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- The purpose of this paper is to present a mathematical model for
studying electromagnetic transients of & transformer connected ln cascade
¥ith & synchronous motor. An exact equivalent circuit represents the
system 1s developed wusing the distributed element analysis in the
differentliating form. In addition, the model can be easily account for
neutral point of the transformer which ls connected to ground. In this
study the load is represented in d,q,o0 reference frame,

3everal methods for solving the mathematical model
desired veoltsges and currentz of this model
Generally,

are used. The

can De easily computed.
several cases are considered to explain the effects on system
transientsz of different system parameters.

INTRODUCTION

The analysis of electromagnetic tramsient arising i DPOVEr helworks
has a creat interest and impcrtance. This is mainly because such studies
¥ield necessary information about the possible stresses on different
network components, which wall, in turn, dete:zmine their proger design,
limits of operation as well as their pertinent orotection strategies.

For a propex desian and operation of power system as
consititusnt componentsz, the transient voltzge distribution in the system
must be determined. To evaluste the transient stresses of & zystem
cemponencs during its operation, these compnents should be modeled as a
part of the integrated power system.

wvell a=z its

An attention has been pa:d to the transient voltaze distzibution
along the winding turns of high voltage transformers {1-41. Actually, the
nsformer transient input voltage iz determined primarily by itz locz-

in this network and the overall transientc response of the intercon-
ed svatem. An illustrative example of this method is presented in Fig.
Tnis examois, however, is a transformer-conpnected with synchronous
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motor.

In this present work, a new mathematical medel for & transformer
connected with a synchronous motor is proposed. This model can be uzed to
analyze the transient voltage distribution along the transformer winding
with several transformer loading condltions. In addition, the influence of
the transformer neutral connection on the system's transient behaviour can
easlly be incorporated.

1- HMATHEMATICAL MODEL OF STATICALLY TRANSFORMATION

The substitution clrcuit eqguatiens on converters by curremnt contour
have the following form

dlk _ _
Ly =7t * Rl = & (13
where inductances and resistances contours matrices_are as followa:-
= * * . = x * H = x
Lk Kt L K f Rk Kt R K ; ek Kt = (2)
Eguation (1) must be rearranged, in order to calculate the contour
currents, as follows: :
- - -1,z T
<] 1k/d t Lk (ek Rk ik) {3)

Flg. (2) represents the case of line directions based on the
substituting circuit. The solid and dotted lines dencte the trees and
graphical respectively. From this figure with regard to
nunber of #quations which going on system compositicon, describing the
electromagnetic condlitlons of Fig. 12} are (10-6+1=5). Therefore, the
contour matrix of the system of Fig. (2) is given in table 1.

span
(n=p-g+l), the

Using this table, the matrices of Rk’ I'..k of contour parameters of the
substituting circuit of Fig. 1 are written az the following:-

Bi1[Riz|®13|Rua|Ras Lig|baalPas|lag(Fas

Ry 1R22 Ro3 1Ry 1Rps La1lT22\E23(Poallos

Ry l®a2 |Rys|Fea|Fas Lar|az|Paa|bas|Fas

Rg1®52{Rs3|Rs4{Kss Loy |lsz|bss|Fsq|Pss

The vectors representing the curzents and voltages are:

Ek = [11i12}i3[14|15]

ey = [ed|eB - eclec s ey ¥ ed]eA - ec|ec Ty, toey)
The brances currents in the substituting circuit are limited by the
following equation:

i = K lK (4)

Many methods in the lliterature is wused to integrate differential
equations but the fourth order Rung-Kutta methed 13 preferred. This |is



Mansoura Engineering Journal {MEJ), Yol.18,No. t,March. 1993, E. 28

because it has zuffictent hlah accuracy compared with othey methods.

The values of intearating step follows select the calculation of
minimum meaning of constant time of the modelling systen iz

n < ¢ Tmin
Thus the currents in all branchs of circuits are limited by’
increasing matrix contour currents (n). Moreover, in these moments the

massive formation come out information, which lead out to stamp tables and
graphics after finishing the integration process.

2~ MATHEMATICAL MODEL OF A SYNCHRONOUS MOTOR

The mathematlcal process using electromechanical energy transforma-

tion in synchronous motor in back current sequences differs from cerfain
complex sequences.

At unsymmetrical feeding voltage of stator wvindings of synchronous
motor, it is useful to use the d, g, o reference frame. Therefore, the
following equations are obtained:

dpd Rs HRS
Ya T TETET T EIPa T SEILD Pra 3
s r S
de MR
R T A e 8 (6)
=} 9 r = 9
0 = _d_fEQ_ _:_{.__ _}fii__--.. + W (7)
d & Trd erLs ﬁd 4 prq
de R MR
g T L
8] ZE mmmmSa i == — ——————
at ¥ ToL ¥rq S L Pq T ¥y Pra (81
dwr T r s
§7t T T3 Mg m Mg v, 2)) (9
where,
M_ = (3/2) D. » . -
n (3/2) P. (M/ Ler} {wqprd prchl {103

In equations (1-5), the current relations must be wused instesd of
flux linkages to solve system egquations as well as the synchronous
Therefore, the relations between currents and flux linkages are
the following equations:

motor .
given in

la ¥ 3774 T TSR LT Pra (1)
s s r

i 0= -*é--w R S E {12)

q ULS q uLer rg

P T L N

ar oL ¥ar oL . %a t13)

T = 4

i = --5—-w T < ? {14}

[uf 4 uLs qr DLSLr g

3ince the egquations

E In unsymmeétrical systems can be Wwritten in phasa
coordinates, the equations of synchronous motor voltage in d, q
coordinates are related to the for valtages,
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Ud = (1/3) = {2 x Ua - Ub - UC]
= 11/31_* [2 % Uab_ chl
Uq = (l/#_fl x {Ub - Uc]
) = {L/Y 3) ch
and for currents
ia = id _ .
ib = - 0.5 ¥ ia + (Y 3/2) * ib
ic = - 13 - ib

Substituting of the investigated equations (5

mocors with eguations (10:15) and Eg. (16), the following

obtained ;
dy R M R
_a_ L 1 - - =
a7e” T 07 (ap T Vpe! T OTHLITPa t LT Pra
¥ 3 r’'s
g e Re o, MR
d t .3 ULS a ULrLs £g
$Pra MR o e g
dat quLs d vl "trd r “rqg
de M R R
-9 ___EL - --E_
d t vl L wq er rg vV prq
d w
L. __BP__ (3. _M__ - -
a4z J (=3P vl L (ﬁqﬁrd ﬂrqﬁd) Hotvypo il

Since electromaanetic and mechanical eguations
chronous motor which iz connected in star with

isolated, the following eguations are obtained {41 ;

Ud = d@d fat + Rsid - wr prd
U =dp Jdt + R} - w_ g

q q | r rq

Ug = dﬁffdt + Rl

Q= dpsd/dt * de 1sc‘I

aQ =dd¢3q/dt + qu 1sq

J Yr 3 . .

BT dTeT T T3 Pleglg Toeglgl T Melve L B)
88 Ly

dt” = T«

where, L psq are the magnetic flux 1linkage

coordinates of synchronous motor.

The first part of right hand side of Eg.
electromaanetic moment of the motor.

9)

of

{15}

(16}

(17)
{18}
{19)

eguzations

(200

(21}

(22)

(23}

{24)

descrbing the

the

neutral coi

{z3)
{26}
£27)
{28}
t29)
(30)

(31)

of stator and

(30}

represents

synchronous

are

syn-
Yl is

rotor

the

The relations between magnetic-£flux linkage and all contours currents

of the svynchronous motor is in the form ;
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o= L 1 & H § +M 1 (32)
3 dd 4 df f dp D
Pp = lpgle * (372) Mgpdy v Moty £33)
Psa= bppisa® (3/2) Mapig *+ Mpgig (31
Pq = quxq + Mqusq iii:
psq— LQ015q+ (3/2) quiq
After obtalning the mathematical model which is described by the
mentioned equations, these equatlons must be solved., Therefore, two

methods have been uaed to solve these egquatlions:
a} First Method

The first method dependzs on solving the equations (25%-29) with
relative to derivative of magnetic-flux linkage. Therefore, equation (232}

to (36) have been used to substitute the currxents into equations (25} to
(29).

U=—%€—+Ri+w; (371

where, U = [Ud’ Uq, Uf, g, 0! 18 voltage vector at terminal colls of the

notors ;

i = (ld' 1q’ 15r ivd’ qu) is current vectors of the motor,

= (wd, pq, Pri Prav @rq} is the magnetic flux-linkage wvector of
the motor.

R = iz the diagonal matrix of the motor coil active resistances.

% 1s the squsre matrix of the rotating angular £freguency of the

rotor which is in the form

Q . Q Q o
) w ] ) o 0
w =]0 0 o] Q G
Q Q Q s) o}
K o 0 0 0
Eqns._(3%2-36}) of the vectoxr matrix can be put In compact form as
@ =L i {38)
where L 13 a square matrix of self and mutual inductances of motor colls
Laa Mot Map o o
(3X2)de Lff HDf ¢ O
L = (3/2lMdD Mz LDD o 8]
[s] a] Q L - L
N qad qQ
0
o) {(3/2 )M Q LGQ
The current can be obtained from Eg. {28) as
- -1
i =L Te {397

Substituting Eg. (39} in Eq. (37) and solving with relative to magnetic-
flux linkage vields

d -1- - -
—Ef- =U-RL "3 -waep 140)

while Eg. (39) is used for calculating the motor currents. Considering the
values of rotating speed of rotor field and the rotating angle £, Eqns.
{30}, (31) of the mechanical condition of the rotor are solved.
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b) Second Method

In this method the currents ¢f the coils 1is obtained firstly by

substituting Eq. (37) in Bq. {38) to yield the eguation
Tl AU SR A ¢ (41}

Then, the phase voltsges of busbars, which connect with stator ecall of
synchronous motor can be written in &, g, O reference frame as

R O : ol ;

Ud = -3 {2 Uab + ch) cos 8 + == chSln 8 {42)
Y 3

= i .
Uq 3 ch cos & 3 {2 Uab + ch) sin & {43)
The currents of the stator coils in phase guantity related to 4, g, ©
reference frame is:
i, = 1d EES a - lq 3in @ B {(44)
ib = [{(¥ 3/2) iq - 0.5 id) cos B8+ (0.5 tq + (v 3/2)1d3sln =] (45)
i = -1 - i {46)
c a b

The final differential equations af electromagnetic loads results
the normal case are obtalned from the above step. This |s
essential to reduce the machine time and necessary
translent process in unsymetrical systems.

in
lmportant and
for caleculating the

3- EQUIVALENT PARAMETERS DEFINITIONS CF SYNCHRONOUS MOTOR

The analysis mentioned earlier In the previous sections, show that
its difficult to obtzin an egulvalent representation for a group of
synchranous motors described by Egns. (5 : 46) and if possible it 4id4 not
give real pictures of motion process according to some neglecting. Seo
that, the system calculations in whlch an equivalent synchronous motor is
used can correctly be reproduced only at a certain peculiarity ztTeal
transient process. The ezror in the calculatlons depend on the above
reasons which need to satisfy the eguivalent circuit. Therefore, choosing
the equivalent criteria on the same significance [61].

In the present work, it may be taken Eto account, the
investigation of electromagnetic tzranslent process. So that
motor produced Dy the criteria of translent process coincide.

This criteria in the generzal form is ;

pit) = 1deal ; Qit}) = ideal : {47y

The practical parameters of the equivalent motor are czlculated from

the inltlal conditions of minimum interval time of investigation process

1 2
SR (U, v, £) <P (U, v, BT A “—===>min, (48)

given
eguivalent

q

1

L=1

UG U, w, €Y -0 (U, v, 80317 & -—---D min. (491
n =X =4

4- MATHEMATICAL MODEL OF TRANSFORMERS

The substitution circuit of traznsformexr wvhlich is cannected i3 shown
in Fig. (3) while the dlrection graphic is shown in Fig. (4.

The differential equations of the composed system s Dbazsed on  the
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contour currents method.

In these equations, the coefficients L
L

r L ’
ab
the sharc
where L a’ is the inductance of

The coefficients an, L

g’ FePresent the non-~iinear dynamic fnductances of phases on
circuit principles of the magnetic flux,
magnetic flux for zero sequence .
are decermined by the a
and currents.

e = f (1y), (50)

Since the differential equations of the «circuit of Fig. {3)

representing the system whlch contain three electrical no bounding
circults. So nine equations are gbtained.

The compact form oF these equatlions is given as follows:-

ab” ch, and L

dipe) _ =
Lk g1 + Rkik = 8y (511
where,
0
LiafﬁLz aLz an 0 .
1]
an L1b+aLz QLZ X
0 g 0
an an L1C+aLZ 0 Q
4] 0 0 Lza+L2b Lza -LbL 0 0 o
+l.z
c
L, - 0 0 0 Lz, e+l | Lo, | o 0 0
a 0 0 _LDL LCL L2C+LCL 0 0 0
1 0 0 1] 0 0 Lgaﬂ.go Lgo qu
0 i} 0 0 4] qu L.gb+Lgo Lgo
+
Y a 1 0 Q qu qu Lgc L
and the value of Rk is
Rya*aR, aR, aR, 0 0 0 0
ﬁRz Rib+ng pRz 0 0 | 0 0
aRz nRz Rk +5Rz 0 0 0 4]
0 0 0 Rz +Rz R2 -Rz2 0 0 0
a b a
+R2
- 0
Rk— o] 0 Q Rza RaL+Lza RCL a )
+RCL
0
o 1] aQ RbL RCL R2C+RbL li] 0
*Rer
0 0 0 a a a a 0
o o] [ o 4] o
1] 0 Q Q a a 0 0 a

go
pproximatlon depending on the magnetic flux linkage -

go
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The mathematical model of the magnetic clrguit of the transformer s
indicated from their electrical equiwvalents. bependance between the
electrical and equivalent magnetic circults in the substitution circuit is
presented In mutuval induectances. These mutual inductances appear in  the

relation between corresponding and mutual inductance coefflecients, Kt

1.0 to the voltage of magnetic-flux linkages.

The non-linear phase of the dypamic Inductances on the principle of
magnetic £lux in the model calculatlons are given by the ~wvalues at the
moment of the magnetic fllux linkage of transiormer phases. These,
however, in the fitting zones of cutting approximation section cf magnetic
curves.

Calculations of magnetic transformer curves of the form ¢ = £ (1}
limlits the following manners:
1) By knowing the formula Ut n = 2 f Phax’ the significance amplitude

of nominal phase of magnetic-flux linkage is found from
pt.nph = ZUH/ZV 3 nf

ii} The sign of Tox % transfermer and the coefficient form of magnetic

current curve limit the amplitude of normzl magnetic current of the
working transformer.
I =1 % I K /100 = § K_/¥ 30
ny XK n t n £ n
tii) By the standard magnetic curve g = f(ip) electrotechnique of steel

constructions o/c of magnetlc transformer.
iv) Obtaining the magnetic curve which limits dynamic¢ inductances, the

mathematical model of transformer allow to investigate as transients,
as establishing proceszsses,

5- MATHEMATICAL MODEL FOR TRANSIENT PROCESS ANALYSIS INCLUDING NODAL
POINTS OF LOGADS

The substitutling c¢ircult of nodal pelnts of lcads is shown in Fig.
{5) and that representing its graphic ls shown in Flg. {6). As shown, the
sobstituting circult ln composition appear in a&all consuming electrical
energy. These depend on the principle of complex nodal polnts.

Regarding the equations which describe the electromagnetic condition
of motor as well as, the differential equations which connect the valtages

and condenser currents, the full differepntial equation become 27 eguations
7, &1.

Thiz model allows to limit currents in choosing contours, voltage in
nodal points of parts and magneticfilux linkage in magnetic circuicts.

The mathematical model zllows also to investigate the electrical
transmission systems at unsymmetrical e.m.f. of the feeding system. These
e.m.fs appear in positive and negative segquences,
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6- THE RESULTS

To examine the availability of the proposed model, a FORTRAN program
has been constructed. The data requlred, for different types of loads,
have been obtained. These, loads are static-converter, and complex load of
a4 synchronous motor Iln copjunction with the statlic-converter. Alzo
different system feeding conditions are studied. The results of

these
laads are discussed below,

6.1 Transformer Connected with Static Converter

Flrstly, the stalic converter ls considered alone as a load connected

to the feeding transformer. The output of the transient conditiens are
glven by curves of Fig. (7).

In Fig. (7a) greoup of curves lllustrate the wvoltages, currents and
fluxlinkages waveforms at load busbar are given. Fig. {7a} shows that when
the voltage of the secondary coil of the feeding transformer is Increased
in one phase, the corresponding flux-linkage has a non-periodic comperents
ot a flux-linkage of the transformer. aAfter 0.0l sec. (half-cycle), +the
flux of phase & reaches 1.%5 of its maximum value.

Fig. (7b) indicates that the kransient current, of the secondary copil
of the transformer at the starting condition has & non-periodic form it i3
seen that the current reaches its maximum value at 0.02 sec.

Fitg. (7¢) lllustrates the magnetizing current, while Figs. (7d), {(Te}
represent the d, q reference frame currents of the converter. In Fig. (7d)
the current reaches its mpaximum translent value at 0.03 sec., while
converter output voltages is not pure but it has some ripples in both the
negative and positive reglons as shown in Flgs. (79} , (?7f).

6.2 Transformer-Connected with a Comblntlion of a Synchronous Hotor and
Static Converter

The second condition 1ls to include a synchronous motor in the addition
toe the static converter.
Fig. {(8) represents the outpukt transients of such condition. Fig.
{8a} illustrates the normal line wvoltages. In Fig. {8}y, the transtent
voltage waveform of line AC is shown. The destorsicon In this wave 1s due
to the electronic devices of the converter which always leads to this
effect. From Flg. (8c), the convexter transient current in the q axis
reaches its maxlmom value at 0.04 sec. (two cycles). These, haowever,
within a firing angle of 29-30. Fig. (8d) shows the secondaxry cuxrent of
the transformer which reaches its steady-state at 0.03 sec. Fig. (8e)
represents the waveiform of the synchronous motor stator voltages, It is
clear that in phase & its transient value is reached. Finaly, in Fig.
{8f), the transient £flux zeaches 2.0 of its maximum value.

6.3 TransformerConnected Loads With Unsvmmetrical Feeding

In this case, the complex load section of 6.2 with the
feeding rate are considered as variables. The
variations are 0.05, G.1 and 0.2.

unsyametzrical
range of dissymmetry
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The effects of unymmetrical feeding are shown in Flgs. (%, 16, 11).
The output vwaveforms representing ln Fig. (9) is abtained by wusing the
rate of unsymmetrical feeding 0.05, while, Filgs. (10, 1.) for 0.1 and 0.2.

7

CONCLUSIONS

From thiz paper, the following conclusions may be conzidered:

1- 3 mathematical model for a transformer-connected synchronous mater and
ather loads 1s proposed and applled.
2- Equations describing the proposed model are deduced and presented in

details.

3- The model has the ability to include more complex load nodes.

4- A realized program based on the model is constructed. This program has
the apility to compute the electromagnetic transients due to
unsymmetrical feeding to the nodal loads.

5- The electromagnetic transients under statlec converter and
motor are lnvestligated in details.

The electronic load devices as well as synchronous motor has &2 negative

effect on the maximum transient voltages and cutrents.

7- Increasing the unsymmetrical feeding also has a negative effect on the
transient conditions.

8- The model is a simple, accurate, and easy in uses. In the other hand,
it can be extended %o include more complex loads.

synchronous

8- NOMENCLATURE

Lk & Rk Sgquare matrix of n-inductances and resistances
Tespectively.
ik Contour current measured vectors.
By, Contour wvoltage meascred vectors.
K Contour matrix.
Kt Transpose matrix of contours.
- R

, L S5quare matrices of p-resistances and induactances
order of substituting circuilts branches.

é Mezssured vactor of branches woltages.
i Measuxed vector of branches curzents.
Tnin Minimem Cime of modellng system.
[ Canstant of forth ozder Runc-Kutta mechod = 0,0271.
Ud & U ¢ & q motor stacor voltages.
a

ra Magnetic Iflex linkage of stator and retoxr coils LIn
coorcinates.
. Electrical rotactional speed motor ro%or.
L& L statoy and rotor self inductance.
Mutual inductance Dbetween stator and rotor of
SYnChTanous motor. N
Absolute spread cseffictenz, = L-®7/{L_ - L ).
- -

Rs & R 2ynchronoes nmotor stator and YoTor resistTance.
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F % g Number of oole palrs and woment of lnervia of
SYNCIronous moLor. )
Ug. Yo: Yc Phzses voltages coxzbinations oI Ztator.
u & U, Line vol®ace:z combinations of statoT.
& ¢ T be :
i, 1. &8 1t Phase currents of statorI.
a 1] c _
Ug' iE & pf ' VYoltage, current and maghetic-flux linkage of
excitation coils.
i . = urr nd tic-flux linkage of horizontal
lsd’igq di'*sq C ents a magne g

and vertical contgurs coils.

Angle betveen magnetic of phase axial o0f stator
and hoxrizoutal axial

R_,R

s f,de & qu Stator, excitation, horlzontal and vertlcal coils
reslstances.
. {
dd’qu’LEE’LDD & LQQ Stator and rotor self Inductances Iin hortzontal
and vertical axlals.

a

L

de, MGD & MfD Mutual inductances between excitation, starting
and stater ceoils in horizontal axizl. .

HGQ Mutual inductances between gscarting and STALGY
coll=s in wertical axial.

Lk Square matrix in order nine 0f contour cotls fox
transformers, loads and phase dynamic inductance.

Ry Sguare matri® in oxder nine of resistances Loz

_ _ transtformer coil and loads.

ik & @K.ek Measured wvectors current and magnetic-Zlux linkage
in the high wvoltage side ¢f the *transiormex.
Measured wvector e.m.£.

R nduct i .

LAL’ AL’LCL & RCL Inductances and resistances of load clrcults

oLz, AR Supplementary self inductances and resistances of
zezao zequence for the transigzmer.

Un’ Utn Amplitude of nominal significance of line voltages
on the side of feecding transiozmex.

K_ Coefficient of magnetic current cuxzve,=1.4-1.8.

Inp Normal magnetic current of the transformer.

g Normal power of the transformer.

M rwc, L) Mechanism resistance noment.

& ‘o Stator curzents of coitls 1o coozdinates.

Yar ol RoToxr cuzrents of coils in coordinates.

be __s L.o.. L The non linear €ynamic incuctances o the macnetic

da an gc

flux.
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TABLES
TABLE 1: THE CONTOUR MATRIX OF FIG. 2
Wo. of contours
WG. OF pranches
1 2 3 4 5
1 1 0 0 0 0
z 0 1 0 0 0
3 0 ¢ 1 0 Q
4 0 0 0 1 a
5 0 0 0 0 1
& 1 -1 1 -1 1
7 0 0 0 1 -1
8 0 1 -1 0 0
9 o] -1 1 -1 1
10 1 o] 1 0 1
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converters connected with the secondacy coils of the 1cansformer.

Fig. L. Substition circuit of
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