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ABSTRACT

In this thesis, in order to analyze a brushless synchronous gemerator with a
wound field, 2 mathematical model is obtained by using the generalized
machine theory. The model is solved by using a dedicated FORTRAN program.

Also the parameters of the machine are measured in the laboratory.

The stator of the generator is connected to the 3-phase uncontrolled rectifier.
The output of the rectifier is connected to a battery through a current limiting
resistor. The whole system is also modeled in rotor reference frame. The result
of the computer program provides the estimated value of stator currents,
electromagnetic torque, angular velocity of the rotor, input and output power,

efficiency and rotor angie.

Keywords: Brushiess synchronous generator with wound field, homopolar

synchronous machine
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OZET

Bu tezde, alan sargil: firgasiz senkron jeneratdri analiz etmek igin genel makine
teorisi kullanilarak matematiksel modeli eide edildi. Bu model FORTRAN
programu kullanilarak ¢dziildi. Ayrica makinenin parametreleri laboratuarda

slcilda.

Jeneratdriin statoru 3-fazhi kontrolsiiz dogrultucuya baglandi. Dogrultucunun
gikist akim simirlayici rezistams iizerinden akiiye baglandi. Tim sistem rotor
referans frame’ de modellendi. Bilgisayar programinin sonucu, stator akimlari,
elektromanyetik tork, rotorun agisal hizi, giris ve cikiy giicii, verimi ve rofer

acisinin degerlerini tahmin etmemizi sagladi.

Anahtar sdzciikler: Ala sargilh firgasiz senkron jemeratdr, tek ydonii

kutuplandiriing senkron makine
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CHAPTER ONE
INTRODUCTION

1. Introduction

An AC generator converts the mechanical power to ac electric power. The
principle of ac machine operation is that if a balanced three-phase set of currents,
flows in a three-phase-balanced winding, then it will produce a rotating magnetic
field at constant magnitude and speed. When the rotor having magnetic poles rotates
at the same speed with the rotating magnetic field, the electromagnetic torque is

developed.

Although the field winding in an ordinary synchronous generator is located on the
rotor and the field winding of a brushless synchronous generator is located in the
stator, both machines share the same terminal characteristics, and therefore can be

described with the same lumped parameters (Tsao et al., 2002).

A brushless synchronous generator (BSG) has many advantages, listed in tablel.1.



Table 1.1 Brushless Synchronous Generator Features

BSG Advantage Why BSG provides this advantage.
Improved efficiency Eliminate brush voltage drop and brush-
friction.
Reduced electrical noise Eliminate arcing from brushes fto

commutator.

Reduced acoustic noise

Eliminate brush bounce, especially at
high speeds.

Reduced debris

Eliminate brush wear

Increased speed range

Remove mechanical limitations imposed

by brush / commutator interface.

Reduced size due to superior thermal

characteristics

Brushless generators have windings on
the

windings on rotor. Windings are the

stator, brush generators have

main heat generators on brushless
generators and it is easier to remove heat
from the stator than from the rotor, if

stator is the outer part of the machine.

Reduced maintenance

Eliminate brush wear

Reduced weight and size

Eliminate commutator, brush, and brush
holder

Some advantages directly impact overall machine cost. For example, lighter

generators require less structural support. Higher efficiency generators require a

smaller power stage or may eliminate the need for cooling fans. Relocating the

generator without concern for brush debris may reduce the cost of mechanical

structures.




Other advantages are important because they add value to the machine. For
example eliminating brush noise may take the machine run more quietly. Eliminating
brushes increases reliability and can reduce the machine’s scheduled maintenance
cost. Other features such as improved efficiency, elimination of brush debris or
reduced electrical noisc may all be important beyond direct cost impact (Ellis, G.,
1996). The general view of a brushless synchronous generator is given in Figure 1.1.

Figure 1.1 Brushiess synchronous generator

High efficiency, low rotor losses, and a robust rotor structure are key requirements

for the brushless synchronous generator.

The rotor must be able to withstand the stresses of spinning at high-speed. This
requirement makes the use of permanent magnets on the rotor difficult because of
their brittleness and low strength. Permanent magnets are further limited by their
temperature restrictions. Another important consideration is that rotor structures with
multiple parts are more difficult to balance and are more likely to have unwanted

vibration modes in the target operating speed range.



Although not widely used in practice, brushless synchronous generators have been
implemented for a variety of applications. They are sometimes referred to as
‘homopolar inductor alternator/motors’ (He, J..& Lin, F., 1995)~(Siegl, M.,& Kotrba,
V, 1991), or simply as ‘homopolar generators’ (Rao et al., 2000)-(Ichikawa et al.,
1999). The defining feature of these generators is the homopolar d-axis magnetic
field created by a field winding (He, J.,& Lin, F., 1995)- (Siegl, M.,& Kotrba, V,
1991)-( Ichikawa et al., 1999)-(Hippner, M.,& Harley, R.G., 1992), permanent
magnets, or a combination of permanent magnets and windings (Rao et al., 2000).
The principle is the same as in a traditional synchronous generator, with which the
brushless synchronous generator has similar terminal characteristics. However, in the
case of the brushless synchronous generator the field winding is fixed to the stator
and generally encircles the rotor rather than being placed on the rotor. The field
winding and the magnetizing flux path in the present motor design are shown
schematically in Figure 1.2. Note that the rotor pole faces on the upper part of the

rotor are offset from the pole faces on the lower part (see Figure 1.3).

Armature -
Winding - o Pevder Tron
Hodders , .l.c;lrl els
Freld
Winding
& BBobbin
Heousing

Figure 1.2 Cut-away view of brushless synchronous generator with arrows

indicating magnetizing flux path



Rotating part

e Stahionary field winding

Rotating part

Figure 1.3 View of rotor structure

There are several advantages to have the field winding in the stator. One of them
is elimination of slip rings and greatly simplified rotor construction, making it
practical to construct the rotor from a single piece of high strength steel. This feature
makes brushless synchronous generators very attractive for high speed operation; a
single piece steel rotor is used in the design presented here and in (He, J.,& Lin, F.,,
1995)-( Hippner, M.,& Harley, R.G., 1992). The other rotor designs feature
laminations (Ichikawa et al., 1999), permanent magnets (Rao et al., 2000), or other
non-magnetic structural elements to increase strength and reduce windage losses
(Siegl, M.,& Kotrba, V, 1991).

The content of this thesis can be summarized briefly as follows:

Chapter 2 focuses on brushless synchronous generator model. Firstly, from three
phase to two phase and from offf to dgf transformation in arbitrary reference frame,
synchronously rotating reference frame and rotor reference frame are described.
Then stator voltages and currents are given in arbitrary reference frame and rotor
reference frame. Finally, the mathematical models of brushiess synchronous

generator and rectifier load are combined.



The chapter 3 of this thesis presents the measurements of brushless synchronous
generator parameters. For this reason, open circuit test, short circuit test, and run
down test have been done in order to calculate stator winding self inductance, mutual
inductance, field winding inductance, stator winding resistance and moment of

inertia constant.

Chapter 4 focuses on simulation result. The mathematical model of brushiess
synchronous generator with rectifier load is solved in FORTRAN program by using
4" order Runge-Kutta integration routine. And power, torque, and current graphics of

brushless synchronous generator are drawn by using Matlab program.

Chapter 5 is concerned with the conclusions.



CHAPTER TWO
BRUSHLESS SYNCHRONOUS GENERATOR

MODELING

2. Brushless Synchronous Generator Modeling

The electrical and electromechanical behavior of brushless synchronous machine
can be predicted from the non-linear set of equations which describe this machine.
The solution of these equations can be used to predict the performance of the

machine.

In this chapter, the voltage and electromagnetic torque equations are first
established in machine variables. Reference frame theory is then used to establish the
machine equations in arbitrary reference frame, synchronously rotating reference
frame and in the rotor reference frame (Park’s equations). The torque-load angle
equation of the generator with rectifier is obtained at synchronously rotating
reference frame. Transient analysis of the system is carried out at rotor reference
frame. The equations which describe the steady state behavior are also derived in the
frame. Computer traces are given to illustrate the dynamic behavior of brushless

synchronous generators.



2.1. Mathematical Modeling of Brushless Synchronous Generator
2.1.1. Voltage Equations in Machine Variables

A 12 pole, 3-phase, wye connected brushless synchronous generator is shown in
Figure 1.1. The stator windings are identical with N equivalent turns and resistance
R,.

Since the brushless synchronous machine is operated as a generator it is
convenient to assume that the direction of positive stator current is out of the

terminals. With this convention the voltage equations in generator variables may be

expressed in matrix form as (Krause et al., 1995).
Vabcs = _RsIabcs + p)“abcs (2’1)
Vf = RfIf +p?uf (2.2)

In the above equations the s and f subscripts denote variables associated with the

stator and field windings, respectively.

The flux linkage equations are

Bﬂ:[&ﬁ) ILT}[;IM] @3)

Where L; is given as

Ly+La  -5Le 5L
1 1
L,=|-5L, L+l -5La (2.4)
i 1
-—L =L L,+L
] 2 A 2 A Is AJ




The inductance matrices Lgr and Ly may then be expressed

L sinG,

L, = Lsfsm(e _2?") @.5)

Lsfsin(()r + %15)

Ly =[Ly +L,] (2.6)

Whereupon it is easy to show that

L, =[-§LJ@)Lm and L, =(Ef} @)Lm Q.7

In the above equations the leakage inductances are denoted with 1 in the subscript.

The subscript sf denotes mutual inductance between stator and field windings.

The flux linkage, referred to stator, may now be written

e P

Where
L,sin6,
L, = Lmsin(G, -%E) 2.9)
Lmsin(er +g§t—)
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L, =L, +L_] (2.10)

The voltage equations expressed in terms of generator variables referred to the

stator side are
R, +pL pL
V. s s . |
[ i:bcs}= 2 ¢ T [ [ l:l abcs] (211)
Vi gp(Lsf) R{ +pL; | I;

2.1.2. Three Phase / Two Phase Transformation in Arbitrary Reference Frame

Figure 2.1 shows an electric machine with a generic smooth rotor. This is a 2-
pole, 3-phase machine; each phase is represented as a concentrated coil. Each coil
has two sides, labeled here in italics (e.g. a anda’). A small circle in a coil side
indicates that the positive sense of current is out of the page, while a cross in a coil
side indicates positive sense into the page. The axis associated with a coil, labeled in

bold typeface, is defined by the right-hand rule, following the sense of the coil.

It is common in the analysis of electric machines to imagine electrical variables
such as voltage, current, and flux as rotating vectors in 2-dimensional space. The
peak value of current in a coil occurs when the current vector is aligned with the coil
axis. Similarly, peak voltage across the coil and peak flux linking the coil occurs

when the voltage and flux vectors, respectively, are aligned with the coil axis.



E o, /t.§H ——‘L\:—. Mo
N A2
i/ , N o
| N, 1 r%,
! r 'j ! =
‘4 /
[ (63‘\\'1 I3 -"".’.;, a;. -~
L N T f
Ao €
M
,-/ 0
4 o
e a
c

Figure 2.1 A 3-phase machine

11

Figure 2.2 A 2-phase machine

Note, however, that the three axes defined by the windings in Figure 2.1 are

obviously linearly. Thus it is useful to perform a linear transformation of variables

from three phases to two. Figure 2.2 shows the hypothetical machine after a 3-to-2

phase stationary transformation.

The 3-to-2 phase transformation is,

fuﬂo = leabcs And fabcs = Cl-‘faBO
Where

A1
2 2

(:1 =2. 0 _2/;._:_3; ﬁ
3 2 2
11 1

2 2 2|

(2.12)

(2.13)



B T

i 0 1

Cc' = % {3 1
1B

2 2

12

(2.14)

In the above the C; and Cy! are the transformation matrices from a-b-¢ axis to a-f

axis and from a-f axis to a-b-c axis respectively. The 3-to-2 phase transformation is

applied on the variables as follows;
Vies = ~Rilipes + PMopes
Ci'Vigo =—R,C' gy + P|CT Moo
Vigo = —R,C,C' gy +C,p|Cr o]
Vo = =R Iig +C;p|Ci Pgo +C,Cr Pl sgo
Vapo = ~RLogo + Do
And the field winding in the af reference frame is represented below;
Vi =Ril} +pAy

The flux linkages may now be written in compact form as follows;
-1 [
[kaﬁo] CL,G CilLg [_ I“ﬁojl
14 = 2 ? - 4 L
w7 2ere |

In explicit form,

2.15)

(2.16)

2.17)

(2.18)

(2.19)

(2.20)

(2.21)



‘1 1 1T 1
'E' -E Lls+LA -_Z_LA
cLC =210 BB SN
3 2 24 2
1 1 1 1 1
r 1 131 -—L
2 2 22" 27
_ 3 j
Ly +5La 0 0
-1 3
CLC =0 Ly+oLy 0
0 0 Ly

3
L =—-L
m 2 A
Let us define, Lg
L +L,=L,
Then
L, 0 0
L,=CLC’={0 L, 0
0 0 Ly

And then

i3

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)
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p L1
2 2 || LsinG,
v 2 ‘\/§ \/5 N 2r
ClLsf ='§ 0 -—5— 7 Lmsm((), ——3—-) (2.27)
1 1 i ) M
2 5 2 | Lm31n(9,+—:—{h
L ,sinB,
= L, =|L,cos0, (2.28)
0
And lastly
[_ .

0
2@y e =21, sing, Lmsin(er—gE) Lmsin(0r+z7£) 1B
3 3 3 3 2

3

| 2
LBy
| 2 2 i
(2.29)
= (L., ) =]L,.sin0, L_cosd, 0] (2.30)
L. =[] where L} =L} +L_ (2.31)
Then the resultant flux linkage matrix may be expressed as
A, L, 0 0 L sin8, || -1,
Ag 0 L, 0 L,cos6, [ -1,
= (2.32)
Ao 0 0 L, 0 -1,
Af L _sin®, L _cos8, 0 L{ I;

Therefore,
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A, =-L]I, +L_sin6 I} (2.33)
Ay =-L.J; +L cos6 I} (2.34)
Ao =-L.I, (2.35)
A =—L,_sin@ I, —-L cos® I, +LiI{ (2.36)

Then the resultant voltage equations in the aff reference frame may be expressed

as
Va - Rs 0 0 0 Ia A‘u
V, 0 -R 0 oI A
p|_ ; plydl%s 2.37)
v, 0 0 -R, OfI, | dt|a,
v 0 0 0 Ri|TI; At
Hence,
V,=-R], +pA, (2.38)
V, =-RI; +pAg (2.39)
V, =-RI, +pA, (2.40)
Vi =RIE +pA; (2.41)
The basic expression for the torque is shown in the below;
P1 dL
. =§EIIM 5 Lo (2.42)
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Where the P is the number of pole,

0 0 L.cos6, | I,
T, = g%[Iu L, ] o 0 -L,sin, | 1, (2.43)
L_cos6, -L,sind, 0 I;
P, .
T, = -2—Lm1f(1,,cose, —I,sin®, ) (2.44)

2.1.3. apf / qdf Transformation in Arbitrary Reference Frame

In the previous section the impedance matrix has been obtained for the non-salient
pole synchronous machine in the af reference frame. When the result is subjected to
the phase transformation C,, the 3-phase variables of stationary circuit elements are

transformed to the arbitrary reference frame.

The af to qdf transformation is

foar =Cofppor and fipp = C;fqdf (2.45)
Where
cos6 —sind 0
C, =|sinb cosf (1] (2.46)
0 0 1
cosd sinf 0
C)'=|-sin@ cos6 O (2.47)

0 0 1
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t
Where 0 = Im(l’;)dé +0, and o is the speed of reference frame.
0

The transformation from a-f axis to the q-d axis, which is rotating with an angular

velocity of @, can be obtained by rotating the a-p axis with ot.

In the above the C, and C,”' are the transformation matrices. The ap-to-qd phase

transformation for the voltage equations are

Vigo =R, L0 +Dhego (2.48)
C5'Vias = —R,C3' 0 + PIC5 A o (2.49)
Vo =—R,C,C5 g0 + C,DlC3 N e ) (2.50)
Vo = R Ieigs + CoD|C5" Pogos + C5C3'Pl Mg 2.51)
= Voo =R Tsos +Co0lC5" Peoios + PPocos ) (2.52)
= Vs =—RyLs + Ohgos + P ocos | (2.53)

The resultant stator and field voltage equations in arbitrary reference {frame is

quOs = _RSquOS + m?“quS + p;“quS (2'54)
V! =R.I, +ph, (2.55)
Where

Cae) =Phse M Mol (2.56)
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For a linear magnetic system, the flux linkage equations may be expressed with

the transformation of the stator variables to the arbitrary reference frame

incorporated
)“qu CZLS(IC;l CZL’sfa —quO
s | = s (2.57)
S I EOM I A I

It can be shown that all terms of the inductance matrix as shown above

cos0 - sinf O|L 0 0 || cosb sin6 0
C,L_C;' =|sind cosO 00 L, 0 [|-sin@ cos@ 0] (2.58)
0 0 L 0 0 1

Is

L, 0 0
= L ={0 L, 0 (2.59)
0o 0 L,
[cos®@  -sin@ O] L_sin6,
C,L!. =|sind cos6 0| L_cosf (2.60)
2™ sfa m r
K 0 10 0
L, sin(8, —0)
= L. =|L_cos(6, —6) (2.61)
0
5 5 cosf sind 0
j:;—(IJ;f,,)TC;‘ =§[Lmsin9, Lcosd, 0]-sin®@ cos® O (2.62)

0 0 1

= (L,) =[L,sin(6, -8) L_cos(6,-06) 0] (2.63)



= L =[L{]
Ags L, 0
As | = 0 L,
AL | |L_sin(8, —0) L_cos(®, —6)
Therefore,

Mg ==L, +L,sin(6, —0)I;

Mg ==L, +L_cos(®, —6)I;

)\,;« = _LmSin(er _e)Iqs -meos(G, _G)Ids +L;I'f

The voltage equation is given below;

Vol [-R, 0 0TI, 0

Vds - 0 -RS 0 Ids + -O)

\'A 0 0 R,|I 0
Hence,

Vi =R I + @y + DA

Vg =R Iy —@h +Pphg

Vi =RiI; +p);

If the flux linkage equation are substituted into the above voltage equations

L_sin(8, —6)7 - L
L_cos(6, —-0)| -1,

(=]

0 )“ds +—“t— )“ds

19

(2.64)

(2.65)

(2.66)

.67)

(2.68)

(2.69)

(2.70)

@.71)

2.72)
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V, =(-R,-pL,JI,, —oL,I +(oL,Cos(6, - 0)+pL,,Sin(@, - 0))I; (2.73)
Vi =(-R, —pL, )l + oL I +(-oL,Sin(8, —6)+pL,Cos(®, - 6))I; (2.74)
V; =—pL,Sin(0, —6)I,, - pL ,Cos(6, - 0)I,, +(R} +pL} )I; (2.75)

Let us define, E’; as follows;

X
Ey =—2V{ 2.76
eV 2.76)

Therefore, substituting (2.75) into (2.76)

E, = _Z‘;i(mesm(e, ). —Z(J}(meCos(G, ~0)) +2(—‘;'~(R; +pL{ I (2.77)
R; R{ R

Then the voltage equation matrix is

Vol |-R,-pL, —oL, oL, Cos(6, —0)+pLSin(6, —6) [I,
Ve [=| oL, -R, -pL, - oL, Sin{8, —6)+pL_Cos®, —8)[ I,
Bl |-Zo(pL,sin®, ~0) -2 (pLoCos(o, ~0) Xo (R +pL}) I
f f £
(2.78)

The expression for the electromagnetic torque in terms of arbitrary reference

frame variables is that;
P ~ 1d - dy,,
Te = (5)[(1(5) IquOs]r{__z—-ae_[LsKKs) ]quOS +59_[Lsf ]quf} (279)

Where K, =C,C,
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T, = (%)@JL,BI; [i.cos(8, —8)—I,sin(®, -6)] (2.80)

2.1.4. Synchronously Rotating Reference Frame

Let us define 3=6, -0; then flux linkage equations (2.66),(2.67) and (2.68) are;

A =—LJ, +L, sind I (2.81)
Ay =-L.]I, +L_ cosdI; (2.82)
A =-L,sindI  —L cosdl, +LI; (2.83)

Then we get ds and gs axis currents;

A, L
I, =——% 4 2 cosd! 2.84
=" "L £ (2.84)
A L. . ..,
= —f—+1~——sm8 I; (2.85)

s 8

If we substitute o=, in the voltage equations (2.70),(2.71) and we substitute
current equations (2.84), (2.85) in this voltage equations, the filux linkage equations

are;
%Ms - —I—I}Ms FOhg + B 1055+ V,, (2.86)
-:i—lt-).qs = —%lqs -0 A + REJ"‘ I;sind + V (2.87)

s 8
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The voltage equation is

Vqs - Rs 0 0 Iqs 0 ®, 0 ?"qs d ;"qs
Ve |=| 0 -R, O [Is|+|-® O O fAr, +Et— Ay (2.88)
V¢ 0 0 R 0 0 OjA; Ap
Therefore,
V=R +® A, +ph (2.89)
Vg =Ry —0A + DAy (2.90)
Vi =R:I; +pAs (2.91)

If the flux linkage equations are substituted into the above voltage equations

V, =(-R,-pL ), -o,LI, +(®,L,Cosd+pL,Sind)i; (2.92)

Vy =(-R, -pL, I +o,L 1 +(-®L,Sind +pL,Cosd)I; (2.93)

V{ =-pL,,Sind 1, —pL,Cosd I, + (R} +pL} I} (2.94)
Hence,

El = —%@Lmsma)lqs —%:‘—(meCos&Ids + %(R; +pL} )L, (2.95)

Then the result voltage equation is
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V.| |-R,-pL, oL, ®,L_Cos(8)+pL . Sin(5) [ 1

v, |=| oL, -R, -pL, —o,L_Sin(8)+pL, Cos(s) | 1,

E X , X, X o o, I

=t —R—::(meSIHS) —E—(meCOSS) E(Rf +po) _- f
(2.96)

The electromagnetic torque equation (2.97) can be obtained from equation (6.5-
35) of (Krause, P.C.,& Wasynczuk, S., 1989). And we substitute equations (2.81)

and (2.82) into the torque equation, and we get;

T, = G)(;I;—)(xdslqs el ) 2.97)
T, = g)g})[( LI +L,cosd ), — (LI, +L,sind T} )i, | (2.98)
T, = (%J@)[Lml;lqscosa -L,II,sind] (2.99)
T, = G)G)[Lmlg (1,,c083 - I,sind )| (2.100)

Where the P is the pole number.

2.1.5. Voltage Equations in Arbitrary Reference Frame

Although the transformation equations are valid regardiess of the waveform of the
variables, it is instructive to consider the characteristics of the transformation when
the 3-phase system is symmetrical and the voltages form a balanced 3-phase set of

abc sequence as given in the below. A balanced 3-phase set is generally defined as a
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set of equal-amplitude sinusoidal quantities which are displaced by 120 degree. Since

the sum of this set is zero, the Os variables are zero.

V,, =/2VCos(o,t)
2n
Vi = ﬁVCos(o)et - ~3—)

V_ =+/2VCos(o,t + 333)

Vi, =CV

of 1 ¥ abes
-1 1T |
v 2 2 [V2VCos(w,b)
a
Vg |= 2 0 - 3/—5 ﬁ \/2_VCos((oet - —215)
v 3 2 2 3
° 1 1 1 2 2n
—= = —=[vV2VCos(w t+—)
V2 V2 V2 3]

V. =~/2VCos(®, 1)
V, =—2VSin(o,t)
Vi = C, Vi

[V, _[Cos®  -Sinf] A
| Sind Cos6 || V}

(Vo] [COSG -Sin6 | v2VCos(w,1)
| Vi Sin  Cos0 | - \/EVSin(met)

(2.101)

(2.102)

(2.103)

(2.104)

(2.105)

(2.106)

(2.107)

(2.108)

(2.109)

(2.110)
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The voltage equations in arbitrary reference frame are as follows;

V., =v2VCos(w,t-0) (2.111)
V, =—/2VSin(w,t-0) (2.112)

If we substitute 6=nt and w=w, in the equations (2.109) and (2.110), then we get

the voltages in synchronously rotating reference frame.

V, =—/2VSin(o,t-o,t) (2.113)
= V, =0 (2.114)
V,, = V2VCos{o,t - ot) (2.115)
= V=42V (2.116)

2.1.6. Machine Equations in Rotor Reference Frame

R. H. Park was the first to incorporate a change of variables in the analysis of
synchronous machine. He transformed the stator variables to the rotor reference
frame which eliminates the time-varying inductances in the voltage equations. In this
section the speed of the arbitrary reference frame equal to the rotor speed (0=w,).
Thus

r

Vagos = —RTigos + @ Aoy + Phigos 2.117)

VI =RIF +pAf (2.118)



Where

(i) =
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(2.119)

For a magnetically linear system, the flux linkages may be expressed in the rotor

reference frame by setting 6=0, and

ALl L, o o [~ I, |
vl lo L, o T, .120
M| [0 0 Ly ~ I,
-x'fr_ 0 L, 0 L 1] I |

Thus the resultant flux linkage equations are obtained as follows by omitting the

zero sequence of the flux linkage

Aes =—L,I (2.121)
A =-LJI, +L_If (2.122)
A =-L I, +LI/ (2.123)
The voltage equation is
Vil T-R, 0 0 o L] [0 o o0 ofr]| [Ae]
! 0 -R 0 0|1 - ¢ 0 O}A; .
Ve | . ] o P Y PR PP
\'A 0 6 -R, O{1 0 0 0 O far | dtfar
LVi:r_ 0 0 0 Rgj LI? | 0 0 0 0] _wfr | LM; |

Voltage equations are often written in expended form thus
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Vo =R +@ Ay +phg (2.125)
Vi =—R, 15 —@ Ay +phy (2.126)
VT =R +phf (2.127)

If the flux linkage equations are substituted into the above voltage equations

V. =(-R,-pL I} —o, LI} +o L, I7 (2.128)

Vi =(-R, —pL I} +o,L I} +pL,I; (2.129)

V" =—pL_I", +(R} +pL; Iy (2.130)
Hence,

E" = —%—(me ), +%,:—(R} +pLL Iy (2.131)

The voltage equations for the machine are given in terms of currents and flux
linkages. As we have pointed out earlier the current and flux linkages are related and
both cannot be independent or state variables. We will need to express the voltage
equations in terms of either currents or flux linkages when formulating the system

and simulating in a computer program.

If we select the currents as independent variables the flux linkages are replaced by

currents and the voltage equations, then
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[ 1
V;s '—Rs —pLs -mrLs (l)er I;s
ve|=| oL, -R,-pL, pL.. I, (2.132)
E’f X X (g I
0 -—={pL —2(R. +pL JIL'f
I R;- (p m) R; ( f p f)_

The electromagnetic torque equation can be obtained from equations (2.121) and
(2.122);

3 P r T T T
T, = (—Z-J(EJ(MSIQS —ALIy) (2.133)

Te = (EJ(BJ(L,“I;SI;’) (2.134)

2AN2

2.1.7. Stator Currents in Rotor Reference Frame

The procedure, as shown in the below, is used to obtain stator phase currents I,
Is, Ies in the arbitrary reference frame. Firstly, rotor reference frame to arbitrary

reference frame the transformation of quadrature and direct axis currents is carried

out;

I,] [Cos(@-6,) -Sin(6-6,)] I

[Ids]z[sm(e—e,) COS(e—e,)][IJ (2:135)
I, =I;Cos(6-6,)-I;Sin(6-0,) (2.136)
I, =1,Sin(9 -0, )+, Cos(0-6,) (2.137)

Then qd0/abc transformation of currents is carried out by using this equations as

shown in the below,
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Lo =K'y (2.138)
Cos0 Sin6 1
I, , .
I,, |=|Cos 9-35] Sin(e——’i) 1| (2.139)
: 3 3 i
Cos(@ + gﬁ) Sin(() + EE) 1
! 3 3 1

Cosb Sin6 1|
as I’ Cos(0—-0, )-1,Sin(6-6,
I, [= Cos(@ —2;) Sin((—) -Z?E) 1 6-8,)- L. Sin( )] (2.140)

1, Sin(6 -8, )+15,Cos(6-8,)
Cos(e +£t—) Sin(e - 2—“) 1
L 3 3 ]

The procedure, as shown in the below, is used to obtain stator phase voltages Vs,

Vs, Vs in the arbitrary reference frame. Firstly, rotor reference frame to arbitrary

reference frame transformation of quadrature and direct axis currents is carried out;

Ve | [Cos(@-0,) -Sin(6-0,)] Vg &141)
v, | [Sin(6-6,) Cos(6-86,) | v '

V,, =V.Cos(0-0,)-V;Sin(6-9,) (2.142)
V,, = V.Sin( -0, )+ V;Cos(0-90,) (2.143)

Then qd0/abc transformation of voltages is carried out by using this equations as

shown in the below,

Voo =K'V, (2.144)
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Cos0 Sin 1
Va [V,
v |=| cod 8-2% sinf6-2%) 1] = (2.145)
bs 3
v 3 v,

Cos(ﬂ + 22) Sin(e - ZE) 1
i 3 3

CosH Sin6 i
= [V Cos(0-6,)- VLSin(6 -6,
v, |- cOs(e_Z}j sm(e-%’iJ (| VasCos(0-6,)- Visin )} (2.146)

| V2.Sin(6-6, )+ V;,Cos(0-9,)
COS(9+3£) Sin(e--z—’-‘-) 1
3 3 |

2.2. Mathematical Model of Brushless Synchronous Generator with Rectifier
Load

2.2.1. Mathematical Model of Brushiess Synchronous Generator with Rectifier
Load without I;

.

N
|
o

&
N

Paal

N
AT
=
=

Induction Dachine  Brushless Syneheonsus Z 3 Z S
Crnerator

Figure 2.3 Brushless synchronous generator with rectifier load

The configuration of the brushiess synchronous generator with rectifier is shown

schematically in Figure 2.3.
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A well-known approach in the dynamic modeling of such systems is a detailed
description and simulation of the switching process and exact calculation of the
voltage and current waveforms. These models are nonlinear and describe the cyclic

behavior.

In this study the dynamic model is based on the average value of real power

which is same at the input and output of rectifier.

Also, the overlap angle is neglected and the input power factor of rectifier is

assumed to be unity. The rectifier input currents are assumed to be sinusoidal.

Vi =1leplge +1plg. +V; (2.147)

v, —3J§Vscosa1 (o, =0) (2.148)

e =
n

v, = (v +vi)” (2.149)

As shown in the above equations, V. is the output of the rectifier voltage andr, ,

l;,and V; are the load resistance, inductance , and power supply respectively. The

real power at the input and output of rectifier is that;

%(V’I' +ViIL )=V, I,  (Real Power) (2.150)

qs—ags

And the reactive power input for rectifier is that;

Vil —~ViIL =0  (Reactive Power Output for Rectifier) (2.151)

And then;
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ﬁVs = lprdc +rfIdc +Vi (2152)
T
Hence, the voltage equation in the rotor reference frame may be rearranged as
follows;
Vas | [-R, -oL; olLy|ls]| |-L, o 0 . ad
Vi |=|e,L, -R 0 (1% [+] 0 -Lg Lo || T
" b 0 Xm I 0 ~XnLlm Xm L} o
> ! R!
L f f J
(2.153)
X, =o,L, (2.154)
dIaS r q-1
d‘lif L, 0 0 Vs | R, -oL, olL,]%s
dgs =l 0 -L Lo Vi |-|oL, -R 0 1%
dIrr 0 _XmLm }_{I_]__Ll 'XI% 0 0 Xm I'ff
f Rr Rr f
f f
dt - r
L
(2.155)
i T _il— 0 0
-L, © 0 s L LR
0 L Fa Y TooE X (Lx]r{i}'{f 2)
XmLm XmL;'d s™f m m sHf T Ym
0 -2 ~ L L R}
L R; R; 0 b = 2 — 2
- LL; -1,  X.{LLi-1%)

(2.156)



ag, | [ 1 . .

dt L,

a1l L L,R;

dt LLi-Lh  X,(L,L;-Ll)

a ||, L, LR}

| dt || LLi-L, X lLLi-1%) ]
(2.157)

The main eight equations are;

dIr 1 r r r er

=T — (V2 +R,I}, + o, LI} —0,L,I})

dIr L' T ¥ T

d:s ( HTJ(V“S (DrLqus+RI
(2.159)

dI,r L T r T

o e RS
(2.160)

3vir, +vir, )=

2

Vil ~VIIL =0

di

d;“’ 1 {3‘[ Ve +V;f—rf1dc—vi}

f
do i
t=—o(T,-T
o._ la,-1,)

VL +RIL +o,LI%

-, LI, +R, I}

r—stqs

Ve =

Bl = X,I¥

L,R;

H

X, L,L; -1

) L R}
X, (Ll -

Je

33

I
- merIf

(2.158)

~X,.I7)

Lzm )J(E:(f - XmI;‘r)

(2.161)

(2.162)

(2.163)

(2.164)
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Stator voltage equation are described again to soive R variable, which identify as

a load instead ofT;, 1;, and V;.

Vi, =RI;
Vi, =RIy
3
= E(Rlzsz +RIf,sz)=—331{E V(:sz + V;:Idc (Real Power)

I (dc link inductance Ir is neglected)

343 [r2 L2
gV +V, -V,
_ W
o =
I

33 2 2
, IRV 41 -,
3. (.2 .2 33 T as da i
= ER(I“S +17, )=_~waqu +I. & .
f

(4

2
= ol v - (3—;{5] R A2 T

L

%(I;j +I;j)rf L33 VI 4T,

i

= R= 5
STy
T
31‘ [3_«/5_\7}
_.f 1
- R=-2 T L

(2.165)

(2.166)

(2.167)

(2.168)

(2.169)

(2.170)

2.171)

(2.172)
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= if V, =0 (2.173)
The result R variable is;
3
_..rf
= R=—2— (2.174)
33
T
7,“:2
18 Ty ( )

2.2.2. Mathematical Model of Brushless Synchronous Generator with Rectifier
Load with I; and V;

The derivation of the dc current of the output rectifier is given in the below;

di, 1 343 ;2 F

P _K[T Ve + VL -l -v‘.] (KvL) (2.176)
VL =RI, Vi =R} (2.177)
3 r 2 r 2 3'\/— r r 2
E(RI‘*S +RI’, ) =R RS (i (2.178)

2(1' '2) 3‘/_1/135 +I.° T, (2.179)

> I =2 i’ (2.180)

PV PAN



Derivative of the dc current is taken in order to find the R variable.

di,, 1[343 2 r2
md:c =1 TRM“TfIdc _Vi} (KvL)
fi

1

dl 4 1 —3\/3— r2, .r? T 3 [r2 r 2
—_—= —*—wa +1 — Iy ——=—4/1 +1 -V
dt lf K qs ds f 3\/52 gs ds i

Iy — -
dt 1 T 33 2
f Ige +15
T 3 2 T 3
Ic=———‘/1' +1 K=—2
* 332 * 343 2
= I, = K,/I;j +I5
dI, /2 dIr dr
e K I' ds
T IR i (R SR
r T r 2 T 2
It di qs +Ir dIds _ qus +Id5 dIdr.:
qs ds -
dt dt K dt
. di,
Substitute KVL for —&—tﬁ-
dit r il +I
Ih—2 + I digs _ Vlas ds 3‘/511 1’52 +1%
dt dt K L\ = 4

(2.188)

36

(2.181)

(2.182)

(2.183)

(2.184)

(2.185)

(2.186)

(2.187)

2 2
Ias + 14 —Vi)
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di’, L 2 2 [+ 2 2

(2.189)
dII‘ T 2 2 .

:R:{Ifls———dqs+lfisd(lids] Sl e e G190
t t Irs +I:is Ir +Ias 343

Derivative of the stator currents I¢s and Iy are substituted into the above equation,

dI;, 1
= Ve +RI +o LI, -0 L I’ 2.191
&t L = LaT7) @19

stgs
s

dI; L, , o L,.R; .
= =(- LSL;f-LZm )(V,,s o, LI% +R,I J+ (x T )J(Eﬂ—xmlf)

(2.192)

dIf
== _El_( )8 L](R I +oLI, ~oL,I;) (2.193)

st gs
s ]

d L, i L ‘ . LoR e %
T e O vt UL (v B

(2.194)
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2.3. Torque-Load Angle Equation of Generator with Rectifier at Steady State

In order to obtain torque equation, equation (2.73) and (2.74) are used and 6=6,-0

is substituted into this voltage equations;
V, =(-R, -pL,)I, - oL,I, +(oL,Cos(®, —8)+pL,,Sin(6, ~6))I; (2.200)
V, =(-R, -pL, I, +oL I, + (- oL, Sin(6, —6)+pL, Cos(6, — O))I; (2.201)

For steady state conditions, the differential portions, V45 and I4s become zero and

the quadrature axis current is obtained from above equation;

= oL], =0l SindI{ (2.202)
= I, =-2Sind I} (2.203)

Then the above equation is substituted in to the below torque equation then;

3P

Te="—L,I1,Cosd (2.204)
Te=2P1 1 Ll ging coss T (2.205)
22 "L

s

Then the trigonometric relation Sin28 =2Sind Cosd is carried out to the above
torque equation;

2
Te= —;—%g%&l'fzsiﬂﬁ (2.206)
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The electromagnetic torque equation at steady state can be obtained, when the
equation (3.22) is substituted into (2.206).

2
_13P ? f_Sin28 (2.207)
222 oL,
2
_13P B oios (2.208)
222 oX

Where E; =oL I}
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CHAPTER THREE
MEASUREMENT OF BRUSHLESS SYNCHRONOOS

GENERATOR PARAMETERS

3. Measurement of Brushless Synchronous Generator Parameters

The model of the machine given in (2.132) can be solved numerically if the

following parameters are known;

Stator winding self inductance, L
Stator winding mutual inductance, Ly,
Field winding inductance, L¢

Stator winding resistance, R

A

Field winding resistance, R¢

This section describes the tests for determining these quantities.

3.1. Tests on the Machine

In this machine, there are 6 poles at the upper and 6 poles at the lower parts of the
rotor, with the lower poles rotated 30° with respect to the upper poles. The center
portion of the rotor is cylindrical, and the field winding encircles this portion of the
rotor. The 6 upper poles are all the same magnetic polarity (N), and the flux returns
down through the back core iron to the lower set of poles (8). The machine has 12
poles and no saliency assumed. Therefore the direct axis reactance is equal to

quadratic reactance [Tsao et al., 2002].
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3.1.1. Open Circuit Test

The first step in the process is to perform the open circuit test on the brushless
synchronous generator. During this test, the generator is run at the rated speed, the
terminals are left open-circuited, and the field current is set to zero. Then the field
current is gradually increased in steps, and the terminal voltage is measured at each
step. With the terminals open, 1o=0, so the terminal voltage is equal to back emf.
This plot is called open circuit characteristic (OCC) of a generator. With this
characteristic, it is possible to find the internal generated voltage of the generator for

any given field current.

From open-circuit test, as shown in Figure 3.1, field current versus line-to-neutral

phase voltage values are obtained;

Figure 3.1 Open-circuit test
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Open Circutt Characten stic (at 3000 R.PM)
Vac (Line - to - Neutral XV)
o : T

1
1] 05 1 15 7 25 3 35 4 1(a)

Figure 3.2 Open circuit characteristic

3.1.2. Short Circuit Test

If the armature terminals of a brushless synchronous generator, which is being
driven as a generator at synchronous speed, are short-circuited through suitable
ammeter, as shown in Figure 3.3, and if the field current is gradually increased until
the armature current has reached a maximum safe value, then data can be obtained
from which the short-circuit armature current can be plotted against the field current.

This relation is known as the short-circuit characteristic.



46

@
|

% o
§§ 5

Figure 3.3 Connections for short-circuit test

From short-circuit test, as shown in Figure 3.4, field current versus phase current

values are obtained;

Figure 3.4 Short-circuit Test
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Field Current (Iz)(A) Phase Current (Ia-c)(V)
0 0
1.69 20
2.54 30

Figure 3.5 Short circuit characteristic
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Open and Short Circuit Characteristic (at 3000 RPM )

VaclV) Lacla)

3

- OCC

Figure 3.6 Open-Short circuit characteristics

3.1.3. Experimentai Determination of Inertia

The moment of inertia of a complex inhomogeneous body, such as the rotor of an
clectrical machine, containing iron, copper and insulating material with complicated
shapes can in practice be determined only by approximation. The problem is even
more difficult with mechanical loads, the constructional details of which are usually
unknown to the user. Sometimes the moment of inertia is not constant but changes
periodically about a mean value, as in the case of a piston compressor with
crankshaft and connecting rods. Therefore experimental tests are preferable; a very
simple one, called the run-down test is described in the following. its main advantage

is that it can be conducted with the complete drive in place and operable, requiring
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no knowledge about details of the plant. The accuracy obtainable is adequate for

most applications.

For the run-down test, the drive is now accelerated to some initial speed ®,,
where the drive power is switched off so that the plant is decelerating due to the loss
torque with the speed measured as a function of time, u)(t). Solving the equation of

motion for J result in

-m o
do
—®
dt

Ji=

(3.1

Two special cases lead to particularly simple interpolations
a) Assuming the corrected the loss torque m, to be approximately constant in a

limited speed interval.
m, ~const, for o, <o<o, (3:2)

Then oft) resembles a straight line; the inertia is determined from the slope of

this line.
b) If the loss torque may be approximated by a straight line,

m_ ~a+bo for o <o<o, (3.3)
a linear differential equation results.

do
J—+bo=- 3.4
g TR (3.4)

The solution is, witho(t, )= o, .
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m(t):—%+(mz +%)e"’("’1w, t>t; 335)

Plotting this curve on semi-logarithmic paper yields a straight line with the slope

—b/J, from which an approximate value of J is obtained.

From run-down test, as shown in Figure 3.7, phase voltage versus time values is

obtained, while keeping field current constant, Ir;

Figure 3.7 Run-down test
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Figure 3.9 Graphic of moment of inertia versus time
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Assume a=0 in equation (3.5)
ALl o, <0<, (3.6)

oft)=o, *e

Measurement of friction and windage loss; b will be given in 3.2.7. All numeric

values are obtained from Figure 3.9 and replaced to below equations.

7‘5‘4'“ 237)3

= 100=200%e - (3.7
1 __I_.ZV.W
e B ]
= o (3.8)
., ]n(l)z_L*g‘p‘gA (319)
2k eia 4
> g0 (3.10)
= J=0.0096Kgm’ @11

This moment of inertia value is total moment of inertia of the brushless
synchronous generator and induction machine. It is assumed that both machines have

the same amount of inertia, therefore, one of them has

J=94(—)29(&:> J=0.0048 Kgm® (3.12)



3.2. Calculation and Measurement of Parameters

3.2.1. Stator Winding Resistance Measurement

In order to measure stator winding resistance, DC power supply and current and
voltage probe of scope are connected to the A-C phase terminals of brushless
synchronous generator. The phase current and voltage values are read on the scope
monitor. Then stator winding resistance values are calculated from following values

and equations;

V=02V
1=3.30A
o
= Ry, ==006060 (3.13)
g e 0000 R, =0.0303Q (3.14)

3.2.2. Calculation of Stator Winding Self Inductance

This machine feeds power into the rectifier. The rated output voltage of the
rectifier is 28V. Therefore, the rated per phase voltage is computed from the

reluctance below;

=% Vslf¥= Wy=-—=12¥ (3.16)
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At this rated voltage level 12 V, the short circuit current is obtained from the
S.C.C.. The field current corresponding to the operating point is also obtained from
QC.C.

E =12V = I, =174 (from oice)
I, =204 (from S.C.C.)

then;

- E
Z, =R2+X? and zs=l’ (3.17)

= Z.= 3 =—= Z. =06 (3.18)

Stator resistance value is taken from the previous section in order to calculate the

saturated value of synchronous reactance using saturated impedance method.

R, =0.0303Q/phase= X, =0.6phase

Since
X, =2nil, (3.19)
and
p=120f 200021200 4 o0 (3.20)
,, 12
= X,=2nfl, > 3.6=2n300L, (.21)

= L, ,=0318mH
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3.2.3. Calculation Mutual Inductance between Stator Winding and Field
Winding

In order to model brushless synchronous generator completely, the mutual
inductance is calculated. The relation between open circuit voltage and field current

is obtained from equation (2.128), after substitution of I<=0 and I4=0. Here, Vq’s is

the peak line to neutral voltage.

VI =E; =oL,I; (3.22)

I, =1.7A  V,=12V

o=2nf =2n300= o =1885rad.fs.

Turns ratio value are used in order to calculate referred field current;

N, =400 N, =12

Field current referred to stator side;

2(N.)
= ‘[E\T'"J' ! (3.23)
> I= %(139)1 = 1L=3777A (3.24)
Vi=E,=aL I} = +2*12=1885L,(37.77) (3.25)

= L,=0237mH



3.2.4. Field Winding Resistance Measurement

The test mechanism, as shown in the below, are established in order to calculate
field winding resistance. And current probe are adjust 100mV/A, then voltage and
current values are read on the scope monitor as a 3.9Vand 1.65A respectively (is

shown in Figure 3.11).

R, =¥ (3.26)
R, =]3:; = R,=236Q (3.27)
R, =[%)(Er JZR,. (3.28)
R =(2) ) 236 (3.29)

R, =0.00318Q
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3.2.5. Calculation of Field Winding Inductance

In order to calculate field winding inductance, the test mechanism, as shown in

Figure 3.10, is established in the laboratory:

Figure 3.10 Field winding inductance mechanism

The below test result are obtained after doing this test;

Frame 1 of 1
INP1:2V:200ms
INPZ:58mY:200ms

RET

e

12
1

A
t

lva

1

T
t

T

|
1

Figure 3.11 Test resuit
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The current is reached steady state value, which is shown above figure, at 1.6
seconds. Then this current value is multiplied by 0.632 in order to calculate T value,

which is time constant.
=L (3.30)
R

1.6s = 1.65A
= 1.65%0.632=1.0428A

= 1.0428A — 228 ms

T=—>> 228ms-0ms:~li 3:31)
R R

|

= 228*10° =
)

(=}

= L,=538mH

The circuit, as shown in Figure 3.12, is established in Matlab program in order to

prove field winding inductance value.

Al, 1 - 2}
o m
i Ideal Swetch
- 4V
T Step ‘

E}‘- Curent Measutement

Scope

2.30 obm

Figure 3.12 Matlab circuit
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The field winding inductance current graphic is shown in the below figure.

Fig. 3.13 Field Winding inductance current graphic

As shown in Figure 3.13, the field winding inductance current is reached steady
state value at 1.6 seconds. So L=538 mH. which is calculated in the above.

As shown in the below, the field winding self inductance value is calculated like
this;

L,=L,+L, and L,+L, =538mH (3.32)

Field winding inductance value referred to stator value;

X=Xo4X, =5 10=0)+E, (3.33)
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! = 2 i 3
Li —(2](N ] Ly (3.34)

N, Y (3
- 3.3
Lm (Nr] (z)me ( 5)
3YN, Y
= L}:(E](Ni)(L"+Lm() (3.36)
W2y ;
=l SRR 08*10°~ 3,
= L (2][400) (538.08*10) (3.37)

= L;=0726mH

3.2.6. Calculation of Rated Torque

The purpose of this section is to derive the rated torque value for the brushless

synchronous generator.

P, =25kW=2500W and n_=23000rev./min.
T, = P = T.= Pou_ (3.38)
o, o s
60
_ 2500 _ 2500
L, 3000 LT 314
2n—

= T, =796Nm



61

3.2.7. Measurement of Friction & Windage Losses

Firstly, friction and windage losses are measured in order to calculate moment of
inertia. The inverter provides the dc link current in proportional to the
electromagnetic torque developed by the induction machine. Therefore, the

calibration of current to torque is carried out as follows;

1. ABC phase points of PWM inverter are connected with abc phase points of
induction machine.

2. TP3 test point of PWM inverter is connected to one channel of scope.

3. Induction motor is rotated at 3000 RPM by PWM inverter.

4. 0.7 voit (DC Voltage) is read on the scope from TP3 test point, When 1
N.m. load is coupled to the shaft of the induction machine.

5. The test machine is coupled to the shaft of induction machine and it is

driven at no-load. The torque is measured 1 N.m.

Figure 3.14 Friction & Windage loss
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The test mechanism is shown in the below;

4 kot EePEsFEal

»on

Figure 3.15 Friction & Windage loss

Prgw =T0, = Py =T, 2n—2 (3.39)
60
3000
= Poaw =1%2n——
F&W ()0

= Py =314 Watt
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CHAPTER FOUR
SIMULATION PROGRAM AND SIMULATION

RESULT

4. Simulation Program and Simulation Result

4.1. Simulation Program

In this chapter, the dedicated simulation program for a brushless synchronous
generator will be introduced. The mathematical model of a brushless synchronous
generator has been given in chapter II. Considering mathematical model, the
simulation program, which refers to the system given in Chapter II, has been written.
The outputs of the program were stored in data files and using the m file of the
MATLAB program, graphical illustrations were obtained. These will be presented in
this Chapter. The list of the program is given in Appendix A.

4.1.1. Program Aligorithm and Flow-Chart

The flow-chart of the simulation program is given in Figure 4.1
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Read StateParameters
A=10*

tana

State Values of
State Variables

—

Wnite State
Variables

v
Fourth-Order
Runge-Kutta

v v ¢

t=t+ &L Brushless Synchronous
Generator Model

Ne Yes \
STOP ——»| END

Figure 4.1 Flow-Chart of the simulation program

At first stage, initial conditions are substituted into the differential equations. At
the second stage, the differential equation system, Equation (2.158, 2.159, 2.160. and
2.164) in Chapter II, is solved using four step Runge-Kutta algorithm, which will be
introduced in the next section, and then the outputs are handled from the differential
equation. While using Runge-Kutta algorithm, step size for the iteration was chosen

as 1¥10™ seconds.

As mentioned earlier, at the final stage outputs are stored in data files and are to

be drawn using a MATLAB m file and graphical editor. So that, desired waveforms
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are monitored by making use of this program. The source codes of the simulation and

graphics programs are given in Appendix A.

4.1.2. Runge-Kutta Algorithm

Numerical methods are used in the solution of differential equations which cannot
be solved in closed form and are also applied to the equations of which solution is
very complicated in such form. As can be seen from the mathematical model of the
brushless synchronous generator in Chapter 11, the equations are difficult to solve in
closed-form since they are time variant. To avoid this difficulty, the equations were

solved numerically applying the fourth-order Runge-Kutta algorithm.

Runge-Kutta algorithm is applied to the initial value problems of the first-order

differential equations which are in the form;

y=fmy) =)=y, 4.1

Where x, and y, are initial values.

Let the initial of the function (y) be y, at the pointx,. The struggle of this
method is to calculate the value of y at the next step, i.e.y, = y(x,)=y(x, +h),
where h is the step size as shown in Figure 4.2 To achieve that, four quantitiesk, ,
k,, ks, k, are computed first and then the y ,, value at the point x,,, is obtained

following the procedure below (Kreyszig, . , 1993);
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Table 4.1 Fourth-Order Runge-Kutta Method

ALGORITHM RUNGE-KUTTA (f, x,.,,,h,N)

Input: Initial values x,,y, step size h, number of step N
Output: Approximation y,,, to the solution y(x,,,) atx,,, = x, + (n +1)h, where

n=0,1....(N-1)

For n=0,1,...(n-1) do:

ke, =hf(xn +h,y, +k,

~—

o =X+h

1
Yol ™ Yy +‘6(k1 +2k, +2kw+k4)

End
Stop

END RUNGE-KUTTA

This procedure is repeated as much as it is desired. The previous outputs are used

at each time step is the initial values and the computation goes on in the same way.
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Fna

Figure 4.2 Runge-Kutta method

4.2. Experimental Result

Modern generators and ailso power components are designed and analyzed by
using computer simulation as a tool for conducting transients and control studies.
Simulation can be especially helpful about the dynamic behavior and interactions
that are often not readily apparent from reading theory. Simulation is often chosen by
engineers to study transient and control performance or to test conceptual designs,

before the experiment of actual system.

It is instructive to observe the variables of the brushless synchronous generator
during dynamic and steady-state operation. For this purpose, the differential
equations which describe the brushiess synchronous generator were programmed on
a computer and a study was performed. In this section, our purpose is to understand
the theory and principles of a brushless synchronous generator. Brushless
synchronous generator is considered, information regarding brushless synchronous

generator is given in Table 4.2.
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Tabie 4.2 Brushless Synchronous Generator

Rating: 2.5 Kw

Adjustable Voltage Setting: 28 V

Poles: 12

Speed: 3000 RPM

Inertia of generator J= 0.048 J.s*

Machine Parameters:

R=0.0303Q L&=0.000318 H Ln=0.000237 H

R{=0.00318 Q L{=0.000726 H

4.2.1. Starting Transients

During this step, the value of load torque is 8.0 N.m. and the rotor speed is set to
3000 r.p.m..

Figure 4.3, 4.4, and 4.5 show the sinuscidal stator a, b, and ¢ phase currents versus
time waveforms of the brushless synchronous generator in rotor reference frame,
respectively. The stator phase currents are balanced. Maximum values of stator phase
currents are 42.7 A and -42.7 A for positive and negative cycles at steady state,

respectively. And the frequency value of stator phase currents is 300 Hz.
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Figure 4.6, 4.7 show the quadrature and direct axis currents versus time
waveforms in qd forms in rotor reference frame, the value of quadrature and direct
axis currents are 35,76 A and 23.34 A at steady state, respectively. And figure 4.8
shows the field winding current versus time waveform in rotor reference frame and
the steady-state field winding current value is 104.85 A, this value is the referred

value to the stator.

Figure 4.9 illustrates the angular velocity of rotor versus time waveform. And the

steady state value of angular velocity of rotor is 1885 rad./sec..

Figure 4.10 and 4.11 show the input and output power versus time waveforms and
the steady state value of input and output power are 2513 Watt and 2430 Watt,
respectively. Figure 4.12 only shows the efficiency versus time waveform at steady
state and the steady state efficiency value is %96.6, which is calculated from input

and output power values.

Figure 4.13 and 4.14 illustrates electromagnetic torque and rotor angle versus time
waveforms, respectively. And while the electromagnetic torque value is 8 N.m., the
rotor angle value is 33.13" at steady state. Additionally, while maximum rotor angle

is 45°, the maximum electromagnetic torque value is 8.74 N.m.
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4.2.2. Step Change on Load Torque

In the above part, the machine is operating with constant load torque. In
particular, in this section, 8.0 N.m. is applied to the brushless synchronous generator
as a load torque during the first time interval, which is between 0.0 second with 3.0
second, and 4.0 N.m. is applied to the machine during the second time interval,

which is between 3.0 second and 6.0 second.

Figure 4.15, 4.16. and 4.17 show the sinusoidal stator a, b, and ¢ phase currents
versus time waveforms of the brushless synchronous generator in rotor reference
frame, respectively. And the stator phase currents are balanced. Maximum values of
stator phase currents are +42.7 A and +18.4 A for positive and negative cycles at
steady state for the first and second time intervals, respectively. And the stator phase

currents frequency is 300 Hz.

Figure 4.18 shows the quadrature axis current versus time waveform. the steady
state value of quadrature axis current are 35.76 A and 17.89 A for the first and
second time intervals, respectively. Figure 4.19 shows the direct axis current versus
time waveform, the steady state values of direct axis current are 23.34 A and 4.33 A
for the first and second time intervals, respectively. And Figure 4.20 shows the field
winding current versus time waveform, the steady state value of field winding
current is 104.85 A for both the first and second time intervals, respectively, this

value is the referred value to the stator.

Figure 4.21 shows the angular velocity of rotor versus time waveform, the steady
state values of angular velocity of rotor are 1885 rad./sec. and 1042 rad./sec. for the

first and second time intervals, respectively.

Figure 4.22 shows the input power versus time waveform, the steady state values
of input power are 2513 Watt and 695 Watt for the first and second time intervals,

respectively. Figure 4.23 shows the output power versus time waveform, the steady
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state values of output power are 2430 Watt and 679.5 Watt for the first and second

time intervals, respectively.

Figure 4.24 illustrates the electromagnetic torque versus time waveform. the
steady state values of electromagnetic torque are 8.0 N.m. and 4.0 N.m. for the first
and second time intervals, respectively. Figure 4.25 illustrates the rotor angle versus
time waveform, the steady state values of rotor angle are 33.13° and 13.63" for the

first and second time intervals. respectively.
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CHAPTER FIVE
CONCLUSIONS

In this thesis, a brushiess synchronous generator with a wound field has been
theoretically modeled and analyzed. Computer simulation program is prepared in the
FORTRAN program using mathematical model of the brushless synchronous
generator. Also the machine parameters have been experimentally measured in the

laboratory.

In order to model brushless synchronous machine, the standard abc/qd and qd/abe
models for synchronous machine in reference frame theory have been used. And the
mathematical model of the rectifier have been derived and combined with the
brushless synchronous machine model for computer simulation. The simulation
results during the transient and steady-state operations have been obtained from the

combined machine model.

The parameters of a brushless synchronous machine are obtained by means of
realizing open-circuit, short-circuit, run-down and f&w losses tests. In order to do
this tests, the induction machine / brushiess synchronous machine coupling
mechanism is established in the laboratory. And induction machine is driven by the
PWM inverter. Consequently, the obtained parameters are referred to the stator in

order to substitute in the combined machine model.

The differential equations, which have been obtained from the combined machine
model, of the state variables (Igs, s, Ifq ...etc) of a brushless synchronous machine
are solved with FORTRAN program by using fourth-order Runge-Kutta algorithm.
And the graphics of state variables are drawn by the MATLAB program. So, the
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dynamic performance of the brushless synchronous machine is observed by means of

this graphics.
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APPENDIX A

Real*4 x(6)

Open(8,FILE='Tel.plo")
Open(11,File="kr1.plo")
Open(14.File="kr2.plo")
Open(17,File="kr3.plo")
Open(20,File='kr4.plo")

if(t.eq.0.) then
x(1)=1.0

x(2)=0.0
x(3)=46.8367/0.4467
x(4)=1885.0

x(5)=0.0

endif

DO 101 t=0.0, 3.5, le-4

write(11,%) t,x(1),x(2).x(3)

write(8,%)t,x(4)
write(*,*)t,x(4)



CALL RKSYST(x,t)

101

cC

ceC

10

20

30

CONTINUE

END

Subroutine ~ RKSYST(x,t)

Real*4 x(6).xdot(6).xend(6),xwrk(5.6).h,t

integer i

h=le-4

CALL Derivatives(t.x,xdot)
Do 10 i=1,6

xwrk(1,i)=h*xdot(i)
xend(i)=x(i)+xwrk(1,1)/2.0

Continue

CALL Derivatives(t+h/2.0,xend.xdot)
Do 20 i=1,6

xwrk(2,i)=h*xdot(i)
xend(i)=x(i)+xwrk(2,i)/2.0

Continue

CALL Derivatives(t+h/2.0,xend,xdot)
Do 30i=1,6

xwrk(3,i)=h*xdot(i)

xend(i)=x(i)+xwrk(3.i)

Continue



CALL Derivatives(t+h,xend,xdot)

40

50

€C

cE

Do 40 i=1,6
xwrk(4,i)=h*xdot(i)

Continue

Do 50 i=1,6
xend(i)=x(i)H(xwrk(1,1)+2.0*xwrk(2,1)+2.0%xwrk(3,i)+xwrk(4,1))/6.0
x(i)=xend(i)

Continue

Return

End

Subroutine  Derivatives(t,x,xdot)

Real*4  x(6).xdot(6).t

Real*4  whb,pi,R1.R2,R.ugs.uds,det,bl1.622.633
Real*4 b23,b32.A11,A22,A33,P.T1,Te

Real*4  Rs.Xs,Ls.Rf. Xm,Lm,Lf,rf,Vi,Exf
Reai*4  R3,R4,R5.R6,A221.if.J,Q.Ia,Ib,Ic

pi=4*atan(1.0)
P=12.

IF (t>3.0) then
Ti=8.0

else

TI=8.0

endif



Ti=8.0
wb=2.0*pi*300.
J=0.0048
Rs=0.0303
Xs=0.000318%*wb
Ls=(Xs/wb)
Rf=0.00318
Xm=0.000237*wb
Lm=Xmd/wb
Lf=0.000726
f=1.0

1£=0.0

Vi=24.0
Exf=46.8367

R1=(pi*pi/18.)*rf
R2=((pi*Vi*(3**0.5))/(9.0))*(1.0/((x(1)**2)+(x(2)**2))**0.5)
R3=(pi*pi*1f/(18.0))*(1.0/((x(1)**2)+(x(2)**2)))
R4=(-x(1)/Ls)*(Rs*x(1)+Ls*x(4)*x(2)-Lm*x(4)*x(3))
A221=(-Ls*x(4)*x(1)+Rs*x(2))

A33=(Exf-Xm*x(3))

det=(Xm/Rf)*(Lm*Lm-Lf*Ls)

b22= Xm*Lf/(RP*det)

b23= -Lm/det

R5= b22*A221%x(2)+b23*A33%x(2)
R6=R3*(R4+RS)

R= (RI+R2+R6)/(1+(pi*pi*1f/(18.0))*(1.0/((x(1)**2)+(x(2)**2)))
* *(x(1)*x(1)/Ls)-b22*x(2)*x(2)



* #(pi*pi*1f/(18.0))*(1.0/((x(1)**2)
*Hx(2)**2))
ugs=R*x(1)
uds=R*x(2)

¢ write(*,*)R

¢ inductance matrix tersi

det=(Xm/R{*(Lm*Lm-L*Ls)
bl1=-1/Ls
b22=Xm*Lf/(Rf*det)
b33=-Ls/det

b23=-Lm/det
b32=Xm*Lm/(Rf*det)

All=(ugs+Rs*x(1)+Ls*x(4)*x(2)-Lm*x(4)*x(3))
A22=(uds-Ls*x(4)*x(1)+Rs*x(2))
A33=(Exf-Xm*x(3))
XDOT(1)=b11*All
XDOT(2)=b22*A22+b23*A33
XDOT(3)=b32* A22+b33*A33
XDOT(4)=-(((3/2.)*(P/2.)*Lm*x(1)*x(3))-T1)/(J*2./P)
XDOT(5)=x(4)
Ta=x(1)*cos(x(5))+x(2)*sin(x(5))
Ib=x(1)*cos(x(5)-(2*pi/3))+x(2)*sin(x(5)- (2*pi/3))
Ie=x(1)*cos(x(5)+ (2*p1/3))+x(2)*sin(x(5)+ (2*pi/3))
Q=atand(uds/ugs)
e write(*,*)t,Q
c write(*,*)t,Ia,Ib,Ic
write(20,*)t,Ia,Ib,Ic
Pout=1.5*(ugs*x(1)+uds*x(2))
Pin=T1*x(4)*2./pole



Eff=Pout/Pin
Te=(3.0/2.0)*(pole/2.0)*(Lm*x(3)*x(1))

write(14,*)t,Pin,Pout Eff
write(*,*)t,Pin,Pout, Eff
write(17,*)t,Te.Q

write(*,*)t,Te
write(*,*)t, Eff
Return

End



APPENDIX B

load fakim.txt -ascii
time = fakim(:,1);
Igs = fakim(:,2);
Ids = fakim(:,3);

If = fakim(:,4);

figure(1)
plot(time.Igs)
title('Time vs Igs")
grid on

figure(2)
plot(time,Ids)
title('Time vs Ids")

grid on

figure(3)
plot(time,If)
title('Time vs If")
grid on

foad fguc.txt -ascii
time = fguc(:,1);
Pin = fguc(:,2);



Pout = fguc(:,3);
Eff = fguc(:.4);

figure(1)
plot(time,Pin)
title('Time vs Pin’)

grid on

figure(2)
plot(time,Pout)
title('Time vs Pout')

grid on

figure(3)
plot(time,EfT)
title("Time vs Eff)

grid on

load fhiz.txt -ascii
time = fhiz(:,1);
Wr = thiz(:,2);

figure(1)
plot(time, Wr)
title('Time vs Wr')

grid on

load flalble.txt -ascii



time = flalblc(:,1);
Ias = flalblc(:,2);
Ibs = flalblc(:,3);
Ics = flalblc(:.4);

figure(1)
plot(time.las)
title('Time vs Ias')

grid on

figure(2)
plot(time.Ibs)
title('Time vs Ibs')

grid on

figure(3)
plot(time.Ics)
title('Time vs Ics')

grid on

load ftorque.txt -ascii
time = ftorque(:.1);

Te = ftorque(:,2);

figure(1)
plot(time,Te)
title('Time vs Te')

grid on




load faci.txt -ascii
time = faci(:,1);
Q = faci(:.2);

figure(1)
plot(time.Q)
title('Time vs Q')

grid on



