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This formulary includes definitions and formulas from lectures of the Electric Power Engi-
neering Section of the Institute of Electric Power Systems (IfES) at Leibniz University Han-
over, Germany.

The formulary introduces basic mathematical knowledge and definitions as well as elemen-
tary definitions of electric power engineering using typical German symbols, e.g. for com-
plex rotating and stationary phasors, the passive sign convention or multi-port representation
of electrical devices. From the voltage equations of the symmetrical three-phase power sys-
tem, the single-phase equivalent circuit diagram is derived using the symmetry conditions.
The presentation of the methodology with the symmetrical components enables the reader
to easily calculate unbalanced operating states as a result of, e.g., unbalanced short circuits
or interruptions by a fault-specific interconnection of the positive-, negative- and zero-se-
guence systems.

For the system-defining equipment of electrical power systems, such as synchronous ma-
chines, induction machines, equivalent networks, transformers and lines, the respective pos-
itive-, negative- and zero-sequence equivalent circuits for the calculation of the steady-state
operating behavior are presented and, if necessary, supplemented by equivalent circuits for
the transient and subtransient operating behavior.

Finally, basic methods for network calculation, equipment design and network control are
presented, such as a method for the calculation of current distributions in medium- and low-
voltage networks, stability analysis of the single machine problem, frequency control based
on the dynamic balance model as well as short-circuit current calculation, especially accord-
ing to IEC EN 60909. Furthermore, the calculation of line-to-ground faults in networks with
different types of star point grounding is presented.

Preface

The authors hope that this collection of formulae will not only serve students as an assistance
in their exams and lecture-accompanying exercises but will also be of use in their future
professional life.

This is the seventh edition of the formulary provided by the Electric Power Engineering
Section in English language. Suggestions for this edition are welcome and can be submitted
to hofmann@ifes.uni-hannover.de.

Hannover, September 2022 Lutz Hofmann and the research assistants of the
Electric Power Engineering Section of IfES
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1 Symbols and Abbreviations

General Symbols

g Instantaneous value A
g Value of an amplitude a
G RMS value

General Explanations

Matrix
(Column)vector
Imaginary unit

Electric quantities are given as RMS values. U, I
Equations describing single-phase equivalent circuit dia- U 1
grams consist of phase quantities. ’
Rated quantities are marked by the index r. U,
Nominal and rated voltages (index n or r) are line-to-line U U
voltages. et
Time-dependent quantities are written in lower-case let- Ui
ters. ’
Complex quantities are indicated by underlining. U, 1

Nomenclature According to DIN EN 60027-7:2011

Position Meaning Example Explanation
0 Identification Uy, X1, Voltage source, leakage
reactance, rated current

Phase quantities a, b, ¢ or Voltage of the positive-

1 symmetrical compo- U, SBLENCe Svstem
nents1, 2,0 g y

2 Operating state U Phase-to-ground fault

3 Electrical device Usara At the transformer T4

4 Location Uiraos At the high-voltage side

5 Additional information U 1 405max Highest value

Note:

For the designation according to DIN EN 60027-7:2011, specific preferred indexes are

chosen for position 0), for example:

Source voltage in the positive-sequence system: U,

Source voltage in phase a: @
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Symbols

a Distance R Resistance

A Cross-sectional area, S Slip, proportional droop
energy Yyield S Apparent power

B Susceptance, magnetic flux t Time
density T Period

C Voltage factor U Voltage

C Capacitance v Detuning,

d Diameter, attenuation level of intermeshing

E Energy W Number of turns

F Force U Transformation ratio

G Conductance VA Impedance, section modulus

H Magnetic field strength Y Propagation constant

| Current 5 Rotor displacement angle

k Proportional gain, ground fault factor
imbalance factor s Field ratio

K Correction factor Efficiency

:_ :_nednl?(;[thance Pe Specific ground resistance

n Rotational speed 4 Phase angle

D Number of pole pairs o Mechanical stress

P Active power @ Angular frequency

Q Reactive power, heat Q Mechanical angular frequency

Abbreviations

ASC Active sign convention kap./cap. Capacitive

E Ground potential M Neutral point, star point

ESB Equivalent circuit PSC Passive sign convention

ind. Inductive SC Symmetrical components

Special symbols and mathematical operations

a=e'*" Complex operator of length 1 |G|=G Absolute value of G
(unit phasor)
ReiGl=G G
A Difference {G}=G. Real partof G
Im{G}=G,, Imaginary part of G

Examples of per unit and per unit length quantities

7= Z inrelationto Z; inp.u.orin%

— NG IN i

Z'=

Impedance per unit length Z" in Q/m or Q/km
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Superscript indices

Transient parameter (voltage, re-
actance, etc.) or parameter con-
verted to another voltage level or
to the stator side or a per unit
length parameter

*

T

Subtransient parameter (voltage,
reactance, etc.)

Conjugate parameter
Transposed matrix/vector

Subscript indices (a selection) that describe individual variables in more detail

A
Y
1,2,0

a,b,c

U o0owT g

ers
erz

G

Delta connection parameter
Wye connection parameter
Positive- (1), negative- (2)
and zero- (0)sequence system

Synchronous,
steady-state operating point

Phase a, phase b, phase ¢

Emitted or output
Reactive portion
Reference value
Capacitive, charging
d-axis

Damper longitudinal
axis, attenuation
Electric

Equivalent, substitute
Generation

Field (excitation)
Fault

Mutual inductive or capacitive
coupling

Generator

h,i, j, v Counting index

i
inst
K

Kk

K, k3
kl
k2
k2E
Kin

Internal parameter
Installed (power)
Correction

Short-circuit

3-ph. line-to-ground fault

1-ph. line-to-ground fault
2-ph. line-to-line fault
2-ph. line-to-ground fault
Kinetic

41

L
m

max
min
M

ME
MV

Z:

HV

Open-circuit operation, no-load
operation
(Transmission) line

Magnetizing, mechanical, main
conductor

Maximum

Minimum

Motor, neutral-point, machine-
Neutral-to-ground

Medium-voltage winding
(three-winding transformer)

Nominal

(External) grid
High-voltage winding
(transformer)

Source, g-(axis) parameter

Damper quadrature axis,
source

Rated

per unit

Self, stator, sub-conductor
Symmetrical components
Vector group

Phase

Turbine, transformer

Low-voltage winding
(transformer)

Losses

Active portion, resisting
Characteristic (impedance)
absorbed, input
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2 Fundamentals

2 Fundamentals
2.1

Instantaneous Values and Phasor Representation

Rotating amplitude phasor g

g = § (cos(wt +¢,) + jsin(wt +¢,))

Definition of rotating phasor , o
gp _ Q el(a)t+(ﬂg) — Q eja)telf/’g — RE{Q}-F J Im{g}
Conjugate rotating phasor Q* =g e o)
Correlation between instantaneous values and rotating phasor
5 ARe A g(t)=gcos(wt+g,)=Re{g}
/g:\ oT =21
@ Py : T = 2m_1
Py > w f
- : i T
Im T 2n ot
Initial phase @, (Phase angle at t = 0)

Stationary phasor G V)

A

G=—-= -
— \/E ejwt
Phasor -
=G (cos g, + jsing,)
=Re(G)+jIm(G) =G, +G,,

—Ge'”

G =Ge '™ =G(cosg, —jsing,)=G, -G,

Conjugate phasor
Im A
G, _“G____ :Q
Phasor diagram Py R»e
G,
Gu """"" Ig*

D Stationary phasors are hereinafter called "phasors".
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2.2

Passive Sign Convention (PSC) and Reference Direction of the Active

and Reactive Power

PSC: Nominal direction convention for terminal voltage and current of an element

I

Voltage, current, active/reactive O—>—
power arrows point in the same P,Q
direction for a two-terminal U — T
element in the PSC -

o— |

1A g

Voltage, current, active/reactive O—>— — <+
power arrows point in the same di- Py, Qs Ps.Qg
rection at each side for a four-ter- U — 1 e U
minal element in the PSC =A =B

o—— ——oO

2.3  Relations Between Sinusoidal Voltages and Currents in the Time and
Frequency Domain for Linear Elements
A . Voltage and current as a
u(t) =udcos(wt+p,) Phasor diagram function of time
A
. u(t)
I (1) =—= Im u
R R Ie
G Pi=m
=—cos(mt + >
m R (@tre.) 9=0 Re

=1, cos(wt+¢,)

iL(t):%ju(t) dt
= a)il_sin(a)t +¢,)

=1, cos(wt+ ¢, — g)

=1, cos(wt+¢,)
Lm=c ™ . vt
C dt =73 40\

=—lawCsin(ot+¢,)
=1, cos(wt+q, + g)

=1_cos(ot+¢,)

Pu

Phase shift ¢ = ¢, — ¢, (Pointing from current to voltage)
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2.4  Power in AC Circuits Using the PSC

Instantaneous power p(t)

Instantaneous power of a two-ter-
minal (one-port) element with ter-
minal voltage u(t) and terminal cur-
rent i(t)

p(t) =u(t)-i(t)
=U I (cosp+cos(2mt+9, +¢,))
=P+Scos(2at+g, +¢,)
= P(1+cos(2a)t+(pu))+QSin(20)t+(0u)

= Py (t) + po (1)

Complex apparent power S, active power P and reactive power Q

Power equation of a two-terminal
(one-port) element with terminal
voltage U and terminal current |

§:Ql* —U | elln2 —y|elr=5el”
=P+ jQ=S(cosg+ jsing)

Active and reactive current

S _ P;Jerwu :(Iw+j|b) el

l_ *

_fy2 2
=12 +1

1

Phasor diagram

-

Ib<09/

Relation between active/reactive

power and active/reactive currents

P=UI,=Ulcosg
Q=-Ul,=-Ulsing

Active/displacement factor

-1<cosp<1
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P >0 — Active power consumption
(consumer)

P <0 — Active power output
Power conventions in the PSC (producer)
(equal reference direction convention

as in Section 2.2) Q >0 — Reactive power consumption

(inductive behavior)
Q <0 — Reactive power output
(capacitive behavior)

0<p<Z | P>0 | Q>0 imA n
2 O0<p<t
| 2/
\\ Q x Q // ."§
T ? 7
~Z<p<0 | P>0 <0 S Z z
2 4 Q e - S S——
T <p<0 @ Py (2
T 2 . . [Re
_nSgoS—E P<0 Q<0 /\\\\ 5 5
// AN 7T
/ AN —<p<T
T /// \\\\ 2 v
Z<psn | P<0| Q>0 Soms<esT

2.5 Impedance, Admittance and Apparent Power of Basic Elements Us-
ing the PSC

Impedance Z (with resistance R and reactance X)

Z- (+)UT:UTei<%-W 7 el = Re(Z)+jIM(Z) = Z (c0s @, + jsing,) = R+ X

Z=\R*+X* and @, =@, -, =arctan% (for R>0)

Admittance Y (with conductance G and susceptance B)

Y = (+)UL =Ule"(’/"‘”“) =Y e!™ =Re(Y)+jIm(Y) =Y (cos e, + jsing,) =G+ jB

Y =JG*+B? and ¢, =—¢, =, — 9, :arctang (for G>0)

Element Z=R+jX Y=G+jB S=P+jQ=U1I"
Resistor R %zG RI’=GU’=UI,
: . 1 : . i i
Inductor JoL=]X_ ja)_L:_JBL X 1?=jB U*=-jUl,
1 . . . . . .
Capacitor ja)—C:_JXC joC=jB, —jX 1?=—jB U’ =—jU I,




2 Fundamentals

Page 5

2.6 Harmonics

Harmonics

RMS value of a signal subjected to

G:\/Gf+G§+...+Gi =

harmonics ~
h = 1: Fundamental component with frequency f,
h > 1: Order number of harmonic with frequency f, =h-f;
Fund | f g= & -5
ndamen r = ==
undamental facto \/Gf+G§+...+Gi G

Total harmonic distortion (THD) d

G +...+G?

JGZ+...+G?

_\/Gf+GZZ+...+Gi G

Relation between g and d g®+d*=1

Apparent power S, fundamental ap-
parent power S: and distortion
power D

S2=U?I1°=

YUy
h=1

h=1

=9597U’17+(gidy +gidf +did?)u’l?
=S/ +D*=P?+Q/ +D?

Fundamental active/reactive power

S,=U,l; =R +jQ =U,l,(cosg, +jsing,)

Relation between apparent, active,
reactive and distortion power

Power factor

(see active/displacement factor in Sec-
tion 2.4)
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2.7  Multi-Port Theory
2.7.1 One-Port Networks

Voltage source equivalent circuit
U=21+U,

=
N
N
C

Current source equivalent circuit

1=Y,U+l, [ {E} Y, u
Open-circuit operation U=U,=U, resp.U=U, = —ilq
(No-load operation) Y,

o . 1
Short-circuit operation I=l=——-"Ugresp. I=1,=1,

i U
Conversion Z == =t e, U,=-Z.l,
(identical terminal behavior) - 1, 1,

2.7.2 Two-Port Networks
Impedance representation
A |_A ;AA_ZAB ZBB_;AB |B B

T-equivalent circuit

(Z-characteristic) i

lB=0 lB Ly

Z =A Lo ==A
_ Ui [T Tl =% Iel0|[ 1A
Two-port equation u. |~ U,
VA




2 Fundamentals Page 7
Admittance representation
A 1 —Y 8 1g B
o—>» ~ <«—o0
IT-equivalent circuit
Ua YantYae Yes+Yas Ug
Y, =1A Y,.=1A
. lA M Ya Ug= e Us Up= QA
Two-port (?qgatlon 1, = V. s g u,
(Y-characteristic) —BA Ty, Uge —BB " ug U,
i=Yu
Iterative representation (cascade or transmission representation)
14 lg
o—b—| —<—0
Iterative form {AAA AAB}
Ua Aen Ao Ug
o0—— ———oO
Apn = e AB A
. . . = u =
Terminal quantities of side A {L—JA} _ B ls=0 1B lug=0 [L—JB}
in dependence of side B Ia Ags = 1A Ay =2 I
.. .. - Ug|, _ - 1Bl _
(transmission characteristic) 1g=0 Ug=0
I,=An 2
Cascade connection of two-port networks
lA l{a = _lB = lc I_D
o—p— ——»——O0—p— — <40
|:AAA _AABi| |:ACC ACDj|
A -A A A
QA _BA_AI BB L_JB=L_JC _D(iA DD L_JD
oO— _ O _ ———o0
Terminal quantities of side A 2y =P 25 = AP Zp
in dependence of side D For the cascaded connection, the terminal values of
side B are expressed in the ASC (primed variables)
Inversion
Inverse of a 2x2 matrix At A 1 | As A
(det(A) = AxaAge — AnsPea ) det(A) det(A) [-Asn A

Losses and reactive power requirement of a two-port network

Losses and reactive power require-
ment

§v = I:)v +ij :§A +§B :L_JAl; +QBL;
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2.7.3  Special Two-Port Networks and Their Equivalent Circuits

Designation

Equivalent circuit

Iterative matrix A

Series impedance

Z

o— ~ |——>

-

Ideal transformer

O O
: 1 0
Shunt admittance L
Y=2 Yy -1
u:1
O ¥ O

T-equivalent circuit

|

Z,Y;+1
Y,

_(;1 +Z,+ ;1;2!3)
—(Z,Y,+1)

parameters in 8.3)

I1-equivalent Z,Y,+1 —Z,
circuit 11 +X2 +!1!2 ;3 _(;3!1 +1)
Uniform .
transmission line cosh (Zl) ~Zysinh (ZI)
(see distributed Y, Sinh (ZI ) —cosh (ZI )
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3 Three-Phase System
3.1  Wye Connection and Delta Connection

Three-phase system with two loads (wye connection and delta connection)

wye connection delta connection

T TR
Ua| Uy | U | Y] L2 2ol 2 liﬁr
IM
Zyell JQMEv Tue U s Lse
S A L] v,u=a,b,c

Line current 1
Line-to-line voltage U,
Line-to-ground voltage U,
Line-to-neutral voltage U, u
Phase current Loser e
Phase voltage Usor YUt
Neutral-to-ground voltage U e
Neutral(-to-ground) current Tye

Wye connection Y

Relation between phase, neutral and line currents and voltages:
U 1 -1 o]lu 1 -1 o][u [

a = astr a —aStr

U |[=| 0 1 -1{|U,|=| 0 1 -1||Uy, |and |1, |=]]ps

Llca -1 0 1 L_J -1 0 1 llcStr I_c I_cStr

and U, =U o +U e, Uye =Zyelye and 1, = Zlv = Zlvstr for v=ab,c

c

Delta connection A

Relation between phase and line currents and voltages:

la 1 0 -1 labStr Liab lla\bStr 1 -1 0 Qa
lb =-1 1 0 I_chtr and llbc = L_chStr =1 0 1 -1 Qb
| 0O -1 1}1 U U -1 0 1]|U

~C —casStr ~ca =~ caStr =c
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3.2  Voltages and Currents in the Three-Phase System

ica
lab —bc
/N e A Le Bl Zeo
N y T
L_ch ~ bc 7
N S A
RITHE U
o U, _abT z
4R lgA v U@ ~1la
ey N/
U
ZME luME_qa lialA L—JaB YaE I ibE I XCE
E
Voltage equation system?):
_;ME ;ME ;ME I_aA Llqa ;aa ;ab ;ac I_aA L_JaB
Zve Zme Zwe || Loa |[H|YUp |t Zba Zoo Zoc || Loa |=|Yss
_;ME ZME ;ME I_cA liqc ;ca ;cb ch I_cA L_JcB
Zyeip+U,+Zi, =Ug and
_;aB 0 0 I_aB LlaB
0 Zig 0 L |= Lle
L 0 0 Zg]|lls U
Ly iB =Ug
including:
llaA llqa lAME laA
Lle = qu + QME and QME :;MEI_ME :;ME [1 1 1] I_bA
L_JCA liqc lJME ch
Up =Uy +Upe and U, = ;MElTiA
Current equation system:
I_aA laB XaE +Xab +!ac _!ab _Xac liaB 0
Toa |+] Los |+ Y Yoe +Yp + Y Y Up |=|0
I_cA ch _!ca _ch XCE +Xca +ch licB 0
Ira+ig+Y Uy =0

2 The connection between the phases due to the mutual impedances is neglected for Z,. Taking into

account the mutual impedances requires Z to be build up in analogy to Z .
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3.3 Balanced Three-Phase System
3.3.1 Conditions for a balanced three-phase system

a) Geometric symmetry (symmetrical structure of the network components)

Impedance matrix (see Section 3.2):

Lo Lo La| |L 29 44 including Z,,=2,,=Z,.=Z, and
Z=2y Zy Zy|=|Z, Z, Z
- =b = =° o ’ Zab:Zba:Zbc:Zcb:Zac:an:Zg
;ca Zcb ;cc ;g ;g ;s
Admittance matrix (see Section 3.2):
XaE +!ab +Xac _Xab _Xac Xs Xg !g
Y= Y b Yoe + Yo+ Y Y e =Y, Y, Y, |including
_!ca _ch !CE +Xca +ch Xg Xg !s

XaE :!bE :!CE :!E’ !ab :!ba :Xbc :!cb :!ac :Xca :X :_!g and XE +2! :X

S

b) Electric symmetry (symmetrical (balanced) sources and loads)

Symmetrical sources Up+tUptU=U,+ QZQqa +ay,, =0
Symmetrical loads Zo=Zs=25=2Zg (seefootnote 1)

From a) and b) follows: Symmetrical currents and voltages at each location x

+1, +1,=1,(0+a*+a)=0and U, +U, +U_ =U_(+a’+a)=0

L

3.3.2 Single-Phase Equivalent Circuit

Assuming a balanced three-phase system as described in 3.3.1, the general voltage and
current equation systems from 3.2 can be transferred to decoupled equation systems:

L_an ;s _;g 0 0 I_ liaB ;B 0 0 I_aB
qu + 0 Z _Zg 0 La |=|Us |=| 0 Zg O || 14| and
L_ch 0 0 ;s _;g I_cA lch 0 0 ;B I_CB
i | Y, -Y 0 0 |[U 0
—aA —aB —s -0 —aB . QME — 0 and I_ME — 0
Loa |+] Log |+ 0 YooY, 0 Upg |=| 0 with
aswellas u, =u,
_ch ch 0 0 !s _Xg Lch

Single-phase equivalent circuit for the reference phase a of the balanced three-phase
system from Section 3.2

With: -7 _
I—A A ;1 - ;s ;g

B

lg

;l:Zs_;gv

ilzis _Xg :YE+3!! <
U

(The index a can be omitted)

The single-phase equivalent circuit for the line a of the balanced three-phase system is
identical to the positive-sequence equivalent circuit (index 1) (see Section 3.5.2).
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3.3.3 Relations Between Phase, Neutral and Line Voltages and Currents

Wye connection Y

Relation between phase, neutral and line currents and voltages:

Llab llaStr T L_JaStr I_a I_aStr

2 s _ _
U |=(1-8)| Yy |= V3€°|Upg, | and |1, |=| Ly, [aNd U5 =U, =U,,
L_Jca llcStr LicStr lc I_cStr

Delta connection A

Relation between phase and line currents and voltages:

I_a labStr T labStr liab liabStr T Qa
Ly |=(1=a)| Lyesy [5v3€ ¢| Lyesy | and | U, | =| Uy |=~/3€8|U
b [T L)l Locstr |~ 2 bcStr e | 7| Zbestr | ~b
lc lcaStr lcaStr Llca LlcaStr !c

I_abStr

U U

= vuStr = = vu

v,u=anb,c
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3.3.4 Phasor Diagram and Three-Phase Apparent Power

S =38

—a

Three-phase apparent power

§=§a+§b+§c :L_Jal_;—i_ubl_z_i_L_Jcl_z
=3U,1, e" =P+jQ=Scos(p)+jSsin(¢)
=Sel”

3.4  Wye-Delta Transformation
Transformations between delta and wye connections®
!a !b !b ! !c Xa

Wye-delta transformation Lo = s Yo = Ve =

Yy Yy Yy
(Y—>A) ] )

including Yy =Y, +Y, +Y,
. Zab an Zab Zbc Zac Zbc

Delta-wye transformation LaT T, BT, AT,

=2 =X =2
(A=) including Zs = Z,, +Z,, +Z.,
Transformation for the balanced three-phase system (see Section 3.3)

- v Y == for Y>Aand Z, == for A>Y

with v, u=a,b,c -3 3

¥ Requirement: No grounding of the neutral point of the wye circuit (Y,,. =0 resp. |;ME| — ).
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3.5 Unbalanced Three-Phase System

3.5.1 Symmetrical Components

Symmetrical components (SC) of
an unbalanced three-phase system

positive sequence (1) negative sequence (2) zero sequence (0)

gbz G angbogco

120° 120°

Phase a as reference phase

§a1 = 91 (_;aZ = Gz an = 90
Gy = @261 G, =aG, G, =G,

ch = Q‘gl ch = §2§2 (_300 = 90
. L. . _Q §a1+(;;a2+§a0_
Decompc_)smon of quantities into g=G,|= |G,+G,+G,
symmetrical components =
_Q ch + QCZ + QCO _
G|t 1 1G]
g=|G,|=|a" a 1]G,|=Tg,
'I_'ransformatlon from phase quanti- G| |a & 1|Go,
ties a, b, ¢ to symmetrical compo-
nents 1 2, 0 and its inverse trans- G 1 a allc
formation 1 S = .
95 =G, :é 1 a° al|G|=1s9g
1 Go | 1 1 1|6

Phasor diagram of unbalanced
phase quantities and their composi-
tion in symmetrical components

Apparent power in
symmetrical components

Apparent power in
phase quantities

Transformation to symmetrical
components is variant in terms of
apparent power
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3.5.2 Equivalent Circuits in Symmetrical Components

Voltage equations from 3.2 in symmetrical components (decoupled):

0 Lia qu Z Lia Up Zig 0 0 I
0 La |[+] O |+ Z, La|=|Ux|=| 0 Zxp 0 |ls
L 3Z e || Loa 0 Zo || Loa Uos 0 0 Zep ][l
Current equations from 3.2 in symmetrical components (decoupled):
_llA llB il QlB 0 L_JlA qu 0
Loa [+] Los |+ Y, Uy |=|0|With|U,, |=| 0 |+ 0
_lOA I_OB 10 L_JOB 0 L_JOA O 3;ME lOA
Positive-sequence equivalent circuit: 7 7
;1:;5_19 l‘lA A *1_:_5‘_7!; B lga
< >
Z1B = ;B
Y, =Y. =Y, =Y +3Y
-1 —S —g —E — Qq l() LllA Xl = Xs _Y79 |:g| lJ;LB |:£| ;B
LJql = lan = uq
(compare to single-phase equivalent circuiff 01 v \/
of the symmetrical 3-phase system in 3.3.1)
- - ZZ = Zs _Z
Negative-sequence equivalent la A T = "B g
circuit: ~ L~ >

;2 =;1 zés _;g
;23 = ;13 = ;B Uz Y=Y, =Y, U Zg
Y, =Y, =Y, _!g =Yg +3Y

02

-t
-

Zero-sequence equivalent circuit: - ~ >
;0 = ;S + 2;9

;OB :;B U e |:E| Uoa YOZYS+2Yg|:E| Ugs |:E|ZB

10 :is +2!g =1E
00 - A

A\

The neutral-to-ground impedance Z,,. affects only the zero-sequence system. The
neutral-to-ground voltage is: U : =3Z el oa

For the balanced three-phase system, the following applies:

The component systems are decoupled and the negative- and zero-sequence equivalent
circuits are passive networks. Thus, the balanced three-system can be described by the
positive-sequence equivalent circuit (see 3.3.1).

For the unbalanced three-phase system, the following applies:

As aresult of unbalanced faults, the equivalent circuits of the symmetrical components
are coupled at the fault location (see 3.5.3) The structure of coupling follows from three
fault conditions, which have to be transferred to symmetrical components.
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3.5.3 Fault Conditions and Interconnections of Equivalent Circuits in Symmet-
rical Components

Fault Fault conditions Inte_rcon-
t - nection of
s Three-phase system Symmetrical components (SC) |  the SC
U,-u,=0| — U, =0 — | o
q —e——
b 1—|U,-U.=0 — U,=0 S B2
E —  Lrh+k= — I, =0 b
U,=0 - U,=0
4 —e—
b U,=0 — U,=0
E———— Uc =0 - QO =0
L_Ja =0 - L—Jl+u2+u0 =0
q —e——
b — I, =0 .
E—1 — .= _
— 1,=0 _
a
b — 1,+1,=0 S
E ub _L_Jc =0 _— uz :Ql
_ I_a =0 _
a
lg:_ Y, =0 - U,=U,
E—rd—ro U, = - U, =U,
_ 1,=0 o
4 —e o——
2: : - lb =0 -
E I 1.=0 —
ua =0 - u1+L_J2+L_J0 =0
a4 —e—o—
E: : — lb =0 -
E — 1.=0 -
_ I_a =0 _
4 —e o—0o
(ti)—o—o— lJb = 0 e uZ :Ql
E U, = - Uy =U,
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4 Equivalent Networks

Positive-sequence equivalent circuit

R jX
gridbus | | ,
id . Y
Internal grid |mp.edance. U Z. U
Z =2y =Ry + Xy = =1
01 \ J
Positive-sequence impedance cU, cU2 r 2
(see Section 12.3 for voltage factor INT =, PRRRRASTY 1+ —
\/_ " S
C=Cray =11) 31 k XN
R
R-X ratio: N/ Xy =%
X N
Three-phase short-circuit power 2
y ” cU, cU’
(fictitious calculation value, see Sec- Sy = \/§UnN I; = \/§UHN 7 No= > N
tion 12.3 for voltage factor ¢ =c,, =11) 3Ziy IN
Negative-sequence equivalent circuit
Zow
Usually, the negative-sequence im- 4| I—‘_o
pedance for equivalent circuits is: U
=2
L, =L,y =Ly
02
Zero-sequence equivalent circuit
The zero-sequence impedance /
Zy=LZoy+32Zy = -
depends on the neutral grounding:
Lo _a 3Z e U,
ZlN Ili’l
(1g /1%, three-phase to single-phase short- 00
circuit ratio)

plies: Z,> 7,

For isolated-neutral and resonant-grounded power systems, the following ap-

For solidly grounded (Z,,c =0) power systems, the following applies: Z, =2,y >Z,y

Special case: stiff network

Sy »ooand Zyy =Z,y =Zoy =Zye >0
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5 Synchronous Machines
5.1

Equivalent Circuits for Steady-State Operating Conditions

Positive-sequence equivalent circuit

General generator equation

L_Jl =(Ra +jx1)ll+QA +L_Jp
U, =i(Xq= X)L +§(Xg = X, ) Lyq

Positive-sequence equivalent circuit of sa

lient-pole machines

Salient-pole machine: X, = X,

Appropriate: X, =X,

Positive-sequence impedance:
£ =L;=R+ jxl

01 A\ J

\

Positive-sequence equivalent circuit of nonsalient-pole machines (or cylindrical-rotor

machines)

Nonsalient-pole machine: X, =X,

Appropriate: X, = X,

Positive-sequence impedance:
Z=Ls=R+ le

Synchronous generated voltage (nonlin-
ear function of the excitation current,
no-load characteristic) and field ratio

UP

f(l{)and &=

UP
UrG/\/§

No-load excitation current I,

U,(14)=Us/+3 and e=1

Over- or underexcitation

I{ > 14 and € >1 resp. If <lg and £ <1

Rotor displacement angle

5p zi(up'ul):¢Up _¢Ul

; Ue Urze
Reference impedance Ly=—F="—=
\/él G SFG
Armature resistance R,=r, Z;
Direct-axis synchronous reactance Xy=Xy Ly
Quadrature-axis synchronous reactance | X, =X, Z
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Negative-sequence equivalent circuit

Negative-sequence impedance:

Z,=21,; =R, +%(Xc¥+ Xg)

+%(kfRf +kZR, + kéRQ)

02

Zero-sequence equivalent circuit

Zero-sequence impedance:
Ly=Log+3Lye
=R, +JX5 +3Rye +3JX e

3Zye

00

Typically, the neutral points of synchronous machines are not grounded: Z,,. — o

5.2  Equivalent Circuit for Transient Operating Conditions

Positive-sequence equivalent circuit of nonsalient-pole machines

Direct-axis transient reactance:
r_ !
Xd - Xd ZB

Transient voltage:
U;=U,(07) - (R, +jXg) 1,(0)
= Ql(of) - Z:L’G 11 (07)

L_J;K

R X

a

01

The transient voltage U, (and the subtransient voltage U," in Section 5.3) are deter-

mined using the terminal voltage and current immediately before (t =07) the fault

5.3  Equivalent Circuit for Subtransient Operating Conditions

Positive-sequence equivalent circuit of nonsalient-pole machines

Direct-axis subtransient reactance:
[/ n
Xd =X ZB

Subtransient voltage:
U/=U,(07) - (R, +JX§) 1,(07)
= Ql (07) - Z1”G |_1 (Oi)

L_J;'K

R JXg

01
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5.4  Synchronous Grid Operation

Example: Synchronous machine supplies power to a grid via a transformer and a line

I

Positive-sequence equivalent circuit (converted to the same voltage level):
JX4

age4) QN =UN ej¢7uN

with the synchronous generated voltage U, =U, e’ and the internal grid volt-

Apparent power supplied to the
internal bus of the grid®

§N = PN +jQN :3L_JNI_:1
_i 'o’UpUN
Xy + Xy
=jeQee '™ - jQ

7j5pN _

for e=0

Maximum active power supplied to P, = ﬁ
the internal bus of the grid P X+ X
Maximum reactive power supplied Uz
at the internal bus of the grid Q X+ X

d \Y

Resulting rotor displacement an-
gle®
(Reference: internal grid voltage)

Resulting field ratio®
(Reference: internal grid voltage)

4 The internal grid voltage Uy is a stiff voltage which describes the power exchange within the network
and to which the resulting values of the rotor displacement angle and the field ratio are referenced. For

Xy = 0, the equations for these variables result in the equations in Section 5.1.

% In order to avoid negative values for the active and reactive powers occurring during normal operating
conditions of synchronous generators when using the PSC, the active and reactive powers consumed at

the internal bus of the grid are considered.



5 Synchronous Machines Page 21

5.4.1 Power to Load Angle Characteristics

Active power to load angle characteristic | Reactive power to load angle characteristic
Py = Ripp SIN Sy Qu =Qc(&c0s s, —1)
Y Qu A
Pkipp(l,s) / X‘ =3
Pkipp(l,O) c=2
e=1 \
: —
/2 L 5pN
|
—t — > '
n/2 'é\ 5pN _Qc I\\ =0

| PTmax
maximum
turbine power

N AVAVAVAVAN.

inductive operation
“overexcited operation®
Reactive power is
supplied to the grid.

Q>0
A

Qu <0
capacitive operation
,underexcited operation®
Reactive power is
supplied from the grid.

—Qc

In practice, the operating ranges inductive and capacitive operation are also referred to
as "overexcited operation™ and "underexcited operation”, although, depending on the

current delivered to the grid, capacitive operation with Q <0 is also possible in over-

excited operation of the synchronous machine with 1, > 1.
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5.5  Principle of Angular Momentum and Equations of Motion

Synchronous speed

ﬁ w, f

2n 27p P

0

Number of pole pairs

P

Mechanical and electrical
angular velocity

0=27n and @ =02p=27np

Principle of angular momentum

JO=M;-M,;-M,

Moment of inertia

J=J 0+

rotor turbine(s)

Relation between power,
torque and speed

AQ<Q,

P=M.-Q=M-2mn ~ M0,

Equation of motion
(for Ao < wy)

d):g:kM (PT_PN_PD)
= kM (PT —PN)—dMAa)
and

S=Ao=0-a,=9-a,

Damping power

P,=D-A6=D-Aw=D(0—w,)

Damping constant D
i k,=—2and d,, =D-k
Machine constants MTT g ana dy =D -Ky
M*rG
o J
Electromechanical time constant Ty = 3
(c]

Relation between angular coordi-
nates

G=ayt+o+a,

g-axis

@ d-axis

Wy

synchronous rotating
reference system
(stationary phasor)

coordinate system of the stator
(e.g. firmly fixed to phase a)
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6 Induction Machines with Squirrel-Cage Rotor

6.1  Simplified Equivalent Circuits for Steady-State Operating Conditions

Positive-sequence equivalent circuit (assumption X, — o)

j(xcs+xc’5L)=ij RS

1

I
[N
[EEY
[
w

JX,

R, = R/ +R,

L

Ry Stator resistance

Components of equivalent circuits | Xos  Stator leakage reactance

(rotor quantities converted to stator side) RL Rotor resistance

X!, Rotor leakage reactance

Splitting R/ /s into slip-dependent and slip-independent parts results in the equivalent
circuit on the right side. The stator resistance Ry is negligible for motors in the medium-

and high-power range at nominal frequency.

Slip and synchronous rotational | ¢ _ Mo =N

speed N,

with n, =

Al
p

@y

2w p

. . R . R .
Positive-sequence impedance: Z, =Z,,, = Ry +?L+ X+ X )= ?L +jX,

!

Rated apparent power S

rmech

- COS(¢rM ) nrM

(motor operation)

Short-circuit impedance with 1

2
UrM —

1

_ = = z
starting current 1. measured when | ™ I/l S\ /by

starting with U ,, and s=1

= J(Ro+R)* + X2 =[R2+ X}

Losses at rated current and s =1 Pi =3(Rs+R! )14, ~3R

!|2 S

=R’ ™
L'rM L
Z

Negative-sequence equivalent circuit (assumption X, — o)

Negative-sequence impedance
!

R . .
=Ly = 2_LS +Rs + X, with

—Ny—n _ 2n,—(n, —n)

S,=2—-S=
—Ny Ny

Rl +Rg

JX,
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Zero-sequence equivalent circuit (assumption X, — )

Zero-sequence impedance
Ly =Ly +3Lye

=R} + R + X +3Rye + 13X e
with X, < X,

Typically, the neutral points of induction machines are not grounded: Z,,. —

6.2

Simplified Equivalent Circuits for Transient Operating Conditions

Positive-sequence equivalent circuit (assumption X, — o)

Transient motor impedance:
Zy = Rs+ X, = JX

Transient voltage:
QI:A = Ql(of) _(Rs + ij ) |_1(07)
=U,(0) -2} 1(07)

UL <> Zy

01

current immediately before (t =07) the fault (e.g. short-circuit).

The transient voltage U, is determined using the values of the terminal voltage and

6.3  Equation of Motion

Equation of motion
(Angular momentum theorem)

JyR2=M_-M,

0 0
Resistive torque M, =M, +M, E+ M., e
0 0
Rotational speed and mechanical
angular velocity _fomf 2£ = '(%(21_ s) _ za)o (1-5)
( f, = rotor frequency) P T T TP
Torque M =M, 28 Sipp
(Kloss’s equation) g2 4 siipp
Breakdown torque and slip M, =3 CHIR and s i
ki i
T 2mn, 2X, 'S
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7 Transformers

7.1  Vector Group Symbols

Winding connection | Symbol HV code letter MV/LV code letter
Wye connection It Y y

Delta connection A D d

Zigzag connection L z z
Grounding available YN, ZN yn, zn

Autotransformer

Ya/ Yauto

Vector group symbols of two-winding transformers

vector group = {HV letter} {LV letter} {vector group code number k}

Vector group symbols of three-winding transformers

vector group = {HV letter} {MV letter} {vector group code number k., }

{LV letter} {vector group code number k., }

The vector group code number k indicates the multiple of 30° by which the phasors
of the phase voltages of the MV and LV winding lag behind those of the HV winding
in symmetrical steady-state operation.

7.2 Conversions of Variables Between Transformer Voltage Levels

Transformation ratios (HV, MV and LV)

. .. dke U KEow,
Positive-sequence system Uy=le 8 =—"e 6 = m
UrTLV WLV
Negative-sequence system i, =0,
Zero-sequence system U, =U, =|0,|=0
Conversion of pos.-seg. variables LV to HV HV to LV
- Ly
V0|tage ulLV = !l lJ]_L\/ ~1HV T .. Z1HV
=1
’ _ 1 | ’ L. x
Current Ay T Ly =0, Ly
=21
A 7z =Lty
Impedance Zi,=UiZ,, S1hv = 12 Sy
1

Corresponding conversions of negative- and zero-sequence variables are carried out
analogously using the respective transformation ratios.




7 Transformers

Page 26

7.3  Two-Winding Transformer

Positive- (U =U,) and negative-sequence (U =U,) equivalent circuits

’
RLV

jX('sLV

Loy

RHV

Uy

jXGHV

’
lLV

’
ULV

u:1
¥ X

Complete equivalent circuit® (with ideal transformer ”) related to the HV level):

Ly

Magnetizing impedance

Zh = RFe I th

X1

’
I_HV I:I - I_LV

Simplified equivalent circuit (without ideal transformer — related to the HV level):

(assuming

Z, — o) U/,

ZT = RT + JXT = RHV + RI’_V + j(XGHV + X(,SLV)

Short-circuit impedance

Zero-sequence equivalent circuit

1) vector group
2) neutral point grounding
3) type of transformer core construction

The zero-sequence equivalent cir-
cuit depends on

T—equivalent circuit with ideal transformer — related to the HV level — Dy(n)5:

i . / @ \ L
Lony RHV + JXGHV er_v + chlsLV/// O) Zue 22 \\ l[)us u}i Loy
—El_"_zl_v - _
o \\ (yn) Z,e =0 //
S Reeo JX ho \\\ |—|3Z£LV ,I/ Qé LV %g Uy
(yn) Zye#0
00
J

\ )\ ) L
Y T
independent of
the vector group

L J
Y

Wye connection ideal transformer

Delta connection

® Since the elements of the positive- and negative-sequence equivalent circuits are equal, no corresponding
index was used. However, the different transformation ratios have to be considered (see Section 7.2).

) See Section 2.7.3.
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7.4

Calculation of the Transformer Equivalent Circuit Elements

7.4.1 Calculation of the Series Impedance Using the Short-Circuit Test

The magnetizing impedance can be neglected while calculating the series impedance.

Reference impedance U U =Uny forthe HV level

g St U, =U;., forthe LV level

oo U}
Short-circuit impedance Zy=U " = U.Zg
r
- . T 2
- - P P

Rejlstance of the short-circuit im R =r Z,=r, Ur _ Vie - Ve 70— U Z,
pedance S+ 37 S;

Reactance of the short-circuit im-
pedance

X, =yZ2-R? = Ju2 -2 Zg =u, Z,

Generally, Rt and Xt are equally divided between the HV and LV winding impedances®
of the positive-, negative- and zero-sequence equivalent circuits, see section 7.3.

7.4.2 Calculation of the Magnetizing Impedance by an Open-Circuit Test

The series impedance can be neglected for the calculation of the magnetizing imped-

ance.
U . 1UZ 1
Open-circuit current I, ~—1L —> i, =—-T==2,
\/§Zh Zh SrT Zh
U 1 U} 1
Magnetizing current | r—="— S i="-T="7
" \/§Xh Xo S Xy
o 1U% 1
Open-circuit impedance Z, =——=—17,
I( SrT I[
Uz 1
Iron loss resistance R, =—"T= Z,
I:)V(r I:)V(r/SrT
Z, R, 1UZ 1
Magnetizing reactance Xp=T—F==""T=17

JrRa-zZ i, Sy,

Zero-sequence magnetizing reactance

Xio =Ko X,z (K, dependent on core construction)

The elements of the zero-sequence equivalent circuit can either be determined by an addi-
tional open-circuit test by feeding into a zero-sequence system or in a simplified manner by
using a factor k, to estimate the elements.

8 The impedance is specified as impedance per phase for the three-phase transformers. Exemplarily, the
impedances of delta-connected windings are converted to an equivalent representation of wye-connected

windings.
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7.5  Typical Vector Groups (DIN VDE 0532)

Code num- Vector Phasor diagram Circuit diagram
ber group HvV LV HV LV
w | ALLA, | [BESag
v W v w FOLW 2W o+
o | ow | AL B S
v W v w TOLW 2W o+
o | A 4| BRI
v W v W TOLW 2WoH
o | A |t | R VS
v/ v W _Wel
5 Yd5 /\lj\ W<IU EE_\L{ _\Lj_;)ii_g
v W v oW W o
v U |_ U u —:
Y25 | /L\W vvvgv EE \\//v \\//V ;L:Eé
v W U | u u |
s | A, Y] S S
Vv w U U Ul
6 Yy6 A, ﬁ\;/ EE E
v w U bou U el
o ALY SR
Dyll A V>*W EE_\L;_ _\Lj_E
U w u Low W of
Y v |_ VIR "I
11 Ydi1 U/l\w UDW EE;V_ _V\\/I_E::EE
v v |_ U U o
Yz11 | /J\W UEwa EE \\//v \\//V ﬁ

Indicates preferred vector groups
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7.6  Three-Winding Transformer

Positive- and negative-sequence equivalent circuits

Simplified equivalent circuit (without an ideal transformer, related to the HV level):

’
£ Livy

Uy Ree X U Ul

The calculation of the equivalent circuit parameters of a three-winding transformer is
subject to the same calculation specifications as for the two-winding transformer. A
minimum of three short-circuit tests is required to calculate the three series impedances.

The magnetizing impedance ( X, and R, ) is calculated according to Section 7.4.2 us-
ing the data of the open-circuit test.

Strivmy = MIN (SrTHV  Sermv )

Maximum power transport between ]

Sermviy = MiN (SrTMV’ SrTLV)

2

7 —u Uy
HVMY ~ EkHvmY o
ITHVMV

Short-circuit impedances related to Uz

ZHVLv = Uiy
the HV level Sy

2
Z 4 =u U ITHV
MVLV T YkMVLV S
rTMVLV

;HV 1 1 -1 ;HVMV
Winding impedances Ziy =5 1 -1 1| Zywv
Z{_v -1 1 1 ;,MVLV

9 The values of the winding impedances can partly become negative. This is due to the structure of the
equivalent circuit used.
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8 Transmission Lines

The equations for the line constants and the positive-, negative- and zero-sequence
equivalent circuits are identical with regard to the structure. By means of the respective
primary line parameters per unit length for the positive-, negative- and zero-sequence
system, the line constants are calculated and the elements of the equivalent circuits are
parameterized.

8.1  Surge Impedance and Propagation Constant

Transmission lines (affected by losses)

Characteristic impedance 7 R'+jol' _1
(surge impedance) = \G'+jeC' Y,
Propagation constant with attenuation con- _ o N~ .

stant « and phase(change) constant g Z_\/(R +Job )(G +]oC ) =a+]p

R, L',G"and C' are the primary line parameters per unit length in
Q/km,H/km,S/kmand F/km

Low-loss transmission lines (R’ < wL" and G’ < wC")

Characteristic impedance'® and character- 7 -1 L 1t R\ _[L
istic admittance =y, \c JZwL, "N\

Propagation constant with attenuation con-
stant « and phase(change) constant g

1/R" G’ .
=—| —+— [JL'C +jwJL'C’
=5\ C’jJ jend

8.2  Solution of the Line Equations in the Frequency Domain

Voltage and current at the location x along the line (node A: x =0, node B: x = 1)

depending on the terminal values at node A:

ooy [ o) 2o

10|~ Y, sinh(yx)  —cosh(yx)

I

depending on the terminal values at node B:

|:L_J(X):| cosh(y(1-x))  -Z,,sinh(y(1-x)) |:L—JB:|

109 ]|y, sinh(y(1-x))  —cosh(y(1-))

Ig

19 The capacitive component of the characteristic impedance (imaginary part) can usually be neglected for
low-loss lines due to its small size.
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8.3  Distributed Line Model and Two-Port Equations

Equivalent circuit with distributed parameters

cosh(y1)-1 Y
| = sinh(y1)« | | sinh(71) |
o ~ ~ |—=o
Z, h(yl)-
Ua sinh (1) Usg Ua m%/ Usg
T—equivalent circuit IT—equivalent circuit

Two-port equations

Impedance representation

Ug y

smh(zl) sinh ZI)_

cosh(;_/l) N 1
Admittance representation F’*}= smh(;_/l) sinh(;_/l) |:L—JA:|
Ig cosh(ZI) Ug

- smh( I) - sinh—(;_/l)_

Iterative representation (cascade or

transmission representation) lg

M: () 2wz

! Y, sinh(y1)  —cosh(y1)

I

8.4  Approximations for Electrically Short Transmission Lines (‘;_xl‘ <<1)

Equivalent circuit with lumped parameters

1

_(RL + ij)
1, 22 NI
o =~ ~ <o
QA GL + ja)CL
T- equivalent circuit IT— equivalent circuit
Equivalent circuit elements ' ' ' '
q R =Rl,L =Ll,C =C'l, G =Gl

(Line length I)

See Section 2.7.2 for two-port equations of T—and IT—equivalent circuit




8 Transmission Lines

Page 32

8.5  Operational Performance
Voltage drop AU | = U, ~Us|
Voltage difference AU =|U |- |Us]
Transmission angle Opg =05 —Og

Capacitive charging current")

. C
lc :lA|lB:0 Rloa+lcs = JCU?L(QA +QB)

Capacitive charging power*?

Q. =Im{3U, I| ~oC U},

8.6

Terminal Power, Losses and Reactive Power Demand

Power at the line terminals (see two-
port network in 2.7.2)

FAHPMQA}S ViUE YU
§B PB + JQB !BBUé +!BAL_JBQA

Transmissible active power

(for electrically short lines with neglect of
R',G"andC")

U,U; .
P,=—P; =Py =3 ;( £.5iN 5

L

Line losses P, and
reactive power demand Q,,

§v :PV+jQV:§A+§B

Line losses
(example of IT-equivalent circuit with
lumped parameters)

R, =3R, If+3%GL(U§ +UZ)=P, +P,

Reactive power demand
(example of IT-equivalent circuit with
lumped parameters)

Q, =3wlL, I —S%a)CL (Ui +U§)=QA +Q,

8.7

Surge Impedance Loading (Natural Load)

Surge impedance loading (SIL)

Condition for
surge impedance loading

;B = Zw _>L_JB :_Zw 'lB
(Termination at node B with characteristic impedance)

Natural load!?

U2 U2
S Nt :3ﬁz Puat = Z_:/

(apparent power output at terminal B)

Above natural load'?

Q, >0 for P, > P, resp. Z,<Z,

Below natural load'?

Qy <0 for B, <P, resp. Z, >Z,

D Approximation applies to TT-equivalent circuit with lumped parameters.
12 Approximation applies to low-loss lines (see Section 8.1)
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9 Medium- and Low-Voltage Grids

9.1 Current Distribution

General equivalent circuit: Applies only to voltage-independent load currents

|
o a ——— 0
D —
AU, AU, AU, AU,
LlA @ ul QZ le—l le QB
case a) additionally for case b)

Case a) Single-fed line: U, given, without Z,.,

legA_;l(ll"'l_z"'"""l—m) (1)

Kirchhoff’s voltage Ia

law provides m T

independent U,=U-Z,(  L+-+1) (?)

equations : :
Ug=U; 2,1, (m)

Case bl) Double-fed line: U, =U,

General mesh A - B

m+1
L_JA _L_JB :ZAQ; :;1(11"'12 +"'_lB)

i=1

+;2( |_2+”'_lB)+"'+;m+l(_lB)

Calculation of one ter-
minal current using
’torque approach*

(for node B or A)

_;1I_l+(;l+;2)l_2+”'+(Zl+;2+“'+;m)l_m
;1+;2+“'+;m+1

Ig

Stepwise determination of the current distribution

Case b2) Double-fed lin

e:Up#Ug

General approach

1.) Calculation of a preliminary current distribution

with U, =U, corresponding to case bl
U A _QB

2

2.) Superposition with an offset current Al 5g

m+1

Z

i=1 =i

The current distribution

can be used to determine the voltage drops AU, .

9.2

Load Application Factor ¢

Conversion of a uniformly distributed load into a concentrated load

homogeneous load

aggregated load
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10 Rotor Angle Stability of the Single-Machine Problem

Generator Transformer

I:)T PG ‘ N
— -—

Line Grid

10.1 Small-Signal Stability

Equation of motion (see 5.5)

o=ky (P, -P,) and 6 =0-aw, = 9-,

Operating point
with turbine power P;
(losses are neglected)

pA Stability reserve
|

Pfo/\\
PT

|
!
|
|
!
!
!
!
—t—t—+—
/

/2 755p,\,

with turbine power P;
(losses are neglected)
Applies to transient quantities:

o'= Py~ Pun
and (transient voltage U’ see 5.2)
Py =30 Un

N ————Ssino’
Xq+ Xy

Requirement for small-signal sta- Pu >0 resp _E<5 <X
bility N 2 "2
dP
Synchronizing power P = =Ry COS S
do,y
10.2 Transient Stability
Operating points ph P p2

P, 77

2

T T
!

/ 56 5; = 5’(ta) é‘r:max 52;“3”2 \

(index O: before fault, index a: after fault clearance)

Requirement for transient stability

F, = F; (Law of equal areas)

Law of equal areas
maximum fault clearance time

o
6max - 5grenz

(PT - Pkailpp

sin’)ds’

o
ba max

Maximum fault clearance time

2
N i _5/
tamax \/kM PT ( amax 0)
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11 Line Frequency Control

11.1 Balance Model of the Power System

Differential equation for the calcu-

Af

lation of the line frequency at M = AP, —AP, =P, +P,—AP_. —P,
Pro =R 0
Turbine and load power
: . P, P
at the operating point o and
Inertia constant
=P, T.+P,T
of the power system My =FeTe R T
Total rated active power of syn- P _ i p
i i G rGi
chronous generators in operation —
Total rated active power of induc- p - % p
tion motors in operation Moo
: . 1 & 2
Equivalent generator time constant | Tg = P_z Jgi 4
G i=1l
. . 1 2
Equivalent motor time constant T, = P—Z I %
M i=1
11.2  Proportional Gains and Droops
AF)Ti ' fO
Frequency bias of primary control | i = AF P T Ky, P and
(absolute and per unit value) and 1 1p o
control droop of the generator i Spy=——=——1°
I(Pi kPi 0
Mg 1 Mg P
. . k, = =—» —© and
Total frequency bias of primary P ,Z:: T, ,Zzl: S,
control and total control droop of e 1
generators 5, = pG( h} 1R
i-1 Spi kP fo
Frequency bias (absolute and per Kk K —k o and s - L 1 Ra
unit value) and droop of the load i Hr et p S
k = —dZLfsm = szu and
Total load frequency bias and total AP I-
load droop mp ) P
S, = PLO (ZLO'J :i_LO
i1 Sy kL f0

Frequency bias of the power system

ky =k, +k,
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11.3 Power System Operating Point after Completion of Primary Control

(without Secondary Control)

of primary control)

f A 7
1 7
o\ g LCC Af = APl
f, + LI~ L
Af A1 o)
for——4 "> I T GCC Af =-——x
// . kN
_t g PTP APLstat P
s ‘P_I PPCC Af =——T%
pd X I kP>
Pl PLo+ P P
Unplanned change of load P,
Steady-state operation (after completion Af 0

Primary control power (Power Plant
Characteristic Curve (PPCC))

AP, =P, =—k, Af

Frequency-dependent change of load

(Load Characteristic Curve (LCC)) APl =k, AT
Load change in the perturbed power AP —AP . +P
System Lx Lstat X
Frequency change in power system Af = R

(Grid Characteristic Curve (GCC)) Ky

11.4 Power System Operating Point after Completion of Secondary Con-

trol

I:)LO

Total secondary control power acti-
vation
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12 Short-Circuit Current Calculation
12.1 Short-Circuit Current Over Time

near-to-generator short-circuit with voltage equal to zero

u(t)=dcos(wt+g,)
switching off at 115 ms
fault occurrence att=0s

;l

2421

i;l
i inkA —®
w2
T

221,

0 50 100 150 200 250
¢t in ms

300

—>

ot ot t
i (t)z«/ﬁ[(l{— l)e ™ +(1, =1, )e ™+ |kJCOS(a)t+0{)—\/§|;COSae K

Near-to-generator short-circuit
if one synchronous machine contributes to an initial short-circuit current 1., > 21 _,

"
17> 1, > 1,

Far-from-generator short-circuit

1/
1/~ ~ 1,

12.2 Characteristic Short-Circuit Current Parameters

Initial symmetrical short-circuit current
(rms value of the AC symmetrical component applicable at instant of short-circuit)

"
Ik

Transient short-circuit current
(rms value of the AC symmetrical component in transient time domain)

Steady-state short-circuit current
(rms value of the short-circuit current after the decay of the transient phenomena)

Peak short-circuit current
(maximal possible instantaneous value of the prospective short-circuit current)

Symmetrical short-circuit breaking current
(rms value of the AC symmetrical component at the instant of contact separation)

Thermal equivalent short-circuit current

(rms value of short-circuit current having the same thermal effect and the same dura-
tion Ty as the decaying short-circuit current)

Time constants (sub-transient, transient, direct-current)

T"T'T

dr» 'd’ g

Angle of short-circuit impedance Z, at short-circuit location

Dz

Initial phase angle of the voltage at short-circuit location

Py

Initial phase angle of the short-circuit current i, (t)

a=@, =Py
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12.3 Method of the Equivalent VVoltage Source at the Short-Circuit Loca-
tion (According to IEC 60909 and VDE 0102)

Calculation independent of operating point, estimation of the minimal and maximal
absolute value of the initial symmetrical short-circuit current 17 )

e Reverse inject into the
, passive network at the
1y short-circuit location

-
- e Equivalent voltage
=k

— <> U source U, at the short-
o circuit location

¢ Neglect of shunt admit-
tances and non-rotating
loads¥

Initial symmetrical short-circuit current ly=—C=c¢ Ne
k

Equivalent voltage source at the short-circuit location | Uy, =¢C \/%

Voltage factor c for the calculation of the maximum | . _4
short-circuit currents'®

Voltage factor ¢ for the calculation of the minimum c. =10
short-circuit currents®® min

Short-circuit impedance at the short-circuit
location®® Z, =R+ X,
(effective impedance at the instant of the short-circuit)

Peak short-circuit current )
) _ i = K\/E I
(«: see factor in Section 12.5.1) P

Symmetrical short-circuit breaking current'”)

I — I n
(u: see factor in Section 12.5.2) b = H
Thermal equivalent short-circuit current
q _ ) l,=vm+nl
(m and n: see factors in Section 12.5.3)
Steady state short-circuit current I

13) For the consideration of the short-circuit current contributions of doubly-fed induction generator-based
wind turbines and power station units with full-size converter see IEC 60909 and section 12.4.

14) Deviations are possible for the zero-sequence system (see IEC 60909).
19 Valid for nominal system voltages > 1 kV

18) For the calculation of the maximum initial symmetrical short-circuit current according to IEC 60909,
impedance correction factors shall be applied acc. section 12.6.

1 Only valid for near-to-generator single-fed three-phase short-circuits.
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12.4 Extending the Method of the Equivalent VVoltage Source at the Short-
Circuit Location from Section 12.3 by the Short-Circuit Current Con-
tributions of Full-Sized Converters (acc. IEC 60909 resp. VDE 0102)

circuit current according to section 12.3.

Full-size converter (FSC) systems are generation units connected to the grid via full-size
converters. They are represented by ideal current sources (Z; — o). Their contributions

to the short-circuit current are calculated with the current divider rule and taken into ac-
count in approximation by adding their absolute values to the initial symmetrical short-

"
| I—koFSC
o—Pp—

FSC

ik < (Dlo.t

FSC

R "
| lszc
o—Pp—

Initial symmetrical short-circuit current®1920)

I 14
kmax

"
koFSC

+1/ —U—

1 n
ers
KFSC — + Z Zi | jesc
Z,  Z

k j=1

converter unit j (e. g. manufacturer information)

RMS value of the maximum source current in
case of a 3-phase short-circuit of the full-size

IqFSCj =

I kFSCmax j

Absolute value of the elements of the node

impedance matrix of the positive sequence??

ij
=1

; —|=i

alle I, =0 flr u# ]

Peak short-circuit current2?

Ip=K'

" [ "
2 IkoFSC + 2IkFSC

For the calculation of I and Ik, reference is made to the details and requirements speci-
fied in IEC 60909. For the calculation of It refer to section 12.3.

12.5 Factors for the Calculation of Short-Circuit Currents
12.5.1 Factor « for the Calculation of the Peak Short-Circuit Current ip

Factor for the calculation of the peak short-circuit current??
(Determination of «k by the methods a), b) and ¢) according to IEC 60909)

x=102+0,98R/X

a) Uniform ratio R/X : Atall short-circuit locations, the smallest ratio R/ X of the net-
work branches, that carry partial short-circuit currents at the nominal voltage corre-
sponding to the short-circuit location, is applied.

18) 1"
koFSC

according to section 12.3.

is the maximum initial symmetrical short-circuit current without full-size converters (index oFSC)

19 For the calculation of the minimum initial symmetrical short-circuit current, the shares of the full-size

converters are neglected.

20) i identifies the node of the short circuit and j the nodes, where full-sized converters are connected to.
21) The determination results e.g. by calculating the voltage at node i in case of an exclusive feed-in of a
node current 1, at node j of the short-circuit and source free network.

22) For further details and requirements please refer to IEC 60909.
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b) Ratio R/X at the short-circuit location: For the ratio R/X , the ratio R, /X, of the

short-circuit impedance Z, at the short-circuit location is used: R/X =R /X, . To
cover inaccuracies within the network reduction to a single short-circuit impedance,
the factor x,, =1,15-« is applied, if R, /X, 20,3, else x,,,) =« .

c) Equivalent frequency f,: Determination of the short-circuit impedance at the short-
circuit location Z, =R, + jX, for the equivalent frequency f,=20Hz (at nominal
line frequency f =50 Hz). It applies: R/X =(R,/X,)-(f,/ f).

2 T T T T T

1.9— ! { { ! : -

1.8_ 1 1 1 | 1 -

1.7._ ! | 4 { ] —

1.6_ 1 1 1 | 1 -

K 15f | i | | - -

1.4.. . . . . . -

1.3,_ { I ! 1 - -

1.2 | i ' | - .

1.1,_ | 1 ] T 1 -

1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

R/X
Factor « for the calculation of the peak short-circuit current.

12.5.2 Factor p for the Calculation of the Sym. Breaking Current Iy

1 I I I | | | |
Minimum time delay t .
0.05s
3 0.10s
0.7 - ] { 4 4 -
Minimum time delay: = 0255
shortest time between the beginning of the short-
circuit current and the contact separation of the
first pole to open the switching device
0.6+ + ; } + I ! ! : i
O 5 1 1 1 1 | 1 1 Il
0 1 2 3 4 5 6 7 8 9
" >
IkG/IrG

Factor p for the calculation of the symmetrical breaking current in case of a near-to-generator single-fed
three-phase short-circuit
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12.5.3 Factors m and n for the Calculation of the Thermal Equivalent Short-Cir-
cuit Current I

2 T T T T T T T T T T T T
< 1.95
1.9
1.5 \ -
\ 1.8
N\ 1.7 4
= 1 \ { )
1.6
1.5
0.5 \ 1.4 -
\ 1.3
1.2 3N
1.1
0 1 H | | —— — = - —_—
0.01 0.02 0.04 0.1 0.2 0.4 0.6 1 2 4 6 10

. >
Tkms

Factor m for the consideration of the heat effect of the DC component of the short-circuit current

0 | L | I R R R | | L | L i
0.01 0.02 0.04 0.1 0.2 0406 1 2 4 6 10
Tins —>

Factor n for the consideration of the heat effect of the AC component of the short-circuit current
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12.6 Consideration of Impedance Correction Factors
(according to IEC 60909 and VDE 0102)

Impedance correction factors for calculating the maximum short-circuit currents®®

The short-circuit impedance Z, at the short-circuit location should be calculated with
corrected impedances. The defined value of the equivalent voltage source at the short-
circuit location is in many cases not sufficient to calculate the initial symmetrical short-
circuit currents and the partial initial short-circuit currents within a fault limit of —5 %.

Therefore, the implementation of impedance correction factors is necessary.

;TK = KT ZT

Two-winding transformers?? c
K, =0,95——max__
1+0,6%;

Zimvk = KTHVMV Zrpymy
;HVLVK = KTHVLV ;THVLV

’ _ '
ZMVLVK - KT MVLV ZT MVLV

C

Three-winding transformers K =095 ——"&
g THVMV 1+ 0,6 X,y

C
K =0,95— —max
THVLV 110,6 Xy

C
K — 0' o5 m&x
TMVLV 110,6 X,y

;GK = KG ;G

Synchronous machines?®) Uy C

— max
Keg =

Ul 1+ x4/1-cos’ o,

Lo =Ks (UZZG +;THV)

Power station units with on-load -
tap changer?® K = Ym Ymy Crnax
S

U Uiy 1+ |X] = ;| /1 cos? ¢

Zsok = Kgo (UZ;G +;THV)

Power station units without on-
load tap changer?®) Un  Uny  (1£Dr)Chm

U (1+ P ) Uy 1+ Xg\/l—COS2 P

SO

23 In case of unbalanced short-circuits, the impedance correction factors shall be applied to the negative-
and the zero-sequence system. Impedances between a neutral point and ground shall be introduced with-
out correction factor.

24) cmax is related to the nominal voltage of the network connected to the low-voltage side of the network
transformer. The impedance correction is not valid for unit transformers and wind power station units.

2% Not to be used, if connected via a unit transformer.
%) To be used in case of short-circuits on the high-voltage side of the unit transformer.
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12.7 Calculation with Kirchhoff’s Laws

Calculation depends on operating point, exact calculation of the initial symmetrical
short-circuit current 1, by magnitude and phase angle using the superposition method

Calculation of Uu" » _ Uy

: - Ik = ,
partial short-circuit currents ez Nz

=ersG =ersN

Calculation of the exact

lr=17 +1 +
initial symmetrical short-circuit current | —% —*¢ =N

12.8 Thermal Short-Circuit Strength

DC resistance at 9,,

Ky, - Specific conductivity at 20 C R, = |

|- Conductor length
A: Conductor cross-section

DC resistance at 3,

o, - Temperature coefficient of re-
sistance at 20 C

. . 1%
Thermal equivalent short-circuit current | 1, =1 vm+n = T—Ilf(t)dt
k 0

Duration of the short-circuit current Ny

(=sum of short-circuit durations in case of suc- T, = E i

cessive short circuits with short pauses) i=1

Determination of thermal short-time Ly <y, for T, <T,

strength of electrical machines, trans-

formers, transducers, reactors and Y T for T >T,

switching devices T,

Thermal equivalent short-circuit S, = Io _ '"ﬂ

current density A

§,: Conductor temperature at the Ky C, Pin 1+ tty (9 —20°C)
beginning of a short-circuit Ay Ty 1+ tty (9, —20°C)

§,: Conductor temperature at the end
of a short-circuit

¢, Specific thermal capacity

o Density of conductor

Rated short-time withstand current density S, =S,, calculated with:

&, =8 . Maximum permissible operating temperature (unless otherwise known)
8, =39, . Maximum permissible temperature in the event of a short-circuit

T, =T,: Rated duration of the short-circuit current (e.g. 1 s)
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Determination of thermal short-time T
strength of overhead line conductors, Si < Sy |2
cables and busbars k

Rated short-time withstand current density depending on the conductor temperature at
the beginning of the short-circuit $, and the conductor temperature at the end of the

short-circuit & for a rated duration of the short-circuit current T, =1s for aluminum,
as wells copper and steel

140 T T T T T T T T T T
Aluminium
120 | ¥ in° i
e
100 E 300 °C i
o 2s0cc T
é 80 |- 200 °C T
<C 180° \
.EH 60 160°° \
“n” 140 ° \
40 - 120° \
20 1 100 °C T
O | 1 1 1 1 1 1 \ Il
20 30 40 50 60 70 80 90 100 110 120 130
;o —_>
19b in
200 T T T T T T T T T T
copper
Y _in°
€
150 ~ 300 OC \
250 °C
NE 200 °C \
£
< 100
R=
£
[*0]
50

20
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12.9 Mechanical Short-Circuit Strength

12.9.1 Determination of Magnetic Fields and Forces

A
y

I>d
d;; > r_ (conductor radius)

Determination of field quantities

(Lorentz force, right-hand rule)

Magnetic flux density B=p,x, H
- |
Magnetic field strength H(l,r)=—-=
2nr
Magnetic force between conductors E_| (Txﬁ)

Determination of magnetic forces (three-phase system)

conductors i and j

Absolute value of the magnetic force between two

R0 =52 1 0,0

]




12 Short-Circuit Current Calculation Page 46

12.9.2 Maximum Forces Between Main Conductors and Sub-Conductors

Maximum main conductors force acc. IEC 60865-1 during a 3-phase short-circuit

ip . Peak short-circuit current

|: Center-line distance between supports E Mo e
m
a,, : Effective distance between main conductors 2n Ay

a: Center-line distance between conductors
Main conductors consisting of single

. . a,=a
circular cross-sections

Main conductors consisting of single rectangular 4 -8
cross-sections (factor k;, see figure below) "ok

Maximum sub-conductors force acc. to IEC 60865-1 during a 3-phase short-circuit

n: Number of sub-conductors £ = Mo (ip jz I
l,: Center-line distance between connecting pieces P 2n\n) a
or between one connecting piece and the adja- a, : Effective distance be-
cent support tween sub-conductors
Effective distance between sub-conductors with cir- | 1 _ Z": 1
cular cross-sections a Ta;
Effective distance between sub-conductors with rec- | 1 _ Z“:ﬁ
tangular cross-sections (factor k. see figure below) a & i
T d T T T T a d T T
1.4 F L A 0 S IR LIS DL I A R IR
b <01 / / / / / / /
! o )07 00
- =08 m’l 313‘ ‘ ‘ m’l 313‘ ‘ ‘
I )
' 4 10 |
20
0'2 1 | | | | 1 |
1 2 4 6 8 10 20 40 50
—>

als/d

Factor k for the calculation of the effective conductor distance
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12.9.3 Calculation of Mechanical Stress

Bending stress caused by forces o =V.V j Fn |
between main conductors mooert ez

V_ : Ratio of dynamic and static main conductor stress

namic stress with successful three-phase automatic reclosing

. Ratio of dynamic stress with unsuccessful three-phase automatic reclosing and dy-

Z : Section modulus of main conductor in direction of the bending axis
S : Factor for main conductor stress (depends on type of beam and support)

A and B simple VANIVAN =10

supports A B '

A: fixed support h B=0,73
Single-span beam | B: simple support A = ’

A and B fixed H B=0,5

supports A 5 ’
Continuous beam | Two spans A@% B=0,73
with equidistant
simple supports | Three or more spans AA%W%% p=0,73

Bending stress caused by the forces o =V V = Iy
between the sub-conductors T T16Z,

conductors given above.

The variables with the index s are defined analogously to the variables for the main

A conductor is mechanically short-cir-
cuit-proof, if:

Jtot = O-m + O-s < O-zul = q Rp0,2

o.. Total conductor stress
Ry, Stress corresponding to the yield strength

q: Factor of plasticity (depends on the conductor profile and

load)

Section moduli Z are defined with respect to bending axis

rectangle circle circular ring
% YA
]
_‘_._.:_._._y h - -y
I
«—b— «—D—
7z bh® o _hb® 2=2-=2 ="p°
Y6 ° 6 oot 32




13 Neutral Grounding Page 48

13 Neutral Grounding
13.1 Equivalent Circuit for Single-Phase Line-to-Ground Faults

General equivalent circuit for neutral-point grounding

A B !bc
ch =Ccc ch /
C ~ -— > / .
<—
uqc z be C 7 ;ca |
L VA N A T
~ |
~ab
qu I ;ab C ; . I |_ .
a —aA ~ oo —iB \ :
- Le vhee Yl \Y
uqa —ab
LJME I ;ME = L l I
Y ve
laE ibE lcE
[
5 L Uz
E M -
Lo +1ge

Assumption: Balanced three-phase system with i,k =a,b,c

Yie=Ye :(Gé +jwc|;)| s Yk =X=(G’+ja)C')|
Z;=2,=R+]X,, Zy =2, =R, + X,

1 1 R 1 .1
~ ME - =Gye—J

Y e = = . ~ -
ME Zye Ryetloblye RI\Z/IE + XI\Z/IE X ve o Ly

13.2 Currents and Voltages at Single-Phase Line-to-Ground Faults

Fault current at single-phase line-to-ground fault (qu = Qqa)

Fault current at single-phase Le=3lr=- 1o\
line-to-ground fault _ U, _ 3 Uy
(Zir =Zy) Zipg+Zyp+LZy 2+MmZy

Capacitive ground fault cur-

rent lee =joCy (L_JbF +QcF) = joC¢I (pr "'L_JcF)

Conductive ground fault cur-

rent lee =G (QbF +L_JcF) =G¢l (L_JbF + QCF)

Neutral-to-ground current Tve =Y veU ve
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Line-to-ground voltages of phases without faults

a’-a)+(a’-1)m
i ng:(_ _) (_ )_L_le_ﬁ @"'J Uy
Line-to-ground voltages of 2+m ‘ 22+m ‘

phases without faults

Uy = fy (M), Uge = f(m) (a-a')+(a-ym ﬁ[@—jJU

2+m =2

YT
‘ 2+m

Positive- / negative- / zero-sequence port impedances at short-circuit location

Positive- and negative- 7. -2, - 1 _ 1

sequence port impedancesat | 1 Ry LY. 4+3Y
short-circuit location z, " z2,-z, "
Zero-sequence port Z, = 1 _ 1
impedance at short- - 1 1

circuit location Zo+3Zye  Z+2Z,+3Zye
Factor m

m:&z m (fOI‘ LL z411F)

=Nl

(zero-sequence / positive-sequence
port impedance ratio)

Ground fault factor for pre-fault line-to-line voltage U® ~ J3 Un

Ground fault factor for single-

_ maX(UbF’UcF) mi"‘\/é\/mz +m+1

phase line-to-ground faults o= U b/\/g B 2+m
18 T T T T T T ]8
__________________________ =
1.6 - 11.6
1.4 e 114
1.2 §(m—e0)=3 1.2
1 11 =0
S =
0.8 10.8 =¥
0.6 (m N oo) -0 0.6
0.4 effectively grounded grid | 104
0.2 5<14 | — 102
m<55
0 | | | | | S~ 0
0 2 4 6 8 10 0
m= ZOF/ZlF -
low-impedance grounding isolated neutral
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13.3 Isolated Neutral Point

|;ME| — 0, |;1F| :|Z2F|<< |ZOF|:|]7/!E|’ m>1

Neutral-to-ground voltage Uye U, =Y,

Fault current for single-phase
line-to-ground fault = (nega- | le=—lc —lee #—le =]30C. Uy
tive) cap. ground fault current

3 . i
U bF ~ _£(\/§+ J)qul = _\/guql eja

Line-to-ground voltages of - 2
phases without faults 3 _ L
U F _g(\/g_ J)qu = _\/guql € E

Ground fault factor S5~+3

13.4 Resonant-Grounded Neutral Point (RESPE)

|;ME| = f (V) 1|;1F| =|;2F| < |;OF| = ‘]/(!ME/S"‘XE )‘ , m>1

Neutral-to-ground voltage Uwe *YU,="U,

Fault current for single-phase
line-to-ground fault = ground
fault current = residual current

|_ap =lR =_I_CE _I_GE _lME = IRW+JIRb

=Jlce (d + JV) =3wC; (d + JV)qu

Detuning

1
v > 0 — undercompensated V=l-—p—r
30" Ce Ly
v < 0 — overcompensated
G, +3G
; d = =ME E
Attenuation 30C,

jad
~ — 6
Line-to-ground voltages of Ur \/guql €

phases without faults

Uge = —\/gllql e*jg

Ground fault factor S5~+3

Neutral displacement voltage during undisturbed operation without ground fault
Assumption: Unbalanced line-to-ground admittances Y, #Y,c #Y ¢

&
d+jv—

Neutral-to-ground voltage Upe = "

2
XaE +§ ibE +§!CE

Imbalance factor k=
3wC;

Mean values of line-to- 1 1
ground capacitances and con- | Cc ==(C,c +Cc +Cy ), G ==(G,c + G, + G )
ductances 3 3
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Neutral displacement voltage during undisturbed operation and residual current in
case of phase-to-ground faults in dependence of detuning

o|x

qa

residual current IR/ICE
neutral point voltage U, /U

-10 -8 -6 -4 -2 0 2 4 6 8 10
overcompensated Detuning v in % undercompensated

13.5 Low-Impedance-Grounded Neutral Point (NOSPE)

|;ME| =1 (||:'1 < ||Z1max) v Lip =Ly Ly, Log 2Ly +3L e
m~3...5,5 solidly grounded, partially solidly grounded, (HV and EHV grids)
m >4 current-limiting grounding (10 — 110-kV cable grids)

Neutral-to-ground voltage Uye U, +Z 1

Fault current for single-phase | | _» __3 Ya _
line-to-ground fault = line-to- | = = 24mzZ, 2+m
ground short-circuit current

YU
NE)

(voltage factor c, see Section 12.3)

L withU , =c

Line-to-ground voltages of ) Zo+3Z,
phases without faults (see Sec- | Yor = fo (M), U = f (M) with m~= 7
tion 13.2) =t

0<14 effectively grounded solidly / par-

tially solidly grounding

5~14..3  noteffectively grounded
current-limiting grounding

Ground fault factor
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14 Thermodynamics

Heat flow and
quantity of heat

Q. (1)
dt

P (t) - ch (t)

Law of conservation of energy
(¢, : specific heat capacity)

mc, A§= Ach = ch,zu - ch,ab

Thermal resistance

(o : heat transfer coefficient)

; AG AX
for heat conduction = 5 = A
(A : thermal conductivity) th
Thermal res_lstance A 1
for convection Ry=—=—
P, oA

Analogy between thermal and electrical quantities

Quantity of heat in J = Ws Charge inC
Heat flow in W Currentin A
Difference in temperature in K Voltage in V

Thermal capacity in J/K

Capacitance in F

Thermal resistance in K/IW

Resistance in Q

Thermal conductivity in W/(m-K)

Electrical conductivity in S/m

15 Wind Energy

] 1
Wind energy Weinwing = 2 mAirVSVind
dW inWin 1
Wind power PWind = < = _pAirARotorVSVind

dt 2

Rotor power
(c, : power coefficient)

P

1
Rotor — E pAirA?otorVSVindCP (/11 ﬂ) = PWindCP (ﬁ“’ ﬂ)

Tip speed ratio

. . Vi 2nnR
(n: rotational speed, R: radiusof | A= e _ =7
rotor) Vwind ~ Ywind
Generator power 5 b
(nges : total efficiency) Generator — " Rotor Tlges

= C_2 _ _ Cs _%7
Approximation of ¢, with Co (’1’:3)—01[ i C,3—C,f8 CsJe
lant-specific constants C
Planeep ! Y T
A A+cp p+1
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16 Energy Economics

Relationship between energy and
power

o~ WO

resp. AW =W (t,)-W(t,)

- tj P(t)dt
t

Average power

1h
P, == [Pt
TN 0

Efficiency

_ outputpower _ P, P, -R,
input power P, P

Zu Zu

Load factor m and
utilization time T,

[roeaa

Energy loss W,, and

utilization time of power losses T,

=R, Ty = Romax Tv
TN
P, (t)dt
g - W JV() _Pm T,
v PV max TN I:)V max TN IDV max TN
TN
2
Loss factor U ~const, RJ. ! (t at
- RlniaXT
TN
js t)dt [ (S(t)/Spe)’ dt
_ 0
SriaxT TN

Demand factor g
(k: number of households)

o= e (0=a(0)p,

Peak load share pg 5

Connected load of household pg

Approximation of demand
factor for residential areas

g(k)=g,+(1- gw)ki

Limit for a high number of households g,
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17 Annex

17.1 Selection of SI Base Units
Quantity Symbol Name Unit symbol
Length I Meter m
Mass m Kilogram kg
Time t Second S
Electric current I Ampere A
Temperature T Kelvin K

17.2  Selection of Derived Units
Parameter Symbol Unit Unit symbol
Energy W, Q Joule J
Density p Kilogram/ cubic meter kg/m®
Torque M Newton meter Nm
Angle a Radiant rad
Electric conductance G Siemens S
Voltage U Volt \%
Electric current density S Ampere/square meter A/m?
Electric resistance R Ohm Q
Frequency f Hertz Hz
Speed Vv Meter/second m/s
Inductance L Henry H
Capacitance C Farad F
Force F Newton N
Charge Q Coulomb C
Power P Watt W
Magnetic field density H Ampere/meter A/m
Magnetic flux density B Tesla T
Moment of inertia J Kilogram-square meter kgm?®
Permeability H Henry/Meter H/m
Temperature 9 Celsius °C
Angular frequency @ Radiant/second rad/s
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17.3 Natural Constants and Mathematical Constants
Correlation of constants p,, €, and ¢ w,=1/g,¢’
Vacuum permeability p, i, =1,25663...-107° Vs/Am
Vacuum permittivity ¢, £, =8,85418...-107 As/Vm
Speed of light ¢ c=299792458 m/s
Euler’s constant e e=2,71828...
17.4 Phasor Rotations with a and j
I .
m 2 J\/§

17.5 n-th Root of a Complex Number G

De Moivre’s formula

g +21K

Q/§:Q/a~ej " ,fork=0,1 ..,n-1

forn=2:

Py
JG=+J/Ge?
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17.6 Conversion Formulas for Hyperbolic and Exponential Functions

Theorem Formula

eIh =cosh (a + jB) +sinh (a + j f)

Euler’s formula . o
=e”.el” =e*(cos B + jsin )

cosh(a+B)=4(e +&“I”) = cosh (~(a+ ] B))
(a+]B)=4(e eI )= sinh(~(a+B))

sinh(a + j ) =sinh(a)cos(B)+ jcosh(a)sin( )

cosh(a +jB) = cosh(a)cos( )+ jsinh(a)sin(3)

cosha =%(e“+e*)=cos(ja)

sinh(a+jp

cosh(if) = 2 (e +e 7Y = cos
Hyperbolic functions with (18) =7 ( ) (P)
complex arguments sinhor = % (e —e ) =—jsin(ja)

sinh(jg) =3 (" —e) = jsin()

cosha +sinh g =e*

cosha —sinhag =¢e™*

cosh? o —sinh?a =1

sinha 1

tanh o = =
cosha cotha

De Moivre’s formula for

hyperbolic functions (cosha tsinha)" = cosh(ne) £sinh (na)

17.7 Conversion Formulas for Trigonometric Functions

opposite side
hypotenuse

sing = Zij(ej“ —e"“) = —zij(e’j“ —ej“): —sin(-a)

Sinag =

adjacent side
hypotenuse

Trigonometric cosa =

functions

cosa =1(e" +e7%) =cos(~)

sina¢ 1 _ opposite side

tana = =— :
cosa cota adjacent side

cos’ a +sin’a =1
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Addition theorems

cos(a = ) =cosa cos fFsina sin f

sin(a £ ) =sina cos f£cosa sin f

cos(a+%)=Fsina =+sin(-a)

sin(a+%)=+cos(a)=+cos(-a)

cos(a —Z) =—Lcosa+LBsina

cos(a + %) =—1cosa - Bsina

sin(ar —22) = —1sina—Lcosa

sin(a +2) =—Lsina + Lcosa

cos o +cos(a — &) +cos(a +2) =0

sina +sin(a —&) +sin(a+%) =0

cos® a +¢c0s’ (@ —Z=) + cos® (o + &) = 2

Multiplications

cosa cos S = 3[cos(a — B) +cos(a + f)]

sina sin g = 3[cos(a — ) —cos(a + S)]

sina cos B =1[sin(a + f) +sin(a - f)]

cosa sin g = 3[sin(a + f) —sin(a - B)]

cosa cos(a —2) cos(a + ) = +cos 3

Multiples of an angle

sin(2a) =2sina -cosa

cos(2a) = cos® a —sin® o

Law of sines

a b ¢ The angles «, B, y
sineg sing siny |facea, b,c.

|

Law of cosines

a’ =b?+c?—-2bccosa

17.8 Selection of Values of Trigonometric Functions

Angle 0 kid T r r
6 4 3 2

sin ﬂ ﬂ Q ﬁ ﬂ
2 2 2 2 2

oL i
2 2 2 2 2




