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Abstract

The main aim of this thesis is to perform simulations of various control algorithms of the
induction machine and mutual comparison of their properties. It also deals with equivalent
circuit configuration variants using T-network, I'-network and 'I-network. The work includes
both theoretical analysis, as well as simulations of individual control types. Detailed guide for
realization of each simulation is also included. In total, three simulations will be performed —
simulation of rotor oriented vector control, stator oriented vector control and simulation of
so-called natural control. It is completely new type of control whose author is supervisor of this
thesis. Its simulation was the very first attempt of functional realization of this type of control.

Abstrakt

Hlavnym cielom tejto prace je vytvorenie simulacii roznych algoritmov riadenia
asynchronneho motora a vzajomné porovnanie ich vlastnosti. Zaobera sa taktieZ moznost'ami
konfiguracie ndhradného zapojenia na T-Clanok, I'-€lanok a’l -¢lanok. Obsahuje jednak
teoreticky rozbor, ataktieZ aj simuldcie jednotlivych sposobov riadenia spolu s podrobnym
navodom na ich realizaciu. Celkovo budi vykonané 3 simuldcie — simulacia vektorového
riadenia s orientdciou na rotorovy tok, vektorového riadenia s orientaciou na statorovy tok a
simulacia takzvaného prirodzeného riadenia. Ide o Uplne novy typ riadenia, ktorého autorom je
veduci tejto diplomovej prace. Jeho simulacia bola vobec prvym pokusom o funkénu realizaciu
tohto typu riadenia.
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INTRODUCTION

Squirrel-cage induction machines have a wide application range in industrial production.
This range of use mostly comes from their properties, for example operation reliability, easy
maintenance, sturdiness, or reasonable price.

However, in the past there existed a major disadvantage of these machines in difficult speed
control. This significant disadvantage could be suppressed thankfully to technological
development in the last decades. It enabled decrease in price of frequency inverters, an increase
in their reliability and enabled application of modern methods of real-time control, as well. The
main task in quality improvement of induction machine drives could be shifted to other fields,
such as creation of control algorithms. These algorithms should be able to suppress non-linear
properties of induction machines, eventually enable control of drive even without speed sensor.

High accuracy of induction machine drives speed control is enabled with so-called vector
control. It simplifies the control of induction motors and makes it closer to the control of DC
motor with external excitation, which is much simpler in principle. However, this type of control
is not the only used control algorithm. There also exist many other algorithms based on
completely different principles, and many new ideas are still being born.
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1 EQUIVALENT CIRCUIT CONFIGURATION VARIANTS OF
THE INDUCTION MOTOR

This chapter deals with analysis of various equivalent circuit configuration variants of the
induction motor, specifically equivalent circuit using T-network, I'-network and ‘I-network. It is
an analogy to the analysis of different equivalent circuit configuration variants of transformer,
which can be found in literature [1]. Firstly, it is necessary to derive induction machine number of
degrees of freedom as a passive two-port network to be able to properly explain the configuration
process, described in following chapters.

1.1 Passive two-port network number of degrees of freedom

In general, two-port network is random electric circuit, which can be attached to another
electric circuit with two pairs of terminals — two gates. Two-port network is stated as passive,
when it contains only passive elements (resistance R, inductance L, capacitance C), thus it does
not contain any current or voltage sources. First couple of terminals serves as an input gate,
through which energy enters into the network. Similarly, the second gate serves as an output gate.

JT_E ‘;-Ir_""
— —_—
o—] o
Vi V
o—— o

Pic. 1.1-1: Graphic interpretation of two-port network; label of input and output parameters.

Circuit behavior (behavior of external parameters — current and voltage) is analyzed across
the network terminals, where the internal connection of this two-port network can be no matter
how complicated. Therefore, external behavior can be described using vectors of two voltages
and two currents. As a result, it is possible to fully describe properties of two-port network using
square matrix with dimensions of 2x2. An equation (1.1-1) where two-port network is described
using Z-matrix is given as an example:

Vil _ 1211 Z121_[L
Vz] B [221 Zzz]x [12] (L1-)

Principle of reciprocity is valid for passive two-port network — equal energy is transferred in both
directions, therefore it does not matter which couple of terminals is considered as an input and
which one as an output. From that can be derived that matrix of the network must be symmetric
across main diagonal, therefore it is valid that z,, = z,,. This statement can be used as a proof
that out of four matrix elements only three are different. This proves following statements:
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- each passive transmission two-port network has only three degrees of freedom

- it can be always substituted by equivalent three-pole using T-network, eventually
IT-network, consisting of three impedances

- all transfer properties of two-port network are fully defined by three independent
parameters (for example L, L,, M)

1.2 Direct separation of leakage inductances

The following analysis considers an induction machine as a linear transmission two-port
network, where its properties will be used. According to the ideas stated in previous chapter, it is
possible to define parameters of an induction machine, using three independent circuit
parameters, for example. However, from the well-known equation for mutual inductance of two
coils (1.2-1) results that parameters of the quadruplet L, L,, M, k are dependent on each other and
therefore one parameter is excessive.

M = kw/LllLZ (12'1)

In the cases where coupling factor k is close to 1 — for very tight magnetic binding, it is possible
to omit k and claim that it equals 1 at the cost of relatively small calculation error. However, for
the induction machine the k is approximately equal 0,93 [1]. This would cause significant
inaccuracy of the equivalent circuit and of a related mathematical model in the case of omitting
this parameter. Therefore, the coupling factor cannot be neglected. Thus, the process of leakage
inductances separation will have infinitely many solutions.

i Mk iy

0, O O O

Pic. 1.2-1: Direct separation of induction motor leakage inductances.

Original two-port network contains three degrees of freedom; therefore, final two-port network,
created by separation, must only consist of three degrees of freedom, as well. However, in reality,
it contains as many as four unknown parameters, specifically two main inductances Ly, Ly, and
two leakage inductances L., L,,. It means that the process of separation is not clearly defined
and so it is necessary to make an arbitrary choice of one parameter and obtain remaining three
parameters using this relation.

One possibility of direct separation of leakage inductances is presented in Pic. 1.2-1. The
inductances Lyq, Ly, create an ideal transformer where k;, = 1. Using this information, we obtain
three searched values of ideal transformer L;4, Ly, M}, where equation (1.2-2) is valid:

Mp = \/Lp1.Lp; (1.2-2)
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Detailed procedure of separation can be found in literature [1] (chapter 17.5.1, page 354-356). It
was necessary, during the separation process, to implement dimensionless arbitrary chosen
parameter o. This parameter represents excessive degree of freedom in order to maintain the free
choice possibility out of the infinite number of solutions. The result is represented with an
equation system (1.2-3) — (1.2-8).

Following equations were derived to determine the value of leakage inductances:

Ly = Ly (1 - E) (1.2-3)

a

Lyy = L,(1 — ko) (1.2-4)

Moreover, values of main inductances can be defined as follows:

k
th - ;Ll (12'5)

LhZ = kO-LZ (12'6)

Equation for calculating mutual inductance can be obtained by substituting equations (1.2-5) and
(1.2-6) into equation (1.2-2):

Mh = M = k Ll'LZ (12'7)

The function of last equation is to calculate voltage transfer at no-load state, or differently said
transfer ratio of separated ideal transformer:

,L L
Khy210 = ﬁ = U\/L:j (1.2-8)

It is possible to recalculate rotor impedances to the stator side by using square of this transfer
ratio. Implemented parameter o can be freely chosen except the zero value. In that case a division
by zero would appear during the calculation of L, and L,,. Therefore, this parameter must be
chosen inside the intervals:

o €(—00; 0)U(0; +o0) (1.2-9)

However, it is possible that some of the inductances Lyq, Ly, L1, Ls> Qain negative value
depending on the chosen value of parameter . Although, this solution cannot be realized
physically, it is mathematically correct. In the case that we demand physically realizable
equivalent circuits it is necessary to choose the value of parameter ¢ from the interval resulting
from the equations (1.2-3) and (1.2-4).
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The selection of parameter ¢ fulfilling inequality (1.2-10), except the marginal values, ensures
physically realizable equivalent circuit (where all of the inductances Ly, Ly, Lo1, Lez Qain
positive value). The selection of parameter ¢ not fulfilling this inequality defines physically
non-realizable but fully valued equivalent circuits (where at least one of the inductances gains
negative value). Especially interesting is the choice of parameter ¢ as one of the inequality
marginal values. Following chapters 1.4 and 1.5 are specially dealing with these two possibilities.

1.3 Equivalent circuit of induction machine using T-network

Now, it is possible to finally create equivalent circuit of induction machine using derived
separation equations from previous chapter. All of the equivalent circuits have to meet following
conditions:

1) they have to transfer equal power to recalculated load R’;, compared to original
connection with original load R,

2) both loaded circuits must have equal input impedance, which results directly from
previous point

3) directly related to previous point, it is necessary for both loaded circuits to have equal
time constants

This chapter is dealing with equivalent circuit using T-network. The same process of creating
equivalent circuit will be followed in the next two chapters dealing with equivalent circuit using
I'-network or 'I-network, respectively. This procedure can be divided into three steps:

1) choosing the exact value of parameter o

2) performing separation by substituting the chosen value of parameter ¢ into equations
from (1.2-3) to (1.2-8)

3) recalculating rotor impedances L,,, R,, R, to the stator side as L'y, R'5, R’ with
square of transfer ratio (1.2-8) and substituting the chosen value of parameter o

Following equations (1.3-1) — (1.3-3) serve to calculate values of recalculated parameters
L' 5, R',, R’ for any type of equivalent circuit (without choosing the value of parameter o).

L 2 1-ko
Ly, =—po2 =, % (1.3-1)
2 1 .
Kivz21,0 o?
r Ly _ Lq
R =—2—=R,— (1.3-2)
Kiv21,0 %Ly
L L
R=="—=R, 21 (1.3-3)
Khv21,0 %)

From Pic. 1.3-1b it is directly possible to define universal equation for calculation of voltage
transfer at no-load state K’y ,4 o of any type of equivalent circuit, as well.
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, L k
K U,21,0 = B —— (1-3'4)

Lh+LO'1 g

In this picture, there is illustrated a transition to equivalent circuit using T-network. Separated
equivalent circuit of an induction machine can be found on the right side of the picture.

i My, k=1 i i . i’
—_— Ly e Lgz  —— —_— Ly L'y R —

Pic. 1.3-1: T-separation (o = 1); transition from separated connection to equivalent circuit.

It is necessary to choose the value of parameter o = 1 in order to obtain classic induction machine
equivalent circuit using T-network. By substituting this value into equations (1.2-3) — (1.2-8),
a T-separation is obtained:

Loy =L(1—k) (1.3-s1)
LO‘Z = Lz(l - k) (13'52)
th = kL1 (13'53)
LhZ = kLZ (13'54)
Kny210 = Z_j (1.3-s5)

By further substitution of this value into equations (1.3-1) — (1.3-4), a symmetrical equivalent
circuit of an induction machine using T-network is obtained, where L,; = L',:

LO’l - Ll(l - k) (13'86)
Loy =L (1-k) (1.3-s7)
R, = RLZ—: (1.3-59)
K'y210=k (1.3-510)

From Pic. 1.3-1 it is obvious that after substitution for L;,; = L',, = L;(1 — k) equivalent circuit
is not analogous with stator of any model. Voltage transfer in no-load state of separated and
original connection is different in coupling factor k.

Until now, we considered ideal induction machine without any parasitic elements, which
means without losses. Now, it is possible to recalculate parasitic impedances from rotor side to
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stator side by using square of known voltage transfer at no-load state Kj ;; »1 o (1.3-s5) and thus to
create final equivalent circuit using T-network according to Pic. 1.3-2. By substituting value
o = 1 into equation (1.3-2), a value of resistance R’, recalculated to the stator side is obtained:

R, = Rzi_: (1.3-s11)

In this moment, there are available values of all impedances (coming from equations (1.3-s6) —
(1.3-s11)) creating equivalent circuit of an induction machine using T-network. The result is
illustrated in Pic. 1.3-2.

o

Pic. 1.3-2: Low-frequency equivalent circuit of an induction machine using T-network.

However, this type of equivalent circuit is in fact meaningless. It contains one more
inductance compared to other connections (using I'-network or T-network, respectively), thus it is
unnecessarily complicated.

1.4 Equivalent circuit of induction machine using I'-network

Equivalent circuit using I'-network can be obtained by substituting first marginal value of
inequality (1.2-10) as a value of parameter ¢ = k. Transition to equivalent circuit using I"-network
is illustrated in Pic. 1.4-1.

Pic. 1.4-1: I'-separation (o = k); transition from separated connection to equivalent circuit.
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By substituting value of parameter ¢ = k into equations (1.2-3) — (1.2-8), a I'-separation is
obtained:

Ls1 =0 (1.4-s1)

Loy = Ly(1 - k?) (1.4-s2)

Lpi =1Ly (1.4-s3)

LhZ = k2L2 (14'54)
L

Kny21,0 = k\/:_j = Ky 21,0 (1.4-s5)

Similarly to previous subchapter, by further substitution of this value into equations (1.3-1) —
(1.3-4), an equivalent circuit of an induction machine using I"-network is obtained:

Ls=0 (1.4-s6)
Lz = L (1.4-57)
Ly =Ly =Ly (1.4-s8)
Ry =R (1.4-59)
K'y210=1 (1.4-s10)

A significant advantage of choosing a marginal value ¢ = k of inequality (1.2-10) results directly
from equation (1.4s6). In this case, inductance L,; equals zero and therefore the number of
inductances in equivalent circuit is reduced to two.

Now, it is possible to recalculate parasitic impedances from rotor side to stator side by using
square of known voltage transfer at no-load state Ky .1, (1.4-5), and thus to create final
equivalent circuit using I'-network according to Pic. 1.4-2. By substituting value ¢ = k into
equation (1.3-2), a value of resistance R’, recalculated to the stator side, is obtained:

’ L
R 2 = R2 kzzz (14'811)

In this moment, there are available values of all impedances (coming from equations (1.4-s6) —
(1.4-s11)) creating equivalent circuit of an induction machine using I'-network. The result is
illustrated in Pic. 1.4-2.
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Pic. 1.4-2: Low-frequency equivalent circuit of an induction machine using I-network.

Use of this equivalent circuit is suitable in case when induction machine is powered from
voltage source (for example vector control without current loops). As an example of use
measuring of parameters can be presented — inductances and mutual inductances of squirrel-cage
induction machines. In contradiction to induction machines with wound rotor, it is not possible to
measure these parameters directly because no connection to the rotor circuits is possible.
However, they can be obtained by measuring impedances of machine during no-load and short
circuit test when the motor is powered just from voltage source. Measured parameters directly
correspond to parameters of equivalent circuit of machine using I'-network.

1.5 Equivalent circuit of induction machine using 'I-network

Equivalent circuit using T-network can be obtained by substituting second marginal value of
inequality (1.2-10) as a value of parameter & = 1/k. Transition to equivalent circuit using
‘I-network is illustrated in Pic. 1.5-1.

My, k=1 is
P —

| S
iy
Ivh
~
A

Pic. 1.5-1: 7 -separation (o = 1/k); transition from separated connection to equivalent circuit.

By substituting value of parameter ¢ = 1/k into equations (1.2-3) — (1.2-8), a 'I-separation is
obtained:

L,y = L(1—k?) (1.5-s1)
Ly, =0 (1.5-s2)
Lp, = k2L, (1.5-s3)
Ly, =L, (1.5-s4)

1 L, 1

Kh,V,Zl,O = X

(1.5-s5)

Ly Ki21k
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As in previous subchapters, by further substitution of value o = 1/k into equations (1.3-1) —
(1.3-4), an equivalent circuit of an induction machine using I-network is obtained:

LO'l = Ll(l - kZ) (15'56)

L,O'Z =0 (15'57)

Lh = th == kle (15'88)

R', =R k2 (1.5-59)
2

K'y 21,0 = k? (1.5-s10)

A significant advantage of choosing a marginal value ¢ = 1/k of inequality (1.2-10) results
directly from equation (1.5s7). In this case, inductance L,, (its recalculated value L',
respectively) equals zero and so the number of inductances in equivalent circuit is reduced to two.

Now, it is possible to recalculate parasitic impedances from rotor side to stator side by using
square of known voltage transfer at no-load state Kj .1 (1.5-s5), and thus to create final
equivalent circuit using T-network according to Pic. 1.5-2. By substituting value ¢ = 1/k into
equation (1.3-2), value of resistance R, recalculated to the stator side is obtained:

R'y = Rpk? 2 (1.5-s11)
2

In this moment, there are available values of all impedances (coming from equations (1.5-s6) —
(1.5-s11)) creating equivalent circuit of an induction machine using T-network. The result is
illustrated in Pic. 1.5-2.

R' 2 /s

Vi RFe [

O :
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Pic. 1.5-2: Low-frequency equivalent circuit of an induction machine using T-network.

Use of this equivalent circuit is suitable in a case when induction machine is powered from
current source (for example minor current loops in the structure of vector control).
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2 THEORY OF VECTOR CONTROL

Vector control is a control method, originally developed mainly for applications, where
following may be required: smooth machine operation over full speed range, generation of full
torque at zero speed, or very fast acceleration/deceleration of machine. The principle of vector
control of induction machines is to divide vector of stator current into two independent
components with the help of suitable transformations and then control them independently.
Moreover, one of these components is bound with creation of torque, whereas the second one is
bound with creation of magnetic flux. Under any operational conditions, it is necessary to
orientate the component of stator current bound with creation of magnetic flux to direction of
vector motor magnetic flux. In the case when this component of stator current is oriented to:

a) rotor magnetic flux, then it is stated as rotor oriented vector control
b) stator magnetic flux, then it is stated as stator oriented vector control
c) air-gap magnetic flux, then it is stated as air-gap oriented vector control

The principle of rotor magnetic flux orientation is illustrated in Pic. 2-1, where the division of
stator current vector can be seen. It is divided into two-phase stationary orthogonal reference
frame of bound with stator frequency of rotational magnetic field w,. This problem is to be
discussed in next subchapter.

Pic. 1.5-1: Principle of rotor magnetic flux vector orientation.

All three methods of vector control have certain advantages under defined operational conditions.
Therefore, all of them are been used.
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It is possible to make a further division of vector control methods according to the process of
acquiring information about magnitude and angle of magnetic flux. One type of control uses
direct binding to the magnitude and angle of magnetic flux — this control type requires presence
of magnetic flux sensor or estimator, respectively. Thus, we distinguish:

a) direct vector control, where either sensors of magnetic flux placed inside magnetic
circuit of motor or estimator are used. From this estimator the information about
magnitude and angle of magnetic flux are obtained, and transformation angle J; is
acquired directly from these components.

b) indirect vector control, where calculation between both of the stator current components
is used to obtain required slip frequency. Thereby, rotor magnetic flux vector orientation
is achieved.

Rotor magnetic flux orientation is the most frequently used, no matter which type (direct or
indirect) of control is preferred. The main reason is that this type of vector control is the only one
where total detachment of both stator current components occurs. Due to problems with
estimation of rotor magnetic flux in low speeds, there is often indirect vector control used instead.
However, accuracy of this control type is dependent on changes of winding resistance with
temperature. Therefore, in this case it is necessary to use estimator of resistance magnitude, as
well.

2.1 Transformations of reference frames

To derive mathematical model of induction machine and design of regulation structure, it is
necessary to define transformation relations. Block diagram in the Pic. 2.1-1 (at the end of
chapter) contains transformation blocks where input variables from the reference frame are
transformed into variables defined in other reference frame. This reference frame is either
two-phase system «f bound with stator or two-phase system dg bound with stator frequency,
respectively. Transformation equations from reference frame abc into reference frame of are
known as Clarke’s transformation. They are defined as follows:

1

lg = E(Zia —ip—i) =g (2.1-1)
i = %(ic — i) (2.1-2)

Inverse transformation from reference frame af into reference frame abc, commonly known as
inverse Clarke’s transformation, is proceeded using relations:

iy, =iy (2.1-3)
. 1, V3,

o= —2ig =g (2.1-4)
iq = — >l +§iﬁ (2.1-5)

Secondly used transformation in the block scheme of vector control is Park’s transformation. It
transforms variables from system o into sytem dqg and it is defined as follows:

g = lg COSUy + ig siny (2.1-6)

g = —ligSinYy + ig cos Iy (2.1-7)
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Similarly to inverse Clarke’s transformation, there also exists inverse Park’s transformation. This
transformation is used as reverse conversion of variables from system dq into system of and is
defined by relations:

g = Iq COSUy — iy Sindy (2.1-8)

ig = igsindy + i, cos Iy (2.1-9)

A principle of these transformations is illustrated in Pic. 2-1. Detailed information involving this
matter are to be found in literature [2].

2.2 Derivation of relations for mathematical model of induction
machine; principle of rotor oriented vector control

Mathematical model of induction machine in this subchapter is derived using relations and
conditions for rotor oriented vector control. The process comes from basic equations of
generalized theory of electrical machine [3], while reference frame is bound with stator
frequency:

Wi = W, (2.2-1)
Voltage equations of general electrical machine in given reference frame are:
V=Rt + 2 4 oo, 2.2-2
1= R +— =+ jwy (2.2-2)
7, = Ryt + 22 4 j(wy — pyw) iy = 2.2-3
2 = Rl + dt +](w1 Ppw)lpz =0 (2.2-3)
It is also necessary to state well-known motion equation for induction machine:
J d® _ 3 1dT x ) — -
eyt pp - Im{ty x Y1} —m, . (2.2-4)

Last equations that we will come from are relations between magnetic fluxes and currents of
stator and rotor. It is a couple of algebraic equations:

lﬁl = Lll_l + Lhiz (22'5)
l’l_)z = Lhil + inz (22'6)

We will derive 7;,1,, w from known equation system with five variables where two couples
are dependent on each other. By that, we eliminate remaining two variables 7,, ;.

At first, we express 1, from equation (2.2-6) (relation (2.2-7)) and followingly substitute it into
equation (2.2-5) (relation (2.2-8)) where we install first (so-called equivalent) parameter L,
(2.2-9):

_ 1, _ 1 - Ly —

l = a(lpz —Lpty) = lez - L_:l1 (2.2-7)

Do+ _hr (] )7 4l )

I/J1—L111‘|‘LZ'~/)2 Lzl1—(L1 L2)11+L2¢2 (2.2-8)
L2

L,=L,—-2 (2.2-9)
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These two expressed values T,,1p; will be further substituted into equations (2.2-2), (2.2-3) and
(2.2-4) in order to eliminate dependent variables from these equations.

We substitute equation (2.2-8) into equation (2.2-2):

= — d — Ly + . — . Ly +
Vl = Rlll + E(Lell + L_hll}z) +]0)1Lel1 +]0)1 L_hll}z (22'10)
2 2

Moreover, we substitute equation (2.2-7) into equation (2.2-3):

Ry T Lp - , - dy
0=, — R0 + (w1 — ppe)Po + 57 (2.2-11)
where
Wy = Wy — Ppw (2.2-12)
Similarly, we substitute equation (2.2-8) into equation (2.2-4):
J do _ 3 I I -
- SPp - Im {11 X (Lell + . 1,[}2) } T, (2.2-13)

In the next steps we will rearrange relations (2.2-10), (2.2-11) and (2.2-13).

It is possible to directly express time derivation of magnetic flux 1, from equation (2.2-11):

diy R, — Ly — . -
% = —L_jlpz + Rzih —jwyh, (2.2-14)

We substitute equation (2.2-14) into equation (2.2-10) and after further rearrangement, we obtain:
— Lr\?] - Lp 7 . Lp . _ di
v, = [R1 +R, (L—:) ] I, — R, étpz +]ppwi¢2 + jwiLot; + Leﬁ (2.2-15)

while we install second parameter — so-called equivalent resistance R, (2.2-16). Although, this
resistive parameter is also defined by inductances Ly, L,, but at the first sight it is obvious that
after their mutual quotient will dimensionless number remain. This number is used for
recalculation of resistance R,.

L 2
R, =Ry + R, (i) (2.2-16)
From equation (2.2-15) we further express time derivation of current ;:
an _ 1 T4 Lhw _ . Lnz o
= z(_Rell + Vi + Ry 3392 = jppo L_:l/)z) — jwiTy (2.2-17)

We divide equation (2.2-13) into real and imaginary parts:
3 . .. . L . . L
=2py . Im{(ira + Jirg) x |Letra + 2thrg — (Letrg + T:¢2q)]} T, (22-18)

Imaginary component inside square brackets has negative sign because it is complex conjugate
value. After rearrangement of this equation, we obtain following relation:

J dw
pp dt

J dw _ 3 Ly . .
E; =3DPp Lo (¢2dl1q - ll’2ql1d) - T,

(2.2-19)
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Final relations for mathematical model of induction machine in given reference frame are:

di 1 . L L .
% =L (_Relld +Vig + R; L_glpZd + pp“)ill’ztz) T Wilig (2.2-20)
di 1 , L L .
% = L_e (_Rellq + qu + RZ élpZQ - ppwiIIJZd) — Wilig (22-21)
d R

Ztm R2 L, ttd ~ L_j'ubza + w2 (2.2-22)
dp R

d:q Rz L_jllJZq — W4 (2.2-23)
d ]
d—c; [2 Pri, (1/)2dl1q 1l’2ql1d) - TL] (2.2-24)

L2
R, =R, +R, (i) (2.2-25)
2

L,=L,— i—: (2.2-26)
Wy = W1 — Ppw (2.2-27)

From equations (2.2-22) and (2.2-23), it is obvious that magnetic flux 1y, is excited by current
i14. Similarly, flux v, is excited by current i;,. This means that couples ¥4, 14 and ¥4, i14
have equal signs in every moment. By application of this information to equation (2.2-24) we
discover that no matter what the conditions are, component y,4i,4 lowers final torque. Because
of this we choose value of magnetic flux to be equal zero (y,, = 0). Due to this fact, we can
further assume that the time derivation of flux ,, equals zero, as well. By substituting this

condition into equations (2.2-20) - (2.2-24), the whole system will be significantly simplified
together with reduction of their count:

% = i(_Reild + Vig + R, l;—gIIJZd) + wqlq (2.2-28)
d;tq = Ll (_Reilq tVig — ppwi_:‘/)Zd) — W1l (2.2-29)
T = Ry ing ~ 2 ha (2.2-30)
Z_? == ( Pp L “P2ai1q — TL) (2.2-31)

Component of stator current i,, is usually termed as torque-producing because it directly takes
part in creation of torque of machine. It comes from equation (2.2-31). Component of stator
current iy, is similarly termed as flux-producing because it directly takes part in excitation of
magnetic flux y,4, what is obvious from equation (2.2-30). These facts are exactly analogous to
DC machine with external excitation.

Thus, equation system (2.2-28) - (2.2-31) reminds relations of DC machine with external
excitation. Parameters that make them to differ are exceeding cross-coupling bindings of current.
From dynamic point of view, these bindings cause mutual influence of current values i;4, i;4.
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In practice it means that by regulating one component of stator current, the other one is changed ,
as well. However, this effect has nearly no influence on the control of machine. It is because in
both axes, the change is suppressed by current regulators.

However, there exists a possibility where this effect is totally eliminated by using so-called
decoupling; specifically by adding compensating voltage V;, and Vi, directly behind current
regulators:

Vlld = Vld - Le(‘)lilq (22'32)

Vllq = qu + Lewlild (22'33)
By backward use of these voltages, equations (2.2-28) and (2.2-29) will look as follows:

di 1 , ' L

Tt = L (~Robra +V'ia + Ry 5 20) (2.2-34)

di 1 . ' L

= (~Reirg +V'1q - ppr—:¢2d) (2.2-35)

Zero value of magnetic flux 1, = 0 is a condition for vector control. By application of this
condition to equation (2.2-23) we obtain a relation that determines rotor angular velocity (2.2-36).
After adding mechanical rotational speed of machine to this value, we obtain necessary stator
frequency:

w1 = Wy + Ppw (2.2-36)
L
w, =R, i;—‘; (2.2-37)

In Pic. 2.2-1, there is illustrated block diagram of rotor magnetic flux oriented vector control of
induction machine. Further, in chapter 4, a simulation model is created in MATLAB Simulink
environment by using this specific diagram. This block diagram consists of induction machine,
frequency inverter, four regulators (2 current, flux and speed), decoupling block, de-excitation.

Calculation block of presented control scheme is used for determining rotor magnetic flux 4
(relation (2.2-30)) and for estimating stator frequency w; (relations (2.2-36) and (2.2-37)).
Transformation angle 9, used for transformation of coordinate systems is defined as:

9 = o (2.2-38)
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Pic. 2.2-1: Block diagram of rotor oriented vector control of induction machine.

At the first sight, this block diagram illustrated in picture above may seem to be rather
complicated. However, it is quite simple in principle. The explanation will start at the bottom
right part of the picture where the calculation block is placed. It covers feedback from induction
machine to regulation structure by calculating transformation angle 9, (used in transformation
blocks), stator angular velocity w; (used for decoupling) and estimated value of rotor magnetic
flux 1,4 (used as an input of magnetic flux regulator R,). Stator current feedback structure can
be found directly above calculation block. Measured currents are used as current regulators
inputs, and in calculation and decoupling blocks. The last value used in feedback is mechanical
angular velocity measured directly on the shaft of the machine.

These four feedback values used in regulators are controlled by comparison to required reference
values. Reference values for first couple of regulators (flux and speed) are defined directly by
user. Output values of these regulators represent reference values of stator current in both
coordinate system axis d and g used as inputs of current regulators. Outputs of current regulators
represent required voltage on stator terminals and are subsequently decoupled in decoupling
block. Then, they are transformed into 3-dimensional reference frame abc and used in frequency
inverter that supplies the controlled machine.
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3 MODEL OF INDUCTION MACHINE, PWM MODULATOR
AND INVERTER

This chapter is focused on step-by-step construction of control model basic elements —
models of induction machine and PWM modulator with inverter. At the end of each subchapter,
brief demonstrations of functionality of each created model will be presented.

3.1 Model of induction machine

The process of induction machine model creation comes from equations (2.2-25) - (2.2-31).
Parameters used during the model assembly are listed in appendix at the end of this thesis.
Resultant block model of induction motor created in Simulink environment is displayed in
Pic. 3.1-1.
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Pic. 3.1-1: Model of induction machine.

Nested blocks Int represent integration of two-dimensional input variable. Realization of this
block can be seen in Pic. 3.1-2 where each component of input signal is integrated separately and
then the results are merged together into one signal.
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Pic. 3.1-2: Structure of nested block of integration Int.
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This model of induction machine is slightly simplified compared to real one due to simplifying
assumptions used during deriving of relations for this model. However, behavior of this model is
sufficient for purposes of this thesis, so no further modifications are needed.

In Pic. 3.1-3 it is possible to see time waveforms of angular velocity of motor and stator currents
in reference frame af after direct connection to the power utility system. Nominal load T, =7 Nm
was connected at time t = 0,3 s. It is possible to split the waveforms into four sections:

1) starting of non-loaded motor

2) steady state section

3) transient section after connecting nominal load
4) steady state section of loaded motor

w (rad/s)

i A

320 | | | | | | | | |
0 . . .
t (sec)
Pic. 3.1-3: Time waveforms of angular velocity and stator currents.

1) Angular velocity of non-loaded motor inside time interval t € < 0;0,14 > s rises up to
nominal value of 314 rad/s and the amplitude of stator current during starting lies slightly
below 30 A. Non-fluent behavior of angular velocity during starting is caused by mechanical
oscillations.

2) Amplitude of stator currents decreased to 2 A and angular velocity of motor remained still at
nominal value.

3) Directly after connection of nominal load amplitude of stator currents started to increase to
final value around 7,5 A and value of angular velocity slightly decreased to final 275 rad/s.
This transient event lasted 0,06 s.

Model of induction machine is now complete and fully functional. The next step in creating
model of any control type will be construction of model of PWM modulator with inverter.
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3.2 PWM modulator and inverter

The most complicated part of control model created in this thesis is a model of PWM
modulator with inverter. Realization of this model is projected in Pic. 3.2-1.
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Pic. 3.2-1: Model of PWM modulator with inverter.
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Explanation of operation principle is presented starting at the bottom left part of the picture (at
the inputs 2 and 3). This way a signal enters from current regulators (slightly modified via
decoupling block) in reference frame of and is subsequently transformed to three-phase
coordinate system abc. Function of following subtraction and multiplication blocks will be
explained later. Three-phase signal is further compared to triangular high-frequency signal
(usually 5-20 kHz). Outputs of these comparative blocks function as controlling pulses. These
pulses control operation of following switches (in this model they are considered as ideal
switches). Into the switches a half value of inverter DC bus voltage enters (V;/2 = 270 V). Out of
this value a negative value is produced, as well. The switches change the output value either to
+270 V or to -270 V due to controlling signals of comparative blocks.

To achieve maximal possible value of first harmonic of output signal, it is necessary to add a
signal to the original signal (for simple explanation, a sinusoidal waveform of original signal is
considered). The added signal is created from 60-degree segments of original sinusoidal signal
(segments from 60 to 120 degrees of a half-wave, specifically). Detailed analysis of this idea can
be found in literature [4]. Principle of this idea is displayed in Pic. 3.2-2. However, it is necessary
to emphasize that the added signal is definitely not a third harmonic of original signal, as it could
seem at the first sight. The result of mutual summation of these two signals can be found in
Pic. 3.2-3.

“o 0.005 0.01 0.015 0.02 0.025
t (sec)

Pic. 3.2-2: Sinusoidal signal and signal created from 60-degree sinusoidal segments.
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Pic. 3.2-3: Resultant signal after summation of signals in Pic. 3.2-2.

Creation of signal mentioned above consisting of 60-degree sinusoidal segments can be seen in
the upper left corner in Pic. 3.2-1. This signal is created in block called Generator whose one of
the inputs is a transformation angle . This angle is used for transforming signals from current
regulators into reference frame af and these signals subsequently enter into PWM modulator
after decoupling (these are the input signals mentioned at the beginning of this subchapter —
inputs 2 and 3). Structure inside the block Generator is operating with signals with amplitude
equal 1, as we will see below. Therefore, it is necessary to modify amplitude of output signal to
be corresponding with the original signal entering into PWM modulator. Second input of block
Generator is according this explanation created by signal meaning amplitude of original input
signal. This signal is obtained before second input of block Generator by a simple calculation
using only two original input signals. Inner structure of block Generator is illustrated in
Pic. 3.2-4.

Inside this block, three sinusoidal signals mutually shifted by 60 degrees are generated. It is
essential for resultant output signal (60-degree segments) to move around zero. Therefore,

constant +/3/2 is subtracted/added to all of three generated sinusoidal signals. Resultant six
signals are connected to six separate switches as one of the inputs. The second one is left
unassigned (meaning this input value equals zero). These switches are used to “remove” (replace
by zero value) everything from the signal but 60-degree required segments. The results from
these switches are subsequently merged together and modified with amplitude mentioned above
that enters into this block.
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Pic. 3.2-4: Inner structure of block "Generator".



/\ DEPARTMENT OF POWER ELECTRICAL AND ELECTRONIC ENGINEERING
= @3 Faculty of Electrical Engineering and Communication 34
\j Brno University of Technology

The six switches inside block Generator are controlled by block called Sum control. Structure of
this block can be seen in Pic. 3.2-5. It is a logical block where:

- simple sinusoidal signal is compared to zero

- this identical signal is compared to value ++/3/2
- monotony of this signal is observed (if it is increasing/decreasing)

These operations serve to define exact times for switching. An example of operation can be given
using bottommost part of Pic. 3.2-5, where it is determined whether sinusoidal signal is:

- greater than zero

- smaller than v/3/2
- decreasing

Considering these conditions, we see that they exactly define 60-degree segment (from 120 to
180 degrees) of original sinusoidal signal. Output signal is subsequently applied to switch
sinusoidal signal shifted by -60 degrees. As a result, a 60-degree sinusoidal segment from
negative half-wave is obtained.
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Pic. 3.2-5: Inner structure of nested controlling block "Sum control”.



| DEPARTMENT OF POWER ELECTRICAL AND ELECTRONIC ENGINEERING
= @ Faculty of Electrical Engineering and Communication 35
\,j Brno University of Technology

Now, if we look back at the Pic. 5.3-1, it is finally possible to explain those subtraction and
multiplication blocks which were omitted during principle of operation explanation. Original
signal is merged with generated one by subtraction blocks whereby original amplitude decreased

v/3/2 —times. Therefore, it is necessary to multiply the signal created by merging by value2 /+/3.

Examples of operation of constructed PWM modulator with inverter are to be found in
Pic. 3.2-6 and Pic 3.2-7. The first of mentioned pictures shows comparison for one phase -
comparison of previously generated modulation signal (represented with blue color) with high-
frequency triangular carrier signal (represented with green color) with frequency of 5 kHz.
Resultant pulsating signal is represented with red color. Its three-phase time waveforms are
displayed in Pic. 3.2-7.
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Pic. 3.2-6: Example of functionality of comparison inside PWM model.
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Pic. 3.2-7: Example of output signal coming from PWM modulator.
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4 MODEL OF ROTOR ORIENTED VECTOR CONTROL

Complete model of induction machine rotor magnetic flux oriented vector control is
illustrated in Pic. 4-1. At the first sight, it is evident that it is quite complicated system.
Therefore, following subchapters will focus on more detailed description of individual blocks
along with process of creation of this model. Blocks IM (model of induction machine) and PWM
(model of PWM modulator with inverter) were already introduced in the previous chapter. Also,
all four transformation blocks (a,b,c-a.f; o.f-a,b,c; o, f-d,q; d,q-a,f) were described earlier, as
well. Remaining blocks that require detailed explanation are:

4 regulators (speed R,,, magnetic flux Ry, and 2 current R; regulators)
calculation block

decoupling block

de-excitation block

psi2_dmly
- [i1_d]
e S O [11_b] i1b L’mm vat )
4 aipha v Vafo L 3 alpha »|U aha
R| Rid
De-excitation i ! a w \—b\la Y S
bet
II O Pi(s)r thetBeta vyl Ty ol e
4.0 -aphab [y ab.c - alpha.beta
.q - alpha.beta PWM
" Rw Rig Decoupling
- [i1_al U beta
[i1_a] alpha [i1_d] [i1_d] id
[i1_b] beta [i1_q] iq theta —p- s
theta theta 3 [i1_ql [w] w TL

alpha,beta -d.q Calculation block

Pic. 3.2-1: Model of rotor oriented vector control created in Simulink environment.

4.1 Design of regulators

For proper functionality of control model of this type, it is necessary to accurately design all
regulators. Therefore, this chapter is divided into other three following subchapters consecutively
dealing with design of current, flux and speed regulators. During the process two basic design
methods will be used - design method of optimal module or method of symmetrical optimum,
eventually.

4.1.1 Design of current regulators

Design of current regulator R; comes from equation (2.2-28). At first, we perform Laplace
transform, whereby few elements in original equation were neglected. The result is expressed by
relation (4.1.1-1).

Leplld = _Relld + Vld (411'1)

Relation (4.1.1-1) is further rearranged into form of transfer function:

F=tfie__ 1 _ __ 016 (4.1.1-2)

Via Lep+Re 3,03103p+1
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In the next step, we will consider transfer of current sensor (4.1.1-3) and transfer of frequency
inverter with gain G = % = 270 and time constant 7;; = 50.10° what corresponds to switching
frequency of inverter transistors at 20 kHz:

Fg =1 (4.1.1-3)

270

Fri = Soroepr1 (4.1.1-4)

Transfer function Fs of whole system then equals:

43,2
Fs =F.Fp. Fy = (3,03.10~3p + 1)(50.10~6p + 1) (4.1.1-5)

Final value of current regulator R; can be subsequently obtained by using design method of
optimal module:

_ 1 (3,03.1073p +1)(50.10™°p + 1) _ 3,03.103p+1
U7 215p (tgp + 1) 43,2 T 432.1073p

(4.1.1-6)

where time constant 7,; was used as 7,.

It is possible to see that resultant regulator is Pl-type. This regulator is used in the model in both
axis (d and q, as well).

4.1.2 Design of magnetic flux regulator

At first, for a design of this regulator it is necessary to derive transfer function v, /i, 4. This
process comes from equation (2.2-3), where a last element of this relation is neglected. Current i,
is expressed from equation (2.2-6) and subsequently substituted into already-mentioned
simplified equation (2.2-3). Requested transfer function is then obtained:

dy Lp . 1

72(1 = Rz L—:lld - RZ zlpzd (412'1)
Moreover, Laplace transform is performed and after further rearrangement of created expression,
we obtain desired form of transfer function:

F :@: Ly __ 0,3904 (4.1.2-2)

I =
i1d4 ép +1 0,11p +1

During calculation of transfer function Fg of whole system, the rest of the system will be for
simplicity replaced by transfer function in form of first order system with time constant z;:

N 1 (4.1.2-3)

T 2typ+1  2.50.1076p +1

Resultant transfer of whole system will then equal to:

0,3904 1 _ 0,3904
011p+1 10~%*p+1  (0,11p + 1)(10~%p + 1)

Design of magnetic flux regulator will be performed similarly to previous case by using design
method of optimal module.

_ 1 (011p+1)(107*p+1) _ 011p+1
¥ 22,0 (tp + 1) 0,3904 0,7808.10~%p

(4.1.2-5)

This resultant regulator is also Pl-type likewise current regulator.
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4.1.3 Design of speed regulator

The last designed regulator is a speed regulator R,. Process of this design comes from
equation (2.2-31) where motor is considered non-loaded (that means load torque equals zero).
Relation (4.1.3-1) is the result of Laplace transform:

Pp3L .

pw = TPEiIPZqu (4.1.3-1)
Moreover, simplifying assumption will be used in further steps — constant value of magnetic flux
Y,4 = 1 will be considered. From equation (4.1.3-1) is then simply expressed necessary transfer
function w/iy,:

w _ 1DP§3Ly _ 430,588

= E = pTEE 2d — " (413-2)
Transfer of the whole system is defined equally according to previous subchapter:
Fs = F. F, — 430,588 . 1 _ 430,588 (413_3)

D 10~4%p+1 p(10~%p + 1)

In this case, design method of symmetrical optimum is more suitable in process of speed
regulator design:

R — 4t,p+1 p(107*p+1)  4.107*p+1
W grZp2 (tap+1) 430,588 34,447.10"6p

(4.1.3-4)

Equally to previous cases this resultant regulator is also PI-type.

4.2 Calculation block

Calculation block is very important part of the control model. It is used for feedback
calculation of regulated value 4. Inner structure is very simple — it is created by relation (2.2-
30) and equations (2.2-36) - (2.2-38). Final model created in Simulink environment is to be found
in Pic. 4.2-1.
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Pic. 4.2-1: Calculation block.
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4.3 Decoupling block

Pic. 4.3-1: Decoupling block.

Decoupling block is closely related to model of induction machine. Importance of this block
was already discussed toward the end of second chapter. Inner structure of this block is created
by equations (2.2-32) and (2.2-33) and is to be seen in Pic. 4.3-1. Its placement in control model
can be found in Pic. 4-1, where it is possible to see that it is situated right before frequency
inverter (block PWM).

4.4 De-excitation block

In this moment, the model of rotor oriented vector control is fully functional. However, one
problem could occur in a case if required angular velocity is greater than nominal. Motor with
value of nominal excitation given by constant (approximately equal 1) would not reach higher
speed than nominal. Therefore, it is necessary to implement another block into model of control —
so-called de-excitation block.

This block is monitoring actual mechanical angular velocity of motor and using this measured
parameter to modify reference value of magnetic flux. When the motor with nominal excitation is
approaching its nominal speed the de-excitation block is slowly decreasing reference value of
magnetic flux ,, (de-exciting) according to characteristics illustrated in Pic. 4.4-2. This
characteristic was obtained using slightly modified indirect proportion 1/w; in order to set the
curve of characteristic and point where de-excitation starts to operate. Model of this block can be
found in Pic. 4.4-1.
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Pic. 4.4-1: De-excitation block.
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Components called Offset and k are defining properties mentioned above of final characteristics.
Moreover, block of absolute value ensures proper functionality of de-excitation even for opposite
direction of mechanical revolutions. Last block used is a block of saturation that ensures two
important values of characteristics:

- constant reference nominal value of magnetic flux for rotational speed lower than
nominal (in this specific case starting point for de-excitation is placed a little bit lower
at angular speed of 290 rad/s, specifically)

- lowest reference value of magnetic flux (at the highest impact of de-excitation)

These two values are during all simulations performed in this thesis set to ¥,4, = 1 Wb and
lpZdl = 0,5 Wh.
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Pic. 4.4-2: Characteristics of de-excitation.

4.5 Results of simulation

Two simulations of rotor oriented vector control were performed — one without PWM block
introduced above (this block was replaced with simple transfer function (4.1.1-4)), the second one
along with this PWM block. At first, results of simplified simulation are presented.

Resultant time waveform of each parameter can be divided into 5 sections defined by given
control conditions:

1) t €< 0;0,05 >: excitation of stationary motor — reference values: w, = 0 rad/s;
Y, =1Wb

2) t €<0,05;0,3 >: starting of non-loaded fully excited motor — w,, = 300 rad/s;
Y, =1 Wb

3) t €<0,3;0,5 >: connection of nominal load - T, =7 Nm

4) t €<0,5;0,65 >: unloading the motor - 7, =0 Nm

5) t €<0,65;0,8>: acceleration of motor to greater speed than nominal -
w,, =400 rad/s

Time waveforms of mechanical angular velocity, voltage on stator terminals (in af reference
frame) and rotor magnetic flux (in dqg reference frame) are to be found in Pic. 4.5-1. These
waveforms were obtained during simulation without PWM modulator block constructed in
previous chapter. Initial reference value of speed was set to zero in order to fully excite the motor
before starting it up.
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Reference value of angular speed was step changed to 300 rad/s at time 0,05 s. The motor is
gradually accelerating until it reaches reference value. Magnetic flux slowly decreases (caused by
de-excitation block), while the motor approaches reference value as it is defined by curve
illustrated in Pic. 4.4-2.

Nominal value of load T, = 7 Nm was further connected to the motor at time 0,3 s. It was
subsequently disconnected at time 0,5 s. Just right after the connection there was a slight decrease
in angular velocity for a short amount of time that was quickly regulated back to reference value.
Both stator and rotor currents significantly increased after the load was connected. Voltage on
stator terminals along with both magnetic fluxes (stator and rotor) slightly increased, as well.
This event can be observed in Pic 4.5-1 and Pic. 4.5-3. Component of rotor magnetic flux in
axis q (green curve) is constantly preserved at zero value what we can see in the bottommost
waveform illustrated in Pic. 4.5-1. This proves the correctness of control operation of the model.

All waveforms returned to the non-loaded state after disconnection of load (their characteristics
are completely identical to those in second section).

Rotational speed of motor subsequently increases after the reference value of angular speed rose
to 400 rad/s at time 0,65 s. During this process, it is obvious that the motor is gradually
de-excited. Significant influence of regulators during transient events can be clearly seen in
resultant waveforms, as well. They can be easily recognized by short oscillations in voltage or
current waveforms.

Pic. 4.5-1: Time waveforms of w, v, in system aff and 1, in system dg without PWM modulation.
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Resultant waveforms of nearly all parameters created during simulation with PWM
modulator with inverter attached to the control model were almost identical to those without
PWM modulator. This was caused due to inductances that suppressed the influence of current
ripple and made those waveforms smoother. The only exceptions were waveforms of both
currents (stator and rotor) illustrated in Pic. 4.5-4 and voltage at stator terminals, of course.
However, this voltage is not presented because it is not possible to evaluate its waveform without
sufficient zooming in. It is caused because it just consists of pulses performed at high frequency.

Waveforms of both currents i; and i, are nearly identical to those without PWM modulation, as
well. The only difference is caused by triangular ripple of these waveforms. Detail of saw-tooth
ripple of current i; is illustrated in Pic. 4.5-5. It was already mentioned that this ripple is
suppressed by motor inductances and the result is smooth waveforms of mechanical rotations and
all other parameters illustrated above.

S0 0.105 0.11 0.115 0.12 0.125 013 0.135 0.14 0.145 0.15

Pic. 4.5-5: Detail of current i; waveform.
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5 MODEL OF STATOR ORIENTED VECTOR CONTROL

The only difference between stator and rotor oriented vector control is a magnetic flux of
which part of induction machine is controlled. It is quite complicated to derive needed equations
for rotor-oriented control mentioned above. However, stator magnetic field can be altered directly
by voltage on terminals and stator current.

It is possible to create model of stator oriented vector control of induction machine just with
slight modifications of rotor oriented vector control model created in previous chapter. Majority
of blocks in Simulink environment will remain untouched. Model of this type of control is
essentially identical to model illustrated in Pic. 4-1. The only change will be the calculation block
where it is necessary to estimate value of stator magnetic flux 1,4 (not ¥, as in that mentioned
model) along with angular velocity w, and transformation angle. The calculated stator
magnetic flux ¥4 is used in feedback structure as input of flux regulator R, instead of rotor

magnetic flux 1,4 used in the control model described before.

5.1 Derivation of stator oriented vector control relations.

Derivation of equations for stator oriented vector control comes from relation (2.2-4). It is
possible to easily express instant value of produced torque of induction machine directly from
this equation:

T, =2 Im{T, x 5} (5.1-1)

T2

Moreover, we will divide relation (5.1-1) into real and imaginary parts:

Ty =2 Im{(ia + jirg) * Pra — jP14)) (5.1-2)

Imaginary component inside square brackets has negative sign because it is complex conjugate
value. After rearrangement of relation (5.1-2) we obtain:

T; = %(Ebwim - ¢1qi1d) (5.1-3)

Using exactly the same procedure as in chapter 2.2, it is possible to determine that couples
Y14, 114 aNd P44, i1, have equal signs in every moment. Similarly to rotor oriented control, the
result of this information is that component 1,1, lowers final torque produced by motor under
any operational conditions. Due to this fact, it is necessary to constantly preserve the value of
stator magnetic flux ¥, in g axis at zero. Consequence of this fact is that time derivation of this
magnetic flux will be equal zero, as well. This information is used during further derivation of
equations.

Component of stator voltage v, in axis g is acquired by expressing it from equation (2.2-2):

diprg
dt

qu = + Rlilq + wllpld (51'4)

Magnetic flux ¥, and its time derivation equal zero according to the explanation above. The
relation (5.1-4) is then simplified into form:

qu = Rlilq + a)llljld (51'5)
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Important relation for calculation of angular velocity w; is obtained by simple rearrangement of
this equation:

W, = Wg=Ritig (5.1-6)
Y1a

Now, it is finally possible to start the creation of block model in Simulink environment.

5.2 Calculation block

This block is the only different block that is used in model of stator oriented vector control
compared to rotor oriented vector control. Its creation comes from equation (5.1-6). However,
calculation of magnetic flux ;4 is needed for its complete realization. It is easily acquired after
decomposition of equation (2.2-5) into components:

Yi1q = Liiyg + Lpizg (5.2-1)

Now, it is not a problem to construct calculation block. Its inner structure is illustrated in
Pic. 5.2-1.
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Pic. 5.2-1: Calculation block.

5.3 Results of simulation

By comparing simulation results of rotor oriented vector control with and without PWM
modulator (chapter 4.5), it was possible to see that most of the final waveforms were not
influenced by this modulator when used. The only difference between those two simulations is
that waveforms of currents i; and i, were slightly saw-tooth rippled. Therefore, due to high
requirements on hardware resources and very long calculation time of the simulation, use of
PWM modulator will be omitted in further simulations.

Simulation of stator oriented vector control was performed using the exactly same control
conditions as in previous chapter. All of the resultant waveforms are quite similar to those
obtained during simulation of rotor oriented vector control. Due to this fact, only brief description
is given (detailed description can be found in previous chapter). Mutual comparison of resultant
waveforms obtained during rotor and stator oriented vector control is presented just right after
demonstration of following results.
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Due to same control conditions, it is also possible to divide resultant time waveforms of each
parameter into the same 5 sections:

1) t €< 0;0,05 >: excitation of stationary motor — reference values: w,, = 0 rad/s;
¥, =1 Wb

2) t €<0,05;0,3 >: starting of non-loaded fully excited motor — w,, = 300 rad/s;
¥, =1 Wb

3) t €<0,3;0,5>: connection of nominal load - T, =7 Nm

4) t €<0,5;0,65 >: unloading the motor - 7, =0 Nm

5) t €<0,65;0,8 >: acceleration of motor to greater speed than nominal -
w,, =400 rad/s

Time waveforms of mechanical angular velocity, voltage on stator terminals (in af reference
frame) and stator magnetic flux (in dg reference frame) are to be found in Pic. 5.3-2. As stated
above, these waveforms are quite similar to those for rotor oriented control illustrated in
Pic. 4.5-1. The motor was gradually accelerating to reference value 300 rad/s. In addition, a
magnetic flux slowly decreased to the end of starting up (according to curve illustrated in Pic.
4.4-2).

Equally to simulation in chapter four, there was connected nominal value of load T; = 7 Nm to
the motor at time 0,3 s and subsequently disconnected at time 0,5 s. After the connection, a slight
decrease in angular velocity for a short amount of time is present, as well. VVoltage on stator
terminals, both magnetic fluxes and both currents also increased after the load was connected. In
the last graph in Pic. 5.3-2, there can be seen that component of stator magnetic flux in axis q
(green curve) is similarly to previous vector control simulation constantly preserved at zero value
what proves again the correctness of control operation of the model.

In the last section, where reference value of speed raised to 400 rad/s, rotational speed of motor
subsequently increased. There can be also seen influence of de-excitation during this process.

0.1 02 0.3 0.4 05
t (sec)

Pic. 5.3-1: Time waveforms of currents i; and i, in system of.
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5.4 Comparison of results

This brief subchapter is focused on comparing the results of rotor and stator oriented vector
control. Couples of waveforms of individual parameters will be consecutively introduced and
differences between their properties discussed. The upper waveform will always belong to rotor-
oriented control and the second one to stator-oriented control.

5.4.1 Comparison of mechanical angular velocity

In Pic. 5.4-1, illustrated below, waveforms of angular velocity obtained from simulations of
rotor and stator oriented vector control can be seen . The results might seem to be identical at the
first sight. However, stator oriented control provided faster start of the motor and its increase of
speed to 400 rad/s, as well:

- angular velocity from 0 to 300 rad/s was reached 3 ms earlier
- increase in speed to value 400 rad/s was performed 2 ms earlier

These differences are not very noticeable but they would be more significant for bigger machines.

500

o e e e a

w (rad/s)

500 T
O e e e e a

300

rad/s)

W

P e E  ECRCEEETRE R S RRLERTT LY ETRPTRRREPRPE —

0o e e R i A i i il .

02 03 04 0.5 06 07 0.8
t (sec)

Pic. 5.4-1: Comparison of mechanical angular velocity.

5.4.2 Comparison of voltage on stator terminals

Waveforms of voltages on stator terminals in Pic. 5.4-2 are also very similar. In this case,
stator oriented vector control achieves lower values of input voltage, again. VVoltage differences
are:

- 7V at no-load state
- 8V with nominal load
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5.4.4 Conclusion

The result of these three comparisons is that waveforms of couples of parameters were in all
cases very similar with only small differences between them. However, it is necessary to mention
that the simulations were performed for low power induction machine. For large machines
(multiple hundreds or even thousands of kilowatts), the differences would be much greater.
Therefore, it is possible to make following conclusion.

As it was mentioned above, both of vector control types are used in general, although rotor
oriented control is the mostly preferred type. It might be caused mainly due to lower currents
during whole time of operation. Lower currents cause lower power losses (thus decrease in
temperatures, as well) in windings of machine according to simple equation (5.4.4-1). This can be
specifically essential for long-term operation.

P = R]? (5.4.4-1)

On the other hand, stator oriented vector control is probably preferred in situations, where faster
change of speed is needed and lower values of currents are not required. In addition, relations for
this type of control are easier to derive.

Finally, it is possible to see that both types of vector control have their advantages and
disadvantages one over another. This is the reason why both of them are commonly used. It
depends only on requirements of particular application.
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6 NATURAL CONTROL OF INDUCTION MACHINE

Last part of this thesis is focused on completely new type of control of induction machine.
Author of this type of control is a supervisor of this thesis. This control type was named as
natural control because whole algorithm is performed in “natural” reference frame abc. There is
no need to apply any other reference frames for its realization. Thesis supervisor provided all
following mathematical relations mentioned in chapters 6.1 — 6.3.

6.1 Principle of operation

Principle of this control type is illustrated in Pic. 6.1-1. The main idea lays in transfiguring
series combination of elements L, and R /s of equivalent circuit into parallel combination using
I'-network. That ensures presence of equal voltage on all elements of circuit, placed behind
resistance of stator winding R, what significantly simplifies derivation of relations.

I i I
— Rl . Rl e
O |_|" 2 O I_II_I -
—_— e 11’“
v, V
v V. - 7 .| L
O O

Pic. 6.1-1: Transfiguration of series combination of I'-network into parallel.

Elements R, and L,, of transfigured equivalent circuit symbolize so-called parallel resistance
and parallel inductance. However, it is necessary to emphasize that these elements do not have
constant values. Their values dramatically depend on value of angular velocity w (on its square)
and are defined by relations (6.1-1) and (6.1-2). It is possible to obtain these equations by
comparing real and imaginary parts of both impedances.

R
R, =~ +-w?L} (5.1-1)
R\? 1
Ly, =L, + (;) e (5.1-2)
Reverse calculation of these parallel elements into I'-network:
R 1
~=R,—% (5.1-3)
1+ 2p2
w Lp
1
Lo =Ly—52 (5.1-4)
1+—5
R

Although by calculation of these parameters we obtained equal voltage on all elements located
behind resistance R, transfiguration of equivalent circuit caused division of current I; into two
fractions I and I,. Current I represents effective value of first harmonic of
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torque-producing active component of rotor current I, recalculated to stator side. Similarly,
current I, represents effective value of first harmonic of useless reactive component of rotor
current I, recalculated to stator side. Magnitude of these currents is defined by relations (6.2-9)
and (6.2-10) presented in next subchapter along with final relations for natural control algorithm.
By using these relations, a functional model of control has been created in Simulink environment.

6.2 Natural control algorithm

This type of control algorithm certainly does not work on principle of negative feedback. It
does work on principle of feed-forward control; meaning that this algorithm calculates all
parameters essential for a motor control ahead, while neither speed sensor nor sensor of magnetic
flux are used.

Relations for calculating effective value of phase current and voltage:

2

1= [21E0 + 50 + 1 @in (0] (5.2-1)

V= \/V#Z +2R,P — R22 = JVE+ R.(P+ P — RjI%) = \[VZ + R (P + Py) (5.2-2)

where P; is an auxiliary parameter; so-called power behind resistance R;:
P, = P —RI? (5.2-3)

Relations for calculating active input power of one phase:

P =2 [2v4(®)ia(t) + 205 (©)ig(6) + va(D)ig(6) + vp(Dis(8)] (5.2-4)

Relation for calculation reference effective value of magnetizing voltage or eventually reference
value of magnetic flux:

V,=%w (5.2-53)
=2 (5.2-5b)

Relation for calculating essential angular velocity of stator rotational magnetic field:

w = ‘;—pnmm - K)+ %\/pgnznu — K)2 + 4K (pm,zn + %) (5.2-6)

where K is second auxiliary constant:

K =—DTk (5.2-7)

(W2/R)-Py1%

1., represents a reference value of motor speed in the equation (6.2-6). T4 represents square of
motor time constant - 3 = L% /R2.

For a mathematical model of control to be complete, it is necessary to state relations for
calculation of following currents, as well:
__ P-RyI?

Vu

I, =I2—1Z—1, (5.2-9)

I (5.2-8)
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6.3 Model of control in Simulink environment

In Pic. 6.3-3, there is illustrated model of natural control of induction machine created in
Simulink environment. In the first moment, this model can appear to be more complicated than
model of vector control. By taking, a closer look it is noticeable that most of the blocks are
simply created from mutually connected equations (6.2-1) — (6.2-7).

Four necessary filters used for stable functionality of model are labeled with blue color. The
block located just behind output from block of equation (6.2-6), labeled as Limiter, is highlighted
in red. Its function is to prevent reference value of stator rotational magnetic field o from
unexpected deviation more than set range (defined in this block) of reference speed 2,,,. There
can be seen inner structure of this block in Pic. 6.3-1, and its output characteristic in Pic. 6.3-2,
where marginal values are highlighted in red. These values must not be overpassed by output. In
the case, reference value of angular velocity @ overpasses this range; there would be marginal
value in the output instead.

\_. T
( 1 } o <= n;l_\ > T
) ’—. —1u ,'_B\——b..‘]
—=aF w
+'J '
L
Jul "

it
&

ol —— ™
10 s

N

Pic. 6.3-1: Block Limiter.
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Pic. 6.3-2: Output characteristic of the block Limiter.
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Pic. 6.3-3: Model of natural control created in Simulink environment.
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6.3.1 Equation blocks

In this short subchapter, blocks created from relations (6.2-1) — (6.2-7) will be stated together
with brief description. In the picture of complete model (Pic. 6.3-3), there are block of equations
all labeled with numbers 1-7 corresponding with equations.

CO——
A 142
. o X D
> 27301 S !
A" B
©2 Tl x
B g
B2
2
L
3 >+
2/3

Pic. 6.3-4: Block 1 - calculation of phase current effective value (relation (6.2-1)).

*
Vmi2 e
Sant
%
R17(P1P)

P 2*R1°P P1

Pic. 6.3-5: Blocks 2 - calculation of effective value of phase voltage or magnetizing volatage,
respectively (relation (6.2-2)).

P P1

1 J
Ri X
| R1°12

Pic. 6.3-6: Block 3 - calculation of auxiliary variable P; (relation (6.2-3)).
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Pic. 6.3-7: Block 4 - calculation of one phase active input power (relation (6.2-4)).

Psi x Vm A
W W

Pic. 6.3-8: Blocks 6 - calculation of reference effective value of magnetizing voltage or reference
value of magnetic flux, respectively (relations (6.2-5a), (6.2-5b)).
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Pic. 6.3-9: Block 6 - calculation of angular velocity of stator magnetic field (relation (6.2-6)).
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Pic. 6.3-10: Block 7 - calculation of auxiliary constant K (relation (6.2-7)).

6.3.2 Another blocks of model

Model of control shown in Pic. 5.3-3 contains, besides previously stated blocks, additional
five blocks and another block of motor model. This model of motor is also identical with the one
used in previous simulations of vector control.

A block for calculating reference value of modulation index is made up from relation
(6.3.2-1). Its content is illustrated in Pic. 5.3.2-1. Behind this block, there is inserted filter along
with saturation block, which defines possible values of modulation index in the range
Me<0;1>.

M) =6 (5.3.2-1)
{2} I
1'u'r -
1) p M
d
6 > ,'/? |
Saqrt

Pic. 6.3-11: Block of modulation index calculation.

The model of motor in this simulation is powered from simple inverter block, whose inner
structure can be seen in Pic. 5.3.2-2. Three parameters enter a block. First two are value of
inverter DC bus voltage V,; and actual value of modulation index, which are used for defining
actual amplitude of voltage on stator terminals. Third input parameter is actual magnitude of
angle o obtained by integration of angular velocity w, which is an output out of block Limiter. By
this angle, sinusoidal signals with amplitude equal 1 are generated. These signals are
subsequently multiplied by amplitude of voltage on stator terminals, calculated from first two
parameters.
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Pic. 6.3-12: Simple model of inverter.

In the model of control, there is further used a calculation of nominal power of the motor.
This parameter is calculated using values of nominal mechanical power and motor effectiveness
according to relation (6.3.2-2). An inside of the block is illustrated in Pic. 6.3.2-3.

P, = ”*;—nh (5.3.2-2)
.1} 3
P mech ¥
3 T ox J—b
ng

Pic. 6.3-13: Calculation block of motor nominal power.

Last couple of natural control model blocks is blocks of thermal correction, which calculate
an effect of temperature on magnitude of resistance. For the calculation, relations (6.3.2-3) for
copper material and (6.3.2-4) for aluminum material were used. These equations can be found in
literature [1].

r_ Y-ts -
Ri =R, (1 + — 234‘5) (5.3.2-2)
r_ Y-ty -
R' =R (1 + ot 244) (5.3.2-2)

where 9 symbolizes rise of temperature of conductor and t; symbolizes room temperature
(20 °C).

Inner structure of these two blocks is illustrated in Pic. 6.3.2-4 and Pic. 6.3.2-5. Red color
symbolizes copper winding and grey symbolizes aluminous squirrel cage of the induction motor.
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Pic. 6.3-14: Block of thermal correction used for stator winding and squirrel cage.
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Pic. 6.3-15: Block of thermal correction used for calculation of resistance nominal value.

6.4 Results of simulation

Time waveform of motor angular velocity is illustrated in Pic. 5.4-1, where it is possible to
see following events. In the first third of waveform the non-loaded motor is starting. Its steady
state value of velocity equals exactly to reference value £2,, = 300 rad/s. At time t = 0,55 s,
nominal load T, = 7 Nm was connected and finally in time t = 1 s, reference value of angular
velocity decreased from original 300 to 230 rad/s.

350

w (rad/s)

A0 [~ mmmmme o b b boen brome —
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Pic. 6.4-1: Time waveform of motor angular velocity w.
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Steady state value of motor angular velocity after the connection of load is equal 297,5 rad/s.
This means that magnitude of regulation error is in this case -0,833%. Steady state value of
velocity after decrease in reference speed is equal 230,9 rad/s. This time, the regulation error has
magnitude of +0,391%. Considering that the control model does not contain any speed of flux
sensor, but whole regulation is performed using only calculations with use of voltage and current
feedback loops of two phases, this are actually good results.

However, using this type of control, during transient events it is not possible to sufficiently
control individual parameters of the motor. It is probably caused by use of equations (6.2-1) and
(6.2-4). These two equations assume harmonic waveforms of voltages and currents when during
transient events this condition is definitely not fulfilled. Insufficient controllability of motor
during transient events can be seen in detail of waveforms of phase currents in bottom of Pic. 6.4-
3. These and also all further waveforms correspond to waveforms in Pic. 6.4-1.
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Pic. 6.4-2: Time waveform of stator phase currents iy, iz, i.
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Time waveform of phase voltages on stator terminals and time waveform of modulation

index can be found in Pic. 6.4-3. Marginal curve (waveform of amplitude) of the voltages is
created according to modulation index waveform. It is obvious that during starting of motor and
after connection of load, modulation index reaches its maximal value, when the motor is
connected to full DC bus voltage of inverter. This limitation of modulation index magnitude has
also impact on torque produced by machine. This influence can be seen in Pic. 6.4-4, when we
can see slight oscillations of torque waveform. Steady state value of torque for non-loaded motor
exactly equals zero. This means that mechanical losses (for example friction) were neglected
during creation of control model. After connection of nominal load and decrease in speed
reference value, the steady state value of torque produced by machine equals 7 Nm.

gfmwwwwwwwm, 1

t (sec)

Pic. 6.4-3: Time waveforms of phase voltages on stator terminals and modulation index.
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Pic. 6.4-4: Time waveform of torque produced by machine.
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{ CONCLUSION

Content of this thesis can be divided into six main parts. First part is focused on analysis of
equivalent circuit configuration variants of the induction machine, specifically equivalent circuit
using T-network, I'-network and ‘T-network. This whole chapter is an analogy to the analysis of
different equivalent circuit configuration variants of transformer, which can be found in literature
[1]. The result is an acknowledgement that configuration variant using T-network is in fact
meaningless and unnecessarily complicated, where configuration variant using I'-network or
‘I-network provide multiple advantages in comparison to T-network.

Second part of thesis deals with theoretical analysis of induction machine vector control and
derivation of relations for its realization. In conclusion, there was obtained an equation system
that can be used for creation of rotor oriented vector control simulation. At the end of second
chapter, there is illustrated a block diagram that was further used for realization of control model
using Simulink environment.

Third part is dedicated to creation of Simulink model of the induction machine and model of
three-phase PWM modulator with inverter. These models were essential for further control
simulations. Also, demonstration of functionality of both models was presented just right after
explanation of process of construction.

Remaining three parts are focused on simulations of various types of induction machine
control — rotor oriented vector control, stator oriented vector control and completely new type of
control created by supervisor of this thesis — so-called natural control. It is possible to consider
these chapters as a step-by-step guide to creation of each control type from the very beginning.
Vector control models contain also not so typical elements, such as de-excitation with
user-defined waveform or fully functional PWM modulation. Results for both types of vector
control are quite similar and the differences between them are discussed at the end of
chapter five. From this, it resulted that each one of them has its advantages and can be used
depending on required conditions.

This work also includes the very first attempt of creation functional Simulink model of
natural control mentioned above. During this process, it was necessary to include some filters to
model in order to achieve satisfying results. Results of simulation are not 100% accurate — there
are control deviations with magnitude below 1%. Considering that the control model does not
contain any speed of flux sensor, but whole regulation works on principle of feed-forward
control, the results are good. However, during transient events it was not possible to sufficiently
control individual parameters of the motor. Two used relations that should be probably replaced
might be the main reason of these issues.

As stated above, there was performed the first simulation of natural control. Some
insufficiencies that could be suppressed in the future were discovered. | would personally
recommend further research of this control type as it represents interestingly different approach to
the induction machine control.
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APPENDIX

Parameters used for simulations:

- nominal power of the motor P,=2200 W

- nominal stator current Li,=45A

- nominal voltage on stator terminals Vin =400V

- nominal mechanical angular velocity w, = 314 rad/s
- number of pairs of poles pp=1

- moment of inertia J =0,0034 kgm?
- efficiency n =80,9 %

- inverter DC bus voltage V; =540V

- frequency of PWM carrier signal frwm = 5000 Hz

Circuit parameters for I'-network:
- resistances R, =28150Q R=2840Q
- main and leakage inductances L,=04H L,=0,02H

Parameters R4, R, L4, L, were also used in form of T-network. They were recalculated
according to equations present in literature [11]:

- resistances R, =2,8150 R, =3,6286 2
- inductances Ly = Lgsp =0,0096 H
L, =0,3904 H

For purposes of vector control were inductances of T-network further recalculated.
Parameters used for simulations of vector control:

- resistances R, =28150 R, = 3,6286 Q
- inductances Li=L,=Ls,;+L,=04H
L, =0,3904 H



