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ABSTRACT

In the global, rather simple model of the synchronous machine with
rectifier developed before, saturation phenomena were not taken into
account. Here, a possible way of extending the machine model with
saturation is described.

Starting with the derivation of the separate models of the synchronous
machine and the rectifier, a steady-state model and a dynamic model
are derived. The dynamic model is a global model, in which wvery fast

phenomena, such as the ripple on the direct current, are neglected.
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1 INTRODOCTION

The series system synchronous machine - rectifier - smoothing coil -
inverter as depicted in figure 1.1 is a favourite system for wvariable-
speed wind-energy conversion. At the Eindhoven University of
Technology a research project is done on the field of modelling this
system for control and simulation purposes [Ban 82; Bon 87; Hoe 84a;
Hoe 84b; Hoe 86; Hoe 87a; Hoef7b; Hoe88a; HoeB8b; Hoe 89; Vlie 87; Vie
88). One of the aspects of this modelling is taking into account
saturation phenomena in the synchronous machine. In this report, which
is the result of a project in the frame work of the European Community
project ENW3-044-NL, a possible way of extending the model developed
before [Hoe 89] with saturation is described. This extension is based
on the theory and the experimental results givem in (Mel 86]. Since
the report [Hoe 89] has heen written in Dutch, its basic theory is

given in this report too.

AV | Y| =
o)

Figure 1.1 A wind-energy conversion-system with a synchrenous

machine and a dec-link

In chapter 2 general equations for the synchronous machine will be
derived. In chapter 3 these equations will be adapted for the situa-
tion in which the synchronous machine is connected to a rectifier.
After having described this yectifier in chapter 4, in chapter 5 some
attention will be paid to the coupling of the synchronous machine
model with the rectifier model. Next, in the chapters 5 and 6, the
equations for the steady-state and the dynamic model of the synchro-
nous machine with vectifier will be dealt with. Finally, in chapter 7,

some attention will be paid to the parameters used in the model.



2 THE DERIVATION OF THE SYNCHRONOUS MACHINE EQUATIONS

2.1 Introduction

In this chapter the general equations of the synchronous machine will
be derived. Without endangering the general usefulness, at first
instance this description 1is restricted to the two-pole synchronous
machine as shown in figure 2.1. Some of the quantities used in this

description are defined in this figure.

Figure 2.1 Schematic diagram of the synchronous machine

The following suppositions will be used in the description:

- The stator inner side is circular cylindrical: the bore diameter
equals 2r and the core length equals 1.

- The stator innerside is smooth: the effects of slots are neglected.

- Hysteresis, eddy-currents, and skin-effect are neglected.



- The reference directions of current and flux correspond as do the
direction of rotation and the direction of advance of a right-banded
screw.

- The magnetic circuit of the rotor is symmetrical to two mutually
perpendicular axes: the direct axis and the quadrature axis.

- The stator windings are sinuscidally distributed aleng the =stator

circumference. These distributions are described hy:

z (a,) = Easin(as) (2.1a)
2 (@) = Zasin(as-gw) (2.1b)
Zc(as) B Easin(as-gw) (2.1c)

A
where Z 1is the number of conductors per meter with Za as itg maxi-

mum.
- The excitation winding, the field axis of which is the direct axis,
is the only accessible rotor winding. The rotor damping circuits are
represented by one damper circuit on the direct axis and one damper
circuit on the quadrature axzis. All rotor windings are sinusoidally

distributed along the rotor circumference:

Ze(a) = Zfsin(ar—g) (2.2a)
- . n

2 4@ ~ 2, sinla -3) (2.2b)

2)(op) = Zygsinay) (2.3

A

where Z is the number of conductors per meter with Z as its maximum.
The assumption of sinusoidal distribution of the rotor windings may
seem to be unreasonable. However, other distributions may be consid-
ered as a Fourier series and may often be approximated sufficiently by
the first term of the series.
In the sections 2.2 and 2.3 attention is paid to the relations between
currents and flux linkages in the machine; there, the basic assump-
tions for modelling saturation are introduced. These relations may be
used for the voltage equations in section 2.4. The mechanical side of
the machine will be dealt with in section 2.5,
Although in synchronous machine description the term "reactance" is
widely wused, it will not be used here, because a reactance is tied to
a fixed frequency. Since a synchronous machine used in a combination
with a rectifier does not generally operate at a fixed frequency, the

term "inductance” is preferred here.



2.2 The derivation of the flux current relations

Starting from the armature current distribution, the magnetic
induction in the air gap will be computed. From the air gap induction
expressiong for the main fluxes in the windings will be derived. While
deriving these expressions, the Park transformation will be introduecd
implicitly in order to eliminate the dependance of the inductance
coefficients on the position angle ¥ (figure 2.1). For this purpose,
two imaginary windings (one on the direct and one on the quadrature
axis), will be introduced also. Finally, for each winding, the leakage

flux is added to the main flux.

The armarure current distribution

With (2.1) the sinusoidal current distributions (sheet) caused by the

currents ia, ib’ and ic can be given:

Aa(as,ia) = ia Zasin(as) (2.4a)
A (o i) = 1y Z_sin(a-2m) (2.4b)
Ala i) =i Qasin(as-gw) (2.4¢)

The total effect of these current distributions is the same as the

effect of the superposition of these distributions:

. s oo . .. 2 . 4
A(Qs,la,lb,lc) = Za{1a51n(as) + 1b31n(as—3ﬂ) + 1csin(as-3ﬂ)} (2.5)
Using

i g
a, o, +7 -5 (2.6)

this expression becomes:

A

ACe 1,1 .1 ) = 2_{i sina_+ v - 3+
+ isin(e, +7 -3 - g,) +
+ i sin(e + 7y - g - gﬁ)} =
= ga{iasin(ar-g)cos(1) + iacos(ar-g)sin(y) +
+ ibsin(ar-g)cos(y-gw) + ibcos(ar-g)sin(v-gn) +

- 4 . . 4
+ 1Cs1n(ar-g)cos(7—§n) + 1Ccos(ar~g)31n(1-§ﬂ)} =
o x, . v 4
= zaSLH(ar-é){13005(1)+ibCOS(T~§I)+ICCOS(1*3ﬂ)} +
o . 2 .. 4
+ Zasln(ar)!iasin(7)+ib51n(1-§ﬁ)+1051n(7—§x)) 2.7

As can  be seen in this expression, the current distibution



Ao ,ia,ib,ic) may also be caused by the currents

r
i, = 12 {i cos(y) + cos(7-g«) + 1 cos(T-gw)! (2.8a)
d 73 a ib 3 c 3

and

i =42 (5 sin(y) + isin(y-2m) + i sin(y-2m)) (2.8b)
q 73 a b 3 c 3

in, respectively, an imaginary winding on the direct axis with the
distribution

Zyta,) = ﬁgﬁasin(ar-g) (2.9a)

and an imaginary winding on the gquadrature axis with the distribution
Z (o) = J3% sin{a_ ) {2.9b)
q'r J2%a X

together. The factor J/2//3 in (2.8) has been introduced in order to

make the Park transformation, which will be dealt with Jlater,

orthogonal. The armature current distribution may now be described by

Ao igi) = Zg(a)ig + NCHEN (2.10)

The current distribution in the air gap
Using (2.2), (2.3), (2.%), and (2.10), the total current distribution

in the air gap may be expressed as:

Alay) = agla) + 4 (a) (2.11a)
where
o ) .
Ad(ar) LY_Z 1d+zf1f+z1d 1d]51n(ar-i) (2.11b)
Aq(ar) [75231q+21 1q]sin(ar) (2.11c)
after introducing the magnetizing currents
zf Z1
lam = 14 + 75;— et 73;— 4 (2.12a)
75 a 2"a
2y
+ 73;9 114 (2.12b)
J2%a
(2.11b) and (2.1llc) become
J3s . T .
Ad(ar) n=7§Zasln(ar-;—z)1dm {(2.13b)
A (a) J32 sin(e )i ' (2.13¢)
q' ¢ =7§ a ' Tgm ’

Using the winding ratios (with respect to the imaginary windings on

the quadrature and on the direct axis)



Y VR R (2. 14a)

1
K, = 2.14b
19~ T3 ( )
72 a

(2.12) may be written as
(2.15a)
(2.15b)

am =~ ta T Kelp Y Kiglig
i -1 +K i
qm q 1q971q

i

The magnetic induction in the air gap
The current distribution Ad (alone) results in an induction distribu-

tion in the air gap Bd(a On the basis of the symmetry with

i .
r’ dm)
respect to the direct and to the quadrature axis, this distribution
can be represented by:

Z B
k=0

The current distribution Aq (alone) results in an induction distribu-

k1
) €08 L(2k+1) (a_-5)) (2.16)

Balay lay) = ak

tion in the air gap Bq(ar,iqm). On the basis of the symmetry with
respect to the direct and to the quadrature axis, this distribution
can be represented by:

o)

Bq(ar,iqm) = kEO qu(iqm)cos{(2k+1)ar} (2.17)

As lonpg as the magnetic circuit is supposed to be linear, the total
magnetic induction in the air gap wmay be computed by means of
superposition:

B(ar’ldm’lqm) - Bd(ar,idm) + Bq(ar,lqm) (2.18)
Using (2.16} and (2.17), this expression becomes

aD

i T
)y = kfo {Bdk(ldm)cos!(2k+1)(ar_i)} +

+ qu(iqm)}cos[(2k+1)ar}} (2.19)

B(ar,ldm,lqm

The flux linked with an arbitrary sinusoidally distributed armature
winding caused by the air gap induction

Next, the flux associated with a sinusoidally distributed winding and
corresponding with the air gap induction will be determined. For this
purpose a winding with an arbitrary axis (ar-ao) and with a

distribution:



A

Z = Zsin(a -a ) (2.20)

will be considered (figure 2.2).

kd_dof

oy
a0

.al

Figure 2.2 The determination of the flux associated with an

armature winding

-

The flux linking a turn whose sides are located at the poesitions a
and 2a -a’ is:
o r

al‘

r
I B(ar)lrdar . On the part indicated by daé at the positions aé
2aa_-a'
o r
A
and 2a°-a£, rZsin(aé-ao)daé windings are present. So, the flux linked

with this coil is

af

~ r
rZsin{a’-a ) { J B{a Jlrda ] do’
r o r r r
20 -af

Q r

The flux linked with the complete winding considered is

t

ao+w ar
P = I rZsin(aé-ao) [ J B(ar)lrdar] daé (2.21)
a 20 -a'
o o r
Substituting (2.19) in (2.21) gives
27 , T
Y =71 le{Bd1(1dm)cos(a°-é)+Bql(iqm)cos(ao)} (z.22)

As can be seen in this expression, only the fundamental component of



the magnetic induction in the air gap B(ar) contributes to the flux
associated with a sinusoidally distributed winding: the sinusoidally

distributed winding acts as a filter.

The main flux of the windings on the guadrature axis
When ao—O, (2.20) describes a winding on the quadrature axis. The flux
linked with this winding caused by the alr gap induction, the main

flux, is according to (2.22):

22 X
Vnglqn) = £ 217B (L) (2.23)

When the imaginary armature winding on the gquadrature axis according
to (2.9b) is considered, Z is equal to J3/J22a. The flux linked with
this winding is:

i - .2
¢mq(lqm r 752 lﬂB (1 ) (2.24)
Now, we introduce the induction coefficient Lmq’ which is a function
of the current iqm in order to incorporate saturation, as (with

(2.24)):

2432
P r Z 1aB _( )
i) = . f2"a""q1" qm (2.25)
q' qm 1qm 1qm

Using (2.14b), (2.23), and (2.25), we may find for the main flux of

the windings on the quadrature axis (with (2.15b)):

¢‘mq - mq(lqm) iqm - Lmq(lqm) llq + Klqilq) (2.26a)
ll’m]_q = Klq Lmq(lqm) lom = Klq Lmq(lqm) {1q + Klqllq} (2.26b)

The main flux of the windings on the direct axis

When aocﬂ/z, (2.20) describes a winding on the direct axis, The flux
linked with this winding caused by the air gap induction is according
to (2.22):

P(i,) = r2leBg (1) (2.27)
When the imaginary armature winding on the direct axis according to

(2.9a) is considered, Z is equal to J3/J22a. The flux linked with this

winding is:

. 2J3
¢md(ldm) = 7—Z ledl dm) (2.28)
Now, we introduce the induction coefficient L q’ which is a function
of the current i in order to 1incorporate saturation, as {with

dm
(2.28)):



2J3
Yo 7—2 LmB ) (4,)
Latam’ ™ I‘" = I (2.29)
dm dm

Using (2.14a)}, (2.27), and (2.29), we may find for the main flux of

the windings on the direct axis (with (2.15a)):

¥4 LoaCan) fgn = L (g (LKL AK) 10 (2.30a)
b o= KL (1)1, = KoL ((£,) (14K 34K, i) (2.30b)
Ymid ™ ¥4 "maaw’ Yam = ¥ra Mma@an’ EatReteiatia) (2.30¢)

On the saturation model

In the previous two parts of this section, the direct and the quadra-
ture axis have been dealt with separately: the coefficient Lmd only
depended on the currents in the windings on the direct axis, while Lmq
only depended on the currents in the windings on the quadrature axis.
As has been explained in [Mel 86], it is probably better to suppose
that L and Lmq depend on the total flux in the machine. The main

md
flux

by = el gl

n - (2.31)
may be used to represent this total flux.

Hence, Lmd(wm) and Lm (wm) will be wused instead of, respectively,
(ldm) and L (i ). So, the equations (2.26) and (2.30) become:

mq gqm
Png = Lmqfm) Ug * Kigiyg! (2.32a)
ﬁ@lﬂ - L () {i +K, i} (2.32b)
Klq mg - m q 197 1q ’
Yoa = Lpa(Pp) UgHKeletKyut gl (2.33a)
.t “ L (%) (i.4K.i.4K ) (2.33b)
K, nd P! (Eat¥eletRiglig :
fﬂlﬁ =L (¥ ) {1 +K i 4K, .1, ) (2.33¢)
K, md ¥ £1F " 1d 1d -3¢

The rotor leakage flux

The flux linked with a rotor winding consists of a main flux (accord-
ing to (2.32b), (2.33b), and (2.33¢c)) and a leakage flux. The leakage
flux of the damper winding on the quadrature axis is incorporated by

using the (on the stator reduced) coefficient L . Now, (2.32b) is

llqe



10

extended as follows:

¥
_lg _ i ;
Lmq(wm) {1q + K, i

Klq 1q lq] + L11qcr Klqilq (2.34)

The leakage fluxes of the windings on the direct axis are incorporated

by using the factors L . (self inductivity reduced on the stator),

£

Lllda (self inductivity reduced on the stator), and Lflda (mutual

inductivity reduced on the stator). Hence, (2.33b) and (2.33c) may be

extended according to

'

K T Lpg(y) UgHReledKg i b+ Lp) Kele + Ly s Kralig (2.353)
lb—lil=L()[i+Ki+Ki}+L K.i_ + L K. .i (2.35b)
K, |md ¥y Mgl etk g f1do “£rf T M1do Frat14 :

Generally, the (reduced) leakage coefficients (subscript o) are much
smaller than the main coefficients {subscript m) and hardly depend on

saturation phenomena.

The main flux linked with the armature phase windings
Using (2.22), (2.24), (2.27), and the position of the axis of the
armature phase winding a (ar=w/2—7), an expression for the (main) flux

linked with this winding caused by the air gap induction may be

derived:
¥ o= 22 {$ .cosy + ¥ siny} (2.36a)
ma 75 md mg .
Similar expressions may be derived for the phase winding b and c:
J2 2 2
¥ub = T3 (B gcos(y-3m) + ¢mqsin(1-§x)} (2.36b)
J2 4 .4
¢mc 7 l¢mdcos(1-3w) + ¢mqsln(1_§ﬂ)} (2.36c)

The armature leakage flux

The flux associated with an armature winding consists of a main flux
{according to (2.36)) and a leakage flux. This leakage flux is sup-
posed to be Independent of the rotor position. On the basis of arma-
ture symmetry the leakage fluxes associated with the armature windings

can be represented by:

¢aa - Laoala ) Laboalb " Laboslc (2.37a)
¢ba - Laoaib B Laboala ) Laboalc (2.37b)
l’L”ca = La001c ) Laboala ) Laboaib (2.37¢)
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where the inductances L and L are introduced, Although L
aog abog aboa

will be positive in most cases, it might be negative.
Using the homopolar component of the three-phase system of armature

currents

. 1 .. . .

10 = 75 {la + 1b + lc} (2.38)
the expressions (2.37) may be written as

wao - (Laoo+Laboo)ia ) jBLaboaiO (2.3%a)

¥, = (L

o aoa+Laboo)ib ) JSLaboaiO (2.39b)

¢co = (Laoo+Laboo)ic ) JBLabooiO (2.39¢)

In many cases the homopolar component i, is zero; in those cases the

0

leakape inductance

Laa - Laoo + Laboo (2.40)

is effective in each phase winding.

Using (2.36), (2.39%9), and (2.40), the flux linked with the armature

windings may be expressed as:

J2 . . .
¥, = Y.t ¥a 73 {¢mdcos(7)+¢mqs1n(1)} + L i ,/3Lab0010 (2.41a)
b=+ p. = LEp cos(y-Zryrp sin(y-Zm))4L. i -3L . i (2.61b)
b~ Ymb T ¥ob T /31PmaO% Y 3PSt a0”b ¥ “Faboo 0 ‘°

2 4 4 . .
¢c wmc + ¢ac 7§{¢mdcos(1-3w)+¢mqsin(1-§w)}+La01c-J3Lab0010 (2.41c)
The Park transformation

In (2.8) and (2.38) we implicitly introduced the Park transformation

for the armature currents according teo

id ia
lq =P i (2.42)
‘o e

where P is the Park transformation matrix:
2 4
cos () cos(y-gﬂ) cos(1-3ﬂ)

P = 5% sin(y) sin(1-§w) Sin(W'gﬂ) (2.43)
1 1 1

/2 72 J2
In a similar way we may introduce the Park transformation for the

armature flux linkagoes:

¥ = P ¢b (2.44)
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Using the matrix P according to (2.43) and equation (2.42), we may

write (2.41) in matrix form:

¥, 4 ¥nd 1 ta 10
| =P ¢mq +L P iq - J3Laboa i (2.45)
¥, 0 19 i

The dependence on the position anple y in (2.41) has been incorpeorated
in the matrix P. Using (2.42) for the last term in (2.45), we also may

write this equation as:

wa 1 l’Smcl M Laald 1
1I’b - P ¢mq * Laalq ) J3LaboaP /3
1’l'.;; | Laalo *o
r -
1 ¢md * Laald
= P i L
P llbmq + Laalq (2.46)
| (Laa-BLaboa)lo
Substituting (2.46) into (2.44) gives:
¢d - l"’md + Laoid (2.47a)
¢q - ¢mq + Laolq (2.47b)
and
¢0 - Lol0 (2.48a)
where
Lo = Laoe - 2Laboa (2.48b)

As may be seen with the help of (2.47), Laa may be considered as the
leakage flux inductance of the imaginary windings on the direct and on

the quadrature axis according to (2.9).

The quadrature axis windings
Using (2.47b), (2.32a), and (2.34) the equivalent eircuit for the
fluxes in the quadrature axis in figure 2.3 may be drawn.

After introducing the inductance coefficlents

L -L +L (2.49)
q ac mq

and

. 2
Lalq = Klqlhq ; L11q Klq(Lmq+Lllqo) (2.50)
flux equations (2.34) and (2.47b) with (2.32a) become:
= L i + L i 2.51

1qu qQ°q alq1q ( 2)

¢1q = Lalqlq + Lllqllq (2.51b)
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L11qc Lao

Figure 2.3 An equivalent circuit for the fluxes in the quadrature

axis
The direct axis windings

Using (2.47a), (2.33a), and (2.35) the equivalent circuit for the

fluxes in the direct axis in figure 2.4 may be drawn.

— Lﬂda Loo

Litda— Lfida

. I S
K'Id"ld ‘|’1d

e .

K1

Figure 2.4 An equivalent circuit for the fluxes in the direct axis

After introducing the inductance coefficients

Ld = Laa + Lmd (2.52)

and

- . . 2 )
LagdRelng > La1a®ialma + LeFellngtle,)
, 2
Lara®ea%ndtlae’ F lia 1eCmat 1407 (2.53)

the flux equations (2.35) and (2.47a) with (2.33a) become:
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Ya = Lgla * Lapale * Laraia (2.54a)

Y = Lagala * Fele * Lerahra (2.54b)

Y14 = Larata * Priats * Miatia (2.54e)

2.3 The voltage equations

The armature voltage equations

The armature winding voltage equations are:
d¢a

T o R, s (2.55a)
dwb

U.b = - Raib T (2.55b)
d¢c

Yo = m R - @ (2.35¢)

where Ra is the armature winding resistance.

After introducing the Park transform for the armature winding voltages

uy u
uq =P u (2.56)
Yo Ye
these voltage equations may be Park transformed by wusing (2.42},
{(2.44), and (2.56) (in matrix form):
q | d 1 | d] -1 Ya l
P uq = - RP iq T ¢q
Yo 1y | ¥o J
Multiplication with P and further calculation give
U4 1a [ ¥a 1| %
u - - R i -4 ¥ - P ar 2
q a q dt q dtc q
Y ) Yo Yo
apt
Using (2.43) the factor P o may be evaluated::
uy iy 5 ¥y . 0 -1 0 ¥4
ug b= R |1 s ¢q + E% 1 0 © ¢q (2.57)
Uq iO wO o 0 0 wo
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The rotor voltage equations
The rotor winding voltage equations are:
dy
=R., i, + 19
1197 1q dt
d¢f

up = Rfif + 3t (2.59)

=R i +ﬂ]£
11d*1d ¥ “at

0 (2.58)

0 (2.60)

The electric power

Using (2.42) and (2.56), the expression for the electric power
withdrawn from the armature may be written as:

p=uli + w iy + ui =u,d, + uqlq + ugiy (2.61)

Using (2.57) this expression becomes:
dy dy di
_ , X . 0 . X dy 2.2 .2
p = '[ld 3 +1q at +10—EE] - [ld¢q_1q¢d]dt - R&[1d+1q+10] (2.62)

The homopolar components

In this report we consider a star connected synchronous machine, the
star connection of which is not used. Hence, according to (2.38), the
homopolar current component equals zero: i .=0., Using (2.48a) and

0

(2.57), it may be seen that ¢0 and u, are zero too.

0

2.4 The mechanical side of the machine

In the previous sections the electrical equations of a two-pole
synchronous machine have been derived (the number of pole pairs equals
1). In this section these equations will be adapted for machines with
p larger than 1. Besides, an expression for the electromagnetic torque

will be given.

The number of poles

A machine with p larger than 1 may be seen as arised from p identical
two-pole machines which have been cut open at the same place. Next,
they are bended and put together in order to get a new machine with a

larger diameter. The phase windings of the separate machines may be
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connected 1in series or in parallel. In figure 2.5, it is depicted how
a machine with four poles (p=2) may arise from two machines with two
poles each (p=l1). In this figure the rotor windings have not been

drawn and the poles are indicated with N (North) and S (South).

<

\}c'
cut
ﬁ}"
ﬂ:;

Figure 2.5 A machine with four poles arising from two machines with

two poles each

If a machine with p larger than 1 is looked upon as been described in
the previous paragraph, it may easily be seen that for the description
of a machine with p larger than 1 a description of a machine with p=1
is sufficient. However, we have to take into account that the spatial
angles wused in the previous sections have to be multiplied by 1/p in
reality. Hence, the rotor position angle, the angle between the
positive direct axis and the axis of armature winding a, is v/p in
reality. This real position angle will be indicated by 4:

vy = pf (2.63)

So, the relation between the (mechanical) angular speed W and y is;

_ ds 1l dy (2.64)

The electromagnetic torque
The electromagnetic torque follows from the second term in the power

equation (2.62). Hence, using (2.64) results into:

m=plgp-i¥y) (2.65)
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3 ADAPTING THE MACHINE MODEL FOR THE SIMULATION OF A SYNCHRONOUS
MACHINE WITH RECTIFIER

3.1 Intrxeoduction

Since the rotor winding fluxes may be considered as constant for very
fast phenomena like the commutation in a rectifier, it is advantageous
to use these fluxes as state variables in the machine model for the
synchronous machine with rectifier.

In this chapter the equations of the synchronous machine derived in
chapter 2 will be adapted for this purpose. First, this will be done
for the flux current relations. Next, the saturation model will be
simplified, and finally, the total set of machine equations will be

adapted and slightly simplified.

3.2 The flux current relations

The gquadrature axis
For surveyability, the expressions (2.51) are repeated here:

¥y = Li + 1L

i 3.1
q q°q alq1q (3.1a)

¢lq = Lalqlq + Lllqllq (3.1b)
After reducing the quantities which are related to the quadrature-axis

damper winding with

Lalg
Cin = (3.2)
1Q I..llq
and introducing
¥10 = %10 %1q (3.3a)
i, . = L i {3.3b)
1Q ClQ 1q
L=’ L (3.3¢)
1Q 1Q "1llq ’
the quadrature axis equations (3.1) may be written as
¢q = Lqiq + LlQilQ = (Lq-LlQ)iq + LlQiq + LlQilQ (3.4a)
bo - Lot * Motio (3.4b)

After introducing
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" =L - L 3.
q q 1Q (3.3
these equations become:
= Lri 4 Ly (i + 3.6
Yo T Matq " Mot (3-62)
¢1Q = LlQ(iq+i1Q) (3.6b)

These equations are represented in figure 3.1.

o QO

Figure 3.1 The flux linkages in the quadrature axis

are ex-

In order to model saturation, the parameters G La, and L

1Q’ 1Q
pressed as functions of the parameters introduced in section 2.2,
Using (3.2), (3.3c), (3.5), (2.49), and (2.50), the parameters ClQ’

L", and L become

q’ 1Q
1
- 3.7
ClQ Lll g ( 2)
Ky (1+—=97
q Lmq
L L
ao 1190
L1106t LU
L = 25— M. (3.7b)
1 1+ “llgo
L
mq
L
L1Q="%"L' (3.7¢)
i ilga
mg

Although it is possible to calculate these parameters as functions of
Lmq’ which depend on the flux level in the machine, this methed is
very long-winded. Here, in the factors in the parameters in which the
influence of L is small (the leakage inductance is always very small
compared to the main inductance), the main inductance Lmq is replaced
by its unsaturated values Lmqu' With this supposition, the parameters

c and L& do not depend on saturation. The parameter L, may now be

1Q

written as

1Q
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L L
L =.__El_q_.__=.._nﬂ_]_‘ (3.8)
1G L11 o Lm u 1Qu
1+_£,3, 9
mqu
In this expression LlQu is the unsaturated value of qu.
For further use, we introduce the saturation facter
Lm
S =4 (3.9)
q L
mgu

which is supposed to depend on the main flux ﬁm according to (2.31).
Using the suppositions mentioned before and the equations (3.8) and
(3.9), the flux expressions {(3.6) become

) (3.10a)

=L"f + S5 1L i +i
ﬁq aq q lQu( q

¢1Q = SquQu(iq+ilQ)

1Q
(3.10b)

The direct axis

For surveyability, the expressions (2.54) are repeated here:

wd = Ldid + Lafdif + Laldlld (3.11a)
¢f = Lafdid + Lfif + Lfldild (3.11b)
i (3.11¢)

Y1a 7 Larala * Mriate * Miatia
After reducing the quantities which are related to the direct-axis
damper winding with
L
c, -2 (3.12)

D Lygg

and introducing

Y10 = C1p Y14 (3.13a)
ilD = El— ild (3.13b)
1D
L =c2 1 (3.13¢)
1D 1D "11d )
L
fld
K = (3.14)
fip Lald
the equations (3.11) may be written as
¢d = Ldid + Lafdif + LlDilD (3.15a)
¥e = lopata t 0 Lete Y Xepplipiip (3.15b)
+ L, K (3.15¢)

¥ip = Lipta * Mo¥eipie * Liplip

The set of equations (3.15) may be written in the form:
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¥g e B (Lafd"KflnLln)lf + LypgtRepletiqp)
¥e = (LgpgKeplip?igh (Bge le Liptigt Kepplyp{ig*erpletigp)
¥1p ~ 10 i q¥e1ptetisp)
After introducing
. 2
Le = LeKeplip
and
Lata ®e1plip
Cp = W
£
(3.16) may be written as
2
¥g — Ly Lyp-Cplpliy + Cplp(Cpigtip) + LipC g Repietipp)
¢f = L (C i +1f) + KleLlD(1d+Klelf+11D)
¥1p ~ 108 g R einietiyp)
Using

2

"o _ [
Lcl L.-L._-G_L

d 1D F°f

the equations (3.18) become:
L*i + C L'(C i +1f) +

vy -

d'd

L; (C i

d+1f) + K

Ly pUgtReypistig)

(id+K i +1i..)

£1p1D fiptettip

LipCa*Repietisp)

These equations are represented in figure 3.2,

Yeh

1:CF

Keap

Y
o

o

¥4p

[ L1D °

Figure 3.2 The flux linkages in the direct axis

(3.16a)

{3.16b)

(3.16c)

(3.17a)

(3.17b)

(3.18a)

(3.18b)

(3.18c)

(3.19)

(3.20a)

(3.20b)

(3.20¢)
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3 " r
In order to model saturation, the parameters ClD' Ld' CF’ Lf, Kle and

L1D are expressed as functions of the parameters introduced in section
2.2. Using (3.12), (3.13¢), (3.15), (3.17), (3.10), (2.52), and
(2.53), the parameters ClD’ L&, CF’ L%, Kle become
1
6 S A (3.21a)
Ky (31—
d L
'md
1 L. L .12
L' = L 4 fo “11do flde
S e oo ey et Tae e
L fo “fido 1ide “flde’ L +L
md md fldo
(3.21b)
oot L1140~ f1do
P T Lo oy Loy 3210
Kp ,, fldo . 1L 1 Mfo T Uflde’ " T1lde “fldo
L fo “flde “1lldo “fldo L ,+L
md md “flde
Ly Lerag? Tr1a0 Mr140
2 Qe Lerag Y 19, Leras)t Laattr1do
Ly = K; T T (3.214)
11de” “fldo
1+ L +L
md fldo
L
fldo
Repp = Kp (L + 7 (3.21e)
md
L
md
Lip =~ 10 (3.21f)
1+
L
md

Although it is possible to calculate these parameters as functions of

Lmd'

very long-winded. Here, in the factors in the parameters in which the

which depend on the flux level in the machine, this method 1is

influence of Lm is small (the leakage inductance is always very small

d

compared to the main inductance), the main inductance Lmd is replaced

by its unsaturated values Lmdu' With this supposition, the parameters

ClD’ Ld' CF, Lf, and Kle do not depend on saturation. The parameter

L,,, may now be written as

1D
L L
md md
Lip~ L 1do L g Libu (3.22)
1 mdadtx
L
mdu

In this expressions L " is the unsaturated values of L

1D
For further use, we introduce the saturation factor

1D’
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g - _md (3.23)

which is supposed to depend on the main flux wm according to (Z.31).
Using the suppositions mentioned before and the equations (3.22) and

(3.23), the flux expressions (3.20) become

¢d = Ld 4 + C L (C i +if) + SdLlDu(1d+KﬂDif+11D) {(3.243)
¥e - LE(Cpigtie) + Ky Syl py g™y pletip) (3.24b)
¥1p = Sal1pu e ®erpistiyp) (3.24c)

3.2 Modelling saturation

As suggested in, for example, [Jon B2], the saturation factors are
supposed to be equal according to
1
§ =8, = ——— (3.25)
q d 6
1+ a¢m

The main flux ¢m may be found by means of (2.31).

Instead of the armature flux behind (see the the fipgures 2.3 and 2.4)

the leakage inductance {main flux; (2.31) and (2.47)):

2 2
¢m - ¢md+¢mq
md ¢d ) Laaid
¥ng = ¥q " lastq

the flux behind (see the figures 3.1 and 3.2) the subtransient induc-

tance will be used here:

S =S4 - I_:l;;:g (3.26)

¢52+¢32 A (3.27)
Yo = ¥ - Lalg (3.28a)
g -y, - L (3.28b)

q 4
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3.4 The machine equations

As a result of the suppositions in section 3.2, only the parameters Sd
and § depend on the saturation level; the other parameters are

supposed to be constant.

The voltage equations
Using (2.64), the armature voltage equation (2.57) may be written as

(homopolar components are ignored):

dy
- - T |
uq Ralq It + pwm¢d (3.29a)
d¢d
ud = - Rald T pwmyﬁq (3.29b)

The rotor winding wvoltage equations (2.58), (2.59), and (2.60) are

repeated here:

et

0 = Rllqllq + ac (3.30a)
d¢f

uf = Rflf + ac {3.30b)
dy

0 =R _1d (3.30c)

11d*1a * Tac
After reducing the damper winding quantities by means of (3.3a),
(3.3b), (3.13a), and (3.13b) and introducing the resistances

2
RlQ = CIQRllq (3.31a)
and
R 2 (3.31b)

10 ~ “1pR114

the damper winding voltage equations become

. %19
0 = RlQllQ + 5 (3.32a)
di
0 1D (3.32b)

= Ripip * Tac

Choosing a set of state variables
The quantities iq and ¢1Q will be used as state variables for the

quadratue axis. Using (3.10}, ﬁq and i may be found:

1Q
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v = L"i (3.33a)

q qq * ¢1Q

L4
) 1Q .
iq " i - i (3.33b)

Using these expressions, the voltage equations (3.2%a) and (3.32a)

become
Yq, Mg
Ug = T RgRidlg - Mac Y5 1. Y1t P¥a (3.34a)
q 1Qu
dy ¥
1Q 1Q
= - R { ———— -1 1} (3.34b)
dc 1Q " S Loy 9

The quantities id’ ¢1D’ and

¥ = ¥e - Kepphip (3.35)

will be used as state variables for the direct axis. Using (3.24) and

(3.35), wd' ¢f’ 1f’ and i,p may be found:

¢d = L&id + CF¢f + wlD (3.36a)
¢f = ﬁ% + Kf1D¢1D {3.36b)
R
lf = i—% - CFld {3.36c)
¥ ¥
1D f
i = ——— - (1-K cCai, - K — (3.364)
1D SdLlDu f1D"F’ "4 leLf

Using these expressions, the voltage equations (3.29b), (3.30b) and

{3.32b) may be written as:

2 2 diy Rip
ug = 7 (R F(1-CpRpy ) Ryp#CeReM - Lige - Cpugt (l-CFKle)SdLlDu¢1D +
Vs
¥ (CR, + (CFKle-l)RlDKfID}iE - pot (3.37a)
[ [
id —u. - (R4KZ R )fﬁ + (R.C.-K,. R (1-K.. C)}i. + K __ElP_¢
dat £ £ f1D1D’L! £YF FIDID T UFIDTF T4 f1DbS ,L 1D
£ d 1Dy
(3.37b)
dy ¥ P
1D 1D . £
ac ~ " Rypls . - (K pCpiiy - Kpqprh! (3.37c)
d 1Du f

Substituting (3.36a) into (3.34a) and (3.33a) into (3.37a) gives
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ai R
= - i - “J ]'Q "2 '
u R 1 - Ligd + ) b pa (L1 4Gy ) (3.38a)
q 1Qu
i R
u, = - (R_+(1-C y2R, +CZR )i, - S +(1-C YDy
d a Fe1p? RiptCrRel g - Lige - Cp¢ FYELD SLip 1D
¥;
¥ (CR, + (CFKle-l)RlDKfID]E; - P (LLL by ) (3.38b)
Now, the internal wvoltages
R
eq - §~i—9—¢1Q + po_(Cpptd, ) (3.39a)
q 1Qu
and
Rip vr
eg = - Cpugt (I‘CFKfln)delDu¢1n + ‘CFRf+(CFKfln‘1)Ranflo’E; LRI
(3.39b)

are introduced. These voltages are constant when the armature currents
are changing very rapidly (with constant up and wm), because le, ¢%,
and ¢1D may be seen as constants in this case. Using (3.39), (3.38)

may be written as:

di
== - i - "J "3
uq eq (Ra+RlQ)1q Lq Py + pmedld (3.40a)
2 2 diy
ud == ed - {Ra+(1-CFKf1D) R1D+CFRf}1d - La—ag - pme31q (3.40b)

Using (3.28), (3.33a), and (3.36a), the expressions (3.39) for &4 and
eq may also be written as:

R

19
e = Y. . + pw ¥P" (3.41a)
17 5L 10 n’d
Rip Ve
CTR O S S 2SS LI (A0 ST A DS ST LA e’
(3.41b)

The mechanical side of the machine
Using (3.28), the expression for the electromagnetic torque (2.65)

becomes

m = p{id(Laiq+¢a) - iq(L&id+¢a)] (3.42)
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1.5 Some simplifications

When modelling the synchronous machine for the case it is loaded via a
rectifier, it is practical to transform a number of dq quantities back
to the armature reference system (abc). At first instance, this
results inte a number of intricate expressions, which, however, may be

simplified. Using (2.56) and u0=0, {3.40) may be transformed back:

J2 2 2 diy .
w“=-Tr [led-(Ra+CFRf+(1-CFKle) Rip)iq-Liac pmea1q}cos(1) +
di
+ {eq-(Ra+R Q)l - 3_3% +pw L1 isin(y)] (3.43a)
di

) 2. i ratd 2
u = 73 [{ed-((Ra+CFRf+(l—CFKle) RlD)ld-Ld—EE -pmeqlq]cos(y-ﬁw) +

)i -L“——E1 tpw L"l ]sin(v-%w)] (3.43b)
u = /2 [te,-(R 4+CR_+(1-C )2R )i L"dld w Lri lcos(v-er) +
c = /3 1% Vs FRf Fein) RipdiaRaae Peoplqliq 3

+ [eq-(Ra+R1Q

di
- - "__.g. n
+ [eq (Ra+R1Q)1 L dc +pw L i )SLn(7 ﬂ)] (3.43c)
Next, iq and ld in these equations may be replaced by ia' ib, and ic
by using (2.42). When ia+ib+ic=0 and dv/dt=pwm ((2.64)) are used as

well, we may find:

u, = %%{edcos(7)+e sin(y)} +

® CFRf+(1 C¥e1p RlD 10,  rd'hq %l .
a 2 ) 2 dt

2 "ot . . . . 4 .
+ ipwm(Ld-Lq){Sln(ZT)la + s1n(27-§n)ib + 51n(27a§x)1c] +

2 2
CoR +(1-C )R, -R
. P re1n’ M 19 {eos(27)1 _+ cos(21-§w)ib+ cos(ZY‘gﬂ)ic} +

3
L" L" dl 9 dib di
- »———ﬂ [cos(21)——— + cos(27——ﬂ)a—— + cos(27—-ﬁ) } (3.44a)

w - 7§{edcos(1-§ﬂ)+e sin(7—§w)l +

2 (1] L1 =
PG o Al 31 "Ryt 19, . g o
a 2 T T2 dc

+ Bpw (L" L"){sin(Zy-%w)ia + sin(ZW-gw)ib + sin(27)ic} +

2
C +(1-C_K Y R
- FRf F3f1D 10_1Q {cos(21-§n)ia+ cos(27-§r)ib+ cos(27)ic} +

Ly-Lr ai , di ai ,
————3 (cos(21-—x)——é + cos(2y-3mg + cos(21)aEE} (3.44b)
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=
1

J2 4 4
75{edcos(y—éﬁ)+eqsin(7-3ﬂ)} +

2 2 n mw
SR (O Rypthyg gLy el
A 2 e 2 dt

R (Ra

+

2 L) (sin(2v-2e0i 4 si (902t
gpwm(Ld—Lq)[51n(21 31r)1a + 51n(21)ib + sin(2y 3n)lc} +
2 2
CRRe+(1-Cpkep) RipRig
3

L&—L" 4 dia dib 2 dic
__Eﬂﬂ {cos(27-§n)aE— + cos(21)az— + cos(27-§ﬂ)aE—} (3.44¢c)

4 . 2 ..
{c05(27-§w)ia+ cos(27)1b+ cos(27-3w)1c} +

1

Fortunately, these equations may be simplified for most practical
situations. The first simplification 1is neglecting the terms with
L;-La with respect to the terms with L&+L&. The second simplification
is neglecting the resistive terms with respect to the inductive terms.

Using these simplifications (3.44) becomes:

J2 L1I+L“ dia

ua - 7§{edcos(7)+eqsin(7)} - 2 ac {3.45a)

Lo+L" di
2 2 . 2 b

ub = %5{edcos(y-in)+eq51n(7-§n)} - _Qf_g o . {3.45b)

L"+L" di
4 4
u - %{edcos(v-ﬁnﬁeqsmw-gw)} S (3.45¢)

These expressions are depicted schematically in figure 3.3.

— + —
D ?V:'\_____..___; Ug O
L i
% feycos(y)+egsin(y d: 3 ¢
—_ + —
Q OMOmmre ke
-l‘//f {eycos(y- Sﬂ)-{-eq:'(n(ﬂy-— %ﬂ)} d 5 q b
N P
va \1/ 4 Lg+ly e 7
Vs fegcos(y~ s-rr)-l-eqsin('r- Sﬂ')i 2

Figure 3.3 The simplified armature circuit

Now, the simplified model of the synchronous machine is described by
the equations (2.42), (2.64), (2.43), (3.26), (3.27), (3.28), (3.33a),
(3.34b), (3.36a), (3.37b), (3.37¢), (3.41), (3.42), and (3.45). The
resistive terms and the terms with L“-La have only been neglected in

d
equation (3.45),
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3.6 Summary of the machine equations

After combining the equations (2.42) and (2.43), (3.33a) and (3.28b),
and, (3.36a) and (3.28a), the total set of machine equations (2.42),
(2.43), (3.26), (3.27), (2.64), (3.28), (3.33a), (3.34b), (3.36a),
(3.37b), (3.37c), (3.41), (3.42), and (3.45) as needed for modelling a

synchronous machine with rectifier may be written as:

.2 2 ) 4
iy = 75 {iacos(v) + ibCOS(T-iﬂ) + 1ccos(1-3w)] {3.46a)
L2 .. 2 s 4
1q -7 {1as1n(1) + 1b51n(1-3w) + 1cs1n(1-§r)} (3.46b)
vy = Cp¥e t ¥ (3.464)
2 2
$ - ]¢a " (3.46e)
§ =8, = -——l—w—— (3.466)
4 d g eyt
— Q L1}
e = ¢ + pwm¢d (3.46g)
q q lQu
Rip e
8q = © Cpup ¥ (1-Cpyp) S:l1pu 5L, Yip * SR (C¥epe 1)Rl])Kfu:n}L'f " PRy
(3.46N0)
/2 LytLy di_
u = 7§{edcos(7)+eq51n(7)} - ——5—3 ac (3.461)
L7+L" di
2 2 . 2 d b .
u = 53{edcos(1—§«)+eqsln(1-§ﬁ)} - ——5—9 T (3.463)
L'+L" di
_ 42 4 sy E d q ¢
u, = 7§ledcos(7-én)+eq51n(7‘§«)} - 5 It (3.46k)
_ldy
dy ¥
1Q 1Q .
—— = - R, { - i) (3.46m)
dc 10" 8 Lo, Ta
ay! 9y R
f 2 f 1D
dc =Y (Rf+Kf1DR1D)fE * ARG pRp R pCpd Hig F RS L - 5L, Y1p

(3.46n)
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Wp ¥1p Y

Ripls T - (IR pCpdig - Keppir

P } (3.460)
de 1078 Ly pyy £

m = Pl (L 480 - L (LhE o)) (3.46p)
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4 THE THREE-PHASE BRIDGE REGTTFIER

4.1 The description of the rectifier

In the description of the rectifier, the circuit shown in figure 4.1
will be used. The rectifier is fed by a three-phase voltage source
with internal self-inductance LC and internal voltages e ey, and e,

according to
A A A

i 2 ... 4
ea=ecos(wt) ; eb-ecos(wt-iﬂ) ; ec—ecos(wt-gw) 4.1

A
where w is a constant angular frequency and e is a constant amplitude.
The rectifier is loaded by a constant current source Ig' The thyris-
tors will be considered as ideal switches; resistances in the circuit

are neglected.

Figure 4.1 Base circuit for the rectifier description

Each n/3 rad a thyristor is triggered. The rectifier is controlled by
varying the delay angle a: the angle by which the triggering instant
is delayed with respect to the starting instant of the conduction of
this thyristor in the case all thyristors are continuously triggered,
i.e. the thyristors act like diodes. Hence a diode bridge rectifier
corresponds with a rectifier with a=0.

Thanks to the symmetry of the circuit and of the currents and voltages
in this circuit (in the supposed steady state), the description of the
rectifier can be restricted to an interval of n/3 rad. Here the inter-

val between the triggering instant of thyristor T, and the triggering

1
instant of thyristor T, will be used: -n/34+a<wt<a. This interval is
indicated by means of a thick line piece in figure 4.2. The angle of
overlap p, which will be defined later om, is supposed to be smaller

than n/3 rad.
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Figure 4.2 Some quantities as functions of wt (a=0.3 ; u=0.4)

Just before the considered 1interval, the thyristors T4 and T5 are
conducting; at the beginning of this interval thyristor T1 will turn
on and the current Ig starts to transfer from thyristor T5 to thyris-
tor T1 {the starting instant of the commutation). During this
commutation only the thyristors Tl’ T4, and T5 are conducting. Hence,
using (4.1) and the initial condition ia(-ﬂ/3+a)=0, the following

relations can be given for the commutation interval considered:

Py

. J3e L ) :
1a—2mLc{cosa—cos(wt+§)} ; 1b='1
" R (4.2}
. J3e x ) 3 "
i, Ig-zch{cosa-cos(wt+3)} o pecos(wtty)

The commutation is finished when the current through thyristor T (ic)
becomes zero. The time expressed in angular measure, elapsed from the
beginning of the commutation until the end of the commutation is
called the angle of overlap u. In the c¢onsidered interval the
comnutation is Efinished at the instant corresponding to wt=-n/3+otu.
From the condition ic(-w/3+a+p)=0 and (4.2), it follows:

2wl T
cosa - cos(atp) = —c & (4.3
J3e

The commutation has to be finished before €. e becomes negative:

-a/34at+tp < 2n/3. This results into the condition: a < w-p .
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After the commutation being finished, only the thyristors T and T,
are conducting. Using figure 4.1 and the voltage expressions (4.1},
the following expressions can be given (only valid in the second part
of the interval considered):

- i

i~-i=1 ; i =0 ; ugsea-eb=j3ecos(wt+-) (4.4)

a g c
The average value of the voltage ug can be found by means of the

expressions (4.2), (4.4), and (4.3):

6

a
U = 3 J u dwt = §J3ecosa - ng 1 {(4.5)
g0 = x B " o C g
*"3
By means of Fourier analysis and the equations (4.2}, (4.3), and
{(4.4), the fundamental components of the phase currents may be

expressed as

1al(wt) = 1actcos(wt) + 1rea51n(wt) {(4.62a)
: o 2 . . 2
1bl(wt) - 1actcos(wt-§ﬂ) + 1reasln(wt—§ﬂ) (4.6b)
. . 4 . . 4
1cl(wt) = 1actcos(wt-3x) + 1rea51n(wt~3w) (4.6¢)

where the active and the reactive component coefficients are given by

; 3
1act = ﬂIg{cosa + cos(atu)} (4.7a)

A

i _ Je
rea 2wl w
c

{p - sinpcos(2at+u)) (4.7b)

In many practical situations, the ripple on the direct current may be
neglected, go that the above description may be used for the steady
state. The description may also be used for slow changes in the
amplitude or the frequency of the phase voltages and the average value

of the direct current.

The dynamic model

The dynamic model introduced in this way may be improved by enlarging
the inductance in the dc-circuit with 2Lc [Bue 77]. This enlargement
corresponds to the inductance seen from the dc-side of the rectifier
when two thyristors are conducting. Using (4.5), the equivalent

circuit given in figure 4.3 may be composed.

3\/’_"\ +>Ei _squ ZLC Ig
T 36(:030:( T c

-+
7.

Figure 4.3 An equivalent circuit for the rectifier
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4.2 The equations of the dc-link

In this section the equations corresponding with the circuit given in
figure 4.4 will be given for as far they are needed in this report,
For this purpose the equations from section 4.1 and the equivalent

circuit in figure 4.3 will be used. However, wt will be replaced by

wt-€.,
= [
Sren FEnE
ey Le ig i
RS D
e Le ib o
- c.+
_,{E;}_{ \L'Y \:,
< ‘cZS'TzZﬁUZiTs
Figure 4.4 The dc-link
Hence (4.1) becomes:
ea = g cos(wt-¢) (4.8a)
e, = e cos(wt-e—%n) (4.8b)
ec =g COS(wt~£-gﬂ) (4.8¢)
The expressions for the fundamental components (4.6) become:
lal(wt) = 1actcos(wt-e) + ireasin(wt—e) (4.9a)
ibl(wt) - iactcos(wt-e-gn) + ireasin(wt-c-gﬂ) (4.90)
; ° 4 N . 4
1c1(wt) = lactcos(wt-e-iw) + 1rea31n(wt-e-3w) (4.9¢)

For reasons of surveyability, the equations (4.3) and (4.7) and the

conditions mentioned before are repeated here:
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2wl 1
cosa - coslaty) = —s B (4.10)
J3e
i = 23% Ginusin(2atu) = 31 (cosa + cos(atn)) 4.11
act 2wLCw psin(2atu g cosa + cos(atuy (4.11a)
° -~ 3e (s - si Dot (4.11b)
rea 2uL B - sinucos(2atu)) .
u < % . 0<ac< gy (4.12)

Combining the equivalent circuit of the rectifier according to figure
4.3 and the circuit given in figure 4.4 results into the equivalent

circuit for the de-link according to figure 4.5.

Figure 4.5 An equivalent circuit for the de-link

For the deseription of this circuit (ig>0) the differential equation
dig 3~ 3

(Lg+2LC pradie iJ3ecosa - (’-erc+Rg)ig - Uy (4.13)

may be used.

The equations in this section will be sufficient for the description

of the de-link.



35

5 THE STEADY-STATE MODEL OF THE SYNCHRONOUS MACHINE WITH RECTIFIER

5.1 The coupling of the synchronous machine model and the rectifier

model

In the previous chapters, the synchronous machine and the rectifier
have been treated separately. However, the models developed in these
chapters cannot simply be connected. In this chapter a method will be
given to develop a model of the combination. Considering figure 5.1,

this will be done for the steady-state,

EEE 9 R
s l C

+

Ub

N

1

+

Ub

N
/.

8 K

Figure 5.1 Splitting off the subtransient inductance

In order to investigate the interaction between the machine and the
rectifier, we shall consider the current harmonics in the phase cur-
rents. Because of the symmetry in the circuit in figure 5.1 and the
way of trigpering the thyristors (see section 4.1), the armature phasc
currents also produce a symmetrical three-phase system. Hence, in
steady-state operation, the armature phase currents may be expressed

as Fourier series:
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nflincos(npwmt-ﬂn) (5.1a)
coA
i cos{n(pw t--r) ﬂ ) {5.1b)
n=1
i cos[n(pw t—-x) ﬂ )} {5.1c)
n=1

[N
I

=
]

i
c

Thanks to the property i(pwmt-w)=-i(pwmt) all even harmonics are zero,
Moreover, as the star connection terminal of the machine is not used,
the armature phase currents do not contain harmonics with an angular
frequency which is an integer multiple of Bpwm. Hence, the expressions
{4.1) can be wrtten as:

@0 A

i = Elcos(pmmt—ﬁl) + kil{isk_lcos{(6k-1)pwmt-ﬁ6k_l} +
+;6k+1cos{(6k+l)pwmt—ﬁ6k+lll (5.2a)

ib = ;1c05(pw t- -w ﬂl) + kgl[lsk 1cosl(6k—l)pwmt+§w-ﬁ6k_l] +
+§6k+lcos{(6k+1)pwmt-§«-ﬁ6k+l}] (5.2b)

ic = ; cos(pw t- éw-ﬁl) + k; [;6k lcosl(Sk-l)pwmt+gﬂ-ﬂ6k_1] +
+;6k+1cos{(6k+l)pwmt—§ﬂ-ﬂ6k+l}] (5.2¢)

Choosing

- po e+ ] (5.3

and the Park transformation according to (2.42), the following

expressions for id’ iq, and io are found:
iy~ §%£1cos(ﬁ1) + %% kgl[Eek_lcos(akpwmc~ﬂek_l) +
+£6k+1cos(6kpwmt-ﬁ6k+l)l {5.4a)
id = - égzlsin(ﬂl) + %% kgl(-£6k_1sin(6kpwmt-ﬁ6k_l) +
+£6k+1sin(6kpwmt—ﬁ6k+l)] (5.4b)
i, =290 (5.4c)

o
As can be seen in these expressions, the fundamental components in the
armature phase currents are transformed into the dc-components of id
and iq. For this moment, we suppose that these fundamental components

see the (synchronous) inductance Ls on the machine terminal points
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(plus a sinusoidal voltage).
The harmonics in the armature phase currents result into components of
id and iq with an angular frequency which is an integer multiple of
Gpwm. In practice, these are relatively very high frequencies, so that
these harmonics in the armature currents hardly cause changes in the
rotor fluxes ¢1Q' ¢f’ and ¢lD' As has been explained in section 3.4,
this means that the voltages e

d
that the voltage sources in figure 3.3 are sinusoidal. Hence the arma-

and eq may be considered constant, so

ture current harmonics only see the (subtransient) inductance
L“=(L;+La)/2.

This inductance will be splitted off by subtracting it from the syn-
chronous inductances (see figures 5.la and 5.1b). Here arises the so-
called internal machine: the original machine minus the subtransient
inductances L"=(L;+La)/2.

This is a normal synchronous machine again, with the difference that
it is a short-circuit for the armature phase current harmonics. So
that the armature phase voltages of this machine are always sinusoid-
al. These voltages only depend on the excitation current and the fun-
damental components of the armature phase currents (or the dc-compo-
nents of id and iq).

Hence, the internal machine may be represented by a sinusoidal three-
phase voltage source (figure 5.1c¢), which is controlled by the excita-
tion current and the fundamental components of the armature phase
currents.

Using figure 3.3, these voltages sources may be described by

e, = ‘%ledcosw)ﬂqsin(v)] £5.5a)
e, = %ledCOS(v-ngeqsin(v-%w)1 (5.5b)
ec = %[edcos('r-gvr)+eqsin(7—f-;1r)} (5.5¢)

Using (5.3), these may be written as:

~

e = ecos(pwmt-e) (5.6a)
" 2

e = ecos(pwmt-e-gx) {5.6b)
" 4

e, - ecos(pwmt—e-ir) (5.6b)

where:
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e = é% Jeé+eé (5.7a)

€a

€ = -arctan[gw] (5.7b)
q

Figure 5.lc corresponds with figure 4.4 and the expressions (5.6)

correspond with the expressions (4.8), so that we may compute the

fundamental components in the phase currents by using the equations
A

given in section 4.2, when the voltage amplitude e is given and w=pw

is used. Besides, we have to choose:

Ly + L
L - ~——§——3 (5.8)

~

Using the equations given in section 3.5, the voltage amplitude e may
be computed again. Via an iteration process the steady-state may be
computed.

In section 5.2 a set of equations for the description of the steady-
state will be given; in section 5.3 a method to solve this set will be

given.

5.2 The equations

Because we are considering the steady-state situation and the

dc-components in i, and i , the flux derivatives in (3.46) are zero.

d
Hence, it follows from this set of equations:

¢q = Sququlq (5.9a)
Vg 2
z,bd = E;(CFLE+Kf1DSdL1Du) + 1d(CFL'f+SdL1Du) (5.9b)
]' 2.2
.4,:: = ‘ba +¢a (5.90)
1
8§ =§, = —F———r (5.9d)
4 d 1 + a¢"6
ey ~ Riglq * Poo¥l (5.9e)
e, = (CZR_+(1-C. K. )2R. i . (5.9f
d FOf Feip’ Riplla - Pog¥g 9

m = p{id(Laiq+¢a) - iq(Laid+¢a)l {5.9g)
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The resistance terms in the expressions for ey and eq may be neglected
in most cases. However, when the steady-state model is used to compute
the initial conditions for a dynamic simulation with the model treated
in chapter 6, iU may be necessary lo take these terms into account in
order to prevent a little jump at the initial moment.

Using (5.3) and w=pw substituting (4.9) into (3.46a) and (3.46b)

results into

Y & T . A

ig=- 72 (iactslne + 1reacose) {5.10a)
. J3 .5 °

1q 75 (1actcose - 1reasine) (5.10b)

In steady-state, dig/dt=0 is valid. Using this, (4.13) may be written

as (w=pwm):

b
For surveyability, the equations (4.10), (4.11), and (5.7) and the

3.0 3 .
&J3ecosa = (ipmec+Rg)lg + U (5.11)

conditions (4.12) are repeated here (w-pwm):

Zpw L i
cosa - cos(aty) = SN (5.12)
J3e
: _ e ..
Loer = EBZTIT;Sln“5ln(2a+“) (5.13a)
mc
: _ 3e e (2a+u)) 5.13b
Ica EEE—E—;Ip sinpcos(2aty) (5. )
mc
L 2 21 a2
e = 7§ Jed+eq {5.14a)
®d
€ = -arctan[g—] (5.14b)
q
b < % i O0O<a<np (5.15)

The equations (5.9), (5.10), ¢(5.11), ¢5.12), (5.13), and (5.14) form a

¢, i Lo Sae S ¥ v

s¢t of 16 cquations with 16 unknowns: e 3 .
: d' "q' d' q" Td’ g q

~ A A
" 1
€ e i i
¥ ! ! act’ rea
this set will be given in the next section.

i)

ig, m, and u. A possible solution method for
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5.3 A solution method

An analytic way of solving the set of equations in the previous sec-
tion has not been found until now. However, there are many possibili-
ties to solve this set iteratively. In this section one possibility
will be discussed,

In this method a value of g is choosen between 0 and Py The latter
value follows from (5.15): pM=ﬁ/3 for a<?x/3 and =T - for 2n/3<a<nm.
Using the wvalue of u choosen and the equations in the previous sec-
tion, we can successively compute a number of quantities. The remain-
ing equation will be used as an error criterion. This criterion may be
used to choose a new value of p. In the computer program (see appendix

1), the Newton-Raphson method is used for the iteration process.

Eliminating ig from (5.11) and (5.12), we may find:

2
~ 1)
7_ b (5.16)
(—-——5-)c050 + (= +——g——)cos(a+p)

A

This is an expression for e as a function of p. Next, using (5.13), we

may compute:’

)
A

e .
O T —sinpsin(2a+u) (5.17a)
m e
; _ 3e
rea 2pw L«
mc
From (5.14), if follows:

e, = - %% e sine (5.18)

{p - sinpcos(2a+u)} (5.17b)

d
Substituting (5.10a), (5.18) and (5.%a) with (5.10b) inte (5.9f), we

may find an equation for e:
o~ A ~

esine = pe S L (i c056~i sine) +
rea

IQu* "act

2 A f L
+ {CFRf+(1-CFKf1D) RID}(lacts1n5+1reacose) (5.19)
Since Sq is not known at this moment, we shall make an estimation.
This will result in an extra iteration process. Now, (5.19) is written

in the following form:

A A

Pen q IQu.act + (CFRf“F(1 CFKle) RlD) rea

) R )1

€ = arctan = (5.20)

e + pw S L i - (C +(1 C

q 1Qu rea f1b ct
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Next, we may compute i 6 and iq by means of (5.10):

d
i, = - /3 (E sine + ; cose) (5.21a)
d 75 act rea ’
. J3 2 :
lq 75 (1actcose - 1reasine) (5.21hb)

Using, Sdssq and these values of id and iq, we may compute Sq again by

means of (5.9):

Ya = Sqtiqulq (5.22a)
! y
b - Rf(CFLEIKfLDSdLJDu) R LT (. 22b)
L "2 "2
P = J¢d +¢q (5.22¢)
5S¢ " %4~ “‘};——g (5.22d)
k 1 + ayp"

We may now adapt the initial value of Sq by means of an iteration
process.

When the right wvalue of Sq is found, we have to check the choosen

value of p by substituting ¢a, e, €, and iq into (5.9e) with (5.14):
~ ?
o " + R, i - Llecose ~ 0 (5.23)
mfd © “1Q7q ~ J2 '

During the whole iteration process, 0<,u<,uM should be valid.
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6 THE DYNAMIC MODEL OF THE SYNCHRONOUS MACHINE WITH RECTIFIER

6.1 Introduction

As in chapter 5, in the phase currents of the synchronous machine only
the basic harmonics are taken into account for modelling the synchro-
nous machine with rectifier. However, the amplitude, phase and angular
frequency of these basic harmonics may vary now. In order to make it
possible to use the description of the rectifier "in section 4.2, these
variations should be slow compared to the commutation phenomena.

As has been shown in section 5.1, the basic harmonics in the phase
currents are transformed to dc-components in the currents i

]
In the machine model only these dc-components were considerad. When

and i .
]

the basic harmonies vary "slowly”, these "dc” components will vary
slowly too. These "dc" components, a kind of short-term averaged
parts, will be used in the machine model.

In the steady-state case, we only consider the dc-components in id and
iq and mneglect the components with an angulatr frequency which is an
integer multiple of 6pwm (see (5.4)). Hence, the angular frequncy of
the wariation of the "dec"-component should be much smaller than 6pwm.
So, if, for example, the frequency of the basic component of the phase
current equals 50 Hz, the frequency of the variation of cthis basic
harmonic should be much smaller than 6x 50 Hz = 300 Hz.

Besides, like 1in chapter 4, the ripple on the current in the dc-link

is neglected.

6.2 The equationsg

We may use the equations (4.10), (4.11), and (4.13) with w=pw for the

description of the rectifier (ig>0):

2pmeCi
cosa -~ cos{atu) = . rcée (6.1)
J3e
. o . _ '
lact = EE;~E~;Slnpsln(20+p) (6.2a)
mc

" le .

{p - singcos(2a+u)} (6.2b}

i = g
rea 2pw L =«
mc
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di
B _ - s
(Lg+2LC)dt j3ecosa ( pwm o g)1g uy (6.3

The "dc"-components of id and iq are found by means of equation
(5.10):
i, = - /3 (i Ctsinc + ireacoss) (6.4a)
J3 : : .

= 75 (1actcose - 1rea51n£) (6.4b)
For the description of the synchronous machine, the equations (3.46c¢),
(3.464d), (3.46e), (3.46f), (3.46g), (3.46h), (3.46m), (3.46n),

(3.460), and (3.46p) may be used directly:

vEo= ¥, (6.5a)
¥y = Caby + ¥y (6. 5b)
[ 22
wn = ‘ba +¢,:{ (650)
1
§ =8, - —— (6.5d)
- A e
e = Q le + pw_ ¥y (6.5e)
T Sqliqu
L3
eq =~ COpup * (1-CpKpyp) delD Yip + (CReH(CRRE p- DR pK le}LE - Pe¥y
(6.5F)
dy ¥
- Ryg ! L i) (6.5g)
¢1Qu 1
ay! " R
£ 2 £ . 1D
ac Y o Ry +Kf]DRlD)i¥ v RCE-Ke pRyp (R pCp2 i + ledeID ST Y1
(6.5h)
dy Y P,
1D 1D £
I g D kL )il - K. Ty (6.51)
dt 10's L £1p%F 1a leLf
p{1d(L"1 +¢") - i (L“1 +¢")} (6.53)

Further, we need equation (5.7):
c L2
e = 73 Jed+eq (6.63)

€d
e=-anmm{?ﬂ {6.5b)

q
For the commutation inductance, we need (5.8):
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Ly + L
L, - —ZJ (6.7)

The equations (6.1), (6.2}, (6.3), (6.4), (6.5), and (6.6} with (6.7)
describe a model of the synchronous machine with rectifier incorporat-
ing saturation with ¢1Q‘ wé, wlD’ and ig as state variables, «, Ues
and w, as input quantities and p, a, L7, La, LlQu' Kle’ Lé, LlDu’ CF’
qu, Rf, RlD’ Rg and L as parameters for the case that @ is known.
This set may easily be solved by means of a simulation program. For
this purpose, we may start from the state variables, and perform suc-

cessively the following operations:
- computation of ¢a and ¢; by means of (6.5a) and (6.5b};
- computation of Y" by means of (6.5¢);

- computation of Sd-=Sq by means of (6.5d);

- computation of eq and ey by means of (6.5e) and (6.5f);

- computation of e and ¢ by means of (6.6);

- computation of u by means of (6.1);

- computation of e and Lea by means of (6.2);

- computation of id and iq by means of (6.4);

- integration of the equations (6.3), (6.5g), (6.5h), and (6.51);
- computation of m by means of (6.5j) (not always necessary).

Solving this set of eguations, the condition (4.12) must be satisfied:

kL

u < 3 ; 0 fa<rx-u (6.8)

Sometimes, we also want to know the rotor currents, These currents may
be computed from the state variables by means of (3.33b), (3.36c), and
(3.36d):

¥
. 1Q .
i = - i (6.9%a)
1G SquQu q
S S
i, = L"—% - CFld (6.9b)
L ¥
. 1D f
iy =g - (1-K_. . C )i, 6 - K. . .— (6.9¢)
1D SdLlDu f1D"F "d flI)Lf

In appendix 2, an example of the use of the model described here is

given.
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7 THE MODEL PARAMETERS

7.1 The parameters needed for the model

As has been mentioned in section 6.2, the parameter p, a, L&, L&,

¢
Plaw ®eipr e Mipw S Pigr Re B
the dynamic model of the synchronous machine with rectifier

Rg and Lg are necessary for

incorporating saturation as it is described in this report. For
practical reasons, the parameters LlQu’ Kle’ LlDu' qu, and RlD will
be computed from more known parameters.

From (3.5), it follows:

LlQu = Lqu - Lq (7.1)
where LlQu and Lqu are the unsaturated values of, respectively, LlQ
and L .
q
From (3.19), it follows:
2
= - [ - v
LlDu Ldu Ld CFLf (7.2)
where LlDu and Ldu are the unsaturated values of, respectively, LlD
and Ld'
From (3.17b), it follows:
Lafdu ) CFL%
Kew = 1. 7.3
1Du
where Lafdu is the unsaturated value of Lafd'

The damper winding resistances will be characterized by their time

constants T and T_ :

1Q 1
L
T].Q = % (7.4)
1Q
L
TlD = E]_:El_l (7.5)
iD

Using the equations (7.1), (7.2), (7.3), (7.4}, and (7.5), we may use
the set of parameters p, a, LY, L;, L ., Lafdu’ Lf, Ldu’ Cc qu, Rf,

qu F'
TlD’ Rg and Lg.
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7.2 The saturation constant

In this section a method for the determination of the saturation
constant a will be given. In this method the no-load saturation test
of the synchronous machine is used.

In the steady-state no-load test, the armature phase currents and the
damper-winding currents are zero. Hence, using (3.10a), (3.24a), and
(3.28), it may be seen that:

¥g = ¥g =0 ; ¥a = ¥a = CplgtSalipdfeipie (7.6
Since the flux derivatives are zero too, (3.29) results into:

uq = pwmﬁd ; uy = 0 (7.7)
Using (2.56) and, for example, 1=pwmt+ﬂ/2, the phase voltage for phase

a may be found:
J2 J2
u, 7§uqcos(pwmt) = 7§pwm¢dcos(pwmt) (7.8)

Hence, the root-mean-square value of the 1line wvoltage, which is
measured in the no-load saturation test, is given by:

U, = P by (7.9)

Combining the equations (3.26), (3.27), (7.6), and (7.9) may result

into:
UL UL 7 UL 6
Ew—m + a(ﬁ) == {CFL'f + CFLéa P._‘-;l;) + LlDqulnllf (7.1

or by using (7.3)

U U7 U 6
L L N
+ a(p“m) = (L o, + CFLfa(pwm) H

P@

£ (7.11)

After measuring UL as a funcion of if, the parameter a may be deter-

mined by using (7.11) and a least-squares estimation process.
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APPENDIX 1 A SUBROUTINE FOR THE COMPUTATION OF THE STEADY STATE

In this appendix a Fortran77 subroutine for the computation of the
steady state of the synchronous machine with rectifier is given. This
subroutine , which is based on the description in section 5.3, has as

input variables:

a ta
Ldu : Ldu

Lafdu: Lafdu

Lqu Lqu

Ldll La

CF : CF

Lfl L%

R4 : C;Rf + (1-CFKf1D)2R1D

Rgq : RlQ

Lgll : L&

Omega: Pw_

Alfa : o

Ub : Ub

Iv : Uf/Rf

Rg : Rg

EE : a standard for precision

NI 1 the maximum number of iteration.
The output gantities are:

EF : Error Flag; it should be 1.0; in case of an error, it is 0.0
Id : id

Iq : Tq

Ig lg

S : Sd = Sq

Subroutine SS5(EF,Id,Iq,Ig,S,a,Ldu,Lafdu,Lqu,Ld11l,CF,Lf1,Rd, Rq,

* iqll,Omega,Alfa,Ub,Iv,Rg,EE,NI)

Real Iact,Irea,ld,Iq,lg,Iv,Kf1D,L1Du,Ldu,Lafdu,lqu,Le,Ldll,
* Lqll,L1Qu,Lf1 Mu,Mu0,Mu? MuM,Omega

EF = 0.0

Pi = 4 0%ATan(1.0)

Le = (Ldll4Lqll)/2.0

L1Qu= Lqu - ILqll

LiDu= Ldu - CF*CF*Lfl - Ldll
KflD= (Lafdu-CF*Lfl)/L1lDu
Wa = Sqrt(l.5)
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C Mu=20
Psid0 = 0
FO = Lafdu¥*lv
Psidll-= Lafdu*Iv
Write(6,'(''No load'’')’)
Write(6,’(*’'Psidll=""' ,F10.7)"') Psidll
Do 1 K=1,NI
5 =1.0/(1,0+a*Psidll*=*6)
F = Ivx(Kf1D*S*L1Du+CF*Lfl) - Psidll
If (Abs(F).LE.(EE/100.0)) GoTo 2
FF = (F-F0)/(Psidl1-Psid0}
Psid?2 = Psidll - F/FF
Write(6,'('' Psid2="' F10.7)') Psid2
FO =F
Psid0 = Psidll
Psidll= Psid2
1 Continue
2 Continue
FO = Omega*Psidll - Ub/3.0/Sqrt(3.0)*Pi/Cos(Alfa)*Wa
If (FO.LE.0.0) Then
Write(6,'("'FO <= 0'"')")
GoTo 99
Endlf
Write(6, ' (' 'Mu0=0 FO='',F13.7,'' 8§=85='',F10.7)') FO,S
C Mu is maximum with simple approximation for §
Write(6,’' (' 'Maximum value Mu with simple approximation S''}')
MuM = Pi/3.0
1f (Alfa.GT.(2.0%Pi/3.0)) MuM = Pi - Alfa
E = 2.0%Ub/Sqrt(3.0)/(Cos(alfa)*(3.0/Pi-Rg/Omega/Lc)
* +Cos (Alfa+MuM)*(3.0/Pi+Rg/Omega/Le))
Iact = 1.5/Pi/Omega/Le*EXSin(MuM)*Sin(2.0*Alfa+MuM)

Irea = 1.5/Pi/Omega/Le*E*(MuM - Sin(MuM)*Gos(2.0*Alfa+MuM))
S = 1.0/(1.0+a*(Wa*E/Omega)**6)

Y = Omega*S*L1Qu*Ilact+Rd*Irea

X = E + Omega*S*L1Qu*Irea-Rd*lact

SinEps= Y/Sqrt(X*X+Y*Y)
CosEps= X/Sqre(X*X+¥*Y)

Id = - Wa*(lact*SinEps+Irea*CosEps)

Iq = Wa*(lact*CosEps-Irea*SinEps)

Psidll= CF*Lf1*(CF*Id+Iv) + S*L1Du¥*{Id+Kf1D*Iv)
F = Omega*Psidll + Rq*Iq - Wa*E*CosEps

1f (F.GE.0.0) Then
Write(6,'(''FM >= 0'")")
GoTo 99
EndIf
Write(6,'(''MuM='",F10.7,'' FM='',F13.7,'' §5="',F10.7)")
* MuM,F,S
C Iteration with Mu with simple approximation for S
Write(6,' (' 'Iteration with Mu with simple approximation S''}')
Mu = MuM/2.0

Mud = 0.0
Do 3 K=1,5
E = 2.0%Ub/Sqrt(3.0)/{Cos(Alfa)*(3.0/Pi-Rg/Omega/Lc)
* +Cos(Alfa+Mu)*(3.0/Pi+Rg/Omega/Lc))
lact = 1.5/Pi/Omega/Le*E*Sin(Mu)*Sin(2.0%Alfa+Mu)
Irea = 1.5/Pi/Omega/Le*E*(Mu-SIN(Mu)*Cos(2.0*Alfa+Mu))

S = 1.0/(1.0+a*(Wa*E/Omepa)**6)
Omega*S*LIQu¥lact+Rd*Trea
X = o Omepga*S*xLIQu¥lrea-Rd¥fact

-
4
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SinEps= Y/Sqrt(X*X+Y*Y)

CosEps— X/Sqrt(X*X+Y+Y)

Id = - Wa*(lact*SinEps+Irea*CosEps)

Igq = Wa*(lact*CosEps-Irea*SinEps)

Psidll= CF*Lfl*(CF*Id+Iv) + S*L1Du*(Id+Kf1D*Iv)

F = Omega*Psidll + Rq*Iq - Wa*E*CosEps

Write(6,'(''Mu ='*,F10.7,'* F =*'' F13.7,7'85=''_Fi10.7)")
Mu,F,S

FF = (F-F0)/{Mu-Mu0)

Mu2 = Mu - F/FF

IF (Mu2 .GT .MuM) Mu2 = (MuM+Mu)/2.0

IF (Mu2.LT.0.0) Mu2 = Mu/2.0

FO =F

Mu0 = Mu

Mu = Mu?

3 Continue
C Iteration with Mu with correct value for S
Write(6, ' (''Iteration with Mu with correct value for §'')’)

E

= 2.0%Ub/Sqrt(3.0)/(Cos{Alfa)*(3.0/Pi-Rg/Omega/Lc)
+Cos (Alfa+Mu0)*(3.0/Pi+Rg/Omega/Lc))

lact = 1.5/Pi/Omega/Le*E*Sin(Mu0)*Sin(2.0%Alfa+Mu0)
Irea = 1.5/Pi/Omega/Le*Ex (Mul-SIN(MuO)*Cos (2. 0*ALfa+Mu0))

50

=1.0
= Omega*LlQu*Ilact+Rd*Irea
= E + Omega*LlQu*Irea-Rd*Iact

SinEps= Y/Sqrt(X*X+Y*Y)
CosEps= X/Sqrt(X*X+Y+*Y)

= - Wax(lact*SinEps+Ilrea*CosEps)
~ Wa*(Iact*CosEps-Irea*SinEps)

Psiqll= L1Qu*Iq
Psidll= CF*LE1*{CF*Id+Iv) + L1Du*(Id+KfiD*Iv)

GO
5

= 1.0/(1.0+a*(Psiqll*Psiqll+Psidl1*Psidll)**3) - 1.0
= 1.0/(1.0+a*(Wa*E/Omega)**6)

Write(6,' ('’ S='',F10.7)') S

Do

FO

5 M=1,NI
Y = Omega*S*L1Qu*Iact+Rd*Irea
X =~ E + Omega*S§*L1Qu*Irea-Rd*Iact

SinEps= Y/Sqret(X*X+Y*Y)

CosEps= X/Sqrt(X*X+Y*Y)

1d = - Wa¥(Jlact*SinEps+Irea*CosEps)

Iq = Wa*(lact*CosEps-Irea*SinEps)

Psiqll= S*L1Qu*Ilq

Psidll= CF*Lf1*(CF*1d+Iv) + S*L1Du*(Id+Kf1D*Iv)
G = 1.0/(1.0+a*(Psiql1*Psiql1+Psidl1*Psidll)**3) - §
If (Abs(G).LE.(EE/100.0)) GoTo 6

GG = (G-GO0)/(S-S0)

$2 = § - G/GG

Write(6,'('' S2='',F10.7)') S2

GO =G

S0 = S

S = 82

Continue
Continue

= Omega*Psidll + Rg¥Iq - Wa*E*CosEps

Write(6, ('’ 'Mu0='’ F10.7,’'* FO='',F13.7,"’ S='',F10.7)")

Mu0,FO,s



Do 8 K=1,N1
E = 2.0%Ub/Sqrt(3.0)/(Cos(Alfa)*(3.0/Pi-Rg/Omega/Lc)
+Cos{Alfa+Mu)*(3.0/Pi+Rg/Omega/Le))
Iact = 1.5/Pi/Omega/Le*E*¥Sin(Mu)#*Sin(2.0%A1fa+Mu)
Irea = 1.5/Pi/Omega/Le*Ex(Mu-SIN(Mu)*Cos(2.0*Alfa+Mu)})

50 = 1.0
Y = Omega*L1Qu*Ilact+Rd*Irea
X = E + Omega*LlQu*Irea-Rd*Iact

SinEps= Y/Sqrt{(X*X+Y+*Y)
CosEps= X/Sqri(X*X+Y*Y)
Id = - Wa*(Jact*SinEps+Irea*CosEps)
Iq = Wa*(lact*CosEps-Irea*SinEps)
Psiqll= LiQu¥Iq
Psidll= CF#*Lf1%(CF*Id+Iv) + L1Du*(Id+Kf1D*Iv)
GO = 1.0/(1.0+a*{Psiqll*Psiqll+Psid11*Psidll)**3) - 1.0
] = 1.0/(1.0+a*(Wa*E/Omega)**q)
Write(6,'("* S="",F10.7)') S
Do 9 M=1,NI
Y = Omega*5*L1Qu*lact+Rd*Irea
X = E + Omega*S*L1Qu*Irea-Rd*lact
SinEps= Y/Sqrt(X*X+Y*Y)
CosEps= X/Sqrt(X*X+Y*Y)
id = - Wa*(TIact*SinEps+irea*CosEps)
Iqg = Wa*(lact*CosEps-Irea*SinEps)
Psiqll= S*L1Qu+*Iq
Psidll= CF*Lf1*(CF*Id+Iv) + S*L1Du*(Id+Kf1D*IV)
G - 1.0/(1.0+a*{Psiqll*Psiqll+Psidl1*Psidll)**3) - §
I1f (Abs(G).LE.(EE/100.0)) GoTo 10
GG = (G-GO)/(5-50)
§2 = § - G/GG
Write(6,'('* 82='' F10,7)') 82
GO -G
S0 =§
§ =82
Continue
Continue
F = Omega*Psidll + Rq¥Iq - Wa*E*CosEps
Write(6,'(''Mu ='' F10.7,'* F ='',F13.7," S='',F10.7)")
Mu,¥,s
If (Abs(F).LE.EE) Then
EF = 1.0
GoTo 99
EndIf
If (Mu.EQ.Mu0) Then
WRITE(6,' (' 'Mu=Mud='' F10.4,'' F='' F11.7,'' &='*',F10.7)")
Mu,F,S
GoTo 99
EndIf
FF = (F-F0)/{(Mu-Mu0)
Mu2 = Mu - F/FF
IF (Mu2.GT.MuM) Mu2
IF (Mu2.LT.0.0) Mu2
FO =F
Mu0 = Mu
Mu = Mu2
Continue
Continue
Ig = Sqrt(3.0)*E/2.0/(Omega*Lc)*(Cos(Alfa)-Cos(Alfat+tMu))
If (EF.LT.0.5) Write(*,' (' '*%%x* Error in Stat #&xk'/)')
End

(MuM+Mu) /2.0
Mu/2.0

1
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APPENDIX 2 AN ACSL PROGRAM AS AN EXAMPLE

In this appendix, as an example, an ACSL-program is given, which 1is
based on the equations in section 6.2. This program may be used for
the simulation of a wind-energy conversion system with a synchronous
machine of 375 kVA according to [Hoe 87b; Hoe 88a], where the
mechanical coupling between the turbine and the generator has been
supposed to be infinitely stiff.

First, the steady state 1is computed by means of the subroutine 55,
which has been dealt with In appendix 1, for a given frequency. Next,
the system 1s excited by means of a change of the voltage in the
de-1ink Ub' The delay angle of the rectifier a 1is controlled by a
proportional current controller. The torque/speed characteristic of
the turbine is a straight line through the steady-state point, the
slope of which may be chosen,

Users of the program should notice that this example program is not
safe for the case that the direct current ig becomes negative.

Reasonable results may be obtained by cheoosing Alfal=0.2 and KP=0.01.
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PROGRAM SYNCHRONOUS MACHINE WITH RECTIFIER; Delft; 89-08-23
*375 kVA; wind turbine with stiff transmission, starting from’
steady-state’

Integer

INITIAL

NI

CONSTANT
CONSTANT JT
CONSTANT
CONSTANT P
CONSTANT
CONSTANT a
CONSTANT
CONSTANT
CONSTANT
CONSTANT UE
CONSTANT
CONSTANT Lf1
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT KP
CONSTANT
CONSTANT Rg
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT TFIN

L1Gu
11bu
Kf1D
R1Q
R1D

Le

Pi

w3

Wa

Ome gM1

PsilDO
PsilqQO
1g0

Psiqll
Psidll
MT1

Ome gMO

= Lqu - Lqll

]

= OmegMl

KM
JG
Freq

Ldu
Lafdu
CF

RE

T1D
Ldll
Lqu
T1Q
iql1
Alfal

Lg

Ub
UStep
TUStep
TUleng
EE

NI

t

HOoOI P00 Q00000 0CHRHOCO

o
3]
SOoOWNMoOo

0.125
.00305975
.002986
.375

. 064
.0017
.000368
.3966574
.00016
.00196

N

.00016

.0

.0

.0015

.06

00.0
10.0
1
0.0
1.0E-4
15
1.99

$.F
$'
sr
$r
sr
$'
$r
sl
$f
$l
$f
$l
$r
$r
$r
$J'
sl
$l
$l
$0
$l
$l‘
$!
$l
$|
$r
$l
$l’

Ldu - Ldll - CF*CF*Lfl
(Lafdu-CF*Lf1) /L1Du
L1Qu/T1Q

LiDu/T1D

(Ld114Lqll) /2.0
4, 0*ATAN(1.0)
SQRT(3.0)
SQRT(1.5)
2 .0%Pi*Freq/P
Call SS(EF,I1d,1q,Igl,S,a,Ldu,Lafdu,Lqu,Ldll,CF,Lf1,
(CF*CF*Rf+(1-Kf1D*CF)**2%R1D) ,R1Q,Lqll,
(P*OmegM1) ,Al£al,Ub, (Uf/Rf),Rg, EE,NI)
Psifi0 = Lf1*(Uf/REf+CF*1d)
S*L1Du*{Id+KEf1D*UE/RE}

S*L1Qu*lq

Igl
PsilQO

CF*Psif10 + PsilDO
- P¥(1d*(Lqll*Iq+Psiqll) - Iq*(Ldll*Id+Psidll))

END § ™ INITIAL ™

(Nms/rad); deriv., torque/angul sp'
(kgmm) ; inertia turbine’

(kgmm) ; inertia generator’

(-); number of pole pairs’

(Hz); frequency’

(-); saturation constant’

(H); unsat, synchr, d-inductance’
{H) ; unsaturated’'

-

(V}; excitation voltage'

{Ohm); excitation resistance’

(H}'

(Ohm); d-damper time constant'
(H); subtransient d-inductance’
(H); unsat. synchr. q-inductance'’
{s); g-damper time constant’

(H); subtransiente ¢-inductance'’
(rad); initial delay angle’
(rad/A); proport. current control'’
(H): self inductance de-link'’
{Ohm); resistance dc-link’

(V): voltage dc-link’

(V); de-link voltage step'

(s); moment of step’

(s); length of step’

(V): maximal error in Stat’

{-); max. number of iterations Stat’
(s); finishing time'’



DYNAMIC
DERIVATIVE

55

CINTERVAL CInt = .02

MT =
Alfa =
CosAlf=
Psiqli=
Psidll=
S =
Ed =

Eq =
Sq =

MT1 + KM*(OmegM-OmegMl)

Alfal + KP*(Ig-Igl)

COS(Alfa)

PsilQ

CF*Psifl + PsilD
1.0/(1.0+a*(Psidli*Psidl14Psiqll*Psiqll)**3)
- P*OmegM*Psiqll- CF*Uf + (1-CF*Kf1D)*R1D/S/L1Du*PsilD ...
+ (CF*Rf+(CF*Kf1D-1)*R1D¥Kf1D)*Psifl/Lfl
P*OmegM*Psidll + R1Q/S/L1Qu*PsilQ

SQRT (Ed*Ed+Eq*Eq)

SinEps = -Ed/Sq $ CosEps = Eq/Sq $ E = Sq/Wa

Mu =
SinMu =
Con
Tact
Irea =
Id -
Iq =
MG =
Ubl =
OmegMD =

]

- Alfa + ACOS(CosAlf - 2.0*P*OmegM*Lc*Ig/W3/E)

Sin(Mu)

1.5*E/(Pi%*P*OmegM*Lc)

Con*SinMu*Sin(2.0*Alfa+Mu)

Com* (Mu-SinMu*Cos{2.0*Alfa+Mu))

- Wa*(Iact*3inEps + Irea*CosEps)

Wa*(lact*CosEps - Irea*SinEps)

- Px(Id*{Lqll¥*Iq+Psiqll) - Iq*(Ld11*Id+Psidll))

Ub + UStep*(STEP(TUStep)-STEP{TUStep+TULeng))
(MT-MG) / (JT+JG)

Psiflp = UE- (RE4REIDFREID*RID)*Psifl /LE1+KE1D*R1D/S/L1Du*PsilD . ..

PsilDD =
PsilQD
IgD

i

Ome gM
Psifl

PsilD
PsilQ
Ig

+ (RE*CF-Kf1D*R1D*(1-KEf1D*CF))*Id
- R1D*(PsilD/S/L1Du -(1-Kfi1D*CF)*Id - Kf1D*Psifl/Lfl)
- R1Q*{PsilQ/S/1L1Qu - Iq)
(3.0%W3/Pi*E*CosAlf- (Rg+3.0/Pi*P*0megM*Le)*Ig-Ubl)/ ...
(Lg+2.0*Lc)
Integ(OmegMD, OmegMO)
Integ(PsiflD,Psifl0)
Integ(PsilbD,PsilD0)
Integ{PsilQb,PsilQ0)
Limint(Igh,Ig0,0.0,100000.0)

END § " DERIVATIVE "

MShaft = (
TERMT((T.G

JG*MT + JT*MG)/(JTHIG)
T.TFIN).OR.(EF.LT.0.5))

END $ " DYNAMIC *

TERMINAL

END § " TERMINAL "

END § " PROGRAM "
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