as on/off to the rectified
DC bus voltage. The aim is to create sinusoidal current in the windings to generate
rotating field. Owing to the inductive nature of the phases, a pseudo sinusoidal
current is created by modulating the duty-cycle of the power switches. The switches
shown in the inverter are activated by signals a, b, ¢ and their complement values.
Eight different combinations are available with this three phase VFI including two
zero states. It is possible to express each phase to neutral voltages, for each switching

combination of switches as listed in Table 2-1.

Table 2-1 Power Bridge Output Voltages (Vau, Vi Ven)

Switch Positions Phase Voltages

S; S; Ss Van Von Ven

0 0 0 0 0 0

0 0 1 -Vde/3 | -Vde/3 | 2Vdc/3
0 1 0 -Vdce/3 | 2Vde/3 | -Vdce/3
0 1 1 -2Vdc/3 | Vde/3 | Vdc/3
1 0 0 2Vdce/3 | -Vdc/3 | -Vdc/3
1 0 1 Vdc/3 |-2Vde/3 | Vdc/3
1 1 0 Vdc/3 | Vde/3 | -2Vdc/3
1 1 1 0 0 0

In field oriented control algorithm, the control variables are expressed in rotating
frame. The current vector Igs,.s that directly controls the torque is transformed in a
voltage vector after current regulation mechanism and the inverse Park transform.

This voltage reference is expressed in the (d°q®) frame. Using this transformation
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three phase voltages (V,u, Vin, Ven) and the reference voltage vector are projected in
the (d'q’) frame. The expression of the three phase voltages in the (d’q’) frame are

given by Clarke transformation:

. 1 —— -
Val 2 2 2

== v 2-71
M 3|, BB @70
T T Ve

Since only 8 combinations are possible for the power switches, V4, V4 can also
take finite number of values in the (d’q") frame Table 2-2 according to the command

signals a, b, c.

Table 2-2 Stator Voltages in (&'q’) frame and related Voltage Vector

Switch Positions (d°q®) frame Voltages
Sy S; Ss Vs Vigs Vectors
0 0 0 0 0 V0
0 0 1 -Vde/3 | -VdeN3 Vi
0 1 0 -Vde/3 | VdcA3 V2
0 1 1 -2Vdc/3 0 V3
1 0 0 2Vdc/3 0 V4
1 0 1 Vde/3 | -VdeA3 V5
1 1 0 Vde/3 | Vde3 V6
1 1 1 0 0 V7

The eight voltage vectors re-defined by the combination of the switches are

represented in Figure 2-14.
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7,(110) V.(110)

(9]
(98]

V,(011)s > V,(100) d°

v,(001) V5(101)

Figure 2-14 Voltage vectors

Given a reference voltage (coming from the inv. Park transform), the following
step is used to approximate this reference voltage by the above defined eight vectors.
The method used to approximate the desired stator reference voltage with only eight
possible states of switches combines adjacent vectors of the reference voltage and
modulates the time of application of each adjacent vector. In Figure 2-15, for a
reference voltage V.ris in the third sector and the application time of each adjacent

vector is given by:

(2-72)

where T, and Ty, Ty respective duration for vectors V, and Vs an null vector V) within

period T.
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q V,(110)
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sqref 4

- - V,(100)
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T
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v

Vc

sdref

Figure 2-15 Projection of the reference voltage vector

The determination of the amount of times 7, and Ty is given by simple projections:

= %”176 | cos(30%)

Ve = %HZH +x (2-73)
T
t2(60°)

Finally, with the (&°¢’) component values of the vectors given in Table 2-2, the

duration periods of application of each adjacent vector is:
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T
T, =2 W3V =V (2-74)

T, =TV (2-75)

where the vector magnitudes are “2V, /3” and both sides are normalized by

maximum phase to neutral voltage V. / NER

The rest of the period spent in applying the null vector (7y=7-Ts-T,). For every
sector, commutation duration is calculated. The amount of times of vector

application can all be related to the following variables:

X=v

| ‘
y=_v, +§V;, (2-76)

In the previous example for sector 3, 7y = -7Z and Ts =TX. Extending this logic,
one can easily calculate the sector number belonging to the related reference voltage
vector. Then, three phase quantities are calculated by inverse Clarke transform to get
sector information. The following basic algorithm helps to determine the sector

number systematically.

Ifr

vor1 =V, > 0thenset A=1 else 4=0

IfV,, = %(ﬁV; ~V) > 0 then set B=1 else B=0
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If V= %(—\/5 w — Vo) > 0thenset C=1 else C=0

Then, Sector = A+2B+4C

The duration of the sector boundary vectors application after normalizing with the

period T can be determined as follows:

Sector

1 t1=7Z t=Y
2 t=Y tr,=-X
3 t)=-Z tr=X
4 t;1=-X t=7
5 t1=X tr=-Y
6 t1=-Y ty=-7
Saturations

If (t1+ t2) > PWM period then

tisat = t1/( t1+t2)*PWM period

tasat =t2/( t1+t2)*PWM period

The third step is to compute the three necessary duty-cycles. This is shown below:
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_ PWM period —t, —t,

aon 2
tb()n = ta()n + tl
tcon = tbon + tZ

The last step is to assign the right duty-cycle (#,) to the right motor phase (in other
words, to the Ta, Th and Tc) according to the sector. Table 2-3 below depicts this

determination. (i.e., the on time of the inverter switches)

Table 2-3 Assigned duty cycles to the PWM outputs

1 2 3 4 5 6

Ta tbon taon taon tcon tbon tcon
Tb taon tcon tbon tbon tcon taon
Tc tcon tbon tcon taon taon thon

The phase voltage of a general 3-phase motor Van, Vbn, Ven can be calculated
from the DC-bus voltage (V.), and three upper switching functions of inverter S;, S;,
and Ss5. The 3-ph windings of motor are connected either A or Y without a neutral

return path (or 3-ph, 3-wire system).

Each phase of the motor is simply modeled as a series impedance of resistance r
and inductance L and back emf e, e;, e.. Thus, three phase voltages can be computed

as:

v, =V, v, =iy
di

e (2-77)
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vV, =V, -V :ibr+L%+eb (2-78)

n

di,

V,=V. -V =ir+L
dt

+e, (2-79)
Summing these three phase voltages, yields

Va+Vb+VC—3Vn=(ia+ib+ic)r+LW+ea+eb+ec (2-80)

For a 3-phase system with no neutral path and balanced back emfs, i, +i,+i.=0, and
e, tepte.,=0. Therefore, (2-80) becomes, V,,+Vp,+V,n,=0. Furthermore, the neutral

voltage can be simply derived from (2-80) as

8 =%(Va+Vb+V6) (2-81)

Now three phase voltages can be calculated as:

1 2 1 1
Vv =V ——W +V, +V)==V —=V, ——V 2-82
an a 3( a b c) 3 a 3 b 3 c ( )
vo—v -t sy cvy=2y Ly Ly (2-83)
bn b 3 a b c 3 b 3 a 3 c
vo—v Lo er a2y Ly Ly (2-84)
cn c 3 a b c 3 c 3 a 3 b
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Three voltages V,, Vj, V. are related to the DC-bus voltage V,. and three upper

switching functions §;, S; and S as:

Va = SlVdc (2_85)
v, =SV, (2-86)
V. =SV, (2-87)

where S;, S3, and S5 =either 0 or 1, and S,=1-S;, S,=1-S3, and S5=1-S5.

As a result, three phase voltages in (2-82) to (2-84) can also be expressed in terms

of DC-bus voltage and three upper switching functions as:

2 1 1

Vi = V(551 =35 =3 59) (2-88)
2 1 1

Vbn = Vdc(_S3 __Sl __SS)
3 33 (2-89)
2 1 1

Vcn = Vdc (ESS _ESI _§S3) (2_90)

It is emphasized that the S;, S3, S5 are defined as the upper switching functions. If
the lower switching functions are available instead, then the out-of-phase correction
of switching function is required in order to get the upper switching functions as
easily computed from equation (S,=1-S;, S;=1-S3, and Ss=1-S5). Next the Clarke
transformation is used to convert the three phase voltages V,,, Vs, and V., to the
stationary dg-axis phase voltages V4 and V°y. Because of the balanced system (7,

+ Vpy + Ven=0) V., s not used in Clarke transformation.
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CHAPTER 3

FLUX ESTIMATION FOR SENSORLESS DIRECT FIELD

ORIENTED CONTROL OF INDUCTION MACHINE

This chapter focuses on adaptive flux observer for direct field-orientation (DFO).
The field orientation is implemented in two ways as Direct Field Orientation and
Indirect Field Orientation. The basic difference of these methods underlies in the
manner of detecting the synchronous speed. In IFO, the slip angle is computed and
added to the rotor angle to find the synchronous speed. One must calculate, therefore,
the slip-angle and estimate the rotor angle. In the current model employed in the IFO,
dg-axes stator currents and precise rotor time-constants are needed to find the slip
angle. However, in DFO, the rotor angle is computed from the ratio of dg-axes

fluxes.

3.1. Flux Estimation

The logic underlying this flux observer is basically an advanced voltage model
approach in which integration of the back-emf is calculated and compensated for the
errors associated with pure integrator and stator resistance Rs measurement at low
speeds. At high speeds, the voltage model provides an accurate stator flux estimate
because the machine back emf dominates the measured terminal voltage. However,
at low speeds, the stator IR drop becomes significant, causing the accuracy of the
flux estimate to be sensitive to the estimated stator resistance. Due to this effect, at
low excitation frequencies flux estimation based upon voltage model are generally
not capable of achieving high dynamic performance at low speeds [15].
Consequences of these problems are compensated with the addition of a closed-loop
in the flux observer. Basically, the fluxes obtained by current model are compared

with those obtained by the voltage model with reference to the current model, or the
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current model with reference to the voltage model according to the range in which
one of these models is superior to other [22]. In this flux observer the voltage model
is corrected by the current model through a basic PI block. In the end, the stator
fluxes are used to obtain rotor fluxes and rotor flux angle. In the following parts, the

69

superscript “v” and

[
l

corresponds to the values of voltage model and the values of

current model respectively.

3.1.1. [Estimation of the Flux Linkage Vector

Most of the sensorless control schemes rely directly or indirectly on the estimation
of the stator flux linkage vector, y; being defined as the time integral of the induced

voltage,

KRY

dy
dt

=u, —Ri + Uy s

(3-1)
w (0) =y,

where, y "y is the initial value of flux linkage vector, u,; represents all disturbances
such as offsets, unbalances and other errors present in the estimated induced emf. A
major source of error in the emf is due to the changes in the model parameter R,. The
estimation of the flux vectors requires the integration of (3-1) in real-time. The
integrator, however, will have an infinite gain at zero frequency, and the unavoidable
offsets contained in the integrator input then make its output gradually drift away

beyond limits.

3.1.1.1. Flux Estimation in Continuous Time

The rotor flux linkage dynamics in synchronously rotating reference frame

(w=w.=w,,) being as;
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dys L, .. 1 .
Tl Tmge S (W, —w )y 3-2
dt Tr ds Tr Wdl ( e r)qu ( )
dyi’ L 1 .
— m l-e‘ _ el +(w —w e,i 3_3
dt Tr qs Tr qu ( e r )l//dr ( )

where L is the magnetizing inductance (H), 7. =L, /R, is the rotor time-constant

(sec), and w, is the electrical angular velocity of the rotor (rad/sec). These equations

are derived from the equations (2-64) and (2-68) of the previous chapter. In the

current model, the total rotor flux-linkage is aligned with the d-axis component, and

hence;
eji __ e,
Wr _Wdr
e, __
l//qr - 0

Substitution of y/;,ii =0 into (3-2) and (3-3) yields the oriented rotor flux dynamics

as;
dys’ L,. 1 .
P e e 3-4
dt : ds Tr Wdr ( )
Vo = 0 (3-5)

Note that (3-4) and (3-5) are the commonly recognized forms of the rotor flux
vector equations. When, the rotor flux linkages in (3-4) and (3-5) undergoes the

inverse park transformation in the stationary reference frame the result becomes.
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wi =y cos(@, )=y, sin(g, )=y cos(d, )
wo! =yl cos(8, )+ sin(6, )=y sin(d, )

where 6, is the rotor flux angle (rad). The stator flux linkages

reference frame are then computed using (3-6), (3-7) and (2-68) as;

ds +_l//dr

LL-L, L,
L

S, .5 .S
st - leds + Lmldr (

r r

s,0 .S . Ler _Lfn .S Lm S0
l//l]S = LSllIS + Lmllﬂ’ = (leqs +L_l//(1;’

r r

(3-6)

(3-7)

in stationary

(3-8)

(3-9)

The stator flux linkages in the voltage model, however, are computed by

integrating the back emf’s and compensated voltages taken into account.

CRNE s s _
l//ds - I(udv ldsRs ucomp,ds )dt

S,V s s _
qu - J-(uqs lqus ucomp,qs )dt

(3-10)

(3-11)

The compensated voltages, on the other hand, are computed by the PI control law

as follows:

Y o ) P —] i~y Jar

I

47

(3-12)



o = K, 027 =02 +— j v~y
(3-13)

The proportional gain K, and the reset time 7; are chosen such that the flux
linkages computed by the current model becomes dominant at low speed. The reason
for that is the back emfs computed by the voltage model result to be extremely low at
this speed range (even zero for back emfs at zero speed). While the motor is running
at high speed range, the flux linkages computed by voltage model becomes dominant

over the flux linkage components computed through the current model.

Once the stator flux linkages in (3-10) and (3-11) are calculated, the rotor flux
linkages based on the voltage model are computed once more through (3-14) and (3-

15) which are only rearranged forms of (3-8) and (3-9), as

s Ler - Lfn .5 L s,V
Vo' = — fatVa (3-14)
s,V LSL’ - Lfn .S Lr s,V

It is then a straight process to compute the rotor flux angle based on the voltage

model as;

6, =tan”!| Yo (3-16)
v, Ws,v
dr

48



The overall flux estimator structure is as in Figure 3-1.

i /w
s { CURRENT | ivmmer oane )
TRAT«AS%RM MODEL ‘ INVERSE PARK l l
) y | TRANSFORM |
N o — wldvi L. 1 | e — o LL =Ly Ly
Tas |G =i xcosO+iy xsind z’ilm :%IJ( —?L/M" Tl = vyl xeos@ -y xsind el =( )i+
i .. " . s | v i e . e K
g Ty, =iy xsin@ +i; xcos€ g Py =y xsind+ iy, x cos O —] ILL I I
vy = et = (B Ly Sy
A | W a L @ Ve
v 6, W ) :
|—£ 1% Y
=
o/ -
- X,
K, + 7 - Z
! = +
g +
P
v s s
- Wi = _[(“J\- =iy R, Uy as )dt Vis :@
<) = (e, -0 R — Vit NS
» z WV = JWge = Lol = Uy g
v,
p o
i, \{+ VOLTAGE |
MODEL |
S
— K, +—-|®
| P L
o 7 o
Va " LL -L, . .. L 79
(v ) Vo' =i T
0, tan '| —L- =60 “ m
Vo) [ LL - . 2
Yy Wy =—(C ) )
L L,
8 i

Figure 3-1 Flux estimation structure

3.1.1.2. Flux Estimation in Discrete Time

The oriented rotor flux dynamics in (3-4) is discretized by using backward

approximation as:

S-wi k=) L, . L e
Vi )= k=D _ Ly e gy~ L i gy (3-17)
T T T

r r

where T being the sampling period (sec). When rearranged (3-17) gives
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T i L xT ,
—y o (k=1)— iy, (k) (3-18)
T +T T +T

r r

o (k)=

The stator flux linkages in (3-10) and (3-11) are discretized by using trapezoidal

approximation as;

W (k) =w;;:(k—1)+§(e; (k) —el, (k—1))

(3-19)

Vo () =y, (k=1)+ g (e, (k) —e, (k=1)) (3-20)
where the back emf’s are computed as;

€u (k) = g (k) =g, ()R, =tz 4 (K) (3-21)

€y (k) = uy (k) =i (K)R, — gy, 4 (K) (3-22)

Similarly, the PI control laws in (3-12) and (3-13) are also discretized by using

trapezoidal approximation as
ucomp,ds (k) = Kp (l//c;;v (k) - l//;;l (k)) + ucomp,ds,[ (k - 1) (3_23)
uwmp,qs (k) = Kp (l//;év (k) - l//;él (k)) + ucomp,qs,i (k - 1) (3_24)

where the accumulating integral terms are;
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KT
camp ds,i (k) ucomp,ds,i (k - 1) + TL (W (k) W (k))

(3-25)
= Uy aei (k=D + K K, (" (k) =y (k)

(k) = u

o () =y (k)

camp qs,i comp,qs,i

(3-26)
= (k=D +K K, (y, (k)= (k)

comp qs,i

3.1.1.3. Flux Estimation in Discrete Time and Per-Unit

All equations are needed to be normalized into per-unit by the specified base
quantities. Firstly, the rotor flux linkage in current model (3-18) is normalized by

dividing the base flux linkage v, as

e,i _ T .e
l//dr,pu (k) - r +T ( - ) - —T lds,pu (k) (3_27)

r r

where v, = L, I, is the base flux linkage and 7, is the base current. Next, the stator

flux linkages in the current model (3-8) and (3-9) are similarly normalized by

dividing the base flux linkage as

o LL -L, .
W gs.pu (K) —T a5, (K )+_l//dr oK) (3-28)

sr r
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o LL -L, .
W s pu (K) =T e .o (K) + —V/qr o (K) (3-29)

r

Then, the back emf’s in (3-21) and (3-22) are normalized by dividing the base
phase voltage V.

K K 1 Rs .5
eds,pu (k) = uds,pu (k) — lds,pu (k) uwmp ds,pu (k)
b (3-30)
A ‘ IR,
qs,pu (k) = uqs,pu V qs pu (k) ucomp qs,pu (k)
b

(3-31)

Next, the stator flux linkages in the voltage model (3-19) and (3-20) are divided by
the base flux linkage.

VbT e;s,pu (k) + e;s,pu (k - 1)

W;;,pu (k) l//dv ,pu (k - 1) ( )
LI, 2 (3-32)
s,V S,V V s M(k)+e§‘ u(k_l)
Vo (K) =0 (K =1) + 17 Cor 2" - )
m=b (3-33)

Similar to (3-28) and (3-29) the normalized rotor flux linkages in the voltage model

arc:

s, Ler B L2
Wdr,pu (k) = _T dv ,pu

m—m ITL

oK) (3-34)
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LL —-I* .
Ssr ml'b (k)+LV

V/;:,}pu (k) =- LmLm qs,pu L

W o (K)
m (3-35)

In conclusion, the discrete-time, per-unit equations are rewritten in terms of

constants.

The rotor flux linkages developed by the current model in synchronously rotating

reference frame (w=w,,) are:

Vi () = Ky, (k=)= Koig,, (F) (3-36)
where
K =—2
r,+T
(3-37)
T
K, =
. +T

The rotor flux linkages developed by the current model in the stationary reference

frame (w=0) are:

Vi () = Koty () + Ky, (F) (3-38)

vl k) =K )+ Kyl (k) (3-39)
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o (3-40)

The back emf’s developed by the voltage model in the stationary reference frame

(w=0) is

e;v,pu (k) = u;s,pu (k) - KSic;s,pu (k) - ujamp,ds,pu (k) (3_4 1)

o pu (k) =1y (k)= Ky (K) =1t 06 0 (K) (3-42)

K= LR, (3-43)
V,

The stator flux linkages developed by the voltage model in the stationary reference

frame (w=0) are:

e;s,pu (k) + esls,pu (k - 1)

Waopu (B) = W0 (k= 1) + K ( > ) (3-44)
s,V s,V ess u(k)+ess u(k_l)
Vo (K) = W50, (k= 1) + K (F 2q - ) (3-45)
v, T
K, = (3-46)
Lm]b

The rotor flux linkages developed by the voltage model in the stationary reference
frame (w=0) are:
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Ve pu (k) = =Ky o (k) + K, () (3-47)

_ 72
Kg — Ler Lm
L L
I " (3-48)
K, = L’

The rotor flux angle developed by the voltage model

6, (k) = tan"!| L_rr (8 (3-49)
vrp 27 l//é’vdr,pu (k)

The required parameters for this module are summarized as follows:

e The machine Parameters:

e Stator resistance (Ry)

e Rotor resistance (R;)

e Stator leakage inductance (L)
e Rotor leakage inductance (L;,)
e Magnetizing inductance (L,,)
e The based quantities:

e Base current (/)

e Base phase voltage (V3)

e The sampling period(7)

The stator self inductance is L,=L;+L,, and the rotor self inductance is L,=L;+L,,.
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CHAPTER 4

SPEED ESTIMATION FOR SENSORLESS DIRECT FIELD

ORIENTED CONTROL OF INDUCTION MACHINE

The rotor speed estimation is examined with three estimation schemes. The
reactive power MRAS speed estimator, open-loop speed estimator, speed estimator

using Kalman filter are implemented.

4.1. Reactive Power MRAS Scheme

Model Reference Adaptive System (MRAS) is one of the most popular adaptive
control method used in motor control applications for tracking and observing system
parameters and states [23-27, 30-31]. There exist a number of different model
reference adaptive control techniques such as parallel model, series model, direct
model and indirect model etc. MRAS used in this thesis is parallel model MRAS that
compares both the outputs of a reference model and adaptive model and processes
the error between these two according to the appropriate adaptive laws that do not

deteriorate the stability requirements of the applied system.

In a MRAS system, some state variables x,,x, (e.g. back em.f components
(€,4-¢,,) reactive power components (gq,,,9,,) » rotor flux components (y,,,v,,)

etc.) of the induction machine, which are obtained from sensed variables such as
stator voltage and currents, are estimated in reference model and are then compared
with state variables x, and fcq estimated by using adaptive model. The difference
between these state variables is then used in adaptation mechanism, which outputs
the estimated value of the rotor speed (w.) and adjusts the adaptive model until

satisfactory performance is obtained. Such a scheme is shown in Figure 4-1
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corresponds to implementation of MRAS for speed estimation using space vectors,

and components of the space vector are shown.

v

sd

» »  Reference Model

sd

|

vy

sqg —1

T
v=[g,.g,]

E Adaptive Model
')%J
v v
W, Adaptation
Mechanism

Figure 4-1 MRAS based speed estimator scheme using space vector

To improve the performance of the observers described in this section, various
practical techniques are also discussed which avoid use of pure integrators. Pure
integrators leads drift and initial condition problems in digital applications, so recent
speed sensorless algorithms tend to avoid pure integrators. Most of the traditional
vector control algorithms use low-pass filter instead of pure integrators that also
causes serious problems at low speed range. Reactive power scheme described below
is robust to stator resistance and rotor resistance variations and can even be applied at

very low speeds [23].

Equations for an induction motor in the stationary frame can be expressed as:

di
Ve =Ry iS+0LSd—tS+em (4-1)
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L2
where o =1- 7 z (leakage cofficient) .

rees

—— =W Xip —— iy +—1i 4-2
dt pom 7, m 7, S (4-2)

where Wr is a vector whose magnitude w, is rotor electrical angular velocity, and

whose direction is determined according to right hand system of coordinates as

shown in Figure 4-2 “x” denotes the cross product of vectors respectively

From (4-1) and (4-2), e, and structure of MRAS can be derived as follows:

g
em:VY—(quv+0'Lq lfj (4-3)
; o Codt
di
e =L — 4-4
m m dt ( )
:L;;I(Wr Xim - 1 ‘m + 1 lsj (4-5)
T, T,

LZ
where L/, :L—'” and 7, =

r r

r

If we rewrite the equations above for the direct and quadrature-axis back-emf in the

following forms:
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e = dinld _ i dy/rd
T g L dt

(4-6)
. divd
:I/Sd - Rslds+o-l‘s dt
o =g B _L, 4V
M dr L dt @)

4
= Vvq - Rslsq + O-Ls 7;

Instantaneous reactive power is defined as g,, as the cross product of the counter

emf vector e, and the stator current vector. That is

A

q, =i, xe, (4-8)

gm 1S a vector, whose direction is shown in Figure 4-2 and whose magnitude g,,

represents the instantaneous reactive power maintaining the magnetizing current.

d

v

Figure 4-2 Coordinates in stationary reference frame
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Substituting (4-6) and (4-7) for e,, in (4-8) noting thati xi =0, we have

. di

2
1
q, :L—m((im °i )w, +T—im xisj (4-10)

Using (4-9) and (4-10) as the reference model and the adaptive model, respectively
and it is evident that the speed estimation system of Figure 4-3 is completely robust

to the stator resistance, besides requiring no integral calculation.

Reference Model
‘_)S—> + c
o Equation (4-9) —»@
l_‘ q”l -
(2777
»  Equation(4-10) ‘ \ 4
A Adaptatl:on
> Equation(4-5) Mechanism
A
Adaptive Model
W,

Figure 4-3 System structure of rotor speed observer using the tuning signal ¢
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The information required for this module is stator voltage and stator current
components in the dg stationary reference frame. Two sets of equations are
developed to compute reactive power of the induction motor in the reference and
adaptive models. The reference model does not involve the rotor speed while the
adaptive model needs the estimated rotor speed to adjust the computed reactive
power to that computed from the reference model. Notice that the representation of

complex number is defined for the stator voltages and currents in the stationary

reference frame i.e., v, =v, + jv, and i =i, + Ji, -

4.1.1. Reference Model Continuous Time Representation

The back-emf of the induction motor can be expressed in the stationary frame as

follows
e, = i—’:’% =v,—Ri, —oL, % (4-11)
€y = i—”:% =v, —Ri, —oL, d;;q (4-12)
e, =¢,tje,, (4-13)

The reactive power of the induction motor can be computed from cross product of

stator currents and back-emf vectors as follows:
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gn=1x2, =1 x| v.~ R —oL, 2| =7 x7, -7 xaL, L (4-14)
dt dt

where i xi =i, i, —i i, =0 .Asaresult the reactive power shown in (4-14) can

further be derived as

: : o diy, o diy
qm = lsdvsq _lsqud - GLS [lsd d: - lsq ? (4-15)

4.1.2. Adaptive Model Continuous Time Representation

The estimated back-emf computed in the adaptive model can be expressed as

follows:

2 . 2
o _ Lm dlmd — Lm

emd - Lr dt L (_ Tr wrimq - imd + iSd) (4-16)

r

. L di,, L N
6, :L_T;:L—(—r Wiy — iy +i,,) (4-17)

r r
I

2m = émd + jémq (4-18)
where 7, =—-1is the rotor time constant, i, i., are computed from the following
equations:

di . 1. |

—d = _ermq __lmd +_lsd (4_19)

dt T, T,
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g gy L oLy (4-20)
T

Once the estimated back-emf computed by (4-16)-(4-20), the estimated reactive

power can be computed as follows:
q}'}’l =X em = isdémq - isqémd (4-21)

Then, the PI controller tunes the estimated rotor speed such that the reactive power
generated by adaptive model matches that generated by reference model. The speed

tuning signal is the error of reactive power that can be expressed as follows:
gAe = lTs X (Em _ém) = qm - ém (4_22)

When this observer is used in a vector-controlled drive, it is possible to obtain
satisfactory performance even at very low speeds. The observer can track the actual
rotor speed with a bandwidth that is only limited by noise, so the PI controller gains
should be as large as possible. The scheme is insensitive to stator resistance
variations. The parameter 1, has a negligible influence on the operation of both of the
overall MRAS vector control systems. If the MRAS successfully maintains nearly
zero error, and if the same value of 7, is used in the MRAS adjustable models and in

the function block for calculating wy;, then we have the following relations:

>

w,=w, andt, w, =7, W,

e e r
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where variables without “*” are actual values, and ones with “*” represent the

corresponding values used in the MRAS vector control systems. Thus, if 7, #7,,
then w, = w,, but w, =w,, which is used for orienting the stator current vector.

Therefore, complete field orientation can be achieved even if the value of 7, is quite
wrong. The error in the value of 1, however, produces an error in the speed

feedback, thus affecting the accuracy of the speed control as follows:

£, =W, —w, =( —%st, (4-23)
T

This also holds for the previous MRAS scheme. However, the accuracy of the
speed estimation system discussed depends on the transient stator inductance and
also referred magnetizing inductance. The latter quantity is not too problematic, since
it does not change with temperature. Furthermore, deviations of 7, from its correct
value produce a steady-state error in the estimated speed and this error become

significant at low speeds.

4.1.3. Discrete Time Representation

For implementation on digital system, the differential equations need to be
transformed to difference equations. Due to high sampling frequency compared to
bandwidth of the system, the simple approximation of numerical integration , such as
forward ,backward, or trapezoidal rules, can be adopted [34] . Consequently, the
reactive power equations in both the reference and the adaptive models are

discretized as follows:

4.1.3.1. Reference Model

According to (4-15) reference model reactive power is given as:
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di di
. . . sq . sd
q, = lsdvsq - lsqud - GLS (lsd dt - lsq dt

Using backward approximation:

g, (k) =iy (k) (k) =i, (Y, (k) -
(k)— ;ﬂ,(k—l)_l.sq ® z;d<k)—z;d<k—1>J (4-24)

. isq
O-Ls lsd (k ) T

and this equation can be further simplified as:

G, (k) = iy (K)vy, (k) =i, (k)v,, (k) =

oL,

4-25
T i =i () =iy (01, (1) .

where 7 is the sampling time.

4.1.3.2.  Adaptive Model

According to (4-21), reactive power in adaptive model is derived as

Qm = ls X em = lsdemq - lsqemd

whose discrete time representation is:

q, (k) =i, (k)e,, (k) —i, (k)e,, (k) (4-26)
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where ¢, (k)and e, (k) are computed as follows:

Continuous time representation:

L di, L
~ d m A . .
€na = - = _(_ Trwrlmq b + Ly )
L dt L

r

(4-27)
. L di,, L S
emq = L—VT: = L—r(— T W, _lmq + lsq)
Discrete time representation:
L2
g (0) =7 (7,0, (R () =i ) ()
(4-28)

2

€y (k)= i—'”(— 7,30, (k)i (k) =1, () +i,, (K))

r

and i,,(k),i,, (k)can be solved by using trapezoidal integration method, it yields

Continuous time representation:

di, .. 1 1
dt - r‘mq bl + Lo
(4-29)
i _ Wi ! i+ 1 i
dt r“md z_r mq z_r sq
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Discrete time representation:

2 r |z
by (K =D)%, (k){T —T—z} +iy (k)F - } - (4-30)
7, T. 27
: . T?
iy ()W, (k){z—rj

imq(k)—imq(k—l){—%zwrz(k)-u_z.{lj }
T T

r r

£y (K =D)W, (k){T —T—z}w (k)[l—T—Z} (4-31)
T, T. 2z

. . T?

Lo (k)wr (k)|:z:|

4.2. Open Loop Speed Estimator

The open loop speed estimator based on the equations of the induction motor in the
stationary reference frame [35]. Rotor flux linkage equations are as given below in

(4-32) and (4-33).

Wia=Li'a+L, i (4-32)
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l//sqr = Lrl'sqr + Lml;_s (4'33)

The rotor currents can be expressed as in (4-34), (4-35).

1
i =~ L) (4-34)

r

X 1 K X
o = = L) (4-35)

r

The rotor voltage equations are used to find rotor flux dynamics as in (4-36),

(4-37).

0=Ris +wy' + % (4-36)

N

dy,,
dt

0 = Rri(jr + W}"W;}" + (4-37)

Substituting the current equations (4-34), (4-35) into (4-36), (4-37) rotor flux
dynamics can be stated as in (4-38), (4-39).

dy; 1 L, .
Dl o 2 gys Zmg gy 4-38
dt r Wdl r ds rl//qr ( )
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s

dy 1 L
qr s m osS Ky
— =y, 0 Wy, (4-39)
dt r, " o .
where 7. = —= is the rotor time constant.

”

Then rotor flux linkage magnitude and the angle can be computed as:

s ' s 2 s 2
l//r = l//qr +l//dr (4_40)

g, =tan”| L2 (4-41)
v, y/b
dr

This method is sensitive to parameter estimation. Nevertheless, the open-loop
speed estimation is changed that uses computed flux angle; the flux angle from
adaptive flux estimator is used instead which gives a better estimate for flux angle
due to its adaptive mechanism. Then the electrically angular velocity is calculated

taking the derivative of the flux angle in (4-41).

(4-42)

Substituting equations (4-38), (4-39) into (4-42) and rearranging (4-43) is obtained.
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B (ysin —wiis) (4-43)

The second term in the right hand side is the angular slip velocity term wy=(1-S)w,
which is proportional to the electromagnetic torque while the rotor flux magnitude is

maintained constant. Then the rotor speed can be found as:

W, =w, - Yﬁ@m;w@) (4-44)

The rotor speed output is filtered with a first order low pass filter to eliminate high

frequency noise which comes from the differentiation.
4.3. Kalman Filter for Speed Estimation

4.3.1. Discrete Kalman Filter

In 1960, R.E. Kalman published recursive solution to the discrete data linear
filtering problem Kalman60. Since that time, due in large part to advances in digital
computing; the Kalman filter has been the subject of extensive research and
application, particularly in the area of autonomous or assisted navigation. The
Kalman filter addresses the general problem of trying to estimate the state x € R” of
a discrete-time controlled process that is governed by the linear stochastic difference

equation [36]:

x, =Ax, , +Bu, ,+w,,, (4-45)
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with a measurement z € ‘R™ that is

z, =Hx, +v, . (4-46)

The random variables w, and v, represent the process and measurement noise

(respectively). They are assumed to be independent (of each other), white, and with

normal probability distributions

p(w) = N(0,0), (4-47)

p(v)= N(O,R). (4-48)

In practice, the process noise covariance ( and measurement noise covariance R
matrices might change with each time step or measurement, however here it is
assumed that they are constant. The » x n matrix 4 in the difference equation (4-45)
relates the state at the previous time k-7 step to the state at the current step £, in the
absence of either a driving function or process noise. In practice 4 might change with
each time step, but here we assume it is constant. The matrix B relates the optional
control input u € R’ to the state x. The m x n matrix H in the measurement equation

(4-46) relates the state to the measurement z, . In practice H might change with each

time step or measurement, but here we assume it is constant.
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4.3.2. Computational Origins of the Filter

Kalman Filter has two state estimates of the process a priori state estimate
X, € R"at step k given knowledge of the process prior to step k, and x, € R" to be

our a posteriori state estimate at step k& given measurement z, . Then, a priori and a

posteriori estimate errors are defined.

e, =x, —x, ,and (4-49)
e, =X, — X, (4-50)
The a priori estimate error covariance is then
— _ _T
P =Eleel”|. (4-51)
and the a posteriori estimate error covariance is
(4-52)

P, :ElekekTJ.

An equation that computes an a posteriori state estimate as a linear combination of

an a priori estimate and a weighted difference between an actual measurement and a

measurement prediction is derived as shown below in (4-53).

%, =5 +K(z, - HE)) (4-53)
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The difference (z, — Hx, ) in (4-53) is called the measurement innovation, or the
residual. The residual reflects the discrepancy between the predicted measurement

Hx, and the actual measurementz, . A residual of zero means that the two are in

complete agreement.

The matrix K in (4-53) is chosen to be the gain or blending factor that minimizes
the a posteriori error covariance (4-52). This minimization can be accomplished by

first substituting (4-53) into the above definition for e, , substituting that into (4-52),

performing the indicated expectations, taking the derivative of the trace of the result
with respect to K, setting that result equal to zero, and then solving for K
Maybeck79, Brown92, Jacobs93. One form of the resulting K that minimizes (4-52)
is given by Brown92 [36].

K,=P H'(HP H" +R)"' (4-54)

From this it can be seen that when the measurement error covariance matrix R

reaches zero, the Kalman gain will weigh the residual more heavily:

limK, =H".

R, —0

If this is the case, the actual measurement z, is trusted more and more. At the same
time, the predicted measurement Hx, is trusted less and less. If however the a priori

estimate error covariance matrix P, reaches zero, the Kalman gain will weigh the

residual less heavily:
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lim KkZO.

P -0

When this is the situation, as covariance matrix P, approaches zero, the actual

measurement is trusted less and less; on the other hand predicted measurement Hx,

is trusted more and more.

4.3.3. The Discrete Kalman Filter Algorithm

The Kalman filter estimates a process by using a form of feedback control: the
filter estimates the process state at some time and then obtains feedback in the form
of (noisy) measurements. As such, the equations for the Kalman filter fall into two
groups: time update equations and measurement update equations. The time update
equations are responsible for projecting forward (in time) the current state and error
covariance estimates to obtain the a priori estimates for the next time step. The
measurement update equations are responsible for the feedback, i.e. for incorporating
a new measurement into the a priori estimate to obtain an improved a posteriori
estimate. The time update equations can also be thought of as predictor equations,
while the measurement update equations can be thought of as corrector equations.
Indeed the final estimation algorithm resembles that of a predictor-corrector

algorithm for solving numerical problems.

Then the time update equations can be expressed as in (4-55), (4-56).

2% =A%, +Bu,_, (4-55)

P, =AP_A" +0 (4-56)
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where these equations project the state and covariance estimates from &-/ to k.

The measurement update equations first calculate the Kalman gain Kj, (4-57). The
next step is to actually measure the process to obtain z;, then to produce an “a
posteriori” state estimate (4-58) and the last step is to calculate an “a posteriori error

covariance” estimate (4-59).

K, =P H'(HP H" +R)" (4-57)
%, =%, +K,(z, —HX,) (4-58)
P =(U-KH)F (4-59)

Then, the overall system diagram is as shown below in Figure 4-4.

A 4

Time Uptade Measurement Update
(“Predict”) (“Correct”)

K. =P H (HE H +R)
X, =X + K (2, —HX,)

13/: = (] —K/CH)])/C_

Xk = A,f?kfl + BZI,‘_f1

P =AP_ A" +0

I

Figure 4-4 Kalman filter cycle
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Filter recursively conditions the current estimate on all of the past measurements.
After each “time” and “measurement update” pair, the process is repeated with the
previous “a posteriori” estimates, used to project or predict the new “a priori

estimates”.

Regarding to the speed estimator, the measurement used for this system is rotor

1 T T7/2
flux angle for z;. the 4 matrix is [0 1 T |, and the H matrix is [1 0 0]. Also,
0 0 1
1 11
the Py, for k=0 chosentobe |1 1 1| as initial condition for convergence. The first
1 11

row in A corresponds to position, second and third rows for velocity and acceleration

respectively.

Finally, the overall sensorless, closed loop direct field oriented system structure is
presented as in Figure 4-5.
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Figure 4-5 The overall sensorless DFOC scheme
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CHAPTERS

SIMULATIONS AND EXPERIMENTAL WORK

5.1. Simulations

Simulations were done to investigate effectiveness of the derived algorithms for the
MRAS flux observer, open loop speed estimator and Kalman filter speed estimator.
MATLAB Simulink is used as simulation tool. Voltage inputs and current outputs of
the induction machine are used as the inputs of speed and flux estimators. The
simulation parameters are same as real motor used in the experiments. These
parameters are kept constant during simulations. They are given in Table 5-1. All
simulations are carried out in discrete-time. Sampling time of simulations is the same

with the one used in discrete time estimators of experiments.

Table 5-1 Simulation Parameters

Rotor resistance per phase (referred) | 2.19 Q
Stator resistance per phase 1.80 Q
Stator self inductance per phase 0.192 H
Rotor self inductance per phase 0.192 H
Magnetizing inductance 0.184 H
Base line current 75 A

Base per phase voltage 220V
Base torque 12.375 Nm
Base linkage flux 1.38 Vsec/rad
Base electrical angular velocity 314 rad/sec
Number of motor poles 4

Sampling frequency 0.0002 sec
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5.1.1. Comparison of MRAS Speed Estimator, Open Loop Speed Estimator

and Kalman Filter Speed Estimators

For comparison, the speed estimation of MRAS speed observer, open loop speed
estimator and Kalman filter speed estimators are used. The simulations are realized
using phase voltages and current data obtained from drive system by closed-loop
speed control with Kalman filter speed estimator. The field is being established from
zero initial conditions in due course of motor acceleration. The phase currents and
voltages from motor drive system are applied to the flux estimator and to the MRAS
speed estimator. The speed estimations of the Kalman Filter estimator and open loop
speed estimator are obtained using electrical flux angle from the flux estimator.
Moreover, angular slip velocity speed estimation is taken into account for exact
speed estimation. The simulations were done for reference speed commands:
250rpm, 500rpm, 1000rpm and 1500rpm of the real drive system. In Figures 5-1 to
5-4 the electrical flux angle estimated in simulation, MRAS speed observer estimate,
open loop speed observer estimate, Kalman Filter Speed estimate, estimated angular

slip velocity are given at steady state of speed commands.
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Figure 5-1 Comparison of performances of speed estimators for 250 rpm
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Figure 5-2 Comparison of performances of speed estimators for 500 rpm
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Figure 5-3 Comparison of performances of speed estimators for 1000 rpm
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Figure 5-4 Comparison of performances of speed estimators for 1500 rpm

In these simulations required speed MRAS observer performance could not be

obtained. This defectiveness probably comes from the PI regulator which is to
minimize the reference and adaptive reactive power difference ¢, —ﬁm to give an
estimate of the speed estimate w, . Moreover, in the drive system experiments MRAS

observer constitutes a processor overloading problem due to high computational
load. The Open loop speed estimator estimates speed with ripples which will be
reflected to the closed-loop performance. In experiments, although it requires least
computational load on the controller among the other concerned observers, it is not
used because of its noisy output. On the other hand, the Kalman Filter speed observer
has best performance in terms of estimation accuracy and low processing
complexity. Therefore, the closed-loop experiments are focused on the models with
Kalman filter speed estimator and detailed analysis is realized. The speed range
chosen to be start 250rpm since flux estimator performance at the low speed it is not

sufficient as estimation accuracy. In the rest of the simulations and succeeding
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experiments same speed range used starting form 250rpm to the rated motor speed

1500rpm.

5.1.2. Speed Estimator Performance Verification

In this simulations, the speed estimator performance is investigated by applying
angle values which are in the same form of the flux angle in the real system. The
angle is generated from a counter in the simulation and directly applied to the
Kalman filter speed estimator. By doing, this, the speed estimator performance is
studied distinctly from drive system. The simulations were done for Srpm, 50rpm,
500rpm, 1000 rpm and 1500rpm. By estimating these speeds, the performance of the
estimator is observed for different speeds. In Figures 5-5 to 5-9, the electrical angle
applied to produce constant speed and the estimated speed by the speed estimator are

given.
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Figure 5-5 S5rpm reference, Kalman filter performance verification
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Figure 5-6 50rpm reference, Kalman filter performance verification
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Figure 5-7 500rpm reference, Kalman filter performance verification
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Figure 5-8 1000rpm reference, Kalman filter performance verification
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Figure 5-9 1500rpm reference, Kalman filter performance verification

In these simulations, motor speed estimation is quickly fits to desired speed with a

small overshoot and a steady state speed error less than /%. The rise time of the

speed estimation of the estimator is also seen from graphs. These rise times also
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affect the closed system performances since they are added as delay term to the

speed loop response.

5.2. Experimental Work

The Speed estimator designed with Kalman Filter using electrical flux angle
estimated by MRAS scheme have been tested experimentally for satisfactory
operation at different speeds of motor. The observer was tuned for the whole speed
range and for no-load and with load cases. During the tests, some processor
overloading problems are occurred. The reasons of this overloading were handling
flux and speed estimators’ calculations and data logging altogether and ineffective
code generation of software tools. Because of this drawback the torque loop could
not be closed with /0 KHz sampling rate. Thus, the sampling rate is slowed down to

5 KHz for torque loop and to / KHz for outer loops.

In the tests first, both /; and /, current control loops tuned using PI controllers

which can be expressed as in (5-1) for continuous time.

Pl ()= K, 1 (0 + K, [ (1, (6))dt (5-1)

The continuous time PI controller equation discretized by using trapezoidal

approximation as;

+1
PII()“, (Z) = Kp ’ Ierror (Z) + KI : [error (Z) ' TS % (5-2)

where T represents sample time.
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For superior performance of speed loop, the proportional gain K, and integral gain
K; parameters of these current loops must be fitted well to minimize the current
errors. During the tuning of the PI regulator also some commonly used methods are

tried; one of them is Ziegler-Nichols tuning criterion which is described as follows.

Stepl: Set K; = 0 and K; = 0. Increase K,, in steps until the closed-loop response
reaches a state of sustained oscillations. Mark this so-called ultimate gain denoted as

K. Measure the corresponding period of oscillation at the output, call it 7.

Step2: Now set the parameters of the controller asK,6 =045*K

pu’?’

K, =054*K /T, K, =0.

With tuning of the current loops, closed loop torque control is achieved.

Then, the speed estimator is tuned by setting entries of the measurement noise
covariance R matrix and the process noise covariance Q matrix to obtain fast and
dynamic response and estimation accuracy. For the performance analysis of the
estimator the machine is controlled in the speed loop with the Kalman filter speed
estimator and closed loop speed control is achieved for induction motor. In order to,
fulfill this operation again a PI controller is used which has same equations described
in (5-1) and (5-2). The closed loop experiments first handled with an encoder
coupled to the shaft of the induction motor to verify the estimation performance.
Secondly, in no load case with the estimator to obtain the motor current and voltage
data. Then, a permanent magnet motor is coupled with resolver to the induction
motor to load the drive system and closed-loop speed control is verified under

loading.

During the experiments, two of the three phase currents were measured. The phase
voltages were calculated internally using measured DC-Link voltage. The current
measurements and the DC-Link measurement were done with isolated transducers

and 16-bit A/D conversion.
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5.2.1. Experiments to Compare Speed Estimate with Actual Speed of Motor

In these no-load experiments, motor is run in the closed-speed loop mode and the
quadrature encoder coupled to the shaft of the motor is used. The encoder index, A
and B pulses are read with the event manager of the processor. Log of the
mechanical rotor angle, the estimated speed, and the actual speed are taken for
250rpm, 500rpm, 1000rpm and 1500rpm constant speed requests and also, varying
speeds of sinusoidal 250rpm, 500rpm, 1000rpm and 1500rpm amplitude with 0.1/Hz
frequency are applied to examine whole speed range performance and zero speed
crossing behavior of the drive system. In these experiments, since the encoder
measures rotor angle rather than speed, the reference speed measure is obtained after
Kalman filtering of actual motor rotor angle. However, Kalman filtered actual rotor
position gives reliable speed estimate for comparison of drive system performance
since filter performance is verified by simulations to have %1 steady state error in

simulations.

In Figures 5-10 to 5-13; as expressed before, mechanical angle, estimated speed,
and actual speeds taken for 250rpm, 500rpm, 1000rpm and 1500rpm are presented.
The speed estimate from actual rotor position is given as dotted line.
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Figure 5-10 250rpm speed reference actual and estimated motor speeds
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Figure 5-11 500rpm speed reference actual and estimated motor speeds
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Figure 5-13 1500rpm speed reference actual and estimated motor speeds

The constant speed tests (in Figures 5-10 to 5-13) showed the differences between
the estimated and the actual speeds from standstill to the set values. Until the settling
time, the estimated speed settled to the steady state value faster but, deviates from
actual speed values considerably. On the other hand, after the speed settles down, the
responses fit to each other and the deviations are less than %J5 from the reference
values. These deviations are due to the inaccuracies made in estimations and the
errors in the speed and the current PI controllers existing in their respective control

loops.

The varying speed experiments are conducted to observe performance of drive
system for acceleration, deceleration of the motor in both directions of rotation and
to observe the behavior of the drive system around zero speed crossing. Sinusoidal
speeds of amplitude 250rpm, 500rpm, 1000rpm and 1500rpm with 0.1 Hz frequency
applied as reference values and the results are presented in Figures 5-14 to 5-17. The

speed estimate from actual rotor position is given as dotted line in the figures.
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The varying speed experiments showed that the estimated speed and the actual
speeds are consistent and drive system follows the varying speed reference smoothly.
However, in low speeds at the start and at the zero speed crossing system

performance decreases due to the flux estimator characteristic.

5.2.2. Experiments of the Speed Estimator in No-Load

The subsection focuses on the time variations of the motor current and voltages in
the closed loop operation under no-load conditions in comply with the tests made in
section (5.2.1.). First, the responses are obtained for speed references applied in step
form, from standstill conditions. Secondly, again speed varies sinusoidally at 0. 1Hz

and voltage and current variations are obtained.

Concerning the constant speed reference experiments motor speed is set to

250rpm, 500rpm, 1000rpm and 1500rpm respectively.

In Figures 5-18 to 5-20 phase currents, voltages and speed data are given for

250rpm case.
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Figure 5-18 250rpm speed reference, motor phase currents
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Figure 5-20 250rpm speed reference, motor speed estimate

In Figures 5-21 to 5-23 phase currents, voltages and speed data are given for

500rpm case.
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Figure 5-21 500rpm speed reference, motor phase currents
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Figure 5-22 500rpm speed reference, motor phase voltages
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Figure 5-23 500rpm speed reference, motor speed estimate

In Figures 5-24 to 5-26 phase currents, voltages and speed data are given for

1000rpm case.
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Figure 5-24 1000rpm speed reference, motor phase currents
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Figure 5-25 1000rpm speed reference, motor phase voltages
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Figure 5-26 1000rpm speed reference, motor speed estimate

In Figures 5-27 to 5-29 phase currents, voltages and speed data are given for

1500rpm case.
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Figure 5-27 1500rpm speed reference, motor phase currents
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Figure 5-28 1500rpm speed reference, motor phase voltages

96



Estimated Rotor Speed vs Time
T T

1600

w2

1400 w1477

1200

__1ooo

800

Est. Rotor Sp. (rpm

B00

400

200

! ! ! !
5] [EE=} 1 15 = 25
Time (seconds)

Figure 5-29 1500rpm speed reference, motor phase speed estimate

In these experiments, induction motor’s phase voltages ad phase currents behavior
is seen from the figures. They reached to steady-state values in first second after the
start of motor. This time is increases with the increase in speed reference. Because to
reach to referenced speed requires more time. The current values are almost same for
all cases and very low since there is no loading. The voltage values increases with

the speed reference proportionally as expected.

Varying speed experiments are realized for sinusoidal speed requests of 250rpm,

500rpm, 1000rpm and 1500rpm amplitude with 0.1Hz frequency.

In Figures 5-30 to 5-32 phase currents, voltages and speed data are presented for

250rpm amplitude 0.1Hz frequency.
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Figure 5-30 250rpm 0.1 Hz speed reference, motor phase currents
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Figure 5-31 250rpm 0.1 Hz speed reference, motor phase voltages
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Figure 5-32 250rpm 0.1 Hz speed reference, motor speed estimate

In Figures 5-33 to 5-35 phase currents, voltages and speed data are presented for

500rpm amplitude 0.1Hz frequency.
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Figure 5-33 500rpm 0.1 Hz speed reference, motor phase current
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Figure 5-34 500rpm 0.1 Hz speed reference, motor phase voltages
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Figure 5-35 500rpm 0.1 Hz speed reference, motor speed estimate

In Figures 5-36 to 5-38 phase currents, voltages and speed data are presented for

1000rpm amplitude 0.1Hz frequency.
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Figure 5-36 1000rpm 0.1 Hz speed reference, motor phase current
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Figure 5-37 1000rpm 0.1 Hz speed reference, motor phase voltages
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Figure 5-38 1000rpm 0.1 Hz speed reference, motor speed estimate

In Figures 5-39 to 5-41 phase currents, voltages and speed data are presented for

1500rpm amplitude 0.1Hz frequency.
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Figure 5-39 1500rpm 0.1 Hz speed reference, motor phase current
102



Va (Phase A Voltage) vs Time é: ':.Dsg:;
T '

100
a0

WalV)
=)

-50

-100 |
0 1 2 3 4 i ] i a 9 10
Time (seconds)
Yh (Phase B Yoltage) vs Time ff;:funﬁy

Wh(v)

L
0 1 2 3 4 i g 7 g 9 10
Time (seconds)

¥ 7E18
Ve (Phase C Voltage) vs Time w112

|
0 1 2 3 4 g g 7 g 9 10
Time (seconds)

Figure 5-40 1500rpm 0.1 Hz speed reference, motor phase voltages
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Figure 5-41 1500rpm 0.1 Hz speed reference, motor speed estimate

In sinusoidal speed reference experiments behavior and success of flux and speed

estimator is observed for zero speed crossing. At the zero speed crossing, small speed
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estimate error is seen in the figures. The performance improves with increasing speed

reference.

5.2.3. The Speed Estimator Performance under Loading

In this section, the performance of the drive system is investigated under loading.
The loading is obtained by using a three phase synchronous generator coupled to the
shaft of the induction motor. The output of the synchronous generator is rectified
with a full bridge rectifier and a capacitor bank which is connected to the output of
the rectifier for voltage smoothing. The electrical load to the rectifier is a resistor.
The Figure 5-42 shows the electrical block diagram of the load system. The
synchronous generator has its own resolver coupled to its shaft. Thus, the actual
speed of the overall rotating system can be measured by the resolver for comparison
with the estimated speed. The resolver signals are read by a resolver to digital

converter integrated circuit which can also compute the actual speed of the rotor.

M /\ Coupling [ @l C::> <> T
M =AM

Induction Motor Permanent Magnet

S
Syncronous Motor GD b ]D b G[ N

——C Ricad \Y

Figure 5-42 Load system electrical block diagram

The load motor has following properties: V,, = 186Vrms. T, = I0Nm, I, = 8.4A4,1s,
P =2.51kW, J, = 0.9 Kgm’ and the load resistor is 6.5 Ohm, 2kW.

The first load experiments are at 250rpm, 500rpm, 750rpm, 1000rpm, 1250rpm,

and 1500rpm constant speed references. The Table 5-2 shows the references and
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corresponding measurements. The second load experiments done with the same

conditions, however, the load is switched on and off after the system started to rotate.

Table 5-2 Loading measurements

Speed Reference | Measured Speed Output Power
n (rpm) n (rpm) Poy (W)
250rpm 215rpm 12.74W
500rpm 450rpm 60.136W
750rpm 683rpm 105.89W
1000rpm 930rpm 252.135W
1250rpm 1140rpm 368.72W
1500rpm 1385rpm 535.51W

Before the loading tests, the setting for the /; current was 0.I/pu (104 base) to
overcome just friction and the DC-Bus voltage was 275VDC. However, loading
requires more flux to be produced to obtain required torque and this reference setting
for 1; was insufficient. The Y-connection rating of the machine is 380V,,,max which
corresponds to 537.4VDCmax after rectification, whereas, 275VDC is too low for
loading at rated speed. Therefore, the I, reference setting increased to (.25 pu and the
bus voltage to 400VDC. The reason for this change is the induction motor can not
produce the speed with increased field at that phase voltage. Then, the drive system’s
PI controllers are tuned again with these parameter changes. Also, Kalman filter
speed estimator is tuned to give faster speed estimation response and loading
performance improved. To illustrate, the Kalman filter performance improvement is
given in Figure 5-43 for 1500rpm speed command which had slowest settling time.

The dashed line shows the previous case.
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Figure 5-43 Kalman filter response improvement for better dynamic response

During the experiments the output power maximum of 536.5/W at 1500rpm is
reached. The load motor has rated speed of 3000rpm and at low speeds it can not
produce required torque, hence, output voltage is small. At /500rpm it could
generate 941 and 535.51W could be drawn. The constant speed request is decreased
the performance of speed loop to at most %15.6 speed errors (250rpm case). The
measurements of induction motor are given in with phase currents, voltages and

estimated speed for 250rpm, 500rpm, 1000rpm, and 1500rpm.

The Figures 5-44 to 5-46 present the phase currents, voltages and the estimated

speed of the mechanical speed for 250rpm reference with loading.
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Figure 5-44 250rpm speed reference, motor phase

currents constant under loading
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Figure 5-45 250rpm speed reference, motor phase voltages constant under loading
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Figure 5-46 250rpm speed reference, motor speed estimate constant under loading

The Figures 5-47 to 5-49 present the phase currents, voltages and the estimated

speed of the mechanical speed for 500rpm reference with loading.
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Figure 5-47 500rpm speed reference, motor phase currents constant under loading
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Figure 5-48 500rpm speed reference, motor phase voltages constant under loading
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Figure 5-49 500rpm speed reference, motor speed estimate constant under loading
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The Figures 5-50 to 5-52 present the phase currents, voltages and the estimated

speed of the mechanical speed for /000rpm reference with loading.
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Figure 5-50 1000rpm speed reference, motor phase currents constant under loading
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Figure 5-51 1000rpm speed reference, motor phase voltages under constant loading
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Figure 5-52 1000rpm speed reference, motor speed estimate under constant loading

The Figures 5-53 to 5-54 present the phase currents, voltages and the estimated

speed of the mechanical speed for 7/500rpm reference with loading.
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Figure 5-53 1500rpm speed reference, motor phase currents under constant loading
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Figure 5-54 1500rpm speed reference, motor phase voltages under constant loading
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Figure 5-55 1500rpm speed reference, motor speed estimate under constant loading
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The switched load experiments are done for 250rpm, 500rpm, 1000rpm and
1500rpm speed references. The load resistor is switched with a high current switch
while motor currents, voltages and rotor speed are logged. In the experiments the
speed variation due to switched loading is quite small and the drive system quickly
reaches the steady state. The load switching times can be seen form speed graphs for

time as speed decrease.

The Figures 5-56 to 5-58 present the phase currents, voltages and the estimated

speed of the mechanical speed for 250rpm reference with switched load.
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Figure 5-56 250rpm speed reference, motor phase currents under switched loading
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Figure 5-57 250rpm speed reference, motor phase voltages under switched loading
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Figure 5-58 250rpm speed reference, motor speed estimate under switched loading
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The Figures 5-59 to 5-61 present the phase currents, voltages and the estimated

speed of the mechanical speed for 500rpm reference with switched load.
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Figure 5-59 500rpm speed reference, motor phase currents under switched loading

“a (Phase AYoltage) vs Time
T

X 313 X 8.052
1 ! T ves08 ! ! ! T v e m
u | |
50 ”
S g Il
= 1]
50
00 ! 1 1 | | 1 1 1 !
0 1 2 3 4 o} B 7 g 9 10
Time (seconds)
b (Phase B “oltage) vs Time
100 ¥ 3155 06
T T Twiezas | | ! ! T v g231
Al u [}
2 0 |||
=
-50
00 I 1 1 L L 1 1 1 L
0 1 2 3 4 g B 7 g 9 10
Time (seconds)
Ve (Phase C “oltage) vs Time
100 . s eI . e
¥ B5.18 VB4
| |
50 i ,
S o I
& |l|
A0 |
00 ! 1 1 ! ! 1 1 1 !
] 1 2 3 4 5 B 7 g Io 10

Time (seconds)

Figure 5-60 500rpm speed reference, motor phase voltages under switched loading
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Figure 5-61 500rpm speed reference, motor speed estimate under switched loading

The Figures 5-62 to 5-64 present the phase currents, voltages and the estimated
speed of the mechanical speed for /000rpm reference with switched load.
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Figure 5-62 1000rpm speed reference, motor phase currents under switched

loading
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Figure 5-63 1000rpm speed reference, motor phase voltages under switched

loading
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The Figures 5-65 to 5-67 present the phase currents, voltages and the estimated

speed of the mechanical speed for 7500rpm reference with switched load.
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Figure 5-65 1500rpm speed reference, motor phase currents under switched

loading
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Figure 5-66 1500rpm speed reference, motor phase voltages under switched
loading

118



Estimated Rotor Speed vs Time
T T T T T T T T T
32
v: 1435
n

¥: D888
v 1469

g |

3 2.008
1329

1500 -

1000 -

m
=i
=]

T
1

Est. Rotor Sp. {rpm)

-500 - —

1000 1 1 1 1

Time (seconds)

Figure 5-67 1500rpm speed reference, motor speed estimate under switched

loading

As the set speed is increased, the phase current values increases since the loading
of generator motor is increased. Meanwhile, peaks of the phase voltages do not
change with loading as expected. Only frequency of phase voltage waveforms are
affected resulting in speed deviations from set values. During the switched load tests
the effect of load switching to the estimated speed is 18.4% for 250rpm, 15.8% for
500rpm, 12.8% for 1000rpm, 11.4% for 1500rpm as the percentage speed deviations,
respectively. These large deviations come from the estimator estimation accuracy,
current and speed regulation performance and current measurement accuracy. This
again shows that the performance of the drive system improves with increasing
speed. Although the speed reached deviates from the referenced values, the dynamic
response of the system to the loading is quite satisfactory as seen from the graphs,
however, this speed deviation shows that vector control performance should be

increased.
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The experiments showed that, speed estimator based on Kalman Filter and closed-
loop rotor flux observer has very high tracking capability for whole speed range and
for no-load and with load cases. However, the loop performance, the flux and the
speed estimation accuracies should be improved for whole loading range and for low

speeds.

120



CHAPTER 6

CONCLUSION

The focus of this work has been design and implementation of a speed estimator
for sensorless closed-loop speed control of induction machine using direct field
orientation technique. A Kalman filter has been considered for the estimator in the
study. The application requires the use of another estimator for the estimation of the
flux components and the rotor flux angle. This has been selected as a MRAS flux
estimator scheme which uses integrals of back emfs. The flux observer relies on both
current and voltage models of the machine to improve the dynamic performance of
the estimator. The induction machine has been modeled both stationary and
synchronously rotating dg axes system. The control system uses space vector PWM
and field orientation concepts. They are introduced in the thesis in detailed form.
MRAS speed estimator using reactive power and open-loop speed estimator using
the estimated flux angle are also implemented for comparison of the speed estimation

techniques. The performances of these speed estimators compared by simulations.

The Kalman filter technique is chosen as speed estimation scheme because of its
estimation accuracy and low processing complexity. The closed-loop experiments
are focused on detailed analysis of the model with Kalman filter speed estimator.
Both simulations and experiments have been conducted to optimize and tune the
controller parameters of the estimators, current and speed loops for both no-load and

with load cases covering the entire speed range.

The simulations and experiments show that the sensorless speed control of the
induction machine with described system is applicable; however, the performance of
the system needs to be improved particularly for low speed range and for full loading
of the machine. Also, the system stability against changes in loading should be

improved to achieve better vector control performance.
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For future work, the estimation accuracy and the dynamic response of the
estimators may be improved by further efforts of re-tuning them; also the online
parameter estimation techniques can be inserted into the algorithms to observe the
effects of the change of motor parameters during operation. The estimators can be
designed by other techniques, such as, extended Kalman filter (EKF) technique,
neural networks based estimators, sliding mode estimators. Furthermore, more
advanced control structures can be investigated for better control of both motor

current loop and speed loop.
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APPENDIX

The Experimental Set-Up

The rectifier used in this drive is Semikron bridge rectifier (SKD-28) which is
1300V, 28A that consists of six uncontrolled diodes. The three-phase voltage is
supplied over an autotransformer to the rectifier. The rectified voltage is filtered by
two dc-link capacitors each being 1000uF and connected in series. 30KQ, 1W
resistors are connected across each capacitor for proper voltage sharing. The voltage
at the beginning applied with a soft start resistor to limit the inrush current at starting.
Then, when the capacitors are charged to predefined level, a relay disconnects the
resistor and rectified voltage is applied directly. The inverter used in the drive system
is Semikron IGBT module (SKM 40 GDL 123 D) with rated values 1200V and 40 A.
IGBTs in this module are driven by a gate drive card, Semikron IGBT driver (SKHI
60 H4). The gate drive card provides short-circuit protection for all six IGBTs in the

full bridge by real-time tracking of the collector-emitter voltage of the switches.

In order to run the real-time control algorithm and create PWM signals, Texas
Instruments” TMS320 processor is used in this work. F2812 eZdsp board is used as
DSP card. The F2812 is a member of the “C2000 DSP” platform, and is optimized
specifically for motor control applications. It uses a 16-bit word length along with
32-bit registers. The F2812 has application-optimized peripheral units, coupled with
the high-performance DSP core, enables the use of advanced control techniques for
high-precision and high-efficiency full variable-speed control of motors. The event
managers of F2812 include special pulse-width modulation (PWM) generation
functions, such as a programmable dead-band function and a space-vector PWM
state machine for 3-phase motors that provides quite a high efficiency in the
switching of power transistors also, quadrature encoder pulse circuit module to read
encoder signals. F2812 also contains 16 channels, 12-bit A/Ds, enhanced controller
area network (eCAN), serial communication interface (SCI) and general purpose

digital I/0Os (GPIO) as peripherals.
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The dc-link voltage is sensed with a voltage sensor (LV25-P) on the interface card.
The magnitude of the dc-link voltage is sensed to re-build the phase voltages in the
control software with the information of duty-cycles of the IGBTs. Another aim of
the voltage sensor is to sense the overcharge on the dc-link capacitors. If the voltage
level exceeds the predefined limit that is determined by the user, a comparator gives
an error signal to set all the IGBTs to off-state. Also for used in the relay operation at
the first power up. Moreover, the PWM signals generated by DSP are amplified to
make them compatible with the gate drive card inputs. For this purpose, six PWM
signals are adjusted to 15V peak without any other change. Finally, all the errors,
(gate drive card errors, over-voltage error, over-current error, and an external error)

are OR gated to set off IGBTs.

The other sensed variables are stator currents using current-sensors on the current
measurement interface card. For this purpose (LA 25-NP) current transducers are
used. These sensors are capable of sensing AC, DC and mixed current waveforms.
The sensor has multi-range current sensing options depending on the pin
connections. The sensors use hall-effect phenomena to sense the current. The output
of these sensors is between =15V and unipolar. Since the ADCs on the DSP board
cannot sense the negative voltage and requires signal between 0-3.3V, our current

sensors are used with current interface card.

In case of noisy phase currents, optional low-pass filters are placed on the interface
card with 1kHz cut-off frequency. The outputs of the current transducers are also
used to provide over-current protection. The overall set-up is as in Figure A-1.
Moreover, the block diagram of the set-up is given in Figure A-2 and the software

block diagram from Matlab Simulink is as in Figure A-3.
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