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Preface

The development of the EMTP (Electro-Magnetic Transient Program) has contributed to a
revolution in analysis of switching phenomena and insulation coordination, which are critical
issues in modern electric power systems. The authors of this book have been engaged in the
development of Japan’s electric power system, which is one of the most reliable in the world,
as engineers of research and development and in universities for 30-50 years. In their careers,
they have used EMTP for solving problems. The contents of this book come from their
experiences. Although fundamental examples are displayed, they will definitely be practical
for existing power systems.

Some of the contents of the book have been used to teach students in universities and engi-
neers in industry. Those students and engineers all gained a splendid skill that proved useful
in their jobs. Electric supply companies and manufacturers need skilled engineers; without
them, the modern electric power system cannot operate reliably and safely.

The electric power system is changing rapidly and will change in the future both to cope
with the growth of electricity demand and to keep the sustainability of modern society.
Designers of today’s complicated system configurations and operations need the knowledge
in this book more than ever before.

The authors strongly hope that young engineers in the field study this book and use it to
contribute to society’s future.
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Fundamentals of EMTP

The Electromagnetic Transients Program (EMTP) is a powerful analysis tool for circuit
phenomena in power systems. Both steady state voltage and current distribution in the
fundamental frequency and surge phenomena in a high-frequency region can be solved using
EMTP. Selection of suitable models and appropriate parameters is required for getting correct
results. Many comparisons of calculation results and actual recorded data are carried out, and
accuracy of EMTP is discussed. Through such applications, EMTP is used widely in the
world. EMTP can treat not only main equipment but also control functions. ATP-EMTP is a
program that came from EMTP. After ATPDraw (which provides an easy, simple, and pow-
erful graphical user interface) was developed, ATP-EMTP was able to expand its user ability.

1.1 Function and Composition of EMTP

Built-in models in EMTP are listed in Tables 1.1 and 1.2. Table 1.1 shows a main circuit model
and Table 1.2 shows a control model. There are two ways to simulate control; one is TACS
(Transient Analysis of Control Systems) and the other is MODELS. MODELS is a flexible
modeling language and permits more complex calculations than TACS. All statements in
MODELS must be written by the user. MODELS is not covered in this book, but TACS is
explained for representing control.

1.1.1 Lumped Parameter RLC

The Series RLC Branch model is prepared for representing power system circuits. Load, shunt
reactor, shunt capacitor, filter, and other lumped parameter components are represented using
this model.

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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Table 1.1 Main circuit model.

Main Circuit Equipment

Built-in Model

Lumped parameter RLC
Transmission line, cable

Transformer

Nonlinear element

Arrester

Switch

TACS controlled switch

Voltage source, current
source

Generator

Rotating machine
Control

Series RLC branch

Mutually coupled RLC element, Multiphase PI equivalent (Type 1, 2, 3)
Distributed parameter line with lumped R (Type-1, -2, -3)
Frequency dependent distributed parameter line, IMARTI (Type-1, -2, -3)
Frequency dependent distributed parameter line, SEMLYEN (Type-1)
Single-phase saturable transformer

Three-phase saturable transformer

Three-phase three-leg core-type transformer

Mutually coupled RL element (Type 51, 52)

Multiphase time varying resistance (Type 91)

True nonlinear inductance (Type 93)

Pseudo nonlinear hysteretic inductor (Type 96)

Staircase time varying resistance (Type 97)

Pseudo nonlinear inductor (Type 98)

Pseudo nonlinear resistance (Type 99)

TACS controlled resistance for arc model (Type 91)

Multiphase time-varying resistance (Type 91)

Exponential ZnO (Type 92)

Multiphase piecewise linear resistance with flashover (Type 92)
Time-controlled switch

Voltage-controlled switch

Statistical switch

Measuring switch

Diode, thyristor (Type 11)

Purely TACS-controlled switch (Type 13)

Empirical data source (Type 1-9)

Step function (Type 11)

Ramp function (Type 12)

Two slopes ramp function (Type 13)

Sinusoidal function (Type 14)

CIGRE surge model (Type 15)

Simplified HVDC converter (Type 16)

Ungrounded voltage source (Type 18)

TACS controlled source (Type 60)

Three-phase synchronous machine (Type 58, 59)

Universal machine module (Type 19)

Universal machine module (Type 19)

TACS

MODELS

1.1.2 Transmission Line

The multiphase PI-equivalent circuit model, Type 1, 2, and 3, is used as a simple line model.
It has mutual coupling inductors and is applicable to a transposed or nontransposed three-phase

transmission line.
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Table 1.2 Control model.

Control Element

Built-in Function in TACS

Transfer function

Devices

Algebraic and logical expression

Signal source

Input signal from main circuit

Output signal to main circuit

K K Ks

K > 1+Ts 1+Ts,
1+ Ns+N,s" +--+N,s’
1+Ds+D,s* +++-+D,s’
Frequency sensor (50)
Relay operated switch (51)
Level triggered switch (52)
Transport delay (53)
Pulse transport delay (54)
Digitizer (55)
Point-by-point nonlinear (56)
Time sequence switch (57)
Controlled integrator (58)
Simple derivative (59)
Input-If selector (60)
Signal selector (61)
Sample and track (62)
Instantaneous min/max (63)
Min/max tracking (64)
Accumulator and counter (65)
RMS meter (66)
+,—, *,/,AND, OR, NOT, EQ, GE, SIN, COS, TAN, ASIN, ACOS,
ATAN, LOG, LOG10, EXP, SQRT, ABS
Free format FORTRAN
DC level (Type 11)
Sinusoidal signal (Type 14)
Pulse (Type 23)
Ramp (Type 24)
Node voltage (Type 90)
Switch current (Type 91)
Synchronous machine internal signal (Type 92)
Switch state (Type 93)
On/off signal for TACS-controlled switch
Signal for TACS-controlled source
Torque and field voltage signals for synchronous machine

The distributed parameter line model with lumped resistance, Type-1, -2, and -3, consists of
a lossless distributed parameter line model and constant resistances. The resistance is inserted
into the lossless line in the mode. Normally the resistance corresponding to the fundamental
frequency is used, then this model is applicable to phenomena from the fundamental frequency
to the harmonic frequency, in the 1-2kHz region.

The frequency-dependent distributed parameter line model developed by J. Marti, Semlyen,
takes into account line losses at high frequency, even in an untransposed line. It enables the
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production of detailed and precise simulation for surge analysis. The required data for use of
the model can be obtained using support routine Line Constants or Cable Constants, explained
later. Height of transmission line tower, conductor configuration, and necessary data are
inputted to the support routine, and the input data for EMTP are calculated by the support
routine. Both cables and overhead lines are treated by these support routines.

1.1.3  Transformer

A single-phase saturable transformer model is a basic component that permits a multiwinding
configuration. The two- or three-winding model is used in many study cases. A pseudo non-
linear inductor is included in this model for saturation characteristics. Input data are resistance
and inductance of each winding. A three-phase saturable transformer model also is prepared.
The three-phase three-leg transformer is applied for a core type transformer that has a path for
air gap flux generated by a zero sequence component. When a hysteresis characteristic is
desired, the pseudo nonlinear hysteretic inductor, Type 96, should be used instead of the incor-
porated pseudo nonlinear inductor. In such a case, the Type 96 branch will be connected
outside of the transformer model. The mutually coupled RL element is used for representing
a multiwinding transformer; however, self and mutual inductances of all windings are required
for input data. This is used for transition voltage analysis in the transformer, which requires a
multiwinding model.

1.1.4 Nonlinear Element

True nonlinear inductance, Type 93, has a limit on the number of elements one circuit can
hold. When the true nonlinear is included, an iterative convergence calculation is carried out
at each time step. Therefore, one element is permitted in one circuit. If more than two elements
are needed, these elements must be in separate circuits or be separated by a distributed param-
eter line. The distributed parameter line separates the network internally as explained in the
next section; it is a marked advantage of the EMTP calculation algorithm.

Pseudo-nonlinear elements are prepared that can be used without such constraints. An iter-
ative convergence calculation is not applied for the pseudo nonlinear element, but a simple
method is applied. That is, after one time step is calculated, a new value on the nonlinear
characteristic curve is adopted for the next time step. Then if the pseudo-nonlinear element is
used, a small time step must be selected, suppressing a larger change of voltage or current in
the circuit during one time step. The pseudo-nonlinear reactor, Type 98, is the same as the
element included in the saturable transformer model. A residual flux in an iron core is
simulated by use of the pseudo-nonlinear hysteretic inductor, Type 96.

For use of TACS controlled resistance for the arc model, Type 91, the arc equation must be
composed by TACS functions.

1.1.5 Arrester

In the model Type 92, two models are available: one is the exponential ZnO and the other is
the multiphase piecewise linear resistance with flashover. The pseudo-nonlinear resistance is
also used as an arrester.
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1.1.6 Switch

A time-controlled switch is used for normal open/close operation or fault application. The open
action is completed after the current crosses the zero point. A voltage-controlled switch is used
as a flashover switch or gap. A statistical switch is used for statistical overvoltage studies.

A measuring switch is always closed, along with current value, though the switch is transferred
to TACS for control. The TACS-controlled switch, Type 11, simulates a diode without a firing
signal or thyristor with a firing signal, as defined in the TACS controller. A purely TACS-controlled
switch, Type 13, closes when the open/close signal becomes 1 and opens when the signal
becomes 0, even if the current is flowing. The IGBT (insulated gate bipolar transistor) or
self-extinguishing power electronics element is simulated by this switch.

1.1.7 Voltage and Current Sources

Many pattern sources are available and a combination of these sources is applicable.
Sinusoidal function, Type 14, is used for a 50 or 60 Hz power source. If the start time of the
source, T-start, is specified in negative, EMTP calculates steady state condition and sets initial
values of voltage and current to all branches. The ungrounded voltage source consists of voltage
source and ideal transformer without grounding on the circuit side. The TACS-controlled
source, Type 60, transfers the calculated signal in TACS to the main circuit as a source.

1.1.8 Generator and Rotating Machine

The three-phase synchronous machines, Type 58 and 59, are modeled by Park equations
and permit transient calculations. Three-phase circuits in the machine are assumed to be bal-
anced circuits. Values of internal variables of the machine can be transferred to TACS, and torque
and filed voltage can be connected from TACS as input signals for the machine. In this model, a
mechanical system of shaft with turbines and generators represented by a mass-spring equivalent
equation is included and it permits analysis of sub-synchronous resonance phenomena.

The universal machine module, Type 19, is used for modeling of an induction machine or
DC machine.

1.1.9 Control

TACS simulates a control part. Input signals for TACS are node voltages, switch currents,
internal variables of the rotating machine, and switch status. Output signals from TACS are the
on/off signal for the TACS-controlled switch and torque and field voltage for the synchronous
machine. Sufficient signal sources, transfer functions, many devices, and algebraic expressions
have been prepared, and free-format FORTRAN expression is permitted in addition. Only
TACS calculation without the main circuit is accepted.

1.1.10 Support Routines

Support routines are listed in Table 1.3. These support routines are included in EMTP. In the
first step the support routine is used and calculated output is obtained. Second, the obtained
data are used as input data for EMTP calculation.
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Table 1.3 Support routine.

Support Routine Function

Cable Constants, Line Constants, Calculation of data for frequency-dependent distributed parameter

Cable Parameters line for overhead line and cable from geometric data and resistivity
of the earth

Xformer, Bcetran Calculation of self and mutual inductance of transformer windings
from capacity and percentage impedance

Saturation Calculation of peak value saturation curve from RMS saturation data

Hysteresis Calculation of hysteresis curve from RMS saturation data

1.2 Features of the Calculation Method

The trapezoidal rule is applied in EMTP for numerical integration [1-3]. A simultaneous
differential equation is converted to a simultaneous equation with real number coefficient by
the trapezoidal rule. The circuit is represented by a nodal admittance equation. The time step
for simulation is fixed and ranges from ¢=0 [s] to T-max [s].

1.2.1 Formulation of the Main Circuit
1.2.1.1 Inductance

Figure 1.1 shows an inductance L between node k and m. The basic equation for this circuit is
Equation (1.1).

di
e, —e =L—fn 1.1
k m dt ( )

i,, at t is obtained by integration from 7— Az,

(ek —em)dt (1.2)

!

. . 1 ¢
i, (1) =1, (t—At)+Z :[A

t

The trapezoidal rule is applied to a time function of f to get area AS as shown in Figure 1.2.
We get Equation (1.3).

AS = jf(t)dt W)

AS=ZX(7(1)+ £ (s-a1))

Here f(t)=e¢,(t)—e,(t) is substituted and Equation (1.2) is replaced by Equations (1.4)
and (1.5).
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—
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Figure 1.1 Inductance.

AS

t-At t

Figure 1.2 Function fand area AS.

2L

A=t
ikm (1) aw
(=)

elt) o——2 1 I Y- ()

lkm (t-At)

Figure 1.3 Equivalent circuit of inductance.

i (1) =S5 (1), (1) + 1, (1) (14)
L, (t-At) =i, (t—At)+2A—£(ek (1—Ar)—e, (1-A1)) (1.5)

Equation (1.4) is represented by Figure 1.3.

Equation (1.5) is the value of the previous step and is a known value at calculation of time ¢.
Figure 1.3 shows that the inductance is represented by parallel connection of an equivalent
resistance R and the known current source. Resistance R is calculated once before time step
calculation.

1.2.1.2 Capacitance

Capacitance C between nodes k and m is shown in Figure 1.4. The basic equation for this
circuit is Equation (1.6).

:Cd(ek—em)

1.6
km d[ ( )

i
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ex lkm c em

Node k O | O Node m

At
R= T
ikm (t)
enlt) O——— I S Y ()
©
Ikm (t_At)

Figure 1.5 Equivalent circuit of capacitance.

By applying the trapezoidal rule to Equation (1.6), Equations (1.7) and (1.8) are obtained and
equivalent circuit is shown as in Figure 1.5; that means the capacitance is represented by an
equivalent resistance R and a known current source.

ikm(t)z%(ek(t)—em (6))+1,, (- ) (1.7)
1, (t—At)=—i, (1—At) —2—C(ek (t—Ar)—e, (t-At1)) (1.8)

At

1.2.1.3 Resistance

The resistance shown in Figure 1.6 is represented as it appears.

1.2.1.4 Distributed Parameter Line

The distributed parameter line connecting node k and node m is shown in Figure 1.7.
If resistance is ignored, relationships between voltage and current as functions of distance
and time are described in differential equations, Equation (1.9).

e _ L{@j
ox ot
O _ C(%)
ox ot

where L’ and C’ are inductance and capacitance per unit length, respectively. The solution is
shown in Equation (1.10),

(1.9)

e, (t—r)+Z*ikm (t—r) e, (t)—Z*imk(t)
e (1)=Z%i,, (t)=e,(1—1)+Z%i, (t—-7) (1.10)

zZ
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liem () R
—
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Figure 1.6 Resistance circuit.

€k ikm imk €m
—> <
Node k O— F——O Node m

Figure 1.7 Distributed parameter line.

i 8) ik (0)
ST o el

&) o—=
lk(t — T)
V4 V4
Imt—1)

Figure 1.8 Equivalent circuit for distributed parameter line.

where Z is surge impedance, v is propagation velocity, and 7 is travel time. Equation (1.10) can
be represented in Figure 1.8.

At node k, voltage and current are expressed by Equation (1.11). This means the current
i, (1) is represented by voltage at self node k and a known current before travel time 7. As a
result, the two nodes can be treated as separated circuits.

i (1) =€, (1) +1,(1-7)

(1.11)
1 (=) ==—e, (t=7)=i,, (1-7)

1.2.1.5 Nodal Equation

The nodal equation of the circuit is formulated in Equation (1.12) by applying the trape-
zoidal rule.

1< e]=[i()]-[1] 112)

where Y = node conductance matrix (real value), i(f) = injection current vector, and / = known
current vector.

Equation (1.12) is represented as Equation (1.13) by dividing it into unknown and known
values. Finally, the unknown value is solved as in Equation (1.14).



12 Power System Transient Analysis

YAA =

0 is null matrix

Figure 1.9 Admittance matrix with distributed parameter lines.

Unknown  Known

I'4
Y Y t 4 (1 1
AA YAB ea(n) _ ia(0) | (1.13)
Yga YaB ep(n) ip(1) Ip

Known Unknown
[ea (0] =[] #{[as (][] -[Vu]*[es (0]} (1.14)

In EMTP voltage, e,(?) is calculated at each time step until T-max is reached.

If a distributed parameter line is used in the circuit, the admittance matrix Y, , is divided into
a small size matrix as shown in Figure 1.9, due to Figure 1.8. It contributes a short computation
time and error reduction.

1.2.2  Calculation in TACS

The trapezoidal rule is also applied in TACS. A general transfer function, G(s) of Equation (1.15),
is taken for explanation.

X(s):G(s)* U(s)

G(S):NO+N|S+N2S2+...+NmSm

5 - (1.15)
Dy+Ds+D,s"+---+D,s

U is input, X is output, and s is a Laplace operator.

Laplace operator s is replaced by d/dt for transient analysis, then Equation (1.15) is represented
by differential Equation (1.16).
d’x d"x d d’u d"u

u
2?+---+D ——N0u+NIE+N2—+m+N

= —_— 1.16
" dt" dr’ " d (1.16)

d
D0x+D,d—x+D
t

New variables are introduced as follows:

dx dx, A,y
X :Z,xz :E,-'-,xn = dr
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du dul du(mfl)
ul :_’MZ =, U, =

dt

The trapezoidal rule is applied for x, = %
t

X, = ix(t)—{xl (¢ —At)+A£x(t —AZ)}

At 1

The second term on the right hand side is the known value. Finally, Equation (1.15) is repre-
sented by simultaneous linear equations.

c*x(t)=d*u(t)+ Hist (1 At) (1.17)

where ¢ and d are coefficients. They are calculated uniquely by time step At and parameters of
transfer function. The calculation of these coefficients is required once before transient calculation.

1.2.3 Features of EMTP
1.2.3.1 Relationship between the Main Circuit and TACS

Although the main circuit and TACS part must be solved essentially simultaneously, EMTP
calculates them independently [4]. The main circuit at time ¢ is calculated initially. Voltage and
current signals are transferred to TACS and calculation of TACS is carried out. The output
of TACS is used in the main circuit calculation of the next time, ¢ + At. The output of TACS is
on/off pulse signal for TACS-controlled switch or exciter voltage for synchronous generator.
In most cases, the controller has a delay at the input and output stages, so selection of a
reasonably small time step will make the error negligible. If a large time step is selected,
attention should be given to the calculation error.

1.2.3.2 [Initial Setting

Initial values on all branches are set automatically if a negative T-start of the sinusoidal source
is specified. EMTP calculates the steady state condition by complex plane and the value of the
real part is set to each branch. The steady state calculation permits only one frequency. In
TACS, the initial DC value can be inputted by the user.

1.2.3.3 Nonlinear Branch

Only one true nonlinear branch is accepted due to performing the iterative convergence calcu-
lation. There is no such restriction for a pseudo-nonlinear branch.

1.2.3.4 Floating Circuit

A floating circuit must be avoided due to calculation error at the inverse calculation of the
admittance matrix. This is measured by connecting the stray capacitance to the ground.
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1.2.3.5 Calculation Order in TACS

Calculation order of control elements is determined automatically. When the device in
Table 1.2 is used, EMTP cannot determine its order. The user must specify its order by indi-
cating the place, in input side, in output side, or internal position between transfer functions.

1.2.3.6 Switch and Apparent Oscillation

In normal use of the time switch when the open order is given to the switch, the switch mem-
orizes the current direction and opens after the current changes the sign, that is, from plus to
minus, or from minus to plus. EMTP adopts the fixed time step calculation, so then the switch
current is not zero at the opened time. Due to this algorithm, apparent oscillation appears on
the voltage at the terminal of inductance, as shown in Figure 1.10a, b. Figure 1.10a shows the
interruption of pure inductance current and voltage at node V1. At node V1 there is no branch
to the ground and apparent voltage oscillation is obtained. This oscillation appears at each
time step. In an actual system there is no such condition; part of the branch exists as a stray
capacitor. In Figure 1.11a, b a small capacitance, 10 pF, is connected at node V2, and the
apparent oscillation disappears. This problem that causes current oscillation when pure capac-
itance is closed by the switch can be solved by adding reactance in series.

1.2.3.7 ATPDraw
ATPDraw is a graphical preprocessor for ATP-EMTP [5], and it allows execution of ATP-EMTP

and PLOTXY. Figure 1.12 shows a simple outline and relating files for normal use.

(a)
VS1 V1

0.18Q 0.8 mH

22,100 pF
10kV peak

—
O
-~

Voltage or Current (V, A)
o

V1 volt

-30 5 i
0 4 8 12 16 20
Time (ms)

Figure 1.10 Reactor current interruption. (a) Circuit. (b) Current and voltages.
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—
O
-

Voltage or Current (V, A)

25

16

-2

-11

(@)
vS2

0.18Q

V2

22,100 uF

Time (ms)

10KV peak 10uF
/
/ \ 4+ _Current
7
({// \v\\l A N fu[/\\’[ v
e Y AT
S i
V. voltage U‘ vv
VUV VTS Voltage
0 4 8 12 16 20

Figure 1.11 Reactor current interruption with capacitor modification. (a) Circuit. (b) Current and

voltages.

~ ATPDRAW ’
ATPDRAW | .acp file
Dy
.atp file
lis file
ATP—EMTP
PLOTXY | | PL4 Viewer [ .

Word via clipboard

Excel via .csv file

Figure 1.12  Outline of ATPDraw.
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Modeling of System Components

2.1 Overhead Transmission Lines and Underground Cables
2.1.1 Overhead Transmission Line—Line Constants
2.1.1.1 General

2.1.1.1.1 Inductance of Single Conductor over the Earth

When a single conductor is located over the Earth’s surface, the magnetic images are as shown
in Figure 2.1 and self-inductance is written as in Equation (2.1). Table 2.1 shows the self-
inductances in the case of changing H,. The self-inductance increases with H,.

2H
L=ﬁ[1+2ln J @2.1)

2r r

2.1.1.1.2 Capacitance of Single Conductor over the Earth

A conductor with a radius r (m) is located at # (m) high over the Earth and has an electric
charge +¢ (c) per unit length, as shown in Figure 2.2. Generally, the permittivity of Earth, ee,
is quite large compared with the permittivity of air, ea. The electric field lines from the
conductor will flow into the Earth vertically. The voltage distribution of Earth’s surface will
be flat. We can treat the Earth as a conductor. The electric field in the air will be treated as
shown in Figure 2.3.

The voltage between two conductors is expressed by Equation (2.2).

2
b, =412 2.2)
e, T

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.
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x ® Conductor

h
He Earth’s surface
77777777 17777 777777777777
RhS ) 'g --------------- Magnetic ground plane
He H
—"—6 Magnetic images

Figure 2.1 Depth of Earth return.

Table 2.1 Inductance of single conductor over the Earth.

H, (m) L (mH/km)
10 1.55
50 1.87

100 2.01
300 2.23
500 2.33
1000 2.47
q
. ////Q\\\\ N
A 1\ AYERN
// ,/ fo \\ \\
’ fog ) v
S II : \\ VN
/ / 1' : ‘\ \ N\
vie T
I/ II ‘, : 1l “ \‘ h
I [ ! v \
I - ! VoY \
1 1 ! 1 \
! 1 ! ! i 1 \
1 I ! ! ! | \
1 1 : ! : | 1
1 1 | : \ 1 |
' ;! 1 [ '
Earth

Figure 2.2 Electric field lines from the conductor.
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Imaginary conductor
Figure 2.3 Electric field in the air.
So, the voltage between the conductor and the earth is expressed by Equation (2.3).

b =t 4,20 (2.3)
2 2mg, r

The capacitance between the conductor and the earth C | is expressed by Equation (2.4).

2re,
c,=2<-= = 2.4)

vle lni

r

In case of the transposed line, the positive sequence capacitance is expressed by Equation (2.5).

_ 2rms,

In 2
R!

o 2.5)

That capacitance is decided by the equivalent distance D between phases and the equivalent
radius of conductor R’.

The height of the line does not affect the capacitance.

The zero sequence capacitance is expressed by Equation (2.6).

2rme,

8h’
In——7>

R'D

C,= (2.6)
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D12

[
R il {

CO_

TIT7 1717777777 77777177 177777777777

Figure 2.4 Capacitances between three-phase conductors.

The relation between positive and zero sequence capacitance is written in Equation (2.7).
C, =C,+3C, 2.7

Capacitance between phases is expressed by Equation (2.8) (Figure 2.4).

C,= %(C1 -C,) (2.8)

2.1.1.1.2.1 Capacitance Matrix

Here, we imagine three phases conductor over the Earth. The voltages V, V,, and V, are a
function of the line charges g, g,, and g,, as shown in Equation (2.9). The p,_is Maxwell’s
potential coefficient.

Vil=|Pu Pn Pyl (2.9)

In general cases,
[¥]=[r]la]. @.10)

where

n 2% (m /F).

ik

2h,
h’l—[ m / F L= L=
2re, T ( ) P = Pu 27e,

>
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h; : height of conductor i
Dik

D; : distance between conductor j and image
of conductor k

777777, ///;// T7TTRITTTT7777777
! d;, : distance between conductor i and k

i
|
i r; : radius of conductor i
i

O Imaginary conductor

Figure 2.5 Explanation of mutual capacitance C,.

The capacitance matrix is derived as an inverse matrix of Equation (2.10):

4 ki ky o ks ||V
[a]=[C][v] [C]:[p]i1 G |= |k ky ks ||V (2.11)
a3 ky ks ks |1V
Pu P Pi B ky ko ok
Py Pn Pyn| =|ky ky ky | (2.12)
Py Py Py ky ks kg

The g, g,, and g, are transformed as follows:

q9, :kll -Vl+k12-V2+k13 'V3:(k11 +k12+k13)'vl +(_k12)'(vl _V2)+(_k13)'(v1 _Vs)
@y =kyy V1tky - V24ky - V3=(=ky ) (Vy = V) +(ky + ky +ky3 ) Vy +(—ky ) - (V, = V5) (2.13)
qs :k31 ~V1+k32~V2+k33~V3=(—k3|)~(V3—V1)+(—k32)'(V3—V2)+(k31 +k32+k33)'v3'

The coefficient of V|, V,, and V, is the capacitance from the conductor to the ground, and
they are written as C,,, C,,, and C,,. Another coefficient is mutual capacitance C, (Figure 2.5):

C, =k, +k,+k;, C
Cy, =ky +kyy +kyy Cyy =Cy, =~k (2.14)
Cyy =k; +kyy +kyy C,=C,=-k
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1 1
Y12 \/Q\/ ~Ya1 Cra \/D\/ Ca Cm\/)\/
3 3 3

2 _| 2 _| 2 —|
Q @ —Ya3 2 Cos
= = =
X t %
T T v Coo Cii[  Cag Co T
= = =
1777177, 77777 7777, 7 1777777777, TI717T71777777777777777 177777777777

Figure 2.6 Explanation of C, C_ at the three-phase conductor.

1 1
o
Cm
3 3
2 ! 2
! e ?
Cc Ci— C1=Cy+3C
T T B
L
Co T 3C,C,
C1-Co
TI717T777T7777777777777 777777777777 1771771777777/ 777777 777777777777
Figure 2.7 Explanation of C, (positive sequence capacitance).
In case of the transposed line (Figures 2.6 and 2.7),
C=Cy=C3=C,, C,=C,=C; =C,. (2.15)

2.1.1.1.3 Elimination of Ground Wire (Figure 2.8)
In Figure 2.4, the relation between voltages, impedances, and currents is shown as

Equation (2.16).

Vol [Z2a Zo Ze Z, Zo| L] [V]
‘/b Zba be Zbc va wa Ib ‘/b '
Vo= 2a Zo Ze Zo Zo || I |+ W (2.16)
Vil 12w 2o 2. Z, Z, |1 | |V
Yol 2w Zw Zw Z. Z, L] [V
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v

Iw Ground wire

la

:2 Overhead line
Val vb| ve ve [vbr o |va

I7T7777777777777 777777 777777 777777777777777 777777 777777777777
lg

Figure 2.8 Elimination for ground wire.

vl v (A (2 Ze Ze Za Zu ][]
Vb Vh ' A Vb Z]Ja Zl)[) ZhL‘ Zhv Zhw Ib
v|-lvil=lav |=lz, z, z. z, z, |1 2.17)
v\ \v| |av| |z, z, z, z, z, |1,

Vel W LAY e Ze Zee Ze Zuo L)

When we assume that the ground wire voltage is zero in the alternative frequency, we derive
AV =AV =0.
The lower half of the matrix is expressed by Equation (2.18).

1
A ‘/V O ZVI,! ZV") ZVL' ! ZV v ZVM’ IV
= = I, |+ (2.18)
A VW O ZWﬂ ZM’b ZVVC 1 ZM"V ZM’M’ IH’
So, we derive this equation:
-1 I
IV ZVV ZVW ZVG Z\"b ZV(‘ !
=— I, . (2.19)
IW ZW’V ZM’W ZW’IJ Z\A’h ZW"L’ I
The upper half of the matrix will be shown as Equation (2.20).
AVH Zaa Zab ac a ZHV Zaw I
AV, 1=\ 2y Zy Zy || 1, | F| 2o Zsy |:[v :| (2.20)
A ‘/L Zm Z(‘b cc c cv ch !

To insert Equation (2.19) into Equation (2.20), we eliminate the ground wire.
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2.1.1.2 Positive-/Zero-Sequence Impedances and Self-/Mutual Impedances

Impedances with mutual coupling are expressed by the matrix in Equation (2.21),

ZS Zm Zm
z=\z z, z | 2.21)
Zm Zm ZS

where Z = self-impedance and Z = mutual impedance.
Zero- and positive-sequence impedances have the following relation to self- and mutual
impedances:

ZPOS = ZS - Zm

(2.22)
Zyro =25 +22,,,

where Z, . = positive-sequence impedance and Z,, , = zero-sequence impedance.
Inversely, we get the relation expressed by Equation (2.23):

1
Z = g(ZZPOS +Z yiro )
| (2.23)
z,=-(z
3

ZERO ~— ZPOS )

2.1.1.3 Overhead Line Model in EMTP-ATP

A single transmission line is modeled by using lumped elements as shown in Figure 2.9.
This is the ideal circuit in case of Ax being infinitesimal.

2.1.1.3.1 Pi Equivalents

A single transmission line is modeled by the four terminal equivalent circuits shown in Figure 2.10.
This model has efficient accuracy when the frequency of calculation phenomena is

sufficiently smaller than the inverse of propagation time of the line. Generally, users can use

this pi equivalent model under the 100-km line. In case of a greater than 100-km line, users

can use this model by connecting in series.

ATy ATy — TP
CAx f GAx r

X I Ax |

Figure 2.9 Equivalent circuit of a single-phase transmission line.
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M1
— lC::

77777777777

Figure 2.10 Pi equivalent circuit.

Mutually Coupled

- L
y % T l
i — T [R]+jwL] - = —=
5Ll Ho

Figure 2.11 Pi equivalent circuit for three-phase lines.

In the three-phase transmission line, an equivalent circuit is modeled by the mutual coupling
shown in Figure 2.11.

2.1.1.3.2 Distortionless Line Modeling
This is the line model under R=G=0 in Figure 2.9.

The characteristic impedance and propagation velocity are expressed by Equations
(2.24) and (2.25):

Characteristic impedance (Surge impedance) Z = \/% (2.24)
Propagation velocity v = L (2.25)
Jic '

2.1.1.3.3 Lumped-Resistance Line Modeling
This model shown in Figure 2.12 is a distortionless line model with lumped resistance.
This model is necessary to be used in case of 1/4R<KZ.
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W WA —VW\—

1, [Lossless 1R Lossless 1g
4 distributed line 2 distributed line 4

TTT77777777777777 7777777 777777 777777777777 777777777777 777777 777777777777

Figure 2.12 Lumped-resistance line model.

2.1.1.3.4 Frequency-Dependent Line Modeling
EMTP-ATP has the support programs listed below for calculating line constants.

The line constants and J. Marti models are most popular. These models can treat frequency
dependence of the overhead line.

¢ Line Constants
e J. Marti

* Semlyen

* NODA Setup

2.1.1.4 Example Constants of an Overhead Line in ATPDraw: Line Constants

ATPDraw tries to calculate overhead line constants, shown in Figure 2.13.

Overhead line 410mm? Two bundled conductors S=12.5cm
Diameter 2.85 cm, diameter of steel wire 1.05 cm, DC resistance 0.0671 Q/km
Ground wire 120mm? Single conductor

Diameter 1.75 cm, diameter of steel wire 1.05 cm, DC resistance 0.277 Q/km

* Selection of LCC (short for Line Constants, Cable Constants, or cable parameters) in the
menu, which is shown in Figure 2.14.

« Setting for the Bergeron model, which is shown in Figure 2.15.

It is necessary to change the frequency for the phenomena.

With the phenomena at an alternate power frequency, Freq.init is used at 50 or 60 Hz.

In the case of high-frequency phenomena, Freq.init is ¢ /4{, where ¢ = line length and
C, = light speed. The following are terms used in ATPDraw:

* “Transposed”: transposed or not

* “Auto bundling”: automatic bundling option that which allows a single conductor

» “Skin effect”: frequency-dependent for resistance or not

* “Segmented ground”: ground wires are to be treated as being continuous or segmented.

Users should select the proper model from the following list.

* Bergeron: line constants model
* PI: m equivalents

¢ J. Marti: J. Marti model

* Semlyen: Semlyen model

* Noda: Noda setup model
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H{=43m
Hy=35.4m
Hy=27.8m W3=142m
d=2.85cm,
0.0735 Q/km
w=50cm
Oom

Figure 2.13 Example of a tower structure.

P Probes & 3-phase »

My Branch Linear »

£ Branch Nonlinear  »

[.TT“@‘ Lines/Cables 3 Lumped N
- Switches » Distributed »
@ Sources » I LGC

@ Machines , Read PCH file..
G Transformers »

£} MODELS »

#r TACS »

{2} User Specified »

2 Steady-state »

|E| All standard comp...

Figure 2.14 LCC menu in ATPDraw.
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Line/Cable Data: line2

Model Data | Nodes
System type Standard data

Overhead Line 1] e Rho [ohm*m] | 100
Freg. init [Hz) 50

D] Tragsposed Length [km] 10
Auto bunding [[] Set length in icon
Skin effect Urits

[] Segmented giound (& Metric

[C] Beal transf. matrix OEngish

<

Model
Type

® Bergeron
og

O dMarti
O Semlpen
O Noda

Comment; Order. 0 Labet [ Hide

| Ok || Cancel | [ Impor |[ Espor |[RunATP|[ View || Veify ||Edtdefin|[ Help |

Figure 2.15 Bergeron model in ATPDraw.

Data tag: Setting for geometrical information to calculate the line constants, see Figure 2.16.

Ph.no.: Line number, “0” means a ground wire that is grounded. This means the elimination of ground
wire. Otherwise, when the ground wire is treated as a conductor, this should be input by the number
except “0.”

Horiz: Horizontal distance from center of tower to conductor.

If the right side is plus, the left side is minus.

Vmid: Vertical height of conductor above ground at mid-span.

If the distance between each tower is larger than 200 m, users can set this value at Vtower x 2/3.

Separ, Alpha: Distance of each conductor and degree.

In case of the left figure, users should set alpha=45° (Figure 2.17).

2.1.1.4.1 Example of Calculated Constants

In the case of a transposed line, zero- and positive-sequence constants are calculated. The first
line shows a zero sequence and the second line shows a positive sequence. The negative
sequence is equated to the positive.
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Line/Gable Data: line2
Model | Data |Nodes
Phno. Rin Rout Resis Hoz  Wtower Vmid Separ  Alpha NB

# [em] [em] [ohm/km DC]  [m] [m] [m] [cm] [deg]

Tk 0525 1425 00735 63 |43 43 50 0 2

2 2 055 1425 00735 £7 3¥/4 /L4 80 0 2

3 3 055 1425 00735 71 |2728 278 50 0 2

4 4 055 1425 00735 63 |43 43 50 0 2

5 5 055 1425 0073 67 /4 B4 50 0 2

6 |6 0.525 1.425 00735 i1 278 278 50 0 2

7 0 0525 0875 0277 134 52 52 0 0 1]

8 0 055 0875 0277 134 |52 52 0 0 0

[ Add row ] [ Delete last row ] t y Move
| 0k || Cancel | [ impot |[ Expor |[RunaTP || View || veity |[Eddefin |[ Hep |

Figure 2.16 Data setting in ATPDraw.

In the case of the left figure, users should set Alpha = 45°.

Figure 2.17 Explanation of “Separ” and “Alpha.”

Nontransposed line, at 50 Hz

$VINTAGE, 1

—-1IN___AOUT__A
-2IN___BOUT__B
-3IN__COUT__C
—4IN___DOUT__D
—5IN__EOUT_E
—6IN___ FOUT__F

2.82564E-01 9.08011E+02 2.40724E+05-1.00000E+01 1
3.82969E-02 3.68089E+02 2.95893E+05-1.00000E+01 1
4.06809E-02 3.30997E+02 2.95530E+05-1.00000E+01 1
3.74537E-02 2.88842E+02 2.96595E+05-1.00000E+01 1
3.69859E-02 2.54055E+02 2.96306E+05-1.00000E+01 1
3.68752E-02 2.60961E+02 2.96418E+05-1.00000E+01 1

[o) e Ne Ne) e No)
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$VINTAGE, 0

0.33312492  0.28399308 —0.51806919 —0.51982484 —0.37135639 —0.30411451
—-0.07046654 —-0.01016986 0.00064779 0.00518695 -0.01175546 —0.02818906
0.32283071 0.47191570 —0.05190306 —0.10261031 0.51788356 0.57826777
0.01077706 0.02931034 —0.05207941 0.00524663 -0.01754668 —0.00582566
0.52665125 0.44166653 0.47545596 0.46813048 —0.30532196 —0.26831886
0.04863027 -0.02473182 —0.01180385 0.00725787 -0.01494887 0.01723907
0.33312492 -0.28399308 —0.51806919 0.51982484 0.37135639 —0.30411451
—-0.07046654 0.01016986 0.00064779 —0.00518695 0.01175546 —0.02818906
0.32283071 -0.47191570 —0.05190306 0.10261031 -0.51788356 0.57826777
0.01077706 -0.02931034 —0.05207941 —0.00524663 0.01754668 —0.00582566
0.52665125 -0.44166653 0.47545596 —0.46813048 0.30532196 —0.26831886
0.04863027 0.02473182 —0.01180385 —0.00725787 0.01494887 0.01723907

Nontransposed line, at 5000 Hz

$VINTAGE, 1

—-1IN___AOUT_A 7.85679E+00 7.88809E+02 2.71036E+05—1.00000E+01 1
—2IN___BOUT__B 2.13788E-01 3.52941E+02 2.98018E+05-1.00000E+01 1
=3IN__ COUT__C 1.99237E-01 3.36528E+02 2.98771E+05-1.00000E+01 1
—4IN___DOUT__D 1.68803E-01 2.91494E+02 2.98994E+05-1.00000E+01 1
—5IN_EOUT_E 1.65661E-01 2.53865E+02 2.98905E+05-1.00000E+01 1
—6IN___ FOUT__F 1.65973E-01 2.59424E+02 2.98924E+05-1.00000E+01 1

=) Ie o Nlfo e NS

$VINTAGE, 0

0.25078561 —0.23132315 -0.49751501 0.55619157 —0.35553940 —0.35970967
—0.01475895 0.00637573 —-0.02152691 0.00248763 0.00039556 0.01923165
0.31677409 —0.30354557 —0.14947397 0.20745866 0.57540790 0.56479156
—0.00234087 —0.03419151 0.02463887 —0.01613332 —0.00794804 0.00550554
0.57998573 —0.59395802 0.47823316 —0.38379552 —0.20403499 —0.22548265
0.01240975 0.01881070 —0.01894511 —0.00680935 —0.02835272 —0.01941282
0.25078561 0.23132315 -0.49751501 -0.55619157 0.35553940 —0.35970967
—0.01475895 —-0.00637573 —-0.02152691 —0.00248763 —0.00039556 0.01923165
0.31677409 0.30354557 —0.14947397 —0.20745866 —0.57540790 0.56479156
—0.00234087 0.03419151 0.02463887 0.01613332 0.00794804 0.00550554
0.57998573 0.59395802 0.47823316 0.38379552 0.20403499 —0.22548265
0.01240975 -0.01881070 —0.01894511 0.00680935 0.02835272 —0.01941282

For example, Figure 2.18 shows the calculated results for applying these three lines to a
100 V source.

In Figure 2.18, oscillation decays fast at the 5000 Hz line. The difference whether transposed
or not is small.



Modeling of System Components

31

Transposed line, 5000 Hz

$VINTAGE, 1

—-1IN___AOUT__A

—2IN___BOUT__B

Zero sequence

Positive sequence

8.29834E+00 8.56147E+02 2.71841E+05 1.00000E+01 1

2.01208E-01 2.96310E+02 2.95222E+05 1.00000E+01 1

J\ J\ J\ )
=3IN___ COUT__C Y Y Y Y
—4IN___DOUT_D
=5IN___EOUT_E Resistance Surge Propagation  Length
—-6IN___ FOUT_F impedance  velocity
$VINTAGE, -1, Q) Q) (km/s) (km)
300
200
50 Hz model
non-transposed
—~ 100 -
=
@ /
R -
3 H]
>
-100 -
=200 1 5000 Hz models
transposed and non transposed
-300 | | | |
0 4 8 12 16 20
Time (ms)
240 50 Hz model
1A AT L S
160 L i n
S J I\.E \
= 120
LT
= 80
s i P
40 y !
o )y !
RN
-40 L
5000 Hz model
-80 | |
0.5 0.9 1.3 1.7 2.1 25
Time (ms)

Figure 2.18 Calculated results for making lines.
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Figure 2.19 Calculated result for short-circuit current.

Figure 2.19 shows the comparison for a short-circuit current. At 5000 Hz, the amplitude of
the short-circuit current is different from the S0Hz line.

Short line fault interruption has alternative frequency phenomena and high-frequency
phenomena. At current interruption, the line constant should be treated as an alternative
frequency. But transient recovery voltage shows the several 10kHz. A two-step calculation is
necessary for accuracy. In this case, the current injection method is suitable. At first, the user
should calculate the short-circuit current for an alternative frequency. Second, the user should
inject that current to the high-frequency lines.

The J. Marti model is widely used for frequency-dependent transmission line model. The
line constant is calculated as follows.

The J. Marti model setting: the user should select “J. Marti” in the Model window. Data
subwindow will be shown. The user should set the frequency at the steady state and calculation
frequency for the mode matrix.

For example,

 Freq.matrix: mode matrix frequency, here S5kHz

* Freq.SS: steady state frequency, here S0Hz

 Decades: frequency range for constant calculation, here 0.1 10*Hz
* Points/Dec: constant calculation point in 1 decade, here 10 points.

The setting method for geometric information of lines is the same as the Bergeron model.
An example of calculated line constants is shown next. The format of line constants is
different from line constants (Figure 2.20).
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rl.ine)'Gable Data: line2c W
Model |Data | Nodes
System type Standard data
Overhead Line “v_l #Ph:|6 2 Rho [chmm] |100
- o Freg. init [Hz) 0.1
il
Oiiansposed Lenghkn] [10
Auto bunding [[] Set length in icon
Skin effect Urits
[] Segmented ground (® Metic
[ Real transf. matrix O Englsh
Model
Type Data
O Bergeron Decades Points/Dec
[@]:] 9 10
® JMarti Freq. matiix [Hz] Freq. S5 [Hz2]
O Semlyen 5000 50
O Noda Use default fitting
Comment: Order: 0 Label: [JHide
[ 0K ] ’ Cancel ] ’ Import I [ Export ] [ Run ATP ] [ View ] { Verify ] [gdit defin. ] I Help ]

Figure 2.20 J. Marti setting in ATPDraw.

—-1IN_AOUT__A

24
1.75644935255282330E+04
4.94864953079189220E+01
1.06446596255732570E+04
1.64837914474179050E+04
1.04609247552440010E+06
5.28779897867655380E+06
4.67738978494544610E+06
1.72944612796751150E+07
1.41932907125968020E+00
2.42506222838704400E+00
6.56597595574143900E+01
7.53913977257779040E+02
5.02950884740586040E+04
5.494955980811708 10E+05
1.93177936890560920E+06
7.36530641369509510E+06

11

2. 0.00

7.6398599099200032000E+02
2.13770954194475930E+04 —3.64488176214450650E+04

6.20881202228397110E+02
5.56483351718696580E+03
5.96654317870005400E+04
2.06603388986925640E+06
2.03830524591382100E+06
5.75897667709425560E+06
3.91134948735416310E+07
1.56999988850242270E+00
6.04343530774100040E+00
8.21531555331479950E+01
2.70493312768724900E+03
1.04812225198132360E+05
8.61025381440750320E+05
2.48934709176647660E+06
1.66209975471609050E+07

3.3452065056893213000E-05
7.09045971805790030E+00 8.29013079087817460E+01 2.05218646853829370E+02

26

2.61347936239796950E+03
9.61544227858097470E+03
4.84716733816883880E+05
2.70144624683398050E+06
2.86059675266138650E+06
9.63263244143215570E+06
2.30868878964187410E+08
1.53443313993469150E+00
2.08840784254574070E+01
1.35214190582626970E+02
1.13604856565846690E+04
2.75339949282041750E+05
1.21232041836172110E+06
4.06343682673577450E+06
9.83908682559759170E+07
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8.27684059224196970E+02 2.02596286316561600E+03
4.23815272516980040E+04 2.53827066343654530E+05
9.74979676558507680E+08 —9.75745799822558160E+08
1.25483679032792700E+03 1.36977105990960950E+04
2.74776414529713330E+04 4.55959309852172080E+04
1.96146205717745560E+05 7.61154199065004010E+05
6.75915330185273570E+06 6.76591245515458190E+06
—2IN___BOUT_B 2. 0.00
15 3.9456222106786458000E+02
2.99204109563495880E+03 1.47468507580421000E+02

7.80440714107136840E+02
5.68146138742036440E+02
2.94320345497146040E+02
6.09512239981379120E+03
1.25816147265869250E+00
1.63048293326194060E+00
1.14863334604270960E+01
3.86162618954434790E+01
4.27120951912425330E+03

1.31985349384001050E+03
1.86309829519770940E+02
2.70788995218796460E+02
3.70287113225839350E+04
1.94683183758184030E+00
5.39554164013315510E+00
1.59848711726535930E+01
6.21115063584223750E+01
2.61053133008279660E+04

9 3.3353569212064511000E-05

2.47347067017885850E+02
5.09644619418256840E+04
4.92415836815076140E+06
3.97983369524935620E+04
2.42236089878577180E+06
2.77902908309910110E+07
=3IN___ COUT__C

20

1.40133699531098550E+03
9.19201196234028320E+04
2.32285736449953130E+07
2.22313709917902540E+05
1.75381055169851870E+06
8.60795688641980440E+07
2. 0.00

3.7816769050640863000E+02

1.71214370952625320E+04
4.49644376013503640E+05

2.89403535922992780E+04
2.96419035686776390E+05
1.67523034109223260E+06

26

—1.92945146689272810E+03
6.79337259131680870E+02
2.39301214924039020E+02
1.37786074042563290E+02
1.42035350097225560E+06
1.72866601165299990E+00
7.84688149832078170E+00
2.32099101677073420E+01
1.12360880937937340E+02
1.00432192695335540E+06

5.66580603243716000E+03
8.70850634276895320E+05
1.10092047367656440E+08
4.52916300172152410E+05
8.96838074267333750E+06
3.08138594955910330E+08

-26

2.76777910671226800E+03 3.19970733700880200E+02 —4.48851933075702350E+03

3.38579513491869560E+03  8.86525969650747810E+02

6.92710802790131490E+03 1.83212705278188420E+02
4.25714960801934070E+02 5.86157177598852060E+02
9.81902029327581400E+01 2.40718591658280730E+02
2.70325573454710270E+03 3.18519377629979140E+03

2.35245344588584700E+04
1.25992761407011480E+00
1.69488563149130700E+00
9.34879784362447990E+00
3.14577870495336140E+01
1.60161390036292150E+02
3.88748749091944730E+03
3.42713404536987730E+04

4.05493776380774620E+05
1.96063297159097490E+00
4.94664773364731490E+00
1.34580881251905760E+01
6.38810246288385240E+01
3.65930495760880380E+02
4.64665428838566280E+03
5.91203537001200250E+05

9 -3.3357879651165086000E-05
—2.21998133608119420E+02 —2.27342777649989560E+03 —3.20236258741104300E+03
—2.32219195762859560E+04 —5.18998064583304000E+04 —3.99895274544087820E+05

—5.58844802144627370E+03
4.83783036871584780E+02
5.18503321319391600E+02
3.14021678020258780E+02
5.85928462694478460E+03

1.75123520042841710E+00
9.55007218309695990E+00
1.98913142485725450E+01
1.10035910301716270E+02
4.75594017789749500E+02
8.53804721738672010E+03
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—4.30777098695122260E+06 —2.65697164933130930E+07 9.12715176732486630E+00
3.80203870724501680E+04 3.96296040781158080E+05 5.40228585390166960E+05
3.92477868761868770E+06 2.23021404315216330E+06 8.17104251386753000E+06
5.30253207385864260E+07 9.63865815985234380E+07 1.98691765316513630E+13

—4IN___DOUT__D

2. 0.00

-26

19 3.3216156753891221000E+02

3.32679816953891260E+03

1.46179736037509060E+03

8.50012783054611650E+02
3.06333251678185720E+02
1.37486725868792400E+02
5.65528853779869500E+03
1.32034477990225480E+05
1.31455767119944620E+00
1.71644352333832040E+00
1.35662187646851890E+01
4.47244203787357510E+01
2.35369295931236420E+02
9.09411805948983060E+03
2.08846067652582070E+05

1.36640206420175260E+03 —4.30389100804873030E+03
2.53726725080325880E+03 —5.71788781355530770E+02
7.64777577760723660E+01 2.30117415905815930E+02
2.73258447411545770E+02 6.49240242920953390E+01
1.66562225251179370E+02 2.22772272047848820E+02
4.47803068414749120E+03 4.95493115104619850E+03

1.88884200340097050E+00 1.78111974528292730E+00
6.76166440256223300E+00 8.11335741202654330E+00
1.79711915741429420E+01 2.63965646326654130E+01
7.11044086568985990E+01 1.17505321023316410E+02
2.82363426458155400E+02 3.77068241870125010E+02
6.91110684770364700E+03 7.83023215395506030E+03

9  -3.3356929796641675000E-05

—1.87012935699362940E+02 —3.14461868705284180E+03 —4.95779795674018440E+03
—5.69753025757968060E+04 —1.09861613450616440E+05 —1.14003399342954690E+06
—1.15392962860063780E+07 —8.61885459056655910E+07 9.02489130826209700E+00
3.29820351724520370E+04  5.59480720870455260E+05 8.64150908942334470E+05
9.86335264955757000E+06 4.82149845230978080E+06 2.42116055759465960E+07
1.23636239563861460E+08 3.44131811882111250E+08 6.28318530721700470E+13
—5IN__EOUT_E 2. 0.00 -26
19 2.9471645239150092000E+02

3.04608646375060740E+03  3.85075805560429790E+02 1.23201563500287260E+03
—2.88301172023220400E+03 2.58443315972866180E+03 —5.26048990242245850E+02

6.34895119580601660E+02
3.01395001442612620E+02
1.33906276872624150E+02
2.99087497757312530E+03
1.28488490897544430E+05
1.31939418222998110E+00
1.79955404194475490E+00
1.41877831687642200E+01
4.89722998616522320E+01
2.50290242275297030E+02
5.19435278129407020E+03
2.25345768446158060E+05

2.61420872948880630E+02 2.14686896154274000E+02
2.75441714106578900E+02 6.10376245361192390E+01
1.69396715781134620E+02 1.43308768621841800E+03
4.17252559627266240E+03 9.60099715603003820E+03

1.99910596270501690E+00 1.73781074980951680E+00
7.32315915670604150E+00  8.89804088246597050E+00
2.08887076512220280E+01 2.91054594535489310E+01
7.93752529546837590E+01 1.26834163588896130E+02
3.16852218220506470E+02 2.49685392932030210E+03
7.35358894458953910E+03  1.68605988481572090E+04

13 3.3345738274281065000E-05

2.59340140778726460E+01
2.41181053190797320E+03

3.37369352604558400E+02 6.60788166962460880E+02
3.93704194589121790E+03 5.27579832290847480E+03
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3.38744718130088860E+03
1.35591748912418820E+06
8.67013469343307140E+08
8.74759146206365220E+03
8.02729820233730250E+05
1.13700793302550420E+06
2.86352364743568820E+07
1.19838585714910410E+09
—6IN___FOUT__F
20
3.70857556087103790E+03
—6.07581501853979490E+02
2.80035191411265940E+02
2.19371129077163290E+02
6.27327368361363470E+01
2.41079010411799000E+02
3.51096220670131560E+03
1.34416280851345200E+00
1.78593295185650880E+00
1.17348936839463980E+01
2.92276510460420730E+01
1.25463750599228560E+02
4.36797244889617330E+02
5.99342270014167840E+03
13
2.54970001520574100E+01
2.12639146520084110E+03
5.75105757361272030E+03
1.30903102511541960E+06
8.72012717367038850E+08
8.74652864236458480E+03
7.22434341161434770E+05
2.06816129362340220E+06
2.81315933761330170E+07

2. 0.00
3.0081764676386985000E+02

3.3345814810230836000E-05

6.29203906081054810E+03 1.26473396260911370E+05
8.43621652354194970E+06 2.42607264330695090E+07

1.13606116013118360E+05 2.24287656773600550E+05
1.34530709863136500E+06 1.78751838160319040E+06
2.14072102775288420E+06 5.42768468281883000E+06
9.23733307088016720E+07 2.67363604461298230E+08

-26

8.86985299082655270E+01-1.39740213064266640E+03

1.88556379139355110E+03 7.42311569945918220E+02
2.91145939383249130E+02 3.45992630139773890E+02
2.97758634059481320E+02 2.73043679523143280E+02
1.34348467620353800E+02 1.61559436548511140E+02

7.49718302379666150E+03 5.80760793232300690E+03
1.29404478005025380E+05

2.03184903232078760E+00 1.66356650222744640E+00

6.97909423386909290E+00 9.86597593114704630E+00
1.61248179208375080E+01 2.13897014776734760E+01
4.81543820985171680E+01 7.74514977923254410E+01
2.44787530925921200E+02 2.98641570128496140E+02
1.29547954100466870E+04 9.91187765802387730E+03
2.22566358376151240E+05

3.26184910170085120E+02 6.49105227487062280E+02
4.07594926475122250E+03 5.31370033851396690E+03
4.35935195503303840E+03 1.24724423784763490E+05
8.13029298079738300E+06 2.46821016424198230E+07

1.11731870268556970E+05 2.24760716518480850E+05
1.35004215090710760E+06 1.82902683638393440E+06
1.49143889475726920E+06 5.44066062072633490E+06
9.07277028467590660E+07 2.72802134855029940E+08

1.19938686378418250E+09

0.25956082
—0.01942457
0.32871687
—0.00917400
0.56930828
0.00000000
0.25956082
—0.01942457
0.32871687
—0.00917400
0.56930828
0.00000000

—-0.23608915
0.00092063
—0.31450666
—0.03328584
—0.58671857
0.00000000
0.23608915
—0.00092063
0.31450666
0.03328584
0.58671857
0.00000000

0.35367333
—0.35407376
0.09427163
-0.11166193
—0.32038975
0.35431883
0.35367333
—0.35407376
0.09427163
-0.11166193
—0.32038975
0.35431883

—-0.37706278
—-0.40740363
—-0.15022206
—0.14007565
0.26209366
0.28454350
0.37706278
0.40740363
0.15022206
0.14007565
—0.26209366
—0.28454350

—0.35599675
0.00782495
0.57415285

-0.01631131

—0.20709645

—0.01996485
0.35599675

—0.00782495

—0.57415285
0.01631131
0.20709645
0.01996485

—0.35880969
0.00664004
0.56545558
0.00595174

—0.22653698

—0.01082001

—0.35880969
0.00664004
0.56545558
0.00595174

—0.22653698

—0.01082001
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200 Open ended terminal voltage
ﬂ No. 1-No. 4 lines
160 / 7

S A/

! AWA
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" voltage l\ \\ \ A\

Time (ms)

Figure 2.21 Calculated result of making lines, various frequency modeling.

Figure 2.21 shows the voltage waveforms making the source to the No. 1-No. X lines listed
below. The J. Marti model is suitable for calculating high-frequency phenomena.

No. 1 line fm=50Hz fs=50Hz fl=10Hz
No. 2 line 500Hz 50Hz 10Hz
No. 3 line 5000Hz 50Hz 10Hz
No. 4 line 50,000 Hz 50Hz 10Hz
No. X line 1MHz 100kHz 0.1Hz

(for a wide range up to 10 MHz)

Next, Figure 2.22 shows the calculated short-circuit currents. We can see some differences
between the J. Marti model and the line constants model.

Figure 2.23 shows the DC voltage at small capacitive current interruption for no load
transmission line. The DC voltage decays. It is necessary to be careful when calculating the
reclosing of the no-load transmission line.

2.1.2  Underground Cables—Cable Parameters
2.1.2.1 Pi Equivalents Model

The cable can be represented by a pi equivalent model, the same as the overhead transmission
line in case of a grounded cable sheath.
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Figure 2.22 Calculated result of short-circuit current at J. Marti and line constants.

150

No. X line
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100 -
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0.06 0.08 0.10
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Figure 2.23 DC voltage at small capacitive current interruption for no load with J. Marti lines.

Inductance and capacitance of the cable are shown in Equation (2.26).

Inductance L, Capacitance C
2
Lzﬂln"_z(H/m), C = b (2.26)
oo In’2
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H,: vacuum permeability =4z x 1077 (H/m)

p, :relative permeability of insulator = 1.0

g, : vacuum dielectric constant=1/36x x 10~ (F/m)
e_:relative dielectric constant of insulator
rl:outer radius of conductor (mm)

r2:inner radius of sheath (mm).

The relative permittivity of insulators is as follows (XLPE = (cross-linked polyethylene):

Oil-filled paper: 3.7, XLPE: 2.3

2.1.2.2 Distortionless Line Modeling

Surge impedance, Propagation velocity

zZ-= \E Q)  v= %(m/s) 227)

The calculation method of inductance and capacitance for XLPE cable is different from that
of oil-filled (OF) cable.

2.1.2.2.1 Case of OF Cable
In OF cable, the screen is very thin, so we can neglect this.
The inductance and capacitance will be expressed in Equation (2.28).

Inductance L Capacitance C
2
L=Blnlm/m), =T (F/m) (2.28)
T h n2
T,

L 60 r 1 300
Z=,==—2(Q), =—="———(m/ 2.29
Vo=@ g ) 2:29)

2.1.2.2.2 Case of XLPE (Cross-Linked Polyethylene) Cable
In XLPE cable, the thickness of the conductive tape cannot be neglected.
It is necessary to treat the conductive tape as a conductor in the calculation of capacitance
of the cable. Otherwise, it is necessary to treat it as an insulator when calculating inductance.
The inductance and capacitance will be expressed as Equations (2.30) and (2.31). These
equations are different from the case of OF cable.

Holky . 1
L="—""In=(H/m 2.30
2r n ( ) ( )
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= 2 (R ) 2.31)

L 60 r .
_ 00 232
- Z nrixnrl( ) (2.32)

L= 300 Lo /ln— (m/ ,us) (2.33)

\/E f i

where r, = outer radius of conductor (mm), r, = inner radius of sheath (mm), r, = outer
radius of inner semiconductive layer (mm), and r, = inner radius of outer semiconductive
layer (mm).

2.1.2.3 Cable Constants

Figure 2.24 shows an example of the structure of 220 kV XLPE, and Table 2.2 gives an example
of the cable data.

Itis necessary to input the data for calculating these cable constants using the cable constants
subroutine (Figure 2.25 and Table 2.3).

Inner semi-conductive layer

% Insulator
A QOuter semi-conductive layer
T
,\

Cushion layer

/ Aluminum sheath

Outer covering

Figure 2.24 Example of cable structure.
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Table 2.2 Example of cable data.

Number of core — 1
Conductor Cross-sectional area mm? 600
Outer radius mm 29.5
Thickness of inner semiconductive layer mm 1.0
Thickness of insulator mm 27.0
Thickness of outer semiconductive layer mm 1.0
Thickness of cushion layer mm 3.0
Thickness of aluminum sheath mm 2.5
Thickness of outer covering mm 5.0
Core DC resistance Q/km 0.0308
Capacitance pF/km 0.15

Core

Insulator

Sheath

Second insulator

Figure 2.25 Input data of cable in EMTP.

Table 2.3 Example input data of cable.

Radius (mm)

Inner radius of core rl 0 —
Outer radius of core 2 14.75 Radius of conductor 14.75 mm=29.5/2 mm
Radius of insulator 3 46.75 Radius of conductor 14.75 mm

+thickness of inner semiconductive layer 1 mm

+thickness of insulator 27 mm

+thickness of outer semiconductive layer 1 mm

+thickness of cushion layer 3mm=46.75 mm
Inner radius of sheath r4 49.25 r3 +aluminum sheath 2.5 mm=49.25 mm
Radius of second 5 54.25 r4 +outer covering 5 mm=54.25mm

insulator
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Conductor: resistivity 1.848E% (Q-m)
(DC resistivity 0.0308 Q/km x 600 mm?)
relative permeability 1.0
Insulator: relative permeability 1.0
relative dielectric constant [ In(46.75/14.75) ]
2.66 =———————~x23
In(42.75/15.75)
Sheath: resistivity 2.83E7% (Q'm)
(Resistivity of Al 2.83 pQ-cm)
relative permeability 1.0
Outer covering: relative permeability 1.0
relative dielectric constant 4.0

In the case of OF cable, the screen is constructed with carbon paper or metallic tape.
The user can neglect the screen due to its thinness. The user can treat the outer radius of the
insulator as equal to the inner radius of the sheath. Also, the user can treat the inner radius of
the insulator as equal to the outer radius of the conductor.

However, in the case of XLPE cable, it is necessary to count the thickness of both inner and outer
semi-conductive. The Electromagnetic Transients Program (EMTP) cannot treat these semi-
conductive layers, so the user must convert the relative dielectric constant using Equation (2.34),

ln(r’*j
-\ 2.34
£ =7 AXE (2.34)

ln[“’]

Ty

where r = inner radius of insulator (radius of conductor + thickness of inner semiconductive
layer, and r = outer radius of insulator.

The following figures show examples of ATPDraw input. Figures 2.26 and 2.27 show a
single cable Bergeron model with the sheath grounded.

Figures 2.28 and 2.29 show a single-cable Bergeron model with the sheath treated as
conductor.

EMTP-ATP input data:

BEGIN NEW DATA CASE
CABLE CONSTANTS
BRANCH IN___AOUT__AIN__ BOUT_B
2 1 1 1 2 00
2
0.0 0.01475 0.04675 0.04925 0.05425
1.848E-8 1. 1. 2.66 2.83E-8 1. 1. 4.
10. 0.0
100. 50. 100. 2
BLANK CARD ENDING FREQUENCY CARDS
$PUNCH
BLANK CARD ENDING CABLE CONSTANTS
BEGIN NEW DATA CASE

BLANK CARD
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Model Data | Nodes ]
System type v Standard data -
[Singe CoroCable [3e] #P[1 [y | Rbolohmml 1100

e Fieg it [Hz) 50
Number of cables: |1 13 Longhin] (100
~Cables in [¥] Cable Constanis _DOsetiengthinicon
(OF-H] [ Matrix output
O Suface
O Ground

~ Model
~ Type
® Besgeton
on
O Mati

O Semiyen

Comment | | Order 0 | Labet | | C)Hide

OK | [ Concel | [ impor |[ Ewpor | [RunatP [ View || vedy |[Edtdein |[ Hew

Figure 2.26 Cable data input form in ATPDraw.

Model | Data lﬂodesJ
Cable pumber. |1

LORE | ~ Total radius ———
il jo . R3m) 542563
Fout ] s = '
Fholobmrnl  104E0 0 Bl
mu 1 L J
mu [ins) 1 ~ Sheath
eps (ins] 268 Oion Olground
~ Position
Yerical )
10
Herizontal [m]
0

] [t ) e ) [Eor ) (ntie) (v ) [y ) (£t i

Figure 2.27 Cable data input form in ATPDraw.



44

Power System Transient Analysis

m

Model |Data | Nodes|
System type
SegeCoeCotie [v] wPnz 3]

Number of cables: 1 -‘;

[¥] Cable Constants
I Matrs output

Cables i
®ar
O Susface
O Ground
Model
Type
© Bergeron
on
O dMast
O Semyen

Comment:

Standard data -
Rbo [ohm*m] 100

Freg ikt [Hz) |50
Length[m] 100
] Set length inicon

Order: 0

Labet [ Hide

QK LCancel Import Export

Run ATP View

Yeaiy

Edtdefin | | Heb

Figure 2.28 Cable data input form in ATPDraw.

m{

Model | Rata | Nodes |
Cable urnber |1
CORE SHEATH Total radus
Rin [m) 0 46.75E-3 B5Im] 542564
Rout [m] 14.75E-3 49.25E-3 z
ore
Rholohmm] 184568 28%8 . Do
LLT] 1 1
mu fins) 1 1 Sheath
e 268 : [#10n [JGround
Aarrod
[OJon OGround
Pasition
¥uﬁcd [m)
10
Hosizontal [m]
b
oK Cancel Impost Export Run ATP View Yeuly Ect defin. Help

Figure 2.29 Cable data input form in ATPDraw.

2.1.2.4 Cross-Bonded Cable

In a long-line cable transmission system, each sheath of the cable will be crossed, as shown in
Figure 2.30. EMTP-ATP has this cross-bonded cable model but ATPDraw does not. The user

needs to make that model manually.

The user can cross the sheath manually using “Transpose” in ATPDraw (Figures 2.31 and 2.32).



core
— |
sheath
> - - R Y Y —
Major Major Major
L __] section | ___g4 ____| section |___4___] section
> - - F--- ¢ ---- ---0----
/a V/a 77
core __2
sheath - ---oooooo . A, oo A, pemmeeeemeeemeeeees
c
Figure 2.30 Cross-bonded cable.
LCC LCC LCC
-, -0 - , - - | -
— — —

Figure 2.31 Cross the sheath using “Transpose” in ATPDraw.

Oom Probes &3-phase »|  Probe Vol

2 Branch Linear > Probe Branch volt.
£S5 Branch Nonlinear » Probe Current

g Lines/Cables » Probe TACS

- Switches » Probe MODELS
© Sources » Splitter (3 phase)
@ Machines » Collector

&> Transformers > [Tfansp'l_ ABC-BCA I
£} MODELS > Transp2 ABC-CAB
#r TACS . Transp3 ABC-CBA
E‘ Lieer Specatied - Transpd ABC-ACE
12 Steady-state » ABC Reference
E All standard comp.. DEF Reference

Figure 2.32 Transpose in the ATPDraw menu.
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2.2 Transformer
2.2.1 Single-Phase Two-Winding Transformer

A single-phase transformer with two-winding is shown in Figure 2.33.
In Figure 2.33, voltages and currents are expressed as Equation (2.35).

v, =05 +”1%+”1%
! ! (2.35)

dg, , A,

v, =il +n,—=+n
2 272 Zd[ Zdt

Here, as we can set n,¢, =1i,, nd, =L, n,¢, =1Li, Figure 2.33 will be converted to
Figure 2.34.

W.
P __V\_lf__\\ ¢27____2___\\

([ _ I 7/
___________________ Iron
- - -----N core

Y —— - I 7
N “> _____ . -, \\\“—)\——_’—’ .
i14% |2/15
o o

2 A ©

W, W, : primary, secondary winding
@4, O, : fluxes crossed only Wy, W,
@, : common flux

V4, Vy, iy, ip: voltage and current of winding

Figure 2.33 Single phase with two-winding transformer.

I

Ideal transformer

Figure 2.34 Equivalent circuit of single-phase two-winding transformer.
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2.2.1.1 Transformer Model

EMTP has the “Transformer model” shown in Figure 2.35. The leakage inductances (L1, L2)
will be calculated from percentage impedance, %Z.

2.2.1.2 ATPDraw Input

Figure 2.36 shows a transformer menu in ATPDraw.

Leakage impedance Leakage impedance
R1 L1 (BUSTOP) R2 L2
BUS1 o——A\M—— T —VW\—T——o BUS3
) Current-
Primary flux Iz %% Secondary
Rmag
BUS2 o o BUS4
ni:n2

Transformer model

—

Flux

i, ® steady

Current

Figure 2.35 EMTP transformer model.

O Probes & 3-phase »
=% Branch Linear »
&5 Branch Nonlinear  »
TTO Lines/Cables »
- Switches »
© Sources »
@ Machines »
¢ Transformers » ‘ Ideal 1 phase
{1 MODELS » Ideal 3 phase
- TACS » Saturable 1 phase
{3 User Specified  » Saturable 3 phase
|2 Steady-state » # Sat. Y/Y 3-lee
[E] All standard comp. BCTRAN

Hybrid model

Figure 2.36  Transformer menu in ATPDraw.
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Figure 2.37 presents a saturable one-phase model.
Figures 2.38 and 2.39 give examples of current-flux characteristics.

2.2.1.3 Case of Hysteresis Modeling

In the case of modeling hysteresis characteristic of the core, users should connect the Type 96
pseudo-nonlinear hysteretic inductor to the outside of the transformer model (Figure 2.40).
The primary leakage impedance should be set at a small value.

bonponont: TRAFO S "

Aftiibutes | Characteristic| —‘

DATA UNIT VALUE ~ | |NODE PHASE

) Iy : steady state current of current-flux

lo Volts 15 Ll 1 L

Fo Ve £50 P2 1 characteristic of the core

Rmag Ohme 200000 51 1 Fo : steady state flux of current-flux
RAp Ohens 0.4 52 1 characteristic of the core

Lo mH 147 Rmag : core loss

e i el Rp, Lp : leakage impedance of primary
Rs Ohems 04 id

Ls mH 001 side

= b Vrp : rated primary voltage

entire data grid Order [0 Labet RS, Ls: leakage impedance of

secondary side

Comment:
Vrs : rated secondary voltage
Output RMS : 0 —case of input the current-flux
0-No ™ characteristic
£t defiitons | oK || caca || He |
Companent: TRAFO_S =
Aftributes | Characteristic
DATA UNIT VALUE A NODE PHASE NAME
Rmag Ohms 200000 Pl 1
Rp Ohms 04 P2 1
Lp mH 147 51 1
Vip KV 310 52 1
Rs Ohms 04
Ls mH o0
Vis kY 166
AMS 0 0 L
b
(Foe) oo siooit (G Omclo | i
Comment:
Output
[CIHige
0-No v
Edi defintions | | oK [[  concel || Hew |

Figure 2.37 Data input form for a single-phase transformer model.
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.

Aftributes = Characteristic ]

Saturation (on the PRIMARY winding!)

U5

Fhudinked [Wb-T]

779,

852

857.

264
878,
975.

Extemnal charactesistic

[LEd. ] Dlinchude characterisic

g J( pose J( o

Data source:

l Save...

Help

I

[

0K
Figure 2.38 Current flux for iron core input form.

Edit definitions
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~Legend
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- [logscale
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Done
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' " "
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' " "
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' " "
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1000.0
625.0
500.0
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Figure 2.39 View of Figure 2.38.
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Leakage impedance Transformer model Hysteresis: Type 96

Pseudo-nonlinear
inductor.

\\ |§E: Primary leakage
impedance should be
set to a small value.

The leakage
Type 96

Pseudo-nonlinear hysteretic inductor impedance should

connect to the outside of
the transformer

model.
Figure 2.40 Hysteresis modeling.
1

Gomponent: TRAFO_S
Attributes | Characteristic T
DATA UNIT VALUE ~| | NODE PHASE naMe | 10, FO=0
lo Vols 0 P1 1 Rp, Lp : small values
Fo Vs 1]} P2 1

Rmag Ohms 200000 s1 1

Rp Ohms 0.0001 52 1

Lp mH 0.0001

Vip kY 310

Rs Ohns 04

Ls mH 0.001

LR e - e »

o snt (G om0 | 1o

Comment:
Output
[ Hide
0-No v
Edit definiions [ oK [ cacs || Help

Figure 2.41 Setting the value with hysteresis.

The setting of the transformer model is shown in Figure 2.41.
Figures 2.42,2.43, and 2.44 show a Type 96 pseudo-nonlinear inductor.

2.2.2 Single-Phase Three-Winding Transformer

The equivalent circuit of single transformer with three-winding is shown in Figure 2.45. For
example, we try to calculate each leakage inductance.
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Percentage impedances:
HV-MV 21.3% (at 300 M VA base)
HV-LV 15.0% (at 90MVA base)
MV-LV 13.1% (at 90 MVA base)
275kV?
Zyy = 0.213><5— =53.7Q
300MVA
MVA  275kV?
Z,, =0.150x S00MV X > =126Q (2.36)
90MVA 300MVA
2
7, =0.131xSOMVA | 215KV _ 40
90MVA 300MVA
Z,+Z,=53. Z, =348
- Z,+7Z,=1260—> Z,=189Q (2.37)
Z,+7Z,=110 Z,=912
Gomponent: NLIND96 <)
Aftributes | Characteristic
DATA UNIT VALUE NODE PHASE NAME
CURR Amps 07 From 1 CURR=0.7
FLUX Vs 500. To 1 .
RESID Ve 0 FLUX =500:

RESID : Residual flux

Current and flux at steady state

(Baste] enrodaa i Oder: [0 Label
Comment:
Output DHaa
0-No v
Ei definons | [ ok || coea |[ Hep

Figure 2.42 Pseudo-nonlinear inductance data setting.



(Oo mponent: NLIND96

Aftributes = Characteristic |

LG

1) Fludinked [wb-T] .
50 975

228 878 Delete
99 864

Y =
30 852

15 83 User should input the lower
15 779 the hysteresis curve.

15 650

A

External characteristic

Data source: [ Inchude characteristic

[Lseve J( coow ][ pose J( vou ]

BT (o J[ o= J[ b

Figure 2.43 Pseudo-nonlinear inductance flux data setting.

1000 +
a
=)
u_>=_<’ 500 Flux at steady state
-10 -15 5 10
Current (A)
— 00 u
—1000 -~

Figure 2.44 Example of hysteresis.

Ls
. MV
147KV L
gy
N
I
. Lt Ly Ly
63KV l

LV

Converted circuit

Figure 2.45 Equivalent circuit for a three-phase transformer.
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Component: SATTRAFO
Attributes | Characteristic
Prim. Sec. Tert. NODE PHASE NAME
U [v] 275 147 B3 Primary 3
R [ohm] 0.001 0.001 0.001 Secondary B
L [mH.ohm] 110.8 17.2 457 Starpoint 3
— Prirn-N 1
Coping (¥ [w]v  [v[o  [v] | o ;
Phase shift [o MEES Ty 3
I(0)=/0 Rm= 1000000, [J3legcore | | TetN 1
5 [JRMS
Flo)= 3-winding
Order: 0 Label:
Comment:
Output
[JHide
[0-No v]
| Edit definitions ( oK || cance Help

Figure 2.46 Three-phase transformer data setting.

L1=5:110.8mH

(0]

z, (147kv I3
L =—"x| ————=

o | 275kV I3
ngéx 63 kV
o\ 275k /3

Figure 2.46 shows a saturable three-phase model.

2
j =17.2mH

2
j =45.7mH

(2.38)

2.2.3 Three-Phase One-Core Transformer—Three Legs or Five Legs

In a three-phase and three-leg transformer, some part of the zero-sequence flux does not flow
to the core, as shown in Figure 2.47. In this case, zero-sequence current-flux characteristics
will not be saturable and will be linear.

This equivalent circuit is shown in the ATP-Rule Book (Figure 2.48).



Figure 2.47 Explanation of flux in a three-leg transformer.
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Figure 2.48 Example modeling of a three-leg transformer.
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2.2.4  Frequency and Transformer Modeling

Transient phenomena occurring in power systems have frequency ranges from DC to several
10MHz. We can make a universal transformer model covering the wide frequency range,
but this is not realistic.

It is known that the transformer model is suitable for use in a frequency range from AC to
several kilohertz.

In the high-frequency range, we will not neglect the effect of stray capacitances. In this
case, the user should model the same capacitances as shown in Figure 2.49.

C1-2
Il
[

R1 L1 R2 L2

L Current-flux M § %% L

ct Rmag

Figure 2.49 Transformer model with capacitances.

100,000 Resonance

10,000
1000
100

10

Impedance ()

0.1

001 PRI PETETETETT PEEETTTI PRI M .....‘J PECEETTIT MR T
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Frequency (Hz)

Figure 2.50 Explanation of frequency response for transformer impedance.
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c1-2
) i

1t —/— ——c2 —
O O l

Figure 2.51 Transformer model at quite high frequency.

o

In the higher frequency ranges, such as in lightning surges, we can neglect core inductance
and leakage inductance.

Figure 2.50 shows the measured frequency response of a 50 MVA transformer. We can see
the resonance frequency is about 1 kHz. In the lower frequency under the resonance frequency,
the impedance is nearly equal to wL. Otherwise, in the upper frequency above the resonance
frequency, the impedance is nearly equal to 1/wc. We can model this transformer as only
capacitance over several 100kHz (Figure 2.51).
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Transient Currents
in Power Systems

3.1 Short-Circuit Currents

Short-circuit currents in power systems concern engineering work on circuit breaker switching,
relay protection, electromagnetic force withstanding, and so on. In most cases of such works,
the effect of the high-frequency current component created by charging/discharging of the
capacitance in the circuit can generally be disregarded; therefore, the relevant circuits can be
modeled by inductance(s) and resistor(s) only. Figure 3.1 shows the most simplified circuit
model. Regarding the circuit, the following analytical solution, Equation (3.1), is easily
obtained.

i:I{sin(a)t+a —0)—exp(_%)t-sin(a —9)},

where 6 =tan’l(w%) (3.1

sin (a -0 ): DC component att =0 current starting

®:AC source angular velocity

Depending on each point of source voltage wave timing of short-circuiting, the short-circuit
current has a decaying DC component with a maximum crest value of that of the power
frequency component. In actual power systems, due to some circuits having individual L/R
values (DC decaying time constants) connected in parallel, current waveforms may differ a
little from Equation (3.1); nevertheless, the circuit as shown in Figure 3.1 is mostly applicable
with sufficient practical accuracy.

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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11.083mH

245kVp
50Hz

Figure 3.1 Simplified AC circuit.!
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Figure 3.2 Short-circuit currents in the circuit in Figure 3.1.!

Applying ATP-EMTP, calculated examples are shown in Figure 3.2 (see also the EMTP
data file'). As shown in the figure, each current starts from a zero value due to the continuity
principle of current in inductance, while a constant AC component value, irrespective of the
DC component value and short-circuiting timing, is involved in each current waveform.

In practical system circuits, where the circuits are mostly of three phases, both positive/
negative and zero sequence parameters are to be considered. Also for practical systems,
discharging currents from parallel capacitances, such as transmission lines, cables, or shunt
capacitor banks, may not be, and in limited special cases, even insignificant.

Such discharging currents have components of several hundred hertz and most decay after
several tens of microseconds from the instance of short-circuit. But in special cases, they may
not be negligible for such times when currents are interrupted by circuit breakers. A typical
example, corresponding to an extremely high power density network near a megalopolis, is
shown in Figure 3.3a (circuit) and 3.3b (calculated currents), where an EHV (extra high voltage)
substation bus bar is short-circuited in three phases [1].* In the circuit, extremely high
capacitances, such as EHV cables via a certain length of overhead line (20km) and high-capacity
shunt capacitor banks in the tertiary winding side of the transformer, are connected. Care should

! ATPData3-01.dat, DATA3-01.acp: Short-circuit current calculation in a simplified power frequency source circuit.
2ATPData3-02.dat, DAT3-02.acp: High-capacity EHV substation bus bar short-circuit transient current.
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(@)

28km
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40km (25 miles)

272X3 Double cir. L

Double cir. L —Q\

273X
O

1
T L

Earthing S.C. j_
Auto-transformer
3000 MVA in total
with tertiary delta wind.
550kV
272R, 273R TR632R
TRV equivalent

connected to each
transmission line end
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Figure 3.3 EHV high-power/density network and short-circuit currents [1]. (a) EHV high-power/

density system network. (b) Short-circuit currents in such a network.
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be taken in such calculations with regard to the damping of the transient current frequency of
capacitance discharging current. The frequency of the transient is in the order of several hundred
hertz, so the losses in transformers, transmission lines, cables, and so on, are to be based on that
frequency range. The calculation is made for a 550/300kV substation, the capacity of its
transformer is (in total) 3 GVA, and where a total of 600 M VA of capacitor bank is connected to
the tertiary side of the transformer. A in total of 53km (25 + 28 km), of EHV cable is connected
to the 300kV bus bar via 20km of overhead transmission line. In the case of damping resis-
tances in the system, circuits were carefully adjusted based on the transient current frequencies.
Applying the “Fourier On” menu, GTPPLOT or Plot XY, the Fourier spectrum is easily
obtained and the wave shape in Figure 3.3b (with maximum transient component) has 10% of
fifth harmonics, which can yield 50% of the enhancement of the di/dt value at the current
interruption instant by a circuit breaker, which may significantly affect a certain type of circuit
breaker’s performance (For details of the system parameters applied, see the data file?).

Note:

Such short-circuit current distortion is significant where a very high capacitance exists via
a certain value of inductance, for example, the transmission line, transformer, series reactor
of shunt capacitor bank, and so on. Also, it should be noted that in any other case than
three-phase short-circuiting, the damping of the high-frequency component is very quick
due to the zero-sequence circuit parameters.

3.2 Transformer Inrush Magnetizing Current

The transformer’s ion core is designed so as not to be saturated under normal (steady state)
service conditions. But on special occasions, for example, at switching on to the system, the
magnetic flux passes into the saturated region; therefore, very high current flows through,
which is called the inrush magnetizing current. Such a current is often explained by applying
the diagram as shown in Figure 3.4. For EHV high-capacity transformers, the current values
often record up to several thousand A, while the steady state magnetizing currents are even
lower than 1A. The calculation applying ATP-EMTP can be made in a relatively simple
manner, introducing actual transformer magnetizing characteristics. An example is shown in
Figure 3.5, where the Type 93 “true nonlinear inductor” model in ATP-EMTP is applied, sim-
ulating actual 550kV, 1 GVA transformer characteristics.® This inductor model is applied to
introduce the initial residual flux. (For detailed data, see the file.?) In the data file applied in
this case, magnetizing characteristics are simplified due to less detailed data being available.
For correct calculations, more accurate characteristics might be necessary.

In Figure 3.5, the current gradually decays due to, mainly, the resistance in the circuit. The
actual applied voltage to the inductance portion of the inductor impedance is reduced by the
resistance drop, so the induced voltage is more or less asymmetrical due to the asymmetry of
the magnetizing current. Therefore, the current gradually becomes a symmetrical one, down
to less than 1 A. For correct calculation of the damping of the current, attention should be paid
to the appropriate resistance value(s) in the circuit.

3 ATPData3-03.dat, DAT3-03.acp: 550kV 1000 MVA transformer inrush magnetizing current.
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Figure 3.5 Transformer inrush magnetizing current.?

Notes:

* In the data file used for calculating Figure 3.5, the magnetizing characteristic is represented
by only three segments. If a more correct magnetizing current characteristic is desired, more
detailed modeling for the current range of tens to several thousand amperes may be required.

* Three kinds of nonlinear inductor models are available:
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* Type 98 Pseudo nonlinear inductor: Most simple and useful for general usage, but
initial (residual) flux is not applicable.

* Type 93 True nonlinear inductor: Initial flux is applicable. Calculation speed is only a
little bit slower. Care should be paid when applying initial flux; current does not start
from zero but a certain value relevant to the flux value on the magnetizing curve.

* Type 96 Pseudo-nonlinear hysteretic inductor: Care should be taken when going up
or down, the current/flux locus traces the same line for each, that is, the width between
the two lines (up or down in current axis) is constant irrespective of the flux amplitude.

3.3 Transient Inrush Currents in Capacitive Circuits

Capacitive circuits, such as high-capacity shunt capacitor banks or EHV underground cable
systems, when closed by relevant switching facilities (i.e., circuit breakers), may create a very high
inrush current up to the same order of the short-circuit current, the transient frequencies of which
are in the order of a few hundred hertz to several tens of kilohertz. The transient generally only
lasts for a short time interval, so the consumption of the contact in the relevant switching facility
(circuit breaker) is of most concern. Also, facilities are influenced by electromagnetic forces.
Some examples of circuit diagrams are shown in Figure 3.6 in the single phase. Most actual
circuits are in three phases, so for calculation in most cases, three-phase modeling is required.

(a) (b) (©

Figure 3.6 Some circuits creating inrush currents by capacitances. (a) Single capacitor bank. (b) Single
capacitor bank with series reactor. (c) Back-to-back capacitor bank. (d) Capacitor bank in transformer
tertiary winding circuit. (e) EHV cable system.
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Figure 3.6 shows the following cases of circuits:

(a) Single capacitor bank circuit in the most simplified representation. The highest current is
easily calculated by V (voltage), C (capacitance), and L (total series inductance). R (series
resistance) affects only the damping of the transient current.

(b) Same as (a), but with the series reactor intentionally inserted. The practice is very common
in Japan for suppressing the transient current and also the harmonic current component.
In a so-called back-to-back capacitor bank circuit with a series reactor, a severe transient
is safely and most efficiently damped.

(c) The so-called back-to-back shunt capacitor bank arrangement. When a capacitor bank is
switched on while another one nearby was previously energized, true inrush current may
flow. Each series impedance in the circuit, residual impedance in the capacitor itself, and
so on must be carefully evaluated in calculations.

(d) In high-capacity substations capacitor banks are installed in the transformer’s tertiary
winding circuits. Thus, the amount of series reactances is automatically introduced.

(e) In EHV underground cable systems where plural circuits in particular are connected to the
bus bar, a fairly high inrush current may be created.

For these cases, EMTP calculations are not thought to be quite so complicated, so no
calculation example is shown here. Care should be taken as well for the damping elements
(resistances) in the circuits. The values are to be based on the relevant (inrush current)
frequencies, such as transmission lines, cables, transformers, and so on. It may be necessary
to preliminarily calculate the frequency of the inrush current, and then recalculate after fixing
the appropriate resistance value(s). The following are general ideas regarding damping, which
might be of help unless otherwise obtained.

* Overhead transmission line and underground cable: Parameters are to be calculated
based on the relevant transient frequency. For underground cable, dielectric loss
(tand), which can be neglected in power frequency, might be necessary to count in. See
Chapter 2.

* Capacitor bank: Appropriate dielectric loss based on the relevant frequency range is to be
considered. The loss of the series reactor, if any, is in the order of 0.05% of the capacitor
bank capacity in power frequency. About 60% of it is copper loss and can be represented
by a constant value of series resistor irrespective the frequency. Iron loss (~25% in power
frequency) is represented by a constant value of resistor connected in parallel due to the
fact that the loss depends on the second power of the voltage irrespective of the frequency.
Stray loss (~15% in power frequency) is proportional to the second power of current and
1.5th power of frequency.

* Power transformer: Typical high-capacity transformer losses are the following: Iron loss is
about 0.03% of the capacity, which can be represented by a constant resistor connected in
parallel to the magnetizing circuit. Load dependent loss is 0.15~0.2%, 85, and 15% of which
are copper loss and stray loss, respectively. Like a capacitor bank’s series reactor, the
relevant losses are applied.
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Appendix 3.A: Example of ATPDraw Sheets—Data3-02.acp

This file is used to calculate short-circuit current in a very high-capacity power system. The
circuit diagram, corresponding to Figure 3.3, and an auto-transformer data inputting window
are shown in Figure A3.1.
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Figure A3.1 ATPDraw pictures in Data3-02.acp. (a) Power system circuit diagram. (b) Transformer
data inputting window.

Reference

[1] E. Haginomori (1995) Short-circuit current distortions in power systems with high parallel capacitances, /EEJ
Transactions on Power and Energy, 115-B, 1, 85-90 (in Japanese).
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Transient at Current Breaking

For circuit breakers or other switching facilities, successful current breakings depend on the
competition between insulation recoveries and transient voltages, which are called transient
recovery voltages (TRV) across the contacts just after the current breakings. The TRV appears
as a circuit transient and can be calculated by simulating the circuit and breaking the current
with the Electromagnetic Transients Program (EMTP). Nevertheless, the current injection
principle gives simplified and effective calculation processes. The principle can be even used
for obtaining a rough idea of TRV effectively.

In the current injection principle as shown in Figure 4.1, the current breaking condition
(a) can be replaced by the condition of the inverse polarity of current (—I), which is the
condition (c), superimposed from the switch terminals to the originally flowing short circuit
current (I), which is the condition (b). Condition (b) corresponds to the short-circuit
condition where the TRV does not appear. The TRV that appears with condition (a) is same
as the one with condition (c) due to the superimposing principle. In other words, the TRV
appears between contacts after the current breaking is the same as the voltage that appears
between contacts when the inverse polarity current of the prospective breaking current is
injected into the circuit seen from the circuit breaker terminals. In condition (c), any initial
condition is excluded. The method is only applicable for the voltage between breaker
contacts. For other variables, for example, voltage to ground, the original process ((a) in
Figure 4.1) is to be taken.

In the calculation, the ramp current instead of the sinusoidal one is mostly applicable
due to a relatively short TRV duration time, although the breaking current is a sinusoidal
one. The forced current breaking occurs before the natural current zero point at the
breaking by a semiconductor device. In this case, the injection current of a step function
is used.

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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Figure 4.1 Current injection principle in current breaking.

4.1 Short-Circuit Current Breakings

The short-circuit current is the largest fault current. The TRV at breaking the short-circuit
current changes according to the circuit impedances, which are composed of the reactor L,
the capacitor C, and the resistor R. The distributed line parameter is also included. Typical
examples are shown in Figure 4.2. Parts (1)—(5) in Figure 4.2 are a simple case. Parts (6)—(9)
are a typical case in an actual system.

Programs made by using EMTP-ATP and ATPDraw are included in the data file' for all
cases shown in Figure 4.2. Figure 4.3 shows the TRVs with the ramp currents calculated by
ATPDraw for all cases in Figure 4.2.

In numerical calculations, finite values of increasing as a step are applied for the ramp current
that might, initially, yield astonishing results for cases (2) and (4). To avoid the issue, it is rec-
ommended that small capacitances of 0.002 pF are connected in parallel to the inductances.

An analytical resolution can be obtained for a simple circuit. In the Laplace domain the
voltage V and the current I are expressed by the following equations:

V=27ZxI(s)
I(s)=1,/s".

Z and V are shown in Table 4.1, in which Z, is the characteristic impedance of distributed
parameter line.

The TRV after the short-circuit breaking can be understood by applying the current
injection principle. The source-side and the line-side TRV can be obtained by using the current
injection principle independently. The source-side TRV is represented by the circuit in
Figure 4.2 (3) before the reflection at the line end comes by taking the line characteristic
impedance as a resistor. The ITRV is inserted in this TRV calculated by the circuit of Figure 4.2
(9). After the reflection arrives, the circuit becomes (5), (6), or (7) of Figure 4.2. On the other
hand, the line-side TRV is calculated by the circuit of Figure 4.2 (9).

! Data4-01: Current injection to various circuit elements.
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Figure 4.3 Calculated TRVs by injecting ramp currents to circuit elements in Figure 4.2. (a) Calculated
TRV for Figure 4.2, from (1) to (5). (b) Calculated TRV for Figure 4.2, from (6) to (9).
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Table 4.1 Equation of Z and V.

Case 1 2 3 4 5
V4 R sL sRL/(R+sL) sRL/(R+sL) SL/(s’LC+1)
A% I,R/s? I,L/s I,RL/s (R+sL) I,(SL+R)/s? I,L/s(s’LC+1)
Case 6 7 8 9
Z SL(SCR+1)/(1+sCR +s?LC) SRL/(R+sL+s’LC) Z, Z/(1+sCZ)
v I,L(sCR+1)/s(1+sCR +s’LC) I,RL/s(R +sL+s’LC) 1,7 /s 1,Z2,/s* (1+sCZ,)
AR 30mH
Bus _'_| \  50km |T/\/\/\_®_¢
bar | ' 0.1uF
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Figure 4.4 One-phase circuit diagram around a 300kV substation to calculate TRVs in short-circuit
breakings.

F4

Next the current breaking is calculated for the actual system. Figure 4.4 shows a
single-phase circuit diagram around the 300kV substation. The circuit connected through
the transformer is represented simply by a voltage source and an inductance equivalent to
the transformer inductance and the system short-circuit reactance.

The transmission lines near the circuit breaker are relatively accurately represented by
distributed parameter lines. On the other hand, remote systems are simply represented by lump
elements such as capacitors and inductors. “X” is the connection bus bar relating to the initial
transient recovery voltage (ITRV). The short-circuit current is S0kA, which means a large
capacity substation. Fault points are selected from F1 to F4. A fault at F1 is a so-called terminal
fault, and faults at F2, F3, and F4 are all line faults. In particular, the fault at F2 is called a
short line fault (SLF), which, due to the relatively high breaking current that is nearly 90% of
the short-circuit current and the very high rate of rise of TRV due to the distributed line,
is of importance for a certain type of circuit breaker.
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Figure 4.5 Fault current breaking, fault at F3 in Figure 4.4. (a) Overall voltages and current.
(b) Enlargement around current interruption.

The calculation results are shown in Figure 4.5a,b for the case when the fault occurs at F3.
Part (a) is the result during 40ms and (b) is the result during 2ms around the current
breaking. Before the current breaking, a portion of voltage appears at the line side and
bus side of the breaker, as shown by “line side and bus voltages” in Figure 4.5a. After the
current breaking, the bus-side voltage converges to the source-side voltage with a transient.
The line-side voltage becomes zero with a transient that has a particular triangle shape, as
shown in Figure 4.5b.
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The calculation program by EMTP-ATP and ATPDraw is in the data-file? that does not
include ITRV and a data file® that includes ITRV.

As it would be very complicated to analyze a TRV in a three-phase circuit [1], it is prac-
tical to calculate a TRV by a simulation with an EMTP program. It is sometimes quite
convenient for understanding qualitatively, in case of roughly estimating a rate of rise of
recovery voltage. It is especially helpful to start out being familiar with the following
results by the symmetrical components method, as it is extremely important when working
with a circuit breaker.

The basic equations are as follows in the symmetrical components method:

e, iyZ, . I 1 1fe,
e |=|1iZ —gl a a’l e, 4.1)
e, | |i,Z, 1 a° alle,
Iy . I 1 1
i|==|1 a a’ 4.2)
3
I 1 a> a
1 .
a=2(-1+3v3). 43)

where e, e, and e are voltages appearing across the terminals of the circuit breaker. Notations
u, v, and w relate to phases. Z, Z,, and Z, are respective sequence impedances seen through
circuit breaker terminals; e, |, and e, are voltages; and i, i , and i, are currents.

In most cases of power transmission systems, Z, =Z . Z is replaced by Z,. The TRV is
obtained analytically for the condition where the first phase current is broken after the three
phases are earthed and short-circuited at one of the breaker terminals. e and e are zero before

those phases are broken. The basic equation is

Jel | Zji,  Zj,  Zi
3% 73 Zi, ~azZi, a’Zi, | (4.4)
e, Zji, a'Z,i, aZ,i,

Regarding i, and e, the following equations are derived:

e, Z, Z,
e, aZ, a’z
. le, 27, az,
i = . (4.5)
ZO ZO ZO
Z, aZ, a'Z
Z, azZ2 az,

2 Data4-02: TRV example calculation.
* Data4-03: TRV calculation, including ITRV—current injection is applied for TRV calculation.
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The equivalent impedance for the first pole to clear is the ratio of ¢ and i :

e 32,7,
D P 4.6
i, (2z,+2) @0

u

Likewise, for the second and third pole to clear, the following are introduced,
respectively:

e. (22,2,+77)

v - 7 4.7
i (z,+22)) @7
Cw _ M (4.8)
i, 3 '

TRVs are conceptually considered as products of injection currents and equivalent
impedances in a three-phase circuit as well. Therefore, TRVs in three-phase circuits can
be guessed, at least for relative values or qualitatively from the previously derived imped-
ance values. For quantitatively accurate values, of course, EMTP calculations are
inevitable.

4.2 Capacitive Current Switching

The current of charging capacitances such as no-load overhead transmission lines, under-
ground cables, or shunt capacitor banks is called capacitive current. Figure 4.6 shows a
simplified circuit for a capacitive current breaking and the change of a voltage and current
during breaking. At the breaking contacts of a circuit breaker, a switching device is opened,
after which the current is broken and the current reaches a zero point.

The phase of a capacitive current and that of the voltage of capacitance differ by about
90°. At the current zero point, the voltage of the capacitance is at a maximum value that
remains on the capacitance after the current breaking. After a time duration corresponding
to 180 electrical degrees, the source voltage polarity is reversed and the voltage between
contacts becomes higher than twice that of the source voltage, as shown in Figure 4.6.
The breakdown may happen between contacts due to such high voltage, as it is known by
the term “restrike.” Afterward, the breakdown may be extinguished and the breakdown

TS Et

Figure 4.6 Capacitive current breaking—most simplified representation.
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and extinction may be repeated, which results in a gradual voltage escalation. For modern
sophisticated power systems with reduced insulation levels, restrike-free is a serious
requirement.

4.2.1 Switching of Capacitive Current of a No-Load Overhead
Transmission Line

The switching of capacitive current of a no-load overhead transmission line occurs when a
circuit breaker located at a line end is operated with another line end opened [2]. The switch-
ing occurs relatively frequently in a power system. The operation called “rapid auto reclosing”
is adopted for a transmission line. When an overhead transmission line suffers from a light-
ning overvoltage, an arc can bridge several lines, which results in a fault current flowing by a
short circuit and/or ground faults. Circuit breakers at both ends of the faulted transmission line
are broken and a short-circuit current arc is extinguished on the fault overhead transmission
line. After 0.3—1s, when the insulation of arc-generated area is recovered, the circuit breakers
are closed to restart a power transmission through the line. The period of an electricity outage
or a voltage drop at a parallel line operated is reduced and the quality and service of electricity
supply is expected to improve.

For a rapid auto reclosing there are two schemes. One of them is a three-phase reclosing in
which three phases all are reclosed simultaneously; another is a single-phase one in which only
a fault phase is reclosed. In the three-phase reclosing a closing makes an overvoltage as high as
arestrike, since a switching of the line without a fault is a capacitive current one, and the circuit
breaker is closed with a residual voltage or charge on a line, depending on a closing timing.
Overhead transmission lines operated in electric power systems below 275kV of nominal
voltage are designed to endure the overvoltage. The overhead transmission line of 550kV of
maximum voltage is designed on the condition that the reclosing overvoltage is suppressed by
a countermeasure, which is practically a two-step closing, by coupling a circuit breaker with a
parallel resistor. The analysis of phenomena related to a transmission line is very complicated
due to conditions where there are several conductors connected electromagnetically and elec-
trostatically, there are influences from an earth and a skin effect of conductors in a high-
frequency domain, and there is occasionally an attenuation aspect from a corona discharge to
be considered. The numerical calculation by using the EMTP program is a smart solution, as
EMTP was mainly developed to solve overvoltage phenomena of transmission lines.

The system layout for a 550kV of maximum voltage and 150km lines is shown in
Figure 4.7 for a calculation of various switching phenomena. The calculation results are
shown in Figure 4.8a,b. The first case in (a) shows that the maximum voltage between con-
tacts reaches 2.32 times of the source voltage peak value in a three-phase switching due to
the electrostatic coupling of conductors. The maximum voltage in a single-phase breaking is
less than 2. The second case (b) is the result where the breaking timing of the phase in which
a current zero point comes after the first phase breaking is delayed for some reason. The
voltage between contacts reaches up to 2.8 times higher than a source voltage peak value.
Details are shown in the data files.*’

4 Data4-11: 550kV line normal breaking.
5 Data4-12: 550kV line capacitive current breaking—second phase delayed.
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Figure 4.8 Calculation result of no-load overhead line. (a) Normal breaking. (b) Delaying in second
pole to clear.
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Figure 4.9 Rapid reclosing with and without resistor insertion. (a) Direct reclosing. (b) Reclosing with
resistor insertion.

The last case, illustrated in Figure 4.9, is related to the rapid auto reclosing. At a most
severe overvoltage, the calculation is conducted for a three-phase opening without a fault and
reclosing. In case (a), where the rapid auto reclosing is done without any countermeasure, the
maximum overvoltage reaches up to 4.2 times higher than the source voltage peak. In case (b),
where a 1000 Q resistor is inserted once and then the resistor is short-circuited, the maximum
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overvoltage is suppressed down to 1.6 times. For details of the system and operation sequence
parameters, see the data files.%”

4.2.2  Switching of Capacitive Current of a Cable

Figure 4.10 shows capacitive current breaking in a cable system. The cable is modeled as
a screened one, that is, each phase core is surrounded by an earthed screen so that no
electrical static coupling exists between phase cores, corresponding to equal zero and
positive sequence capacitance values. The supply side is modeled as a non-earthed neutral
condition.

In EMTP, one-terminal-grounded voltage source is mandatory. For representing a non-
earthed source, a combination of a current source and impedance can be applied. Alternatively,
the semi-ideal transformer or “No. 18 ungrounded source” can also be applied.

Calculation results are shown in Figure 4.11. The result (a) is a usually specified case for a
nonsolidly earthed neutral system, and due to the enhancement (shifting up) of the supply-side
neutral voltage, the maximum recovery voltage reaches up to 2.5 times that of the source
voltage. In (b), as more general cases, significant values of capacitances to ground, such as
cables, are connected to the supply-side bus bar. Then due to less enhancement of the neutral
voltage in the supply side, the maximum recovery voltage is approximately 2.0 times as much
reduction is expected (also see the data files®?).

=
¢

Figure 4.10 Circuit diagram for capacitive current breaking in a system with a non-solidly earthed
source circuit.

¢ Data4-13: 550kV line, reclosing at relevant timings creating max overvoltages.

" Data4-14: 550kV line, reclosing with resistor insertion.

8 Data4-15: Cable capacitive current breaking—no significant to-ground capacitance in the source circuit.

° Data4-16: Cable capacitive current breaking—significant to-ground capacitance (cables) connected in source.
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Figure 4.11 Calculation results for capacitive current breaking in system with a non-solidly earthed
source circuit. (a) Isolated neutral source circuit to earth. (b) With significant capacitance in source

circuit.

4.2.3 Switching of Capacitive Current of a Shunt Capacitor Bank

A capacitor bank has been introduced significantly in a power system mainly for improving
system stability. Switching of the bank is conducted frequently according to variations of load.
An example of breaking shunt capacitor bank capacitive current, with a 66kV and 50 MVA
rating, is shown in Figure 4.12, in which (a) is a circuit diagram and (b) is a calculation result.
The supply circuit neutral is grounded through a resistor with a high ohm value. In the calcu-
lation, No. 18 ungrounded source in EMTP menu is applied. The capacitors have in some
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Figure 4.12 Shunt capacitor bank capacitive current breaking-66kV, SOMVA bank. (a) Circuit
diagram. (b) Voltage changes in breaking.

cases series-connected reactors, the purpose of which is to suppress harmonics (higher than
third stage) and back-to-back inrush-making currents. (Also see the data file.!?)

There are many cases in which the series reactor is not equipped. When an additional
capacitor bank is connected to an already operating capacitor bank, a very large inrush current
flows between two capacitor banks. The phenomenon is called “back to back.”

The phenomenon at breaking is complicated due to a three-phase condition, and a numerical
calculation by an EMTP program is recommended.

10 Data4-17: Shunt capacitor bank circuit, 66kV to 50 MVA—No. 18 source representing isolated neutral source
circuit applied.
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The voltage charged on the capacitor is enhanced by 6% due to the inverse polarity of
voltage on the series-connected reactor. As the enhanced voltage remains on the capacitor as
DC voltage after the breaking, the recovery voltage between contacts is also enhanced by the
value. The recovery voltage is 2.7 p.u. in this case, while it is 2.5 p.u. without the reactor. The
rated voltage of capacitor bank increases by 6% and an additional reactor is necessary. The
total cost of capacitor bank is high.

Moreover, due to the voltage oscillation on the reactor, a high-frequency component is
involved at the initial part of the recovery voltage. When a restrike occurs during the capacitor
bank breaking, an extremely large charged energy oscillates in a circuit, which influences
dielectric performance and electromagnetic force a lot. As a relatively high frequency of
oscillation is created by the series-connected reactor, in an EMTP calculation, a sufficiently
low step time value is to be used.

4.3 Inductive Current Switching

The inductive current is one with almost 90° behind the voltage, such as a shunt reactor
current, a transformer magnetizing current, and a stalled motor energizing current. When the
inductive current is broken, various specific phenomena occur. As a result, an overvoltage,
which gives excessive electric stresses to equipment, will be generated.

4.3.1 Current Chopping Phenomenon

When the inductive current is broken, the “chopping” phenomenon often occurs. This term
comes from the sudden stopping of current. Today’s high-resolution measuring and analyzing
methods have clearly explained the phenomenon: it occurs due to the current being broken at the
current zero point generated by the superposition of high-frequency current [3]. This phenomenon
only occurs with an SF6 gas circuit breaker and an air blast circuit breaker. With a vacuum
circuit breaker, the phenomenon in which a current is suddenly forced to be zero can occur.

The chopping phenomenon is recognized as one in which the AC current is broken at the
current zero point generated on the AC current by the high-frequency oscillating current
enlarged due to the negative characteristics of resistance of arc in the circuit breaker. The
current chopping, which is a forced current breaking before current zero point, is simulated by
the usual switch element with a time control function. Figure 4.13a shows the circuit diagram
of breaking the shunt reactor current at the rating of 300kV and 150 MVA. The single phase
is used for simplification. The inductance of the connection bus bar is located near the circuit
breaker. Figure 4.13b shows voltages during the chopping and following phenomena.

The oscillation before the current chopping occurs only on the connection lines adjacent to
the circuit breaker. The reactor current does not oscillate. Therefore, a whole magnetic energy
corresponding to the chopping current value is stored in the reactor coil. The electrostatic
energy corresponding to the reactor voltage is stored in the capacitance connected in parallel
to the reactor. When the sum of two energies converses to the electrostatic energy, the voltage
between capacitor terminals, that is, the voltage applied to the reactor coil, is at the maximum
as an overvoltage. This can be written by the equation

%CW = %Liz + %cv;, 4.9)
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Figure 4.13 300kV, 150 MVA shunt reactor breaking. (a) Circuit diagram. (b) Calculation result.

where V = maximum overvoltage, i = chopping current, and V= voltage just before chopping,
which is nearly equal to supply voltage.

The typical chopping current value of an existing circuit breaker is known as 5-50A.
And it is known as well to be proportional to the parallel capacitance. From the equation it
is understood that the overvoltage will not be influenced by the parallel capacitance value.
The larger the reactor inductance becomes, or in other words, the smaller the reactor capacity
becomes, the larger the overvoltage becomes.

4.3.2 Reignition

The voltage between circuit breaker contacts increases relatively slowly after the current
breaking, as shown by B-SHR in Figure 4.13b. When the gap length between circuit breaker
contacts is not sufficient, the breakdown often occurs. The phenomenon is called reignition.
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When a reignition occurs, charges on capacitances next to the small inductances at both sides
of and adjacent to the circuit breaker go back and forth frequently through the small induc-
tances. The overvoltage of very high frequency up to several hundred kilohertz is applied to
the reactor coil terminals.

The overvoltage of such a high frequency is concentrated to the coil turns near the reactor
terminal when it is applied to coils of a reactor, a transformer, and a motor. The overvoltage
due to reignition is lower than the overvoltage due to chopping. The high frequency enhances
the electric stress that cannot be rendered by a surge arrester, which can reduce the amplitude
of oscillation.

The most influential stress is the high-frequency overvoltage due to reignition for coils
of a transformer and a motor. Countermeasures, such as strengthening the coil insulation
and minimizing reignition occurrence by improving the circuit breaker performance and
adopting the contact separation timing control, have been used for preventing the coil insu-
lation failure and keeping a reliability of the system especially for systems with the
extremely high rated voltage 300kV and the super-high rated voltage 550kV. (Also see the
data file.'")

4.3.3 High-Frequency Extinction and Multiple Reignition

The current flowing in the circuit breaker due to reignition has a high amplitude of several
kiloamperes at the maximum and frequency reached is up to several hundred kilohertz. The
steepness of current decrease at the current zero point is so high that the circuit breaker cannot
break it generally. However, it can attenuate rapidly and can be broken when its amplitude is
attenuated to several hundredths. The electromagnetic energy is stored in a coil and the over-
voltage generated is very likely due to chopping. The stored energy can be larger than that
from chopping when special conditions are fulfilled. This means the higher overvoltage will
be generated.

Due to the higher overvoltage from reignition than from chopping, the reignition might
be repeated. This is called multiple reignitions. The occurrence of multiple reignitions is very
rare. When it happens once, a very severe overvoltage is applied to the coils. Multiple reigni-
tions depend on the breaking of the reignition current that is greatly influenced by the circuit
condition of system. The condition is given and cannot be changed.

Multiple reignition produces a more severe overvoltage that cannot be controlled when it
occurs once. It is thought that the best way to prevent the occurrence of a multiple reignition
might be to prevent the occurrence of reignition, which is a base for all processes.

4.4 TRV with Parallel Capacitance in SLF Breaking

The TRVs are analyzed for various electric power source systems by using the current injec-
tion method in Section 4.1. The fault points F2 and F3 represent the SLF breaking conditions,
where the triangle shape TRV appears, as shown in Figure 4.5. The TRV in the conditions can

" Data4-18:300kV, 150 MVA shunt reactor current breaking—current chopping—reignition—HF current
interruption.
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be analyzed with the circuit of (8) in Figure 4.2 by using the current injection method. The
condition with parallel capacitance corresponds to (9) of Figure 4.2.

A mathematical solution can be easily and simply obtained in a TRV calculation with
parallel capacitance when a TRV without parallel capacitance is obtained. The TRV produced
from a transmission line of an ideal distributed parameter has a triangle shape, one cycle of
which can be expressed by

TRV (s) = “’SIZZ (1-2¢7), (4.10)

where ¢, is time to peak without parallel capacitance, @ is angular frequency of breaking
current, I is breaking current, Z is characteristic impedance or surge impedance, and s is the
Laplace denominator. Equation (4.10) is correct from time zero to 2¢,. During this period,
Equation (4.10) can be transformed by the following:

wlZ

2
N

TRV (s) = (1—2e*’f-s +2e720s —+) 4.11)
When there is attenuation on the triangle wave shape, the term 2¢™"* is modified to 2ke ™
in Equations (4.10) and (4.11). Here, k< 1.0 is expected.
A TRV is a product of a breaking current and impedance in the Laplace domain as well.
In a very short time period the injection current can be expressed in the Laplace domain
as follows,

=, (4.12)

which corresponds to wlt in the time domain.
Consequently, the transmission line with a distributed parameter can be expressed in
Equation (4.13) in the Laplace domain:

Z(1—2e”£“). (4.13)
In the Laplace domain the lumped capacitance is expressed by Equation (4.14),

1
—, 4.14
Cs (4.14)
where C is capacitance. The value of C contains one that generates the inherent delay time 7,
and one that will be added in a system.

As the line and the capacitance are connected in parallel, the total impedance becomes the
following Equation (4.15):

Z(1-2¢7) _z (1-2¢)
a (1 +tdLs)—2tdLse"L“ ’ (4.15)

Cs(1 +7Z-2Ze™ "’ )
Cs

wheret, =ZC.
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The TRV with parallel capacitance is a product of current in Equation (4.12) and the impedance
in Equation (4.15). It can be expressed in Equation (4.16):

z(1-2¢")
CL)IZX—ZX —
s (1+1,8)—2t,s¢"

:wIZL 1 _ix 2e ‘)2+ ...... } (4.16)

X
2 2
5T I+t,s s (1+;dLS

2 2 2
=wlZ i—t£+—t“ —2e"~?[i——2tﬂ+ 2y Ll ]

s s 1+t,s s s l+t,s (1+tdLs)2

The second part of Equation (4.16) is valid for ¢, <t <2¢, only.
The TRV with parallel capacitance for the SLF breaking can be expressed in the time
domain as follows. In the case of 0 <1 <1,

TRV, (1) = a)IZ[tthdL (eﬁ —1)]. 4.17)

In the case of t, <t <2t,

M

TRV, (1) =TRY, (t)—zwlzlr'(e% + l)+2tdL (eI —1)}, (4.18)

where t'=t-1,.

In the case of 1>2¢,, Equation (4.11) is used instead of Equation (4.10). When attenuation
is considered, the term 2ke "= should be used instead of the term 2¢™** in Equation (4.10). The
calculation processes will be changed slightly.

With or without capacitance, the TRV peak value is equal to w/Zt, commonly. The TRV
peak will not be attenuated significantly. By dividing Equations (4.17) and (4.18) by the peak
value wlZt, the following equations, (4.17a) and (4.18a), can be derived

TRV (10) =2 i+(e7 —1) (4.17a)
tL tdL
2 ’ _r _r
TRv(20)=TRv(10)—i t—(e +1)+2(e —1) : (4.18a)
tL tdL

The results obtained by Equations (4.17a) and (4.18a) are all normalized by the peak value
wlZt, and the delay time ¢, (Figure 4.14).
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Figure 4.14 TRV with parallel capacitance normalized by the peak value wlZt, and the delay time 7, .
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Appendix 4.A: Current Injection to Various Circuit Elements

The circuit diagrams in the data file' are shown in Figure A4.1.
The data for the circuit components are shown in Figures A4.2-A4.12.

e

Figure A4.1 Circuit diagram in data file.!
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Figure A4.2 Circuit components data (1).
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Figure A4.3 Circuit components data (2).
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Figure A4.4 Circuit components data (3).
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Figure A4.5 Circuit components data (4).
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Figure A4.7 Circuit components data (6).
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|DATA UNIT |VALUE NODE PHASE NAME
[L ‘mH 100 From 1 |
kp Damp.510 0 L Te 1 P

= @P? ‘

| DATA (UNIT | VALUE | | ' nopE | PHASE NAME
'RES | Ohm 5000 Fiom L

| [ | |
£ |ES—. 2 | | [Fem L |
Ks Damp 0102 0 To 1 K

Figure A4.8 Circuit components data (7).

By Copy [FPaste ~ [ ] Reset

Figure A4.9 Circuit components data (8).
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Figure A4.10 Circuit components data (9).

| component: IND_RS
Aftributes

| | DATA UNIT VALUE NODE PHASE ' NAME i
L mH 100 From 1 XX0003 |
Kp Damp. 510 0 To 1 PE1 |

2y Copy [Py Paste ~ [ ]Reset
Comment:

v

Type of source  Num phazes Angle units Amplibude Grounding —
© Cunent @ Singe ©@Degiees @ PeklG o Grounded Bltide
© 3phase © RMS LG

@ Voltage ©) 31-phase ) Seconds ©) RAMS LL ) Ungrounded

[ ok ][ cocd || Hew

Figure A4.11 Circuit components data (10.1).
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Figure A4.12 Circuit components data (10.2).
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Appendix 4.B: TRV Calculation, Including ITRV—Current Injection
is Applied for TRV Calculation

The circuit diagrams in the data file* are shown in Figure B4.1.
The data for the circuit components are shown in Figures B4.2-B4.11.

e

s

-

TrT

1
1
]

BUSS2y~ LX2

Figure B4.1 Circuit diagram in data file.?

| component: ACSOURCE [zl
Attributes
DATA UNIT WALLUE NODE PHASE MAME
Amplituded, Volt 0.001 AC 1 s4
Frequency Hz 50
Phasefingled,  degrees 0
Startd sec Ql
StopA sec 100
2yCopy ) Paste v ] Reset Order; 0 Labal
Comment:
Type of source  Num phases Angle units Amplitude Grounding FIHg
Current 9 Single © Degrees ® Pesk LG ® Gounded 2
Fphase RMS LG
@ Yoltage 31-phase Seconds BMS L-L Ungrounded
£d deiribons o [ conce Heb

Figure B4.2 Circuit components data (1).
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| 270000000
23 Copy [EPaste « [ ] Reset Order 0 Labet
Commant:
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-G ©6e0 ] $Vilage.1
Outpt Mo - ®zv v
OZreu O G-RTA

- S e IOCE 4 N T
2 |F e fron 1! . |
Ks Damp01-02 0 | | |To I 22 |

Figure B4.4 Circuit components data (3).
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25 Copy [FyPaste v [ Reset

Comment:

Lines

[m] ILINE Conductance Hide
oLc @ G=0
- @z v Vintage.1
©2.tau OG-RTL
TSN | S=ET -
Figure B4.5 Circuit components data (4).
| Component: -.
Attributes
DATA uNIT |VALUE NODE PHASE | NAME
RES Ohm 0.001 From I 524 |
| ' ' To 1 [s2 |

NODE

wF

Damp0.1-02 0

From
To

Figure B4.6 Circuit components data (5).
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Comprers vzt O -
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DATA uNIT VALUE NODE PHASE NAME
A { bl 0.0 From i jjBusz
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>
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) ' s @ Gs0
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Figure B4.7 Circuit components data (6).

I: Component: CAP_RS “
Attbutes

> ||/ oata NIt VALUE NODE (PHASE  NAME
c Lo o1 i [ | -
Ks Damp0102 0 | Te E BUS? _
Attributes |
DATA NIt VALUE NODE PHASE  NAME |
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z [ %0 To " |BUSS2
v 250000000
B3 Copy [ Paste v [ ] Reset Order: 0 Label:
™l ILINE Conductance Hide
Bt
- g ra el ij
O Z tau © G=RTL
[ o J[ cowe [ be |

Figure B4.8 Circuit components data (7).
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| Starth sec 0o
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33 Copy [ Paste v [ ] Reset Order. 0 Labet
Comment:
Type of source  Num phases Angle units Amplitude Grounding .
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Figure B4.10 Circuit components data (9).
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(componen: vz s UL -
Atributes |
LX2 DATA UNIT VALUE NODE PHASE NAME
R Dhm/m 0.0001 From 1 <3
z 300 To 1
v 270000000

aacmy [ Paste + |_]Reset

0 Labet
Comment:
Lines
Length 2000 Q] ILINE— Conductance [ Hide
— oLc ®G-0 7] $Vintage.1
Output Mo v @2Z v .
©2Ztau O G=RC/L
Edit definitions ( oK _] [ Cancel ] [ Help ]

Figure B4.11 Circuit components data (10).



Transient at Current Breaking

97

Appendix 4.C: 550kV Line Normal Breaking

The circuit diagrams in the data file* are shown in Figure C4.1.
The data for the circuit components are shown in Figures C4.2—C4.6.

Figure C4.1 Circuit diagram in data file.*

| component: ACSOURCE it
Aftributes
DATA UNIT VALUE NODE PHASE MNAME
Amplituded, Valt 449000 AC 1 (e |
Frequency Hz 50
Phasefngled  degrees 0
Startd, sec 1
StopA sec 100
2y Copy [ZjPaste ~ [ ] Reset Order: 0 Labet
Comment:
Type of source  Num phases Angle units Amplitude Grounding P Hide
") Cunent @ Single @ Degrees ® Peak L-G 9 Grounded =He
) 3phase RMS LG
9 Voltage 3*1-phase Seconds AMS LL | Ungrounded
Edit defintions | oK || gt || hew

Figure C4.2 Circuit components data (1).
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Figure C4.3 Circuit components data (2).

li Component: ACSOURCE
Aftributes
DATA UNIT VALUE [ noDE PHASE NAME
Ampltuded | Vol 443000 AC 1 Se|
Frequency Hz 50
Phasefingled,  degrees 120
$8C 1
StopA sec 100
w
| Component: ACSOURCE (=X}
Aftributes
DATA UNIT VALUE NODE PHASE NAME
Ampituded | Vol 443000 AC 1 [sc ]
N Fiequency Hz 50
“ || PhaseAngler | degrees 120
Starth, sec 1
Stopé sec 100

|Component: TSWITCH X ]

Affributes Charaderisﬁcl

DATA UMNIT VALUE NODE PHASE MNAME

T-cl s From 1 B

T-op s 0.007 A L

Imnar Amps

3ph 01

33 Copy [ Paste v [ ] Reset Labet
Comment:

Output

_| Hide
[2-voliage -
£t definions [ || Concel Help

Figure C4.4 Circuit components data (3).



componet: o U =

Aftributes
DATA uNIT VALUE | MNODE PHASE MNAME
17 | From 1 54
0 | To 1 |BA

£ mH
Kp ‘Damp.5-10

Aftributes

Figure C4.5 Circuit components data (4).

— || pATA UNIT VALUE NODE PHASE | NAME
R Ohm 100 From 1 'BA
L mH 0 To 1 ’
c WF 15

|componens unezr 3 S -

Aftributes |

DATA UNIT WaLUE NODE PHASE NAME

R/l Ohm/m 1.56-5 IN1 ABC u

RAD Ohmne/m 0.0002 ouT1 ABC LE

Z+ 250

Z0 700

v+ 300000000

v0 270000000

Dy Copy [ByPaste v | Reset Order: 0 Label:

Comment:

Lines
Length 150000 (] ILINE Conductance Hide

oL @ G=0 =
©zv [7] gvintage.1
O 2Z.tau ) G=R*CL

L ok || ceess ||  Hep

Figure C4.6 Circuit components data (5).
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Appendix 4.D: 300kV, 150 MVA Shunt Reactor Current

Breaking—Current Chopping—Reignition—HF Current Interruption

The circuit diagrams in the data file!! are shown in Figure D4.1.
The data for the circuit components are shown in Figures D4.2-D4.6.

Figure D4.1 Circuit diagram in data file."!

Component: ACSOURCE (S|
Attributes
DATA UNIT VALUE NODE PHASE NAME
Amplituded, Valt 245000 AC 1 S
Frequency Hz 50
Phasefingled,  degrees 10
Startd, sec -1
Stopé, sec 100
2y Copy [ByPaste v [ ] Reset Order 0 Label
Comment:
Type of source  Mum phases Angle units Amplitude Grounding Hide
. i
Current 9 Single @ Degrees 9 Peak LG @ Grounded T
| 3-phase RMS L-G
@ Voltage ) 31-phase ) Seconds S RMS L-L ) Ungrounded
Edit definitions [ oK ] [ Gancel J [ Help J

Figure D4.2 Circuit components data (1).
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| component: RLC

| Atiributes
| UNIT VALUE NODE PHASE NAME
| Ohm 02 Fiom 1 s
mH 175 To 1 B
I L 0

Figure D4.3 Circuit components data (2).

Atibutes |
DATA (UNIT VALUE NODE PHASE  NAME !
RES Ohm 0001 From 1 LSW1 |
I—P |Tu 1 Lsw
| component:ric . x
Mritmes]
I-\NV‘-“ >
DATA UNIT VALUE NODE PHASE MAME [
R Ohm 1 Fom 1 Lsw |
1 L mH 0 To 1
=) i c WF 0.001
U
v | Component: ReSISTOR ~~~~~~~~ x
g Atibutes |
DATA (UNIT VALUE NODE PHASE MNAME
I I RES | Ohm 100000000 | Fiom 1 |BSWO |
To 1 Lswd
> I L
Component:mrc ...
Atributes |
w DATA (UNIT VALUE [ NODE | PHASE  NAME
B ] Ohm 1 | Fiom i BSWO
e mH 0 | T I | |
WF 0.0001 [

Figure D4.4 Circuit components data (3).



I-vvv‘-ll

1 Aftributes 'Charaderislic]
S T > [pata uNIT VALUE NODE PHASE  NAME
Td [e g From 1 Bsw
T-op s 0 To 1 |Lsw
AAAd A == e -
3ph on 0

Attibutes | Characteristic |

DATA UNIT VALUE NODE PHASE 'NAME
Tl s 0.00072 From Ik [Bsw
Top A 1 To 1 Lswi
B L b
3ph lon 0

DATA UNIT VALUE " [nooE PHASE NAME
e s 1  |Fom 1 ‘Bowil
> | [Too s 0.00078 I 73 1 85w
Imar Amps 100 i
3ph o 0 |

Figure D4.5 Circuit components data (4).

Attributes l

DATA UNIT VALUE _ NODE PHASE | NAME
| Ohm 10 From [1 SHR

L mH 0 To I

c WF 0002

Gk RRODE S EUEE
1600 From "
0 To I

VALUE NODE
500000 From
i To

PHASE

NAME [
SHR ‘

Atiibutes |

> [oara TUNIT "VALUE NODE  PHASE NAME !
R Ohm o003 From 1 LSW
L mH 003 To i - sHRl |
c o 0

Figure D4.6 Circuit components data (5).
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Black Box Arc Modeling

In the previous chapter, breaking phenomena analysis was introduced using the arcing characteristic
of a circuit breaker. It is expanded in this chapter to introduce breaking phenomena analysis by
considering circuit breaker performance. It becomes sufficiently possible by using the recent
Electromagnetic Transients Program (EMTP) to analyze an electric power system circuit combined
with an arc expressed by electric resistance, which is derived as a solution from a differential
equation regarding an arcing characteristic with variables such as a current, a voltage, and a time.
In order to understand phenomena in general related to the breaking performance of a
circuit breaker, equations of the Mayr arc model and the Cassie arc model have been widely
utilized for years. Special features and strong points of the two models are the following:

Mayr arc model: The Mayr arc model represents well the arcing characteristics of SF6 gas and
air circuit breakers at a relatively small current below several tens of amperes, especially
during the “interaction interval” of a few microseconds around a current zero point of a
breaking current. Consequently, the model is frequently used to investigate breaking suc-
cess and failure. Several attempts have been made to modify and expand the equation in
order to express an arc characteristic with a high accuracy.

Cassie arc model: The Cassie arc model represents well the arcing characteristics of SF6 gas
and air circuit breakers at a relatively high current over several hundred amperes, during the
“high current interval.” It is used to investigate an attenuation occurrence as an influence of
resistance of a circuit breaker arc.

It is expected that the series connection of two models is applicable for a wide range of
currents. In this chapter, the tandem connection of the Mayr and Cassie arc models is used for
analysis. In a high current region, the Cassie arc model is dominant as the arc resistance by the
Mayr arc model is low. In a small current region, the Mayr arc model is dominant.

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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5.1 Mayr Arc Model

The arc conductance is expressed by the following differential equation by the Mayr arc
model, assuming a constant arc diameter, a constant arc loss, and Saha’s equation for
conductivity:

146 _1(EL_ ) )
G dt 6N,

where G = arc conductance, € = arc time constant, E = arc voltage, [ = arc current, and
N, = constant arc loss.
Through introduction of Laplace operators, the equation can be transformed to

G,=I"/N, (5.2)
G=G,/(1+6). (5.3)

This equation can be expressed directly by the Transient Analysis of Control Systems (TACS)
program of EMTP. The analyzed conductance G can be combined with an electric circuit and
the calculation proceeds.

The Mayr arc model is suitable for a small current region below several tens of amperes.
The model is just as suitable for the post-arc current region. While a fault current that a circuit
breaker breaks is very large, the current breaking phenomenon is one near the current zero
point, which is the reason why the Mayr arc model is suitable. Furthermore, the Mayr arc
model is applicable to the arc, which is the region dominantly filled by so-called high-
temperature gas. Therefore, the Mayr arc model is typically applied to the interaction interval.
The period after the interaction interval is the high voltage interval, where the main phenomenon
is dielectric and another model is applied.

5.1.1 Analysis of Phenomenon of Short-Line Fault Breaking

Figure 5.1 shows the basic circuit simplified from the circuit based on the International Electro
technical Commission (IEC) standard for the short-line fault (SLF) breaking of 90% at the
rated voltage 300kV and the rated current SOkA. The circuit breaker is simulated by the Mayr
arc model. Here the following assumptions are introduced:

0 (time constant) =1ps
N, (arc loss) =293 kW.

The main part of the current breaking phenomenon is supposed to be a period of a few micro-
seconds just before the current zero point. In addition, the distributed parameter line, which is
extremely short, representing the initial transient recovery voltage (ITRV) is involved with the
breaking phenomenon. In due course, a very short time step is required in an EMTP calculation.
To reduce the total calculation time, TMAX, the initial condition of TACS variables should be
chosen carefully.
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For ITRV
260Q Circuit 450Q
01Q  11.2mH 105m:_b?(er 0.7km
_:'_/\/\/\ _
0.5pF

245KV
1 0.022yF 1
@ 90Q 1.1nF

4 £ L i

Figure 5.1 Short-line fault breaking circuit: 300kV, 50kA, L90 condition.
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Figure 5.2 Calculation result for SLF by an ideal circuit breaker and circuit breaker with the Mayr
arc model.

Figure 5.2 shows the calculated result. The breaking is carried out by both the ideal circuit
breaker and the circuit breaker expressed by the Mayr arc model. The calculation time is 100 ms
near the current zero point. The ideal circuit breaker is assumed to be without an arcing
voltage and a rapid recovery of insulation after the current zero point. See the data files.'?

The part near the current zero point is enlarged in Figure 5.3. The current zero point comes
earlier with the circuit breaker of the Mayr arc model than that of the ideal circuit breaker. This
is caused by the arcing voltage. The postarc current of several amperes flows in the reverse
direction in the case of the Mayr arc model. The oscillation of the transient recovery voltage
(TRV), which represents ITRYV, is suppressed and the TRV becomes smooth in the case of the
Mayr arc model as well.

! Data5-00: By ideal circuit-breaker, SLF breaking, 300kV, 50kA, L90 condition.
2 Data5-01: Mayr arc model calculating SLF breaking, 300kV, 50kA, L90 condition.
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Figure 5.3 Enlargement around the current zero point of Figure 5.2.
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Figure 5.4 Arc resistance change near the current zero point.

Figure 5.4 shows the arc resistance changing along with time, together with the voltages of
the source side, line side, and across the terminals of the circuit breaker. The arc resistance is
low by the current zero point. The arc resistance then increases gradually after the current zero
point and it rapidly increases toward an infinite value after the first peak value of the TRV.
From the figure it can be understood that the ITRV oscillation is attenuated by the low arc
resistance near the current zero point.

The results indicate the energy balance of arc after the current zero point. The comparison
between the injected energy from the TRV and the energy loss from the arc decides the failure
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or success of the breaking. For the condition near the boundary of success or failure, the
current starts to flow again at several microseconds after the current zero point when the arc
time constant 6 is made larger or the arc loss N, is made smaller.

Figure 5.5 shows the other testing circuit competent with the IEC standard, IEC62271-100,
for the same condition as in Figure 5.1. The circuit is used for the purpose of simplifying the
breaking test procedure. The component simulating ITRV is eliminated. On the other hand,
the capacitance value of ramp constant is reduced from 1.1 to 0.22nF at the line side of the
circuit breaker.

By applying the following constant for the Mayr arc model,

0=1.0ps
N, =300kW,

the calculation result shows that this condition is the boundary for the successful breaking.
Figure 5.6 shows the TRVs and breaking currents calculated for both circuits of Figures 5.1

Circuit 450Q
breaker
01 11.29mH 0.7km
_:'_/\/\/\
0.5puF

245KV -
@ 5 H] _|0.022F 1
20Q 0.22nF

_4 £ L i

Figure 5.5 Alternative circuit for the condition in Figure 5.1.
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Figure 5.6 Breaking currents and TRVSs of two circuits, Figures 5.1 and 5.5.
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and 5.5. Both the postarc current and the TRV oscillation attenuation are different in
comparison of two conditions. Both the postarc current and the TRV oscillation attenuation
are bigger in the condition of Figure 5.5 than those in Figure 5.1. This phenomenon will differ
by the choice of arc parameters. Further investigations are required. (See data file.?)

5.1.2 Analysis of Phenomenon of Shunt Reactor Switching

When a shunt reactor magnetizing current is broken by a circuit breaker, the oscillation of
current is generated during the period approaching the zero point. The relationship between
the arcing current and the arcing voltage shows a negative characteristic, especially near the
current zero point. In the condition of steady or quasi steady state, dG/dt=0, EI = N, in the Mayr
arc model equation. This means that the arcing voltage and current characteristic are negative.
When the L-C circuit includes the negative resistance, the current oscillation appears expanded.
The negative characteristics of arc were used for generating the oscillation at the early stage
of radio technology.

Figure 5.7 shows the shunt reactor switching circuit of 300kV and 150 MVA. The circuit is
shown in the single-phase condition. The amplitude of shunt reactor magnetizing current is
about several hundred amperes. A circuit breaker can break the current easily. The puffer type
circuit breaker of SF6 gas, which is dominantly used in a high-voltage system, can break the
current at the short arcing time when the distance between contacts is short and the blowing
gas pressure is low. With this circuit breaker condition therefore, a low arc loss will be
adequate in the Mayr arc model equation. Here, the arc time constant 6 of 0.5 us and the arc
loss N, of 15kW is assumed.

Figure 5.8 shows the calculation results. The current becomes zero by the oscillation that
begins when the current is 8 A before the AC current zero point. The figure shows that the current
is broken before the AC current reaches the normal current zero point. The arc time constant and
arc loss chosen in the calculation are supposed to represent a modern gas circuit breaker
characteristic, judging from the current value when the oscillation starts. (See data file.*)

Source circuit Connection 182?'
01Q 11.03mH bus, S0uH :
e WV VA VAN _/\/\/\_/ -
Circuit
breaker
A9 yF
0.49u = 0.03pF
() 245Kk SpH =
30Q

Figure 5.7 Shunt reactor switching circuit 300kV, 150 MVA, single-phase representation.

* Data5-02: Mayr arc model calculating SLF breaking, 300kV, 50kA, L90 condition.
4 Data5-03: Current chopping by breaking inductive current calculation—applying the Mayr arc model as circuit breaker.
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The current appears to be chopped at 8A on a large scale. This phenomenon is called
current chopping. The oscillation that occurs at time zero is generated intentionally for calcu-
lation by the circuit breaker operation, that is, the contact separation. This oscillation seems to
supply a trigger of generating the oscillation near the current zero point.

Figure 5.9 shows the calculation result with an arc loss of twice as much as that for
Figure 5.8. This arc loss comes from a condition of a long arcing time with a long contacts
separation, along with a high blowing pressure or a series connection of plural contacts.

—15 4
Circuit-breaker

current \

Current (A)

—25 4

—35 A

—45 4 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Time (s*107%)

Figure 5.8 Current chopping by shunt reactor current breaking.

Circuit-breaker

current \

Current (A)

-50 : : : : :
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time (s*1073)

Figure 5.9  Current chopping at shunt reactor current breaking with doubled arc loss N,
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Circuit-breaker
current

Current (A)

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time (s*1073)

Figure 5.10 Same as Figure 5.8, but the reactor parallel capacitor is doubled from 5 to 10nF.

The current value at which the oscillation starts becomes twice as much as that in Figure 5.8.
The phenomenon follows the idea that the higher the quenching performance is, the larger the
chopping current will be. It is known that the chopping current value is related to a route of the
breaking point number. Another cause may have an effect by increasing the breaking point
number. (See data file.%)

Figure 5.10 shows the calculation result with the parallel capacitance of shunt reactor being
twice as much as the one in Figure 5.8. The capacitances of 5nF in a so-called second oscillation
circuit are set to a double value. As a result, the chopping current value is related to the capacitance
value as shown in references. (See data file.®)

5.2 Cassie Arc Model

In the Cassie arc model, the arc is of a relatively high current (more than several hundred
amperes) with the following assumptions:

1. Heat loss is dependent on arc flow and convection.
2. Heat loss, stored heat, and electrical conductance are proportional to the cross-sectional
area expressed by the equation

2
1d6 _1(E*_ ) 54)
G dt O\ E;

5 Data5-04: Current chopping by a breaking inductive current calculation—applying the Mayr arc model as circuit-
breaker, increased N,
¢ Data5-03: Current chopping by a breaking inductive current calculation—applying the Mayr arc model as circuit breaker.
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where E=arc voltage, E,=constant, O=arc time constant, and G =arc conductance. The Cassie
arc model is applied to high current arcs.
By introducing the Laplace operator s, the equation can be transformed to

G, =G2(G=\/GT)) (5.5)

G=I/E (5.6)
1

- 5.7

0 E§1+9s 7

R=1/G. (5.8)

This equation can be expressed directly by the TACS program of EMTP, as with the Mayr arc
model. The analyzed conductance G can be combined with an electric circuit and the calculation
proceeds.

At the steady-state condition, dG/dt is zero and then the arc voltage E is equal to E. It is
important that an adequate value of £ is selected.

5.2.1 Analysis of Phenomenon of Current Zero Skipping

In AC circuits, the current zero appears at every half cycle. When the DC component is large
enough, the current skipping phenomenon without the current zero appears.

The arc voltage of circuit breaker produces the current zero to the zero skipping current.
Figure 5.11 shows the circuit in which the effect of arc voltage is analyzed when the circuit
breaker is open in the circuit with zero skipping current generation.

(@)

Synchronous generator

19KV, 800 MVA, 50 Hz Step-up transformer t?::sbrﬁ-s(;lirg: Ilti?li
Xd=1.7, Xd’=0.42, Xd”=0.30 18.5/537.5kV, X=8% 120km
Td7=2.5s, Td"=0.042s

——L(_ IO

Connection J
bus-bar Three-phase
faulting

(b)

|deal SW Dynamic arc

Q_/ Arc

—"O
Figure 5.11 Circuit for zero skipping current breaking calculation. (a) Power system diagram. (b) Circuit
diagram with arc dynamics.

Current transfer SW
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Figure 5.11a shows the circuit where the generator supplies the charging current of trans-
mission line through the step-up transformer. The earth faults occur at three phases of two
lines near the 550kV substation bus bar. The earth faults do not occur simultaneously but
separately at the phases where the zero skipping current goes to maximum value. In this
calculation, the earth fault at A, B, and C phases occurs at the times of 14, 8.3, and 8.3ms,
respectively, when the time zero is settled at the peak of the phase A voltage. The condition is
obtained by a cut-and-try repetition and will hardly occur in a real system. The important
parameters of generator are shown in Figure 5.11a.

Figure 5.11b shows the circuit by which the dynamic arc characteristic of circuit breaker is
calculated by the TACS program. The TACS program does not operate in the condition of t<0,
and the switch should be located in parallel with it.

Figure 5.12 shows the calculated three-phase currents. The current zero does not occur in
phases A and C. The condition might not happen in a real system statistically, but it is selected
to investigate the phenomenon. (See data file.”)

Figure 5.13 shows the calculation result with an ideal circuit breaker that has no arc voltage
and breaks the current at the first current zero point after the operation signal is given. The
operation signal is given at the time of 48 ms. Current zero comes at phase B, in which the
current is broken at the first current zero point after the signal is given. As phase B is broken,
the circuit becomes asymmetrical, which results in making the zero phase current. As a result,
the DC component in the phase A and C currents attenuate rapidly and the current zeros are
produced. Two phases are broken consequently. (See data file.®)

Figure 5.14 shows the calculation result of zero skipping current when the arc voltage is
simulated by the Cassie arc model with E =1000V for the circuit breaker. The result in
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Figure 5.12 Zero skipping short-circuit current without influence of circuit-breaker arc.

7 Data5-11: Zero skipping current breaking near generator—fault current lasting.
8 Data5-12: Zero skipping current breaking near generator—fault current interruption by ideal SW—zero arc voltage.
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Figure 5.13 Breaking by ideal circuit breaker.
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Figure 5.14 Three-phase fault currents with and without arc voltages.

Time (s)

Figure 5.12 without the arc voltage is included in the figure for comparison. The difference bet-
ween the two cases is small. It is understood that the reason is due to the low arc voltage compared

with the system voltage and a small contribution to the current attenuation. (See data file.?)

Figure 5.15 shows the calculation result in which the current is broken by the circuit breaker
of the Cassie arc model. As the comparison shows in Figure 5.14, the zero skipping current is

° Data5-13: Zero skipping current breaking near generator—dynamic arc introduced, still nonbreaking.
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Figure 5.15  Fault current interruption by a circuit breaker with the Cassie arc model: £ =1000V.

Current (A*10%)
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Figure 5.16 Fault current interruption by a circuit breaker with the Cassie arc model: E;=10,000V.

hardly influenced by the arc voltage of £=1000V, and the current breaking hardly changes.
It is understood that the arc voltage has negligible influence on the zero skipping current
breaking in a 550kV system.

The arc voltage with a Cassie arc model of £;=10,000V is assumed, although it is an unre-
alistic one. The calculation result with the condition is shown in Figure 5.16. Due to the high arc
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voltage, the current zero point comes earlier in the phase where the current zero skipping occurs.
As a result, the fault period is reduced. (See data file.'?)

The following points are a summary of the zero skipping current breaking phenomenon in
a 500kV system.

* The serious zero skipping current depends on the timing of the fault occurrence and occurs
rarely.

* On the occasion of such a special case, the current of one phase in three has a current of
zero. The current in the phase can be broken by a usual circuit breaker. When one phase
current is broken, the zero sequence resistance becomes included in the circuit. As the DC
component is attenuated by the resistance, the current zero is derived in the other phases. As
a result, a usual circuit breaker can break it.

* In a 500kV system, the arc voltage of the Cassie arc model with E,= 10,000V has an effect
of making the current zero come earlier in the zero skipping current.

In the case of a two-phase fault, the zero sequence is not related and the phenomenon
becomes much more complicated. The AC component of fault current is not attenuated
much in this case, and the current zero comes early. The calculation result is shown in
Figure 5.17. (See data file.!!)

In this chapter, the zero skipping current was discussed pertaining to a high-voltage system with
a high circuit breaker. The phenomena associated with the superposition of the capacitive current
on the shunt reactor current or the generator circuit itself should be investigated, respectively.
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Figure 5.17 Fault current in the case of a two-phase fault by a circuit breaker with the Cassie arc
model: E,=1000V.

10 Data5-14: Zero skipping current breaking the near generator—fault current interruption by the Cassie arc+ideal SW.
! Data5-15: Zero skipping current breaking the near generator—fault current lasting. Two-phase isolated faulting.
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Appendix 5.A: Mayr Arc Model Calculating SLF Breaking, 300kYV,
50kA, L90 Condition

The circuit diagrams in the data file? are shown in Figure A5.1.

SOVl

<=0
»
|- - T@
— Yy AV '
ha N

Figure A5.1 Circuit diagram in data file.?

The data for the circuit components are shown in Figures A5.2-AS5.12.

/-

Figure A5.2 Circuit components data (1).
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Figure A5.4 Circuit components data (3).
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TTT

DATA UNIT VALUE NODE PHASE NAME
RES Ohm 100000000 From 1 (:1
To 1 |

Figure A5.5 Circuit components data (4).

NODE PHASE NAME
SWF 1 CURCE
SWT 1 c8S

v

DATA VALUE NODE PHASE | NAME
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' ouT Ik | %0003
TACS 1 AMY

DATA uNIT VALUE NODE PHASE NAME
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Top s 0 To 1 XX0003
Irnar Amps 99939

3ph on 0

Figure A5.6 Circuit components data (5).
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UNIT
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UNIT

L
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Figure A5.7 Circuit components data (6).
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Figure A5.8 Circuit components data (7).

NODE PHASE  NAME
N1 1 | %<0008
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[l

Atftributes !

NODE PHASE  NAME
IN_1 1 |GMY
IN2 1 XX0004
out 1 0005
Attributes
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Figure A5.9 Circuit components data (8).
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Figure A5.10 Circuit components data (9).

NAME
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Attibutes

NODE PHASE NAME

v

Figure A5.11 Circuit components data (10).

IRCB

v
2

830 I_Node 1 CUR

Figure A5.12 Circuit components data (11).
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Appendix 5.B: Zero Skipping Current Breaking Near Generator—Fault
Current Lasting

The circuit diagrams in the data file’ are shown in Figure B5.1.
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Figure B5.1 Circuit diagram in data file.”
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The data for the circuit components are shown in Figures B5.2-B5.12.

DATA uNIT VALUE -| [nooe PHASE NAME
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Figure B5.2 Circuit components data (1).
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Figure B5.3 Circuit components data (2).
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Atiibutes |

DATA
R_1
L)

—

N

A_2
i
]
A_3
L3

Lo =

Wl @

 Atrioutes |

UNIT
Ohms
mH

Ohms
H
WF

| Ohms
H

Paste v | ]Re

ErEEOEEE

8 &
5

set

|« | NODE PHASE NAME
0 ma ABC GEN
ouT ABC
Order. 0 Labet

[pata
L
lca
A2
L2
c2
R3
L3
c3

uNIT

mH
WF
Ohms

‘mH

 Ohms
mH
uF

VALUE

=[=rg==Tal=[=|

-le:opy [y Paste ~ [ ] Reset

~ | | NODE PHASE NAME
IN1 (ABC (GEN
ouTt ABC
(2
Order: i:'ln Label:

Figure B5.4 Circuit components data (3).

Aftributes
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Ro Ohmdm om IN1 ABC _GEN
Lo mH/m 01 ouT1 ABC VG
B+ .me 0.0
L+ mH/m 70.05
23 Copy [ Paste v | Reset Order: 0 Label
Comment:
Lines
Length 1 [m] Hide

Figure B5.5 Circuit components data (4).




Figure B5.6 Circuit components data (5).

Rmag Ohms 100000 P1 A VG

Rp Ohrns 0.0001 P2 B VG

Lp mH 0.001 S1 1 VHA
Vip Ky 18525 52 1 %<0004
Rs Ohms 0.2

Ls mH )

is Ky 0.33

RMS 041 0 @

ByCopy [ByPaste v [ Reset Oder 0 Label

—ere—| Aftributes

B3 Copy [ Paste v ] Reset

Label:

UNIT VALUE NODE PHASE NAME
Ohm 0.001 From A X0001|
To 1 VHA

Figure B5.7 Circuit components data (6).




Figure B5.9 Circuit components data (8).
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VHLG

VHLG
%6—

Figure B5.11 Circuit components data (10).

129
| Line/cable Data: sodensen [t
Model | Data | Nodes|
System type Standard data
Name: sodensen | Template Rho [ehrm] - 100
= Freg. init [H.
I
Length [km] 120
|| B Veanposed [ Setlength in icon
[#] Awto bundiing
[V] Skin effect Units
[] Segmented ground © Metric
[7] Real transt. matix ) English
Madel
Type
I @ Bergeron
oA
O JMarti
Semlyen
) Noda
Figure B5.10 Circuit components data (9).
| Line/Cable Data: sodensen S
! Model] Data [ Nodes|
Ph.no. Rin Rout Resis Hoiz  Viower Vmd Separ  Alpha NB
# [cm] fem]  [ohm/kmDC] [m] [m] [m] [em]  [deg]
1 |1 05244 1425 00738 6.3 43 43 125 0 2
| 2 2 0.5244 1425 00738 6.7 354 54 125 0 2
3 |3 05244 1425 00738 71 278 278 125 0 2
4 4 0.5244 1425 00738 6.3 43 43 125 0 2
5 5 05244 1425 00738 67 3’4 /4 1250 2
E B 05244 1425 00738 71 278 278 125 0 2
70 0.525 0875 0277 134 52 52 0 0 1
g 0 0.525 0875 0277 134 82 52 0 0 1
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[ Line/Cable Data: sodensen i
| Model | Data | ﬂodes]

Node data Assign conductor numbers to nodes
| NODE PHASE NAME Node Conductor
IN1 ABC VHLC 14 1
VH (! @ IN2 ABC %0001 1B 2
ouTt ABC 0002 1C 3
out2 ABC %0004 24 4
2B 5
2c 6

Only recommended for experienced users
Be aware of implications for transpositions

Figure B5.12  Circuit components data (11).
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Appendix 5.C: Zero Skipping Current Breaking Near Generator—
Dynamic Arc Introduced, Still Nonbreaking

The circuit diagrams in the data file® are shown in Figure C5.1.

>
VHZAZ -
- u CSA00 csa0 (
CBRA
SR e e
—

E04 ¥
— E042
2 EoA
+*
L as ii's

-
as ais

wHZC2 =
C5C00 csco t
i CBRC

{0
é EOC \E)

Figure C5.1 Circuit diagram in data file.”
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The data for the circuit components are shown in Figures C5.2-C5.7.

Figure C5.2 Circuit components data (1).

| TACS: MULT2
[ Atributes

| NODE  PHASE | NAME
IN_1 1 vHzA|
IN_2 1 | VHZA

out [1 |VHZ82

:E" [TACS: MULT2
] Aftributes

TACS: DC_01
Aftributes

DATA UNIT VALUE NODE PHASE NAME
L Ampl 11000 | 'souRcE 1 £0A

T_start [ [0 '

T

Figure C5.3 Circuit components data (2).



NODE PHASE NAME
y IN_1 1 CSA00
_IN_2 1 ] E0&2
il ouT 1l CSADD
!T&CS: SQRT
°| Aftributes ;
. ,ljﬁ " +
7 | NODE PHASE | NAME
N 11 ikl
out 1 Cﬂﬁﬂ _
vow L G§  wm
g -
| swibutes |
v NODE PHASE NAME
18 IN_1 1 CSA0D
IN_2 il 20003
out 1 #KA0004
i
Figure C5.4 Circuit components data (3).
CSA00 CcS
1 Les
1+2E-6s
B e — @
%Cm @Pm ~ D Reset Order: 0 Labek
Figure C5.5 Circuit components data (4).
CSA00 CcsS
N1 s 0 IN 1 |CSA00
—-I —1_Les|||00 1 out 1 CsAD
1+2€-6e D1 s %6
Fired_Hi | O=off 0
el S0 | ol (| 0
MNamedHiOn 0/, O=off 0
NamedLoOn  0/1, O=off 0
By Copy [y Paste v [ Reset Order. 0 Labek

Figure C5.6 Circuit components data (5).
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| NODE PHASE

Ampl 167 | [SOURCE 1 (csa00
T_start s 0
T_stop s 1000

Figure C5.7 Circuit components data (6).



6

Typical Power Electronics Circuits
in Power Systems

6.1 General

More and more widely, power electronics technologies/facilities are being applied to power
systems [1]. In this chapter, several typical and primitive circuits are surveyed regarding their
principal functions. Please note that basic studies of power electronics facilities in general
have to be made beforehand [1]. This chapter mainly concerns practical applications.

6.2 HVDC Converter/Inverter Circuits

In HVDC (high-voltage DC transmission) systems for the purpose of AC-DC converting/
inverting, thyristor (externally communicated) type facilities are generally applied due to,
mainly, economical reasons. Figure 6.1a,b shows basic HVDC converter and inverter circuits,
respectively.? In the figures only positive-polarity-side circuits are shown. In actual systems,
negative-polarity ones, the circuits of which are the same as the positive ones, also exist where
the DC upper side is the earth and the lower side is the negative polarity of the DC transmission
line. By such a transmission circuit arrangement, the ground (return) current is minimized.

In Figure 6.1, some supplemental elements, such as snubbers, capacitances around trans-
formers, and so on, are not shown. For details, see the Electromagnetic Transients Program
(EMTP) data files.! In the relevant actual circuits, some further additional (supplemental)
elements might be necessitated.

First, the performance of the converter is surveyed. Connecting 50 Hz three-phase source
circuits together with the source impedances to the left-hand side of Figure 6.1a, and the load

! ATPData6-01.dat/Data6-1.acp: HVDC transmission converter circuit, 50 Hz, 275kV to DC, 250kV, alpha (a)=18°,
ref. Figure 6.1a.
2 ATPData6-02.dat/Data6-2.acp: HVDC transmission inverter circuit, DC, 250kV to 60Hz, 275kV, beta ()= 120°,
ref. Figure 6.1b.

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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(@)
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250kV DC
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275kV 1\
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POSOX A~~~ ~~~_ P0S1X
LDC
% Approx.
250kV DC
275kV
X
ial
B1X
C1X .
EE
_I__

Figure 6.1 High-voltage DC transmission (HVDC) 275kV 50 Hz-DC-275kV 60 Hz system circuits.'
(a) HVDC converting circuit.! (b) HVDC inverting circuit.?
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resistor to the right-hand side, calculation is made. The key point is the timing of the thyristor
gate ignition signals. In the data file, the Transient Analysis of Control Systems (TACS)
function is applied for this purpose. Typical results are shown in Figure 6.2.

As shown in Figure 6.1a, two of the valve bridge-sets (six-armed each), connected to the
transformer star and delta windings, work for converting. Each bridge produces DC voltage
with ripples of 60 electrical degrees of period. The sum of these two DC outputs is the total
DC output voltage. Due to the phase voltage angle staggering in delta/star transformer wind-
ings of 30°, the ripple in DC voltage is well mitigated. At the same time, harmonics in the AC
side current are diminished. Figure 6.2a—d shows such an effect. Each upper or lower side
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g L M“ << }_s_-]
g ° o 5§ o .
: fl ML Tyl 8¢ /
= 40 —2000 0_200 Transformer
/) /J J delta-winding J
-80 Fpetd | h".-" —400 00 current
~ 1 W - -
-120 —600 ~600
* % % Ti 65( ) 7 s 8 50 55 60 65 70 75 80
e {ms Time (ms
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1875 300 1
rl \V\ et g
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125.
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— o system | z 8.
5 62.5 voltage / \ \ﬂ / 100 : 2§
] 0.0 0 5 <805
g [— \ / 3 88
S -625 /I— /r -0 g8
o
-125.0 00 &
y L /) 2 0
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NAJ U ol. | T
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(e) (f)
15 250.0
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FARN N ,£ » AR
1.0 X N1/ L 1875 [y A
' 3 3 3 200
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F 625 < <
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Figure 6.2 Performances of HVDC converter.! (a) Star winding voltage and current. (b) Currents in
delta/phase. (c) AC system side voltage and current. (d) Fourier spectrum of the current. (e) AC voltage
and gate signals. (f) o (delay time) versus DC voltage.
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bridge phase current is square shaped (mainly by the effect of the DC circuit series reactor).
But combining both the star and delta windings’ currents in the transformer, the AC side
current is well sinusoidally shaped. The effect is clearly shown in the Fourier spectrum (d),
where only the low value [12n+ 1] order harmonics exist. The filter’s capacitance for elimi-
nating such high frequency harmonics components can be smaller compared to the lower
frequency harmonics case.

Valve gate signal timing is to be based on the relevant AC voltage wave shape (phase angle)
to be applied to the bridge, which is shown in Figure 6.2e. In this case, so-called ignition delay
angle (alpha or o) is 18°. In Figure 6.2f, output DC voltage is shown, together with the case of
ignition delay (alpha) equal to 30°. Theoretically, by primitive estimation, the output voltage
is proportional to the cosine of the delay angle (cosa), that is, alpha=0 corresponds to diode
function. To further eliminate the ripple in DC, a higher value of DC reactor can be inserted.

Next, let’s study the externally communicated inverter’s performance. For very high
capacity systems, such as for a power utility’s HVDC ones, due to an economical and/or
efficiency point of view, externally communicated systems are mostly applied where relatively
cheap and high capacity of thyristors can be applied.

Figure 6.1b shows an inverter circuit, where (for easier understanding) only the directions
of the power flow and thyristors are reversed from Figure 6.1a. Connecting the DC source to
the right-hand side of the inverter bridge, and 60 Hz of the AC source to the left-hand side, the
performance is analyzed.?> Some results are shown in Figure 6.3.

(a) (b)
150 700 700
100 ™1 I r i I 525 525 I ‘
J M”f] 350 350
s 50 } I cFLh:esr?t W - s I \
sl lar TN - I
§—50 r " "L\\ L -175 5‘175 \ \
k‘w , Phage M}'J r -350 —350 l
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wav J L\‘ -525  —525 wew gy
~150 —700  -700
50 55 60 65 70 75 80 50 55 60 65 70 75 80
Time (ms) Time (ms)
(c) (d) " "
2500 ,,qp'\Sys em voltage r-/yu‘\ 500 . Va +Ve—"T—"—""_]
1875 )\ \ 375 08 A - 375
125.0 r’ / n \f rJ \P\ 250 ‘</ va ? \\ 250
S 625 I / L \ l \- 125 o4 . = i 125
S . i z — S
2t im0 o/ D A A 7 A1
g oo o § \ o g
S 625 J / //4\- \ / ~1253 oa / g 125 S
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-1875 X7 ) 0%} -375 % -375
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Figure 6.3 HVDC inverter performances.? (a) Star winding voltage and current. (b) Delta side phase
current. (c) AC side voltage and current. (d) Voltage and gate signals.
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It should be noted that the gate signal timing (of each pole of the thyristor) is to be further
delayed compared to the converter of case (>90°) from the zero point of the applied voltage
(i.e., Va—Vc for the pole of “a”), as shown in (d), thus resulting in a normal externally commu-
nicated inverter performance. The delay angle is usually called beta or p. Currents in both the
upper and lower side valves are square wave shaped ones like in the converter, and by
combining these in the AC side via the delta—wye winding connections in the transformer, the
well-formed AC current (60 Hz) is produced. The AC current value is controlled by both DC
voltage (by alpha in converter) and advanced angle (beta). Note that for the current supplied
to the AC system, capacitive reactive current (due to beta) and some harmonics components
are involved. For absorbing these, a capacitor bank combined with filters is installed.

Finally, to survey HVDC system performance, the right-hand side of the converter in
Figure 6.1a (DC output) is connected to the right-hand side of the inverter in Figure 6.1b via
a DC transmission line represented by a reactor and resistor, while excluding a DC source and
DC load resistor. This establishes a single-pole HVDC transmission system, transferring
power from 50 to 60 Hz AC via DC transmission.>* The calculation results at the start up of the
system are shown in Figure 6.4. A lower alpha value corresponds to a higher DC voltage and

(a) (b)
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200 NPTV TW V Y TV _a75 wr f l\fJ p /
-300 -500 U
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Time (s) Time (s)
() (d)
350 1000
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S 150 I /\J" A el \‘/«cr;l‘;;’e“"v*w 400 g 5 200 ’ ,A IN b L] 600 <
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Figure 6.4 HVDC 50Hz 275kV-DC-60Hz 275kV transmission system.>* (a) S0Hz/60Hz system
voltages. (b) 50Hz/60Hz system currents. (c) DC voltage and current (ax=45°).> (d) DC voltage and
current (a=35°).*

3 ATPData6-03.dat/Data6-3.acp: HVDC transmission circuit, 50 Hz, 275kV (DC +250/-0kV) 60 Hz, 275kV, a =45°,
B =120°, approximately 100MVA transmitting.
4 ATPData6-04.dat: Same as data file 3, but a =35°, § =120°, approximately 180 MVA transmitting.
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transmission power, as shown in Figure 6.4c («=45°) and 6.4d (a0 =35°). In actual systems,
highly accurate gate ignition control seems to be especially important.

6.3 Static Var Compensator/Thyristor-Controlled Inductor

For compensation purpose by controlling reactive power quickly in power systems, most
generally and widely thyristor controlled inductor type Static Var Compensators (SVCs) are
applied. The facility itself can control only inductive reactive power. Therefore, for controlling
capacitive reactive power as well, the capacitor bank must be connected in parallel.

Figure 6.5 shows a basic three-phase SVC circuit, where some additional elements, such
as snubbers, stray capacitances, and so on, are not shown.> For the sake of the three-phase
circuit continuity, since the reactor current is not continuous through the period of power
frequency (Figure 6.6a), thyristor-controlled inductors are connected between phases (delta
connection). Detailed circuit constants are shown in the attached data files.>® By controlling
the time interval of current flowing (current loop duration) by the thyristor in each cycle, the
inductive reactive power is equivalently controlled. A narrow current loop width corresponds
to the lower reactive power. The current wave shape is neither sinusoidal nor continuous.

Here, a three-phase SVC rated 6.6kV, 3000 kVar (at maximum) is taken up. Some calcu-
lated results are shown in Figure 6.6. SVC controlling is based on a—the ignition delay angle,
by which the current flowing duration is controlled—together with the crest value. By a rough
estimation calculation, the crest value and the loop width of the current are proportional to

(1-sina) and (90 —a) /90,

respectively. The calculated results in Figure 6.6 give the following:

Va —_— ia a
\;ab
Vo
N
L1 )
¢ 1
(™
VC

Figure 6.5 Thyristor-controlled reactor circuit.>®

3 ATPData6-11.dat/Data6-11.acp: Three-phase thyristor-controlled reactor (SVC), 6.6kV, 1000k VA, a =30°, refer to
Figures 6.5 and 6.6.

¢ ATPData6-12.dat: Same as data file 5, but S00kVA, o =45°, refer to Figures 6.5 and 6.6.

" ATPData6-13.dat: Same as data file 5, but 200k VA, a =55°, refer to Figures 6.5 and 6.6.

8 ATPData6-14.dat: Same as data file 5, but 3000k VA (Rated), a =5°, refer to Figures 6.5 and 6.6.
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Figure 6.6 Thyristor-controlled reactor (SVC) performance.>® (a) Phase-to-phase voltage and reactor
current.’ (b) Reactor currents and phase current.’ (c) Same as (b) but a=45°.° (d) Same as (b) but a=55°"
(e) a versus reactive power.”® (f) Fourier spectrum of (b) current.’

(a) Phase-to-phase voltage and current in the inductor connected between phases with a=30°.
The current is neither sinusoidal nor continuous.’

(b) Phase current at the top of the delta and within-delta reactor current (x=30°). The
phase current wave shape is a well-formed sinusoid. See the Fourier spectrum shown

in (f).?
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(¢) Same as (b), but a=45°.°

(d) Same as (b), but a=55°"

(e) Reactive power calculated for a=5°, 30°, 45°, and 55°.58 The calculation basis (equation)
is for a three-phase balanced sinusoidal wave shape, so the actual accurate power values
might be a little different. See the equations in the TACS section of the data files. For the
most correct values, calculations based on the fundamental component of the Fourier
spectrum are to be applied.

(f) Fourier spectrum of the phase current in (b).>

6.4 PWM Self-Communicated Type Inverter Applying the Triangular
Carrier Wave Shape Principle—Applied to SVG (Static Var Generator)

The basic principle of a pulse width modulated (PWM) inverter is the same as a DC step-
down chopper, where a constant frequency of square wave—shaped voltage pulses with
constant crest value, the width of which is proportional to the target voltage (duty ratio). This
produces current in the circuit with a certain value of inductance approximately equal to 1 by
the DC voltage of the target value. By arelatively slower change of pulse width corresponding
to the target voltage change, the current change will be almost the same as the one by the
target DC voltage change.

By using a target (reference) sinusoidal voltage wave shape of power frequency AC, the
frequency of which is sufficiently lower than the pulse voltage frequency, practically the same
current to that of the AC source voltage is produced. As the most simple/primitive method to
obtain the appropriate pulse width, the method of comparing a triangular-shaped carrier wave
and the target (reference) AC wave shape is often applied.

The principle circuit diagram is shown in Figure 6.7.° Some additional elements such as
snubbers, stray capacitances, and so on, are not shown in the figure. For details, refer to the
data files. The neutral point of the load circuit is to be earthed through high impedance (to be
explained later). When bipolar switching elements are applied, the circuit around the switch-
ing elements can be as shown in the figure. In the case of monopolar switching elements, such
as gate turn-off thyristors (GTOs), diodes are to be connected in parallel to the switching
elements. Please refer to other power electronics textbooks [1] for details. In EMTP, the No.
13 switching element, here applied, is an ideal bipolar switch, so the circuit diagram as shown
in the figure is applicable as it is.

The control principle to produce the voltage pulses is shown in Figure 6.8, where by
comparing the triangular wave shape to the reference voltage wave shape, an appropriate pulse
width (duty ratio) corresponding to the phase-to-phase reference voltage value can be
produced. Please note, in Figure 6.8, time P2-P3, P4-P5, or P6-P7 is proportional to ref A—ref
B values at the times, corresponding to each phase-to-phase voltage.

Care should be taken that, in Figure 6.7, appropriate phase-to-phase voltage to the load
circuit is applied, but the voltage at the neutral point (at NN) fluctuates much. Therefore, the
neutral point is never solidly earthed. If a solidly (or by low impedance) earthed neutral load
circuit is required, another circuit diagram is to be applied.

® ATPData6-21.dat/Data6-21.acp: Three-phase PWM inverter, basic/most simplified circuit, refer to Figures 6.7-6.9.
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VDC

400V —

VAA
VBB

T~

Figure 6.7 Self-communicated inverter circuit.’
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Figure 6.8 Triangular carrier wave versus reference voltage wave.

Some calculated results® are shown in Figure 6.9:

(a)
(b)

(©)

(d)
(e)
()

Control commands in TACS, by which gate signals to switch elements in the inverter
circuit are produced (for switch-ON state).

Actually applied voltage wave shape between phase A and phase B. At approximately
40ms, the control signal VAO-VBO in (a) is maximum. At that timing in (b), pulse width
is maximum; thus, the pulse width is made proportional to the instantaneous crest value
of the target (reference) voltage.

Fourier spectrum of the voltage in (b), where harmonics of the triangular carrier wave fre-
quency and its integral numbers are significant. As inductively reactive components (i.e.,
inductance) are involved in the load circuit, high-frequency harmonics in the load current
are not significant as shown in (d) and (e).

Current in the load circuit. Wave shape distortion level is very low.

Same current as (d) on the Fourier spectrum. Harmonics component is negligible.
Introducing probable DC source impedance'® due to the current chopping by the switch-
ing elements, overvoltages are created (ATPData6-22.dat)."® Introducing snubbers in
parallel to the switching elements (ATPData6-23.dat), the overvoltages are mitigated.!!

10 ATPData6-22.dat: Same as data file 9, but with DC source impedance elements involved; refer to Figures 6.7-6.9.
' ATPData6-23.dat: Same as data file 9, but snubbers are connected; Figures 6.7-6.9.
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Figure 6.9 Self-communicated PWM inverter performance.*!° (a) Triangular carrier and reference
voltages. (b) Phase-to-phase applied voltage wave. (c) Fourier spectrum of the wave in (b). (d) Load cir-
cuit current. (e) Fourier spectrum of the current (d). (f) Realistic circuit creating PWM voltage.'°

As an application of a PWM self-communicated-type inverter, a static var generator (SVG)
is shown in Figure 6.10, which is the most simplified circuit diagram.'? A three-phase PWM
inverter, which, seen from the load side, is equivalent to a three-phase AC voltage source, is

12 ATPData6-25.dat/Data6-25.acp: Three-phase PWM inverter applied on SVG; refer to Figures 6.10 and 6.11.
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Figure 6.10 SVG circuit.

connected to a power system via inductors. Then, like a synchronous (rotating) machine com-
pensator, the facility can be both a capacitive and inductive reactive power source. The DC
source in the inverter can be replaced by a capacitor bank, since no active power is transmitted.
The neutral of any side of inverter or system must be floating by this inverter circuit as shown
above. So, in this case, the system side has delta-connected transformer windings, that is,
floating neutral as shown in Figure 6.10. Another side of the transformer, directly connected
to the outside power system, can be in any form according to the outside system’s one.

Some calculated results are shown in Figure 6.11."2 Depending on the charged voltage in
the capacitor and target control voltage in the controller (i.e., TACS in this case), any capaci-
tive or inductive reactive power is generated. For a higher inverter side voltage than the system
side, capacitive reactive power is supplied to the SVG (capacitor bank mode as shown in
Figure 6.11). In (a), the leading current value is approximately SO0 A (crest), or approximately
2MVA of capacitor mode operation.

As for details of the circuit parameters, see the data file."

Note:

e Miscellaneous elements such as stray capacitances, snubbers, and so on, are excluded
in the case. For practical cases, such are to be introduced.

e Inactual cases, especially when a higher value of capacitance to earth is involved, the
neutral floating system shown here may not be appropriate.

e The initialization in the calculation is complicated. In the attached calculation of
cases, the initializations are not perfectly optimized.

e A relatively high capacitance value of the capacitor is necessary for the DC side.
Also, a relatively high carrier wave frequency is necessary. A trial and error method
seems to be suitable for surveying the matter. EMTP is one of the best appropriate
tools for such a survey.

The trapped voltage in the capacitor is controlled by the phase angles difference between
Vcont (inside reference voltage) and the system voltage; that is, transmitting active power via
an inductor is controlled by the phase angle difference of both side voltages, resulting in the
change of voltage of the capacitor.
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Figure 6.11 SVGs performance.'? (a) Power system voltage and current. (b) Three-phase currents.
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Figure 6.12 Three-phase load terminal to neutral voltages. Under linearly rising frequency/ampere
reference voltage condition.'

By the way, in the PWM inverter shown in Figure 6.7, applying any kind of reference voltage
wave shape, the relevant corresponding wave shape of voltage/current is produced in the load
circuit. One example is shown in Figure 6.12 where the reference voltage wave shape is a
linearly rising frequency/amplitude (variable voltage, variable frequency) one."* The condition
may be useful for motor starting. The same circuit diagram as applied in PWM inverter is
applicable to “current regulated inverter” where only the controlling principle is different.'

13 ATPData6-24.dat: Same as data file 12, but variable voltage, variable frequency starting wave creating.
!4 ATPData6-41.dat/Data6-41.acp: Current regulated inverter circuit.
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Appendix 6.A: Example of ATPDraw Picture

ATPDraw circuit diagram picture by Data6-01.acp' is shown in Figure A6.1. For details, also
see Figure 6.1 and Data6-01.dat.!
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Figure A6.1 HVDC converter circuit diagram by ATPDraw.
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Special Switching

7.1 Transformer-Limited Short-Circuit Current Breaking

The transformer-limiting fault (TLF) is defined as an event where all the short-circuit current
is delivered to a short-circuit fault point via the transformer and is interrupted by a breaker.
The increased rate and peak value of the transient recovery voltage (TRV) would be greater
than when interrupting the rated current. According to international standards, the amplitude
factor of TRV is 1.7, which is one of the severe interrupting conditions for breakers.

Figure 7.1 shows an equivalent circuit to single-phase TLF current interrupting conditions.
In Figure 7.1, the transformer is shown as a commonly used T-type equivalent circuit. When
considering TRV in the current injection method, current, whose polarity is opposite to the
interrupting current, will be injected from both terminals of the breaker to a circuit whose
power source has been short-circuited. At that moment, the magnetizing inductance of the
transformer will become parallel with the leakage impedance on the primary side of
the transformer and the source impedance. In general, the magnetizing inductance of the
transformer at the commercial frequencies can be ignored because it is much larger than the
aforementioned impedances.

The TLF current interrupting conditions are characterized by the phenomena of commercial
frequencies when the current is flowing, and after the current has been interrupted, by the TRV
frequency in the order of several kilohertz to several hundred kilohertz [1].

Figure 7.2 shows the example calculation circuit for the TLE.!? Calculated results are shown
in Figure 7.3. The short-circuit current is 5.4 kA at its peak. TRV has a sinusoidal wave shape
with a single frequency.

! Datall-7-1-1.acp
2 Datall-7-1-2.acp

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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Figure 7.1 TLF equivalent circuit in a power system.
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=138kV*J2/y3 of transformer

Figure 7.2 Calculation circuit for TLE.!?

7.2 Transformer Winding Response to Very Fast Transient Voltage

A single-phase transformer with two windings has an iron core, low-voltage side winding, and
high-voltage side winding, shown in Figure 7.4. The transformer has the self-inductance and
mutual inductance in windings. Also, the transformer has stray capacitances between the iron
core and the winding.

In the transformer model, that is, “TRANSFORMER,” “XFORMER,” or “BCTRAN” in
ATP-EMTP, each winding is modeled as one inductance, where current value and voltage
distribution rate are uniform along the turns. But in the high-frequency region, the voltage
distribution in the winding is not uniform. It is known by the steep front of overvoltage appli-
cation—the voltage stress around the entrance terminal winding is severe.

It is not easy to model the transformer in a high-frequency region because it is not easy to
estimate the values of the inductances or capacitances. But the user can calculate the voltage
distribution in the windings by using the high-frequency transformer model.
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Figure 7.3 Calculation result.

Here, an air-core reactor located in a metal cylinder (earthed), detailed dimensions of which
are shown in Figure 7.5, is taken up.>* The reactor is divided into six sections, each consisting
of five turns, having self- and each-other mutual inductances. There are also capacitances
within turns and to the cylinder.

Figure 7.6 shows the calculation circuit. The inductances and resistance are modeled
by mutually coupled RL (51, 52, ...). The user can simulate 40 phases using the

3 Datall-7-2-1.acp
4 Datall-7-2-2.acp
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Figure 7.4 Equivalent circuit of transformer inside.
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Figure 7.5 Calculation model.

mutually coupled RM model in the original EMTP. In ATPDraw, a six-phase model is pre-
pared. When more than seven phases are used, the user must make the calculation data
manually [2].

All values are shown in the data file.**

For stable transient calculation, these inductances (both self and mutual) are to be calculated as
appropriately as possible. Inserting resistors of appropriate values in series to the self-inductances,
which are easily introduced in mutually coupled RL elements, may bring better results.
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When steep ramp and step voltage are being applied from one terminal while the other side
is earthed, voltages at every five turns are shown in Figure 7.7, the enlargement of the very
initial part of which is in Figure 7.8. From these, voltage stresses on the inside part are appar-
ently delayed; that is, only the entrance part is stressed by very steep voltage stress.

In Figures 7.9 and 7.10, voltages at every five turns are shown while 1 A (crest value) of AC
current in a wide range of frequency is applied. Figure 7.9 shows the voltage magnitude that
corresponds to impedance in ohms.

Figure 7.10 shows phase angle corresponding to impedance phase angle. Positive corresponds
to inductive. From these two figures, up to the fundamental inherent frequency(i.e., about 2MHz)

VWA
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N 4pF T T —
Ramp source = fvg'l
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4pF L 5152,

20pF
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Figure 7.6 Calculation circuit.’*
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Figure 7.7 Calculated result.
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Figure 7.9 Frequency response of the coil impedance.

voltages are in a linear relation along the turns. Also, the phase angles are uniform. This means
that up to that frequency, the reactor can be as one inductance.

For higher frequencies, such relations have never been kept; therefore, multi-inductance
modeling is inevitable.

7.3 Transformer Magnetizing Current under Geomagnetic
Storm Conditions

A severe geomagnetic storm occurred on August 4 and 5, 1972, caused by a large solar flare. The
geomagnetic storm produced a large number of disturbances to electrical power systems [3-5].
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DC current, due to the terrestrial magnetism change, flows in a very long transmission line
in a north-south direction and reaches up to about 100A. The transmission line terminates
with a transformer at each substation.

Therefore, DC current flows through the transformer in such a circumstance up to around
100A. The DC current mostly flows on only one side-winding of the transformer; thus, the
iron core is saturated. The flux goes out of the iron core and may heat the transformer iron case
due to the higher iron loss rate of the material.

In 1989, a large blackout in US and Canadian electric utilities was reported due to such a
cause. Transformer magnetizing performance is shown in Figure 7.11 under such a super-
imposed DC current.

By applying a certain AC voltage, the flux linkage can be any of flux (1) or flux (2), depend-
ing on the initial condition. In mathematics, the matter corresponds to the integration constant,
that is, the flux is integration of the applied voltage to the inductance. The corresponding
magnetizing current is current (1) or current (2). Thus any kind of current can exist. Actually,
the flux bias, that is, the initial condition of the time period concerned, is fixed as a steady-state
condition. As for the inrush current shown in the previous section, the initial current is of the
most interest in most cases. But the phenomenon in this section lasting several tens of minutes
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Figure 7.10 Frequency response of the coil angle.
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Figure 7.11 Equivalent circuit.
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Figure 7.12 Calculated result.

at the steady-state condition is of the most interest. As for the circuit diagram in Figure 7.11,
the next equations are easily obtained:
. d
E,,+E, = Rz+—¢
dt

12
Epe(t,—1,)= IRidt

t1

12
Epc = ! J'idt.
R L=t}
The second equation is the integration of the first one. The third one is just a modification
of the second one, which shows the average current value is just the DC current value
applied.

The ATP-EMTP calculation result is shown in Figure 7.12; also see the data file for
circuit parameter details.’ In the calculation to attain a shorter time interval to the
steady state, the series resistor values are intentionally enhanced. Otherwise, the time to
steady state is to be several tens of seconds for the actual circuit parameters. The
calculation was done applying both AC and DC voltages to the transformer without
initial residual flux.

>Datall-7-3-1.acp
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Note:

* A geomagnetic storm condition lasts several tens of minutes, while the thermal time
constant of a transformer is on the order of one to several hours. Higher current lasting
less than 1 min, such as inrush current, is of no importance as to thermal phenomena. The
electrical time constant around a transformer is far less than 1 min. Therefore, electrically
steady-state phenomena are of importance regarding a geomagnetic storm.

* In the data file calculating the phenomena, introducing initially residual flux and/or
another timing of source voltage, a different current wave shape is obtained only for
the initial time interval. After some time, the current reaches of the same steady-state
value.

7.4 Four-Armed Shunt Reactor for Suppressing Secondary Arc
in Single-Pole Rapid Reclosing

As the first step of studying switching phenomena in systems with four-armed shunt reactors,
mathematical study seems to be beneficial to grasp the outline (see Refs. [6-8]). In single-pole
rapid reclosing, where only the faulted phase of a transmission line is opened, the faulting arc
is to quench during the reclosing time interval. By electrostatic coupling with the sound
phases, a certain level of arc current tends to continue without quenching. As the system
voltage gets higher and the transmission line gets longer, the tendency increases.

For eliminating the arc current (secondary arc current) aiming for successful reclosing, a
four-armed shunt reactor where the neutral is earthed by means of another reactor is appli-
cable. Figure 7.13 shows the circuit layout.

Part (a) shows the system layout during one phase line to ground faulting, where both ends
of the phase are open. A secondary arc may exist.

Part (b) shows the equivalent circuit at the faulting point, where, assuming voltages along
the phase v and w lines are quasi-uniform, voltages are applied from the point instead of both
ends, that is, e =0 (faulting), ¢, and ¢ . i is the secondary arc current. Z, Z , and Z, are
sequence component reactance of the line section (capacitances and inductances of four-
armed shunt reactor shown in (c) connected in parallel). The following equations are obtained:

e, 1 1 170
e |==|1 a dl| e,
e, |1 a alle,
and ~
N e, 1Z,
i |=|elZ |,
L] |e/!Z,

¢ Datall-7-4-1.acp
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Figure 7.13 Four-armed shunt reactor for suppressing a secondary arc in single-pole rapid reclosing.

NG

1
where a =——+ j—

Except for rotating machines, in transmission systems, Z =Z . In a transmission
line with a four-armed shunt reactor, parameters other than the neutral reactor’s are fixed
by the relevant system condition. So adjusting the neutral reactor reactance value, we
can have

Introducing this condition, then we can have i =0, applying these equations; that is, the
secondary arc current can be suppressed (Figures 7.14 and 7.15).

Note:

During the switching of such a transmission line, due to the nonlinearity of the reactors
(as usually iron cores are used), certain values of transient voltages appear at the neutral
point and some insulation failures have been reported. For sophisticated insulation
design, especially around the neutral point, accurate analysis introducing every detailed
parameter of the system, including the nonlinear characteristics of iron cores, is
recommended.
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7.5 Switching Four-Armed Shunt Reactor Compensated
Transmission Line

When switching a transmission line with four-armed shunt reactor compensation, the purpose
of which is to suppress secondary arc current when single-phase reclosing, due to unbalanced
saturations of the shunt reactor arms, overvoltages appear at the neutral point, the voltage of
which point is zero in the steady-state condition (see Refs. [6—8]). The following is the most
simplified example of the phenomenon.

As shown in Figure 7.16, 400kV 300km of overhead transmission line with general param-
eters is compensated by a four-armed shunt reactor, the compensation ratio of which is 60%.’
The no-load line is energized from the left end and then dropped.

OH line 300 km
400kv Z,=750Q, Z,=300Q
O
2 {110% 33%
& L--
X
£
E
Four-armed £ 100%
shunt reactor
Current

Figure 7.16 Calculation circuit.”
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Figure 7.17 Calculated result.
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Such a reactor is generally of a gapped-core type, so the saturation characteristic is assumed
as shown in the figure. Some nonlinear elements dominate the phenomena, so digital calculation
seems to be the most applicable.

As for the details of the modeled parameters, see the data file.”

ATP-EMTP calculation results for the shunt-reactor terminal and neutral voltages when the line
is dropped are shown in Figure 7.17. In this case, a significantly high voltage appears at
the neutral point of the reactor after the line dropping, which may be very important for reactor
insulation design.

Care should be taken, as the phenomenon much depends on the relevant system parameters—
details of the transmission line parameters, shunt reactor compensation rate, shunt reactor
saturation characteristics, and so on. Modeling that is as precise as possible is necessary for
the actual case evaluation.
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3

Synchronous Machine Dynamics

In the middle of the 1980s, the present Type 59 synchronous machine model program was
implemented into the Electromagnetic Transients Program (EMTP) and put into practical use.
Then, in the mid-1990s, the Type 58 model, which was significantly improved over the former,
was also put into practical use in ATP-EMTP [1]. Most power sources in AC power systems
are synchronous generators, so the dynamics of the machines are, sometimes, of great interest,
especially regarding relatively short time intervals of phenomena. Only time domain analysis
is applicable to such fast transient phenomena, occurring in only milliseconds. In such circum-
stances EMTP is a significantly useful tool for analyzing power system dynamics. As a special
feature of Type 58, calculations are stable, especially in asymmetrical circuit conditions such
as nontransposed overhead transmission lines, which are mostly applied in today’s power systems.
Furthermore, it should be noted that the present Type 59 model produces erroneous results in
cases introducing field coil saturation characteristics.

The usage is mostly common to both types, except for the writing of “58” or “59” at the machine
part of the program data file. In this chapter, therefore, explanations are mostly for Type 58.

8.1 Synchronous Machine Modeling and Machine Parameters

What is written in Chapter 7 of the Rule Book, Dynamic Synchronous Machine, is not
perfectly updated, so in this chapter, updated data file coding is shown.

Synchronous machine calculation in ATP-EMTP is based on the modeling shown in
Figure 8.1 (2P machine). Two coils in each of the d- and g-axes represent the rotor. While in
the stator, in Type 59, three-phase coils are transformed into two coils in d- and g-axes (Park-
domain, DW, QW), whereas in Type 58, three-phase coils are applied as they are. The basic
equations based on the figure for Type 58 modeling are as follows.

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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axis

Figure 8.1 Synchronous machine modeling. DW and QW are applied only in Type 59.

As for the voltage of each of seven coils,

vewri-%1; 8.1)

j Jlj_z kK

where j, k=a, b, c, F, G, KD, and KQ, and ij = time varying functions, depending on the angle
between rotor and stator.
As for the torque,

T:ZijZikiij. (8.2)

J k

These differential equations are numerically calculated.

In practical cases, as for these machine constants, they can seldom be known by measuring
or calculation. Therefore, in most cases, general machine data such as transient/subtransient
reactance values/time-constants are input, and these constants are automatically calculated in
EMTP. Some assumptions and simplifications are introduced during the calculation; still, the
calculation is considered sufficiently accurate and reliable.

Note:

* For further details as to the coding, see Dynamic Synchronous Machine, Chapter 7, and
the data files. EMTP Theory Book is also very useful for understanding.

* In using ATPDraw, the same items shown in Table 8.1 are, in principle, to be input.

* In the second and third lines from the first “58” writing, only “58” and node names
are to be written. Voltages, frequencies, and angles are automatically introduced for
symmetrical three-phase AC.
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* A PARAMETER FITTING value of <2.0 means open-circuit time constants are to be
used.

* A PARAMETER FITTING value of 22.1 of means short-circuit time constants are to
be used. Generally, short-circuit time constant usage is more appropriate, excluding
the saturation effect.

e A “1” in column 7, line 5, means metric unit mechanical constants are to be used.
With “0” or blank, imperial units are applied.

* For resistors and reactance values, per-unit values (machine rating bases) are to be applied.

» For time constants, “second” is to be used as the unit.

 If XCAN (Caney reactance) can be applied, transient rotor coil currents such as during
short-circuiting are more correctly calculated. For armature currents, little influence is
introduced. Without introducing the value, XL value is automatically introduced as XCAN.

* After the blank card, writing 11, 21, 31, and 51 in Output ordering cards yields full
output for one mass machine case and is generally recommended.

* For the initial condition fixing in Type 58 machine, the FIX SOURCES command is
applicable in a general three-phase symmetrical case. NEW LOAD FLOW (old CAO
LOAD FLOW) is also applicable, but is thought to introduce better results, especially
in very limited asymmetrical circuit conditions. For details, see the BENCHMARK
DCN20.DAT file.

Typical data coding format for Type 58 is shown in Table 8.1.!

8.2 Some Basic Examples

Figure 8.2 shows the Inf 2-Gen tandem power system. Applying the layout, some cases of cal-
culations are made. In the system layout, two generators are connected to the transmission
line via step-up transformers. The transmission line is a nontransposed double circuited one,
where the phase location of each circuit is not the same for obtaining better symmetry as a
whole, for example, phase a, b, ¢ from the top in one circuit and c, a, b in another circuit in
this case. Infinitive capacity of source can be represented by voltage source. Step-up trans-
former winding connections are delta in generator (low-voltage) sides and Y in transmission
line (high voltage: HV) sides. For details, see the previous chapter on transformers.

8.2.1 No-Load Transmission Line Charging

In the first example, the no-load overhead line charging current is calculated. In Figure 8.2, by
disconnecting the No. 2 generator as well as the infinitive capacity of voltage source, only the
No. 1 generator supplies capacitive reactive charging current. It should be noted that capacitive
charging current phenomena are in the power frequency. The overhead line parameters are, more
or less, frequency dependent, so parameters are to be calculated on a power frequency basis. For
details, see the relevant data file for transmission line constant calculation (LINE CONSTANTS).2

! Data8-00.dat: 1300MVA, 4P, 19kV generator and step-up transformer parameters.
2 Data8-01.dat: 300kV, 410 mm**2 X2, 50km Line Constants parameter calculation data.
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Table 8.1 No. 58 model data coding.

C
C  3-PHASE SYNCHRONOUS GENERATOR  1300MVA-19kV-50Hz, 4P
C
C BUS IVIAMPLITUDEIFREQ.HZ |IANGLE.DEGI ISTART.SECISTOP.SEC
C *—lll I 1l [1----I1 [----11

58VGIA 15513. 50.0 =30.

58VG1B

58VGIC

PARAMETER FITTING 2.1  {Short-circuited Time Constants applied.
CIGEIINPI SMOUTP || SMOUTQ || RMVA I RKV [IAGLINEII S1 I S2

111 4 1.0 1.0 1300. 19.0  -1600. 1980. 3600.
1.0 1.2 1.0 1.2 —1. {Same as d—axis
C RA I XL I XD II XQ Il XD Il XQ I XD Il XQ’
0. 0025 0.18 1.51 1.75 0.42 .55 .30 .28
C TDs” Il TQs” Il TDs’’ Il TQs’” Il X0 [l RN I XN |l XCAN
2.52 0.18 . 042 .0313 .17 .0191 5.
C MASS | (EXTRS) Il (HICO) II(DSR) Il (DSM) II(HSP) [I(DSD) |
1 1.0 1.5 0.0 0.0 0.0 500 .

BLANK CARD ENDING MACHINE DATA
C OUTPUT REQ. Full Ordering
11
21
31
51
BLANK
C CONNECTION TO TACS
C 71EX1 {For TACS Controlling Field Exciter
FINISH
BLANK CARD ENDING SOURCE CARDS
Cl I 1l I [l == NEW LOAD FLOW REQUEST ==
C 1VGIA VGIB VGIC 1.17E06 10970.
C BLANK CARD ENDING FIX-SOURCE / NEW LOAD FLOW CARDS
Cl I 1l I [ 1l I 1l [l I 1l Il I
VGIA VGIB VGIC VHTI1A VHTIB VHTIC
BLANK CARD ENDING (VOLTAGE) OUTPUT
BLANK CARD GENERAL
BEGIN NEW DATA CASE
BLANK

In the present state, one generator supplies capacitive current to no-load transmission line(s).
Fixing the generator’s terminal three-phase voltages (amplitudes, frequencies, and initial phase
angles), then all parts of the system voltages/currents are to be fixed. Therefore, in the present
EMTP DAT file for the calculation, only the generator terminal voltage conditions are written
for the initialization purpose. Also see the relevant data file for the details.’

3 Data8-02.dat: Generator supplying transmission line charging current, 300kV, 100km, 2 cct.
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Generator  Step up T Busi1 Bus21 Bus31 o
1300MVA 1300 MVA us :;T;mve
4P, 19kV  12% 50 km 50km

= 287.5kV

Generator IStep up Tr
300kV 600MVA 600 MVA
2P, 21kV 129

Figure 8.2 INF 2-GEN power system.

For obtaining symmetry as much in the untransposed transmission lines, the phase location
in the conductors is not in a uniform order (also see the relevant data file). The time interval in
this case is 0.1 ms. Generally, the generator model and transmission line length restrict the
maximum allowable time step value in EMTP (0.05-0.1 ms is generally appropriate).

Some calculated results are shown in Figure 8.3.

(a) The generator’s terminal voltages are symmetrical as specified in the relevant DAT.
Nevertheless, the supplying currents are, more or less, asymmetrical, perhaps due to the
asymmetry of the line (untransposed).

(b) Line entrance voltages are also symmetrical, but the currents are a little bit asymmet-
rical. The asymmetry rate is not so significant at the generator terminal, perhaps due
to the transformer winding connection (A-Y) and the phase location of the transmis-
sion line.

(c) Currents in the rotor part are shown. As for the steady state, only the field current exists.

(d) The air-gap torque shows low amplitude of fluctuation. In perfectly symmetrical steady
state condition, the torque is to be constant. Due to the asymmetry, as mentioned
previously, the fluctuation is created. The average value of the torque is in the order of
0.02% of the rated one corresponding to the losses in the circuit. Mechanical losses do not
concern the air gap torque in this case.

8.2.2 Power Flow Calculation

Assuming that, in Figure 8.2, G2 is disconnected and only G1 is supplying full load current to
the right-hand side end infinitive source, the coding of DAT file is to be written as the relevant
data file.* For fixing the initial power flow condition in the case, the FIX SOURCES command,
written at the upper part of the file, is applied where the active power value and the generator
terminal voltage are specified in the data file. Other methods, for example, specifying active and

4 Data8-03.dat: One generator plus infinitive bus case, load flow calculation, FIX SOURCES option applied.
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Figure 8.3 Variables in no-load transmission line charging condition. (a) Generator terminal V and C.
(b) Transmission line V and C. (c) Rotor currents. (d) Air gap torque.

reactive powers, voltage, and phase angle, are also applicable. For the details, see the Rule
Book (chapter on Load Flow).

In this case, the generator is supplying 1170 MW of active power under the rated terminal
voltage condition. Some calculated results are shown in Figure 8.4.

(a) From the generator terminal voltage and current, the apparent power is calculated as
approximately 1200 MVA. The current is slightly lagging.

(b) The current into the transmission line, on the other hand, lags less, due to the existence
of inductive reactance between the generator and transmission line, that is, the
transformer.

(c) Voltages at the locations from the generator to the transmission line end show step by step
lagging in the voltage phase angles along the line. Please note, the base of the voltage
phase angle at the generator is delayed by 30° compared with the transmission line’s one
due to the transformer winding connection (A-Y connection).

(d) From the air gap torque, the active power output is calculated to be 1160 MW,
which is close to the specified value (1170 MW); thus, the calculation seems to be
accurate.

In the next example, two generators supply load currents to the remote infinitive source. In
Figure 8.2, all components are connected. For initializing the system, the FIX SOURCES
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Figure 8.4 Variables under generator full load supplying condition. (a) G1 terminal voltage and
current. (b) Transmission line voltage and current. (c) Generator terminal and line voltages. (d) Air gap
torque and field current.

menu is also applied. The active power values and terminal voltages for the two generators are
specified; for details, see the relevant data file.’
Some calculated results are shown in Figure 8.5.

(a) The generator terminal voltages of G1 and G2 shows phase angle difference according to
the load flow current in between. The apparent output powers are calculated to be approximately
1280 and 650 M VA for G1 and G2, respectively.

(b) The voltage and current phase angles at BUS/Transmission parts are advanced by approx-
imately 30° compared to ones of the generator terminals, due to the relevant step-up transformer
winding connections.

(c) Comparing BUS11-BUS21 and BUS21-BUS31, the voltage phase angle difference is
bigger in the latter. The reason is due to the higher active load current in the relevant transmission
line reactance, where the reactance of the two sections is equal.

(d) From the torques of G1 and G2, the active powers are calculated to be 1160 and 620 MW,
respectively. Also, the rotor d-axis physical angles are shown. It should be noted that G1
is a 4P machine (1500r.p.m.) and G2 is a 2P one (3000r.p.m.) when calculating the active
power or observing the rotor angle position.

5 Data8-04.dat: Two generators plus infinitive bus case, full load flow calculation by FIX SOURCES.
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Figure 8.5 Variables while two generators are feeding load currents. (a) Generator terminal voltage
and current. (b) Transmission line voltage and current. (c) Line and generator terminal voltages. (d) Generator
TQ and d-axis angle.

8.2.3 Sudden Short-Circuiting

Peculiar phenomena appear when short-circuiting the circuit close to a synchronous generator.
Only a time-domain calculation program, such as EMTP, is applicable for such analysis.
Under the condition of the two generators supplying full load current in Figure 8.2, a three-
phase simultaneous earthing fault in one line circuit near BUS11, which will be cleared after
approximately three cycles, is considered.® The calculated results are as follows (see Figure 8.6):

(a) The total of the three-phase faulting currents is shown. No delayed current zero crossing
occurs.

(b) Generator terminal output currents are shown. No delayed current zero crossing occurs
here either.

(c) Inthe faulting location voltages, it should be noted that at the fault clearing, the first phase
to clear voltage is much damped due to the X0/X1<1.0 condition regarding the short
circuit reactance at the location.

(d) During the faulting transients, tremendously high currents flow in the rotor. Please note
that each current is converted to the same turn number of coils as the field one.

¢ Data8-05.dat: Three-phase earthing fault near No. 1 plant step-up transformer HV side under the same system con-
ditions, three-phase simultaneous faulting.
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Figure 8.6 Variables under three-phase simultaneous faulting. (a) Total earthing fault current.
(b) Generator load and fault current. (c) Fault location voltage. (d) Generator rotor currents. (¢) Armature
current in the d-q domain. (f) Rotor d-axis angle and velocity change.

(e) In the d-q domain diagram, the circle radius and the distance of the center position from
the zero point correspond to armature current’s DC and AC components, respectively.
Then each damping rate is clarified visually.

(f) During short-circuiting, due to less active power output, the rotor accelerates and the rotor
angle advances.
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In the next case, three-phase nonsimultaneous fault initiation timing is taken up.’

The fault condition is the same as the previous case, except for the faulting timing. That is,
first two phases are earthed, then the remaining phase is earthed. The time interval between
the two faults is approximately one half cycle. The main results are shown in Figure 8.7.

(a) The fault position is the transmission line near BUS11 in Figure 8.2. In the total fault
current, current from the remote source is involved. During the initial two cycles from the
fault initiation, delayed current zero crossing appears in one phase, which disappears after
three cycles. Therefore, after three cycles, the current can be interrupted by a general AC
circuit breaker.

(b) The figure shows the current from only the adjacent generator’s side. In this case,
noninterruption of the fault current is calculated. Here, a more significant delayed current
zero crossing appears in one phase, which may introduce difficulty if the current is to be
interrupted by the relevant circuit breaker. These phenomena relate faults closely to
generator plant(s) and step-by-step three-phase faulting (evolving fault). From a statistical
point of view, this may be a rare occasion.

In the next example, an earth fault at the location between the generator G1 and the step-up
transformer is taken up. The main results are shown in Figure 8.8.
The three-phase simultaneous fault is introduced.

(a) The total fault current involving one from the HV side shows a less significantly delayed
current zero crossing. After the interruption of the current from the generator, that is, by a
generator circuit breaker, current from the HV side remains, which would be, in an actual
case, interrupted at the HV side.

(a) (b)
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Figure 8.7 Three-phase nonsimultaneous faulting. (a) Fault current (interrupted). (b) Generator sup-
plying current.

7 Data8-06.dat: Same as previous, but with on-load condition and nonsimultaneous three-phase faulting; minimum
DC in the fault current.
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Figure 8.8 Earthing fault at the generator terminal. (a) Total fault current. (b) Current from G1.

(b) Current from only the generator side is shown, which is interrupted by a (generator)
circuit breaker at the location. Due to the more significant delayed current zero crossing
compared to the total current, interruption in one phase is delayed by one cycle.
Depending on the generator and system circuit parameter(s), a much more significant
delayed current zero crossing may occur.® This is a typical topic regarding generator
circuit breakers.’

8 Data8-07.dat: Similar to the 8-05 case, but with nonsimultaneous three-phase faulting to create maximum zero
skipping fault current.
° Data8-0Ox.dat: Step-up transformers with magnetizing linear reactances (no-saturation) are applied. Reference only.
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8.3 Transient Stability Analysis Applying the Synchronous
Machine Model

In AC power systems, each generator there is to keep the phase relationship according to the
relevant power flow, that is, for a certain reactance X, both side terminal voltages V| and V,,
and phase angle difference 0, the active power flow P through the reactance is calculated as

V-V, sin0
X .

P (8.3)

By disturbances such as short-circuits, sudden load rejection, switching transmission lines,
and so on, each generator may accelerate/decelerate due to the probable unbalance between
the driving and load (air gap) torques. The angle 8 may swing; such phenomena are called
“transient stability.”

In this section the phenomena are explained mainly applying the time domain analysis,
contrasted with the conventional process “power frequency phasor domain analysis” or the
classic “equal-area method.” Also explained is the countermeasure to enhance the power flow
limit to keep stability.

8.3.1 Classic Analysis (Equal-Area Method) and Time Domain
Analysis (EMTP)

First, let’s check the conventional phasor domain analysis based on the classic equal-area
method by cross-checking with time domain analysis, or ATP-EMTP.

Introducing the so-called “one generator versus infinitive bus system” shown in Figure 8.9,
the basic phenomena are to be surveyed. Other parameters not shown in the figure are to be
referred to in the data file(s) of this chapter. In applying Equation (8.3), what is V , the sending
source voltage? This seems to be an imagined (virtual) inside voltage of the machine and may
be a changeable one. As shown later, the flux linkage of the armature winding is kept relatively
constant during the relevant phenomena. The voltage, corresponding to the flux, seems to be
appropriate as this V. Therefore, as the reactance of the machine under the phenomena, the
armature winding leakage seems to be properly applied. For the transmission line reactance,
parameters of a fully transposed one are applied in the case for simple calculation purposes.
(Double-circuited line parameters applied.)

Generator Stepup Tr

Bus11 Bus31
1900MVA  1300MVA Bus21 Infinitive
° | 50km i 50km Busti
I
I
CB11 cB21 | CB31
= o T 2875KV
]
300kV

Figure 8.9 One generator versus infinitive bus system.
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Figure 8.10 Transmission active power characteristics for a single-circuited and double-circuited line.

In Figure 8.10, transmission active power versus angle difference for single-circuited and
double-circuited lines is shown. As the sending source voltage V|, 300kV (corresponding to
the generator’s rated terminal voltage) is applied, though, quite correctly speaking, the inside
voltage is more or less higher than the terminal voltage. Thus, V, of 287.5kV is applied.

For a double-circuited line transmitting 1170 MW (90% of power factor of 1300 MVA), the
initial angle of 32.5° is calculated by the equation. Also, for single-circuited line transmitting,
48.5° is calculated. These values, of course, agree with Figure 8.10.

Assuming sudden switching over from double-circuited to single, in Figure 8.10, the
vertical coordinate corresponds to the machine load torque and, therefore, the area, (i.e., the
product of torque and angle shifting) corresponds to energy. Therefore, S, is excess energy
from the turbine up to the steady-state point in the single-circuited line. Then the generator
is accelerated and the angle advances up to the angle corresponding to §,=§,. This is the
simplest case of an equal-area method. The maximum angle for overswing of approximately
69° is graphically obtained for this case.

Next, let’s check these values quantitatively applying EMTP (time domain analysis
program). The system and machine parameters coincide with ones in the previous section, but
as a small difference, untransposed line parameters are applied when considering general
cases.'

The machine’s rotor angle position is shown in Figure 8.11."" Care should be taken (in
EMTP) that the angle corresponds to the actual pole’s geometrical one for a four-pole machine
based on the infinitive bus voltage electrical angle, which means 1 multiplied by 2. Also, the

10 Data8-100.dat: 1G (No. 58 SM) vs. infinitive bus, full loading initialized by FIX SOURCES.
' Data8-101.dat/Draw8-101.acp: Same as data file 9, but with one circuit of double-circuited transmission line
dropping.
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machine is connected to the system via delta-star windings of the step up transformer, which
means plus 30°. So, 66° for a double-circuited line steady-state case is calculated, corresponding
with the normalized electrical angle basis, to be

(66x2)(4P ~2P)+30(Delta~Star) =162. (8.4)

Figure 8.12 shows the flux vector linked with the armature winding, based on a d-g-axis plane.
The armature flux position angle is then

162 -39 =123°. (8.5)
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Figure 8.11 Rotor d-axis position base on infinitive bus voltage angle via star-delta step up Tr, for a
four-pole machine.
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Figure 8.12 Armature winding flux linkage position based on rotor position—electrical angle.
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Therefore, the voltage angle at the armature winding is (as d¢p/dt=-V for a generator)
123-90 =33°. (8.6)

The value agrees well with the former hand-calculated one in the classic method.

For a single circuit, by a similar calculation, 49° is obtained, which is also in good agreement
with the hand-calculated one also shown previously.

As for overswinging (Figures 8.11 and 8.15), the instant of maximum swing in Figure 8.11,
the flux angle (not shown), is approximately 45°; therefore, the maximum voltage angle is

88x2+30-45-90="71°, 8.7

which shows fairly good agreement with the equal-area method result.
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Figure 8.13 Generator terminal voltage.
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Figure 8.14 Field exciting current.
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Figure 8.15 Rotor angle by overloading.

Note:

In classic calculation methods such as the equal-area method, both mechanical and
electrical source points are assumed to be based on a common point. Actually, the
mechanical energy transferring point is the rotor, but the electrically transferring
point is vague. In this section, values on the armature winding are considered, although
in general cases it is in approximation. Also, values on the armature terminal voltage are
applied.

8.3.2 Detailed Transients by Time Domain Analysis: ATP-EMTP

In Figure 8.11, the maximum rotor swing is approximately 20° for a four-pole machine, that
is, electrically 40°. In Figure 8.10, the value is 36°. The difference depends on the flux
movement on the rotor, as shown in Figure 8.12. In a classic method, such as the equal-area
method, the source-side voltage is assumed to be constant.!!

In time domain analysis, every actual value is calculated. Also, actual voltage amplitude is
changeable, which it cannot be in the classic method. Some details are shown in Figures
8.13 and 8.14, the former of which is generator terminal voltage and the latter is field exciting
current. Both change during the transient time interval. In Figure 8.12 the flux angle and
amplitude changes are shown. These show that the variables of the generator are variously
changeable during the transient.

As the next example, increasing the transmission active power by 5%,!? the rotor angle
swing is shown in Figure 8.15 in comparison with the former case.!"'? The amplitude increases
and, furthermore, the recovery is much delayed.

12 Data8-102.dat/Draw8-102.acp: Same as previous, but under 105% overloading.
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The condition seems to be critical. Actually, though not shown here, the generator loses the
synchronism by 5% of transmission power enhancement (out-of-phase).

In the next example, a line earthing fault followed by one circuit of the double-circuited line
opening is taken up. Two cases are introduced.

Case 1: Excluding the intermediate switching station in Figure 8.16, faulting (F) is cleared by
CB11 and CB31, that is, the whole length of the line becomes single circuited. The generator
output (transmission active power) of 1.12GW is applied.

Case 2: introducing intermediate switching station, the fault is cleared by CB11 and CB21,
that is, only half of the line is single circuited.'

The results are shown in Figure 8.17 as the rotor angle swing. In case 1, 1.17 GW of transmis-
sion power results in out-of-phase so, as the critical value, 1.12 GW is introduced. In case 2, where

Generator  Step up Tr

1300MVA  1300MVA  Bus 11 Bus 21 Bus 31 -
4P 12% |anm|§|;/ ©
| 50km 50km us
@_I>/J> CB11 CB21 cB3t [ |_< )
/ ~_
= é 287.5kV
300kV ¥ F

Figure 8.16 Power system diagram, 3LG fault—one circuit clearing.
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Figure 8.17 Rotor angle swing by 3LG—one circuit clearing.

13 Data8-103.dat/Draw8-103.acp: Same as the previous, but three-phase earthing fault and clearing by dropping
one circuit (full length), under a critical loading condition (96%).
14 Data8-104.dat/Draw8-104.acp: Same as the previous, but half length of transmission line, under a full loading condition.
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only the half of the line is single circuited, due to less enhancement of the line impedance,
significant improvement is apparent as for transient stability enhancement.

In the next case, the second generator unit is connected to the intermediate bus shown in
Figure 8.18, the rating of which is 600 MVA with a two-pole machine, feeding 600 MW.'> The
faulting and clearing sequence is the same as the former.

The result (rotor angle swing) is shown in Figure 8.19. For easy comparison of the angle
swing between two-pole and four-pole machines on the same basis, the rotor angle of a two-
pole machine is multiplied by 0.5 in the plot. As the faulting spot is remote from the second gener-
ator, the angle swing is far less than the first one. For a two-generator case, though the initial
angle is higher than a one-generator case due to the higher total power flow, the stability state is

Generator  StepupTr  g,q 14 Bus 21 Bus 31
1300MVA 1300 MVA Infinitive

4P 12% | 50km 50 km Bus 11

@_I>/J> CB11 cB21 CB31 | ( )
—— /
300kV g':
Generator /iA\ Stepup Tr

2875kV

600 MVA 600 MVA
2P 12%

Figure 8.18 Two generators versus the infinitive bus case.
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Figure 8.19 Two generator and infinitive bus case.

15 Data8-105.dat/Draw8-105.acp: 2G versus the infinitive bus system, three-phase earthing fault, and clearing by
dropping one circuit (half length) of the line.
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almost the same. In a two-generator case, the swing of the first generator seems to transfer to the
second one, that is, the second one’s swing amplitude enhances. Much more complicated inter-
action phenomena may occur in multimachine cases.

8.3.3 Field Excitation Control

Figure 8.13 shows the terminal voltage is damped when the angle enhances. From
Equation (8.3), the lower voltage corresponds to lower transmitting power; thus, the gener-
ator, due to the lower load, tends to accelerate. By increasing the excitation current, resulting
in higher terminal voltage, the transmitting power enhances, and the machine acceleration is
damped. Generators have an AVR (automatic voltage regulator) and/or a PSS (power system
stabilizer), the main purpose of which is to keep the terminal voltage constant. But in intro-
ducing special control of them, enhancement of transient stability is also expected. PSS is
especially designed for the high capacity of modern machines.

Figure 8.20 shows the block diagram of AVR/PSS applied to the generator, which is of a thyristor
type with very rapid response. As the source voltage to drive the AVR/PSS is usually supplied
by rectifying the generator output voltage V,, the output is proportional to the generator
terminal voltage V,, as shown in the figure.

In calculation cases existing at this time, only G1 (1.3 GVA machine) is furnished with
AVR/PSS.'617

Figure 8.21 shows the rotor angle swings for the case shown in Figure 8.15 (no-AVR/
PSS condition) with and without AVR/PSS.!!> The transient is well suppressed and in
shorter time the steady state is established. Also, the maximum swing amplitude is much
damped. Thus, introducing AVR/PSS, enhancement of stable transmission power limit is
possible.

Figure 8.22 shows AVR/PSS variables during the phenomena. During the increase of the
rotor angle, by the control of AVR/PSS, the exciting voltage is much enhanced.

vV,
A 10 8 |
v l
t 1 200 1 + v FF
™ 1+0.01s 1+0.02s || 1+0.01s J '
Th -
yristor type
AVR 0.01+x0.2 s
140.2 s
Anti-hunting
AP - 0.15
10 (s+0.14582) [ |
pss 1+7.025+10.14552+0.253 J VPSS in AVR

-0.1

Figure 8.20 AVR/PSS diagram applied to G1.

1o Data8-111.dat/Draw8-111.acp: Same as the 8-102 case, but high-speed AVR/PSS is applied to the generator G1.
17 Data8-112.dat/Draw8-112.acp: Same as the 8-101 case, but high-speed AVR/PSS is applied to the generator G1.
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Thus, a significant effect of AVR/PSS on the transient stability enhancement is proven.

Next are surveyed a few typical transient stability calculation cases, in which transmission
line faulting is followed by clearing of the faulted section. Calculations without AVR/PSS are
shown in Figures 8.17 and 8.19. Introducing AVR/PSS,® the calculation results are shown in
Figures 8.23 and 8.24. In Figure 8.23, the rotor angle swing during the transient is shown,
where overloading condition (1.22 GW) is applied.
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Figure 8.21 Effect of AVR/PSS in one circuit of transmission line opening.
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Figure 8.22 Variables in AVR/PSS (for Figure 8.21).

18 Data8-113.dat: Same as 8-103 case, but AVR/PSS is applied.
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Even for the overloading, the swing is well suppressed, and thus the stability limit can be
enhanced with still some margin by introducing the field excite controlling system. Also, the
time duration of the disturbance is significantly shortened. Without such a system, as shown
before, by 1.17 GW of transmission power, the system cannot be kept stable. Figure 8.24 shows
the AVR/PSS variables during the transient, where PSS output very quickly rises at the first
stage. Because of the enhanced the exciting voltage, the rotor swing is strongly suppressed. In
this phenomenon, when faced with a great change of the main circuit voltage such as from
short-circuiting, AVR/PSS variables show significant performances.
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Figure 8.24 AVR/PSS variables in Figure 8.23.
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Note:

Great care should be taken in initializing the AVR/PSS variables for accurate calcula-
tions. In the EMTP data, initial values of TACS (Transient Analysis of Control Systems)
variables are to be directly written. For details, see the data files and Rule Book.

In Figure 8.25, two generators versus an infinitive bus case is shown. The system
layout is shown in Figure 8.18 where a No. 2 generator is also connected. As shown
before, only the No. 1 generator’s field exciting is controlled by AVR/PSS." The No. 2
generator’s exciting voltage is kept constant during the transient.

The calculated result is shown in Figure 8.25 as for the generators’ swing angles.
As for G1, the field exciting of which is strongly controlled by AVR/PSS, the swing
is naturally and significantly damped. G2’s swing is also suppressed to some extent.
In Figure 8.26, G2’s torque during the phenomenaon is compared with and without
field excitation control of G1. The phenomenon is very complicated and the swing
period of each machine may be influenced by others. This might be beyond the scope
of this chapter.

8.3.4 Back-Swing Phenomenon

Generally, transient short-circuiting current contains a DC component that produces a more or
less decelerating direction of torque to the generator. This may influence the transient stability
in the relevant power system. The cause of this torque is the trapped flux in the armature
winding of the generator during the transient short-circuit current. For details, see Appendix

&
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Figure 8.25 Two generators versus infinitive bus case.

19 Data8-114.dat/Draw8-114.acp: Same as 8-105 case, but AVR/PSS is applied to one generator G1.
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Figure 8.26 G2 electrical torque.

8.A of this chapter. Usually, when applying power frequency phasor domain analysis or the
classic graphical method, the phenomena are not represented. The effect of the DC component
can only be calculated by applying EMTP.

By the system circuit conditions shown in Figure 8.16 and 8.17, the detailed phenomena are
surveyed for both full and less DC components of cases in the fault currents.?*?!

In Figure 8.27 fault currents and the generator’s air gap torque for both full and less
DC components are shown. The magnitude of DC component depends on the point on the
voltage wave-shape timing of fault initiation. A significant difference between the two
conditions is shown in Figure 8.27c. Although the difference in the swing angle is not as
significant as that shown in Figure 8.28, a full DC component corresponds to a less severe
condition regarding transient stability under such a heavy loading condition as in the pre-
sent case.

Under a very light loading condition (less power output), a far more significant difference
in torque is observed, as shown in Figure 8.29.2% Then, as shown in Figure 8.30, even a neg-
ative direction of swing occurs. This is called a back swing. In a very light loading condition,
a negative out-of-phase direction might occur. Such phenomena can only be calculated by
time domain analysis such as EMTP, as shown here.

More severe conditions exist in pumping stations, where the machine works as a motor. The
mechanical load torque is in the opposite direction of the electrical back-swing torque. So,
under a heavy load of the pumping-up condition, a DC component in the fault current may
introduce an extremely severe condition.

2 Data8-121.dat/Draw8-121.acp: Like the 8-103 case, but maximum of DC component in the fault current condition
introduced.

2! Data8-122.dat: Similar to 8-121, but minimum DC component in the fault current condition introduced.

2 Data8-131.dat/Draw8-131.acp: Like the 8-121 condition but under very light loading.

» Data8-132.dat: Like the 8-122 condition but under very light loading.
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Appendix 8.A: Short-Circuit Phenomena Observation in d-q
Domain Coordinate

Observing variables during short-circuiting in d-q domain coordinates, some new and
fruitful ideas may be found that might be a good help for understanding synchronous
machine (SM) dynamics [2, 3]. SM rated 3.3kV, 1 MVA, 2P, 50Hz is applied as the
specimen.*

Various results are shown in the figures on the following pages. First, a perfectly
round rotor type with each one rotor coil for d/q axis is taken up. Some results are in
Figure AS8.1.

(a) Three-phase sudden short-circuit currents are shown, where in one phase a full DC
component appears; this is termed a fully asymmetrical current.

(b) By short-circuiting a three-phase armature coil, the flux is trapped at the original state
with gradual damping. In the d-q coordinate, the basis of which is the rotor position, the
flux trace is whirlpool shaped with some damping.

(c) The flux in the rotor, due to the short-circuited coils in both d/q axes, is trapped with
gradual damping. Of course g-axis component is kept at approximately zero, which is the
origin value.

(d) Armature current trace appears in similar whirlpool shape, where the radius corresponds
to the DC component and the rotor distance from (0,0) to the center corresponds to the AC
amplitude. The current compensates for the rotor influence on keeping the trapped flux.

(e) The rotor current trace appears symmetrical to the armature one. The original (start) point
value corresponds to the steady-state field exiting current. The current is understood to be
compensating for the influence from the armature trapped flux.

Next, a symmetrical short-circuit current case is introduced.? It should be noted that in the
conventional phasor analysis of the case, only this condition can be considered.

(f) Two phases, at the peak-to-peak voltage maximum, are short-circuited. After 90°
(1/4cycle), the rest phase is short-circuited. Then three-phase symmetrical (with no DC
component) currents appear.

(g) The specific future in the armature trapped flux. In the time interval of two-step short-circuiting
(1/4cycle), the trace draws a half circle and then afterwards is kept to an almost zero
value, that is, no trapped flux.

(h) The effect appears typically in the torque during short-circuiting. Two cases, with and
without a DC component in the short circuit current, are shown. The difference is with
and without a trapped flux in the armature, while the trapped flux exists in the rotor. It
should be noted that in an asymmetrical short-circuit current case that is more usual,
though the average of torque is zero, the integration is not zero and may affect the
machine velocity change.

24 Data8-11.dat: Perfect round rotor SM without damper coil, 3.3kV, 1 MVA, 2P, three-phase simultaneous sudden
short-circuiting under no-load condition. (Asymmetrical short-circuit current, i.e., with high DC component).

» Data8-12.dat: Similar to the previous, but point on wave short-circuiting to create short-circuit current without the
DC component (symmetrical short-circuit current).
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Next, short-circuiting under an on-loading condition is taken up.?

(i) Armature trapped flux appears initially just rotated due to the load current.
(j) Rotor flux also appears initially rotated.

The next case is for a salient pole machine.”’
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Figure A8.1 Short-circuit (SC) phenomena in the d-q domain coordinate. (a) SC current (asymmet-
rical). (b) Armature trapped flux. (c) Rotor trapped flux. (d) Armature current. (¢) Rotor current.
(f) Symmetrical SC current. (g) Armature trapped flux. (h) Torque (asymmetrical/symmetrical current).
(1) Armature trapped flux (on-load).

2 Data8-13.dat: Like data case 8-11, but under the full loading condition.
" Data8-14.dat: Like data case 8-11, but salient pole machine under a no-load condition.
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Figure A8.1 (Continued) (j) Rotor flux (loaded). (k) Salient pole machine armature current. (1) Four-
coil rotor currents. (m) Sum of rotor coil currents. (n) Trapped flux in a symmetrical SC current case.

(k) As for the flux, no significant differences between salient and round rotor ones is observed.
But, as for the armature current trace, an oval shaped one appears due to the difference in
d/q axis inductances.

Finally, a “four-coil-rotor machine,” such as that in Figure 8.1, is taken up.?®

(1) The armature’s variables are almost the same as the two coil one previously mentioned.
The four-coil rotor’s variables show mutually affected complicated phenomena.
(m) The sum of the rotor d-axis currents in two coils and one g-axis is similar to that of a
two-coil machine case.

In (n), the phenomenon in (g) is graphically represented.

In the first instance (two phases are short-circuited), only the horizontal direction
component of the armature flux is trapped at zero and then rotates. In the original
vertical direction, the flux can change by the induction from the rotor, the value of
which is proportional to cosB. Then a half circle is drawn during the following quarter
cycle of time (90°).

2 Data8-1F.dat: SM with damper coils both in d- and g-axes. Three-phase simultaneous short-circuiting under full
load condition.
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Appendix 8.B: Starting as an Induction Motor

Synchronous machines can start by direct connection to an AC voltage source, where the
damper/field coils work as a squirrel cage of an induction motor. Analyzing such phenomena,
a step-by-step initializing adjustment is recommended. For each of the following steps, see the
attached DAT file for the detailed parameters.

* The synchronous machine, the ratings of which are 3.3kV, 1 MVA, 2P, and 50Hz, is the
example here. First, calculation is to be made for normal service (no-load) condition.?

* Then the machine’s operation in very low speed (i.e., 2% of the rated) is to be calculated for the
initial starting condition.® Please note that the values of the voltage, frequency, and capacity in
the relevant synchronous machine (SM) DAT (in Class 3 SM data card) are to be 2% of the normal
rated values. By these, the appropriate machine parameters are automatically introduced.

* Finally, superimposing the relevant regal voltage source connection to the above condition,
starting from 2% of the rated speed, the calculation is made.*!

In Figure B8.1 some calculated results are shown.
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Figure B8.1 Synchronous machine starting in induction machine mode. (a) Velocity (2%-100% of
synchronous speed). (b) Torque. (c) Armature current. (d) Rotor d-axis coil current (total).

¥ Data8-20.dat: Basic data of synchronous machine starting as an induction machine, operated under power frequency.
% Data8-21.dat: Checking operation in very low frequency and very low induced voltage, where 1% of values could be applied.
3! Data8-22.dat: Starting as induction machine, with 2% of the initial velocity and 1% of the initial voltage, the field
current is about 50% of the rating.
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(a) Due to the calculation convenience, the initial speed is set to 2%. The machine accelerates
from 2 to 100% of the synchronous speed. By the effect of the field magnetizing, the final
speed can be 100% irrespective of induction machine mode (slip zero).

(b) In an induction machine, where machine parameters’ optimizations seem to be poor, the
torque characteristic involves a lot of fluctuations. Yet the machine successfully accelerates to
the final (synchronous) speed.

(c) The armature current corresponds to the starting inrush one.

(d) The sum of the d-axis currents (field and damper) is shown. In an SM of EMTP, all coils
in the rotor are modeled in unique turn number, so the sum of these corresponds to the
d-axis magnetizing. The initial and the final state field current correspond to the field coil
magnetizing. The current during the acceleration corresponds to the squirrel cage—type of
induction machine.
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Appendix 8.C: Modeling by the No. 19 Universal Machine

It is known, for a type No. 58/59 synchronous machine, the number of machines is limited due
to an occasional numerical instability. On the other hand, according to the Rule Book, applying
No. 19 universal machine (UM) modeling, multimachine cases are easily calculated with
no limitation in the number of machines.’>* Also, by using a No. 19 universal machine, the
synchronous machine is applicable, though the calculation condition is less sophisticated
compared to Type 58/59 synchronous machines.

As an example, a synchronous machine in Standard UM modeling style is applied in mod-
eling G2 of Figure 8.18, where AVR/PSS is applied to only G1.

For initialization of load flow condition in a certain system with universal machine(s), FIX
SOURCES (initializing program) is not suitably applicable. From the author’s experience,
fixing the generator terminal voltages and (initial) phase angles to all generators based on the
infinitive voltage source has been suitably applicable.

Note:

In calculating for a system where all machines are of the No. 58/59 SM type, FIX
SOURCES is suitably applicable.

In Figures C8.1 through C8.3, calculated results by two types of SM modeling for G2
are shown where in each of three graphs variables by two types of modeling are drawn
superimposed. The difference between the modeling types is not significant, so any kind
seems to be applicable depending on the user’s choice. Nevertheless, as shown before,
application of AVR/PSS and/or power flow initialization is easier and smarter in using
Type 58/59 model.

Note:

Calculations of up to eight No. 58 SMs of cases have been successfully made.3*%

32 Data8-116.dat: Same as 8-105 case, but one generator is modeled by universal machine model (Type 59 format, or
alternatively, synchronous WI in ATPDraw is applicable in No. 19 universal machine modeling).

3 Data8-117.dat/Draw8-117.acp: Same as 8-105, but the general universal machine’s synchronous machine model
(Standard UM format).

3 Data8-115.dat/Draw8-115.acp: Eight generators versus the infinitive bus case, all modeled by a No. 58 synchronous
machine.

3 Data8-1L01.dat: 50 km, double-circuited transmission line parameter calculation, Pi type modeling representation.
Reference only.
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Appendix 8.D: Example of ATPDraw Picture File: Draw8-111.acp (Figure D8.1).'5
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Induction Machine, Doubly Fed

Machine, Permanent Magnet
Machine

According to the “Universal Machines” menu in the ATP-EMTP Rule Book, almost all kinds
of rotating machines can be analyzed. This chapter deals with machines that are relatively widely
used in power systems, industry, or housing facilities, such as the following:

Cage rotor induction machine (motor), most widely used in general motor usage today.
Doubly fed machine, the hardware of which is a wound rotor induction machine. The machine
is applied to a variable-speed pumping station’s motor/generator or flywheel generator.
Permanent magnet machine. A permanent magnet can be modeled by a fixed value of
current source—energized solenoid. In this chapter, the machine is modeled as a synchronous
machine in the Universal Machines menu, the field coil of which is energized by a fixed
value of current source.

As for a “universal machines” application to synchronous machines, see the previous Chapter 8.

Note:

Presently, ATPDraw is not conveniently applicable to the general application usage of
rotating machines. In this chapter, therefore, the usage of ATPDraw is limited.

9.1 Induction Machine (Cage Rotor Type)

Among various kinds of motors, cage rotor type induction machines (motors) are most widely
applied to industrial and home facility usage, and even for trains. Owing to the development of
power electronics technology, the machine has become applicable even for very quick, dynamic

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.
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responses of operation in a wide range of speeds. The time domain analysis, which is required
and applicable to calculate quick dynamic response, is explained in the Rule Book as No. 19
Universal Machines. Provided the readers of this text have studied the Rule Book well, in this
chapter there are some interesting examples peculiar to time domain analyses of the machines.

9.1.1 Machine Data for EMTP Calculation

In the No. 19 Universal Machine menu in the Rule Book, machine data, such as motor wind-
ing’s inductances/resistances, are required. If these data have been obtained beforehand, these
can be directly applied to the calculation. Nevertheless, to obtain these quickly is not easy,
especially for novice engineers. Today, fortunately, the ATPDraw program is applicable to
prepare the data. “Induction WI” is the program menu to calculate the data in ATPDraw.

Note:

In the past, for calculating such machine data, the Windsyn.exe program had been
conveniently applied. This program is no longer applicable to today’s new (64-bit) PCs.
Fortunately, the Induction WI menu in ATPDraw involves a similar function to calculate
the data. Therefore, in this chapter, Induction W1 is used for calculating the data.

The ACP and ATP files' are the example applied in this chapter. First, the following are to
be inputted to the Induction WI window in ATPDraw; they are called manufacturer’s data or
specification/rating data, as shown in Appendix 9.B:

Type Deep bar cage rotor type

Frequency 60Hz Capacity 500 HP
Speed (synchronous) 1800 rpm Power factor 0.92
Efficiency 0.96 Slip (rated) 1.7%
Start current 7p.u. Start torque 1.2p.u.
Load torque 1 Max. torque 35p.u
Cage factor 0.6

By the process “Fit and View” and, further, “Refit,” for fixing the ACP file appropriately,
the ATP file is produced, where the following are fixed in the ATP file:

Magnetizing (d/q axis) 0.20091748036 H

Stator coil (zero sequence) None

Ditto of d/q axis 0.5607349643 Q 0.0090245423515H
Rotor coil (d/q axis)

No. 1 0.69390451542Q 0.0000000000000H
No. 2 1.4513984673Q 0.0094843215034H

The deep bar coil is represented by the above two coils.

! Draw9-01.acp/Draw9-01.atp: Induction machine data calculation and produced ATP file involving the machine data
which are applied to cases 2-9 of this chapter.
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These data can be directly introduced to the relevant DAT file(s) manually, see the
DAT files.

The rotor coil turn number is assumed to be the same as the stator one. Therefore, to obtain
the actual rotor current, a calculation depending on the turn ratio is to be made.

In the magnetizing branch, a saturation characteristic can be introduced. For details, see the
Rule Book.

If a saturation characteristic is also required for stator winding, a saturable reactor is to be
connected outside of the motor. Generally, applying inductance with a saturated value can
produce an appropriate result.

For the stator zero sequence parameter, in general, nothing is required to be written.

Note:

Before these data are inputted, the relevant chapter(s) of the Rule Book and also the relevant
HELP in ATPDraw are to be carefully studied.

It should be also noted that the content of the process of “Fit and View” and “Refit” in
fixing the ACP file, in which some modifications may be made, does not seem to be
recorded in the ACP file. Therefore, for repeating the same calculation, the relevant ACP
file is not always directly applicable. It is most essential to apply the relevant ATP file,
values of which are to be introduced to the relevant DAT file.

At the mechanical output terminal, a mechanical system can be connected, where it is
represented by electric variables/circuit elements in the following way:

Torque (N-m) Current (A)
Velocity (rad/s) Voltage (V)
Viscosity (N-m/rad/s) Resistance ()
Moment of inertia (kg-m?) Capacitance (F)

Other variables/elements could be represented by transient analysis of control systems
(TACS) controlled sources/EL elements.

9.1.2 Zero Starting

Starting from the stalled (zero) stage can be simply calculated by connecting a voltage source to

the relevant motor>. But considering a more general application, including plural motor cases,
where one unique initialization method for all of the machines is required, a more universally
applicable initialization method should be applied. For simple initialization, specifying a slip value
for each machine’s initial condition seems to be the most convenient application. Therefore, a
stalled motor is best represented by connection to the relevant source via a high ohmic resistor and
specifying 100% of slip value. Some typical calculated results are shown in Figure 9.1. For details

2 Data9-01.dat: Induction machine zero-starting, three-phase simultaneous SW-ON, 100% of slip applied.
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about the DAT file coding, see the data file.? The results in Figure 9.1, some of which have been
introduced for fixing the ACP file (specifications, rated values, etc.), can be checked.
Some observations about the results are:

(a) The machine accelerates regularly, as expected, to the quasi-synchronous speed.

(b) The overall torque change seems to be regular, but initially it shows violent fluctuation.
As shown in the next example, the course seems to be the DC component in the stator coil
current after switching on.

(a) (b)
200 4000
/ 2000
160 Velocity/
Q 0
3 120 €
> Z -2000
8 80 o
§ P 4000 /
40 -6000 -
0 -8000
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Time (s) Time (s)
(o d
( )4000 (d)
2000
0 —_
£ [| ¢
Z -2000 £
= = / g
o
~4000 — o
-6000
-8000 I |
0 40 80 120 160 200 00 05 10 15 20 25 30 35 40
Time (s)
(e)
<
£
o
5
(6]

Figure 9.1 Starting from the stalled state—three-phase simultaneous switching. (a) Velocity versus
time characteristic. (b) EL (air gap) torque versus time characteristic. (c) EL torque versus velocity
characteristic. (d) Stator current. (e) Rotor current (d-axis total).
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(c) The popular torque versus speed curve can be made applying the PLOT-XY function of
the graphical program. The initial (starting) torque is a little higher than 2000 Nm, which
is close to the design value (1.2 p.u. in Fit and View in ATPDraw). The highest torque is
approximately 3.5 p.u. as expected, which is generally difficult to design correctly, but in
this case, close to the expected value is attained.

(d) The initial armature current is approximately 7 p.u. as expected. After reaching the (quasi-)
synchronous speed, the current value is sufficiently low.

(e) Rotor current frequency, on the other hand, depends on the slip value. After reaching close
to synchronous speed, the frequency is very low.

As a whole, the motor seems to be well designed (from an electrical point of view) by
ATPDraw.

Note:

In this case, for the calculation (solution) process, “compensation” is applied, which is
thought to be more accurate and stable for most calculation cases than the “prediction”
method. Also, the neutral point of the stator (armature) coil is earthed through a very high
ohmic resistor, representing most of the actual cases. Another method may be required in
other kinds of calculations, such as plural motor cases.

In Figure 9.1b, c the starting torque shows violent fluctuation. In the stator and rotor currents
at the start, a high value of transients appeared (DC component), which was thought to be the
course of the torque fluctuation. Therefore, in the next case example,® for mitigating the
violent fluctuation, producing less of the DC component of starting current was intended.
Generally, switching timing dominates the DC component.

It is known that in a mainly inductive circuit, switching on at the source voltage peak timing
produces less DC component in the current. In this case, as the stator circuit is actually of an
isolated neutral condition (earthed through a very high ohmic resistor), the following process
is applied:

* Phase B and C are closed at the P-P voltage peak timing.
* The last phase A is closed 90° later (at the phase voltage peak).

Note:

In this case and the following, the active/reactive/apparent powers were calculated by the
following equations, which are correct in the three-phase symmetrical condition.

3 Data9-02.dat: Ditto, but three-phase nonsimultaneous SW-ON for min. DC component in machine current.
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For the voltage and current values, instantaneous values are to be applied to the equation.

Activepower =V I +V,I, +V I, 9.1)
Reactive power = {(V, =V)I, +(V, V)1, +(V, - V,)I, }/\3 9.2)
Apparent power = \/ (Active Power)2 + (Reactive Power )2 9.3)

The calculated results are, in principle, stable.
The calculated results are shown in Figure 9.2, contrasting with Figure 9.1.
Some observations in contrast with the former case are:

(a) The starting up velocity characteristic is almost the same as the former case.

(b) Most significant difference appears in the torque characteristic. Initially, far less fluctuation
appears. The average value is almost the same as the former.

(c) Similarly, torque versus velocity curve involves less fluctuation.

(d) The stator coil current involves less initial transient DC components.

(e) Ditto for the rotor coil current.

(f) During acceleration, the power consumption rate is very high for active, reactive, and
apparent powers. Due to the high current (reactive/apparent), much active power is con-
sumed by the Joule effect in coil resistances.

9.1.3 Mechanical Torque Load Application

In Figure 9.3a, the steady state (approximately 130% overloaded) calculated result is shown,
where, connecting the motor to the source and specifying slip value, the initial state is auto-
matically calculated.*

In Figure 9.3b, mainly under noload operation conditions, suddenly mechanical torque,
such as mechanical breaking, is applied, which is made, in the DAT file, by specifying the
current source value representing the torque.’ The time lag in the velocity change depends on
the moment of inertia of the motor, resulting in time lag in the slip value change and torque
increase.

Calculated active/reactive/apparent powers are shown in Figure 9.3c, where relatively high
power factor is kept during the phenomena.

Using a friction clutch, a mechanical load is rather smoothly coupled with the motor.®
Clutch and load are represented by electrical (EL) circuits, as shown in Figure 9.4a.

4 Data9-03.dat: Steady-state loaded condition.
3 Data9-04.dat: No-load running and then sudden mechanical load torque is applied.
¢ Data9-05.dat: Mechanical load starting via friction clutch connection to the running motor.
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Figure 9.2 Starting up with less transient DC component by point on the voltage wave switching on.
(a) Velocity versus time (starting up). (b) Torque versus time at starting. (c) Torque versus velocity
characteristic. (d) Stator (armature) current. () Rotor current. (f) Active/reactive/apparent powers.

(a) The friction clutch characteristic is represented by a nonlinear resistor shown in the figure.
By switching on the clutch connection, the calculation is made.

(b) As for velocities, those of the motor itself and the load are shown. As for torque, the
motor’s air gap torque and the driving load torque are shown. The main reason for
the difference between the two seems to be the motor’s moment of inertia and also
mechanical loss.
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Figure 9.3 Steady state and sudden mechanical torque load application. (a) Steady state, about 130%
loading. (b) Sudden mechanical load application (150%). (c) Power consumption during mechanical
torque application.

(c) Active/reactive/apparent powers during the coupling are shown. These values depend on
the slip increase. During the phenomenon, max slip value change is in the order of
15%, very high, so significantly high values of power change appear.

(d) Comparing EL and mechanical powers, the following conclusions are drawn:

The difference between the EL active power consumption and the total mechanical output
is due to accelerating the motor itself and the mechanical/electrical losses of the motor.

The difference between the total mechanical output and load driving is due to the friction
clutch loss.

9.1.4 Multimachines

The restrictions in multimachine cases’ are as follows:

¢ Uniform initialization mode is to be applied to all of the machines in a No. 19 universal
machine menu’s calculation.
¢ In initialization, specifying slip to every machine produces the most stable result in the
author’s experience.

7 Data9-06.dat: Tow machines in a system, one in zero-starting, the other running heavily loaded.
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Figure 9.4 Mechanical load connection by friction clutch. (a) Friction clutch and load in EL circuit.
(b) Velocity and torque when clutch connecting. (c) Various EL powers. (d) Mechanical and EL various
(active) powers.

* “PREDICTION?” in the solution and solidly earthed armature coil neutral are mandatory for
multimachine cases.

* For cases where there are more than three machines (generally), the “ABSOLUTE U.M.
DIMENSIONS” card is to be inserted. Details are shown in the Rule Book.

In Figure 9.5 some calculated results for two machines are shown, where

(a) In the system, where M1 is under loaded (120% of the rated) operation condition, M2
starts from a zero stalled state. As shown before, for M1 the relevant slip is specified,
while M2 is connected to the system via a high ohmic resistor and 100% of slip is speci-
fied, representing the stalled condition. The high ohmic resistor is bypassed at starting.

(b) When M2 starts, due to the high starting current, M1 terminal voltage drops a little; there-
fore, M1’s velocity drops a little.

(c) M1’s terminal voltage drops during M2 starting, due to high current consumption in M2.

(d) By the voltage drop, in order to keep the torque constant as specified, except for the
transient time interval, the motor-consuming active/reactive/apparent powers are kept
almost constant—for example, motor current increases.
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Figure 9.5 M2 starting under M1 loaded steady-state operation. (a) Layout with two machines.
(b) Velocities of M1 and M2. (¢) M1 terminal voltage. (d) M1 active/reactive/apparent powers.

9.1.5 Motor Terminal Voltage Change

Introducing a simple calculation, where constant torque value is specified and the source
voltage is changed?®, the results are shown in Figure 9.6.

(a) The source voltage is intentionally descended in two steps, by 10% in each. To keep the
specified constant torque value, the current is enhanced in approximately inverse
proportion to the voltage.

(b) The torque value is kept constant as specified, except for the voltage change transient time
interval. The velocity goes down a little bit by the voltage drop.

(c) The most interesting thing is active/reactive/apparent powers are kept quasi-constant
by the voltage change except for the voltage change transient time interval, that is,
the induction motor is considered a constant power consumption load. As shown in
Figure 9.6a, the load current increases by the voltage drop. This phenomenon is important
from a voltage stability point of view in power systems.

8 Data9-07.dat: Source voltage descended under the heavily loaded running condition.
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Figure 9.6 Motor terminal voltage change. (a) Motor voltage/current. (b) Velocity and torque.
(c) Various powers.

9.1.6 Driving by Variable Voltage and Frequency Source (VVVF)

A cage rotor type induction motor is represented by the equivalent EL circuit shown in
Figure 9.7. In the circuit, the motor current /, and torque T are calculated as in the following
equations’:

|11|=i (R, /ws) +(M+L,)’ T:3E_02 R,/ ws

2 Rlo
oM (R, /ws) +L;’ o (R,/ws) +L,’

In the equations, if £/ (voltage by frequency) and w_(slip frequency value) are assumed
to be constant, both the current and the torque are fixed provided variable amplitude/frequency
of voltage source is applied. Thus, any kind of control can be made.

Practically as for the motor voltage, V| is to be applied instead of E. There is a small
difference between V| and E, as shown on the right-hand side of Figure 9.7. In some cases,
the difference is to be considered for very accurate control.

° Data9-08.dat: VVVF (linearly rising voltage and frequency) source starting.
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Figure 9.7 Induction machine equivalent circuit.

As a variable amplitude/frequency voltage source, a power electronics (inverter) is applied
today. But in this chapter on surveying the motor’s basic principle, a TACS-controlled
(idealized) source in the Electromagnetic Transients Program (EMTP) is applied. (Also see
Chapter 6 of this book.)

In the example case introduced here, constant torque/acceleration rate starting is taken up
in comparison with the direct starting shown in Figure 9.2. In the case where E /w is kept
constant, ® is enhanced at a constant rate. Thus, the constant torque is obtained (see the
attached DAT file for details). The result is shown in Figure 9.8.

(a) The velocity change is, as intended, similar to the direct starting of case. The torque is
also, as intended, mostly constant during the acceleration time interval.

(b) The most significant difference between the two types of starting is EL power con-
sumptions. In direct starting, very high mainly reactive current flows, especially at the
initial low velocity region. On the other hand, by variable amplitude/frequency voltage
source, EL power consumption is far lower. The very high active power consumption
by direct starting seems to be due to copper loss in the coils from the very high current.
Thus, for frequent start/stop of application case, VVVF produces apparent merit.

(c) EL active power consumption and the air gap torque output power (mechanical) are com-
pared. The difference depends on the EL side loss only, that is, copper loss in the rotor,
since no iron loss is applied in the calculation model. In any case, the efficiency is very
high.

(d) For the purpose of less violence especially initially, source voltage frequency change is
mitigated. For details, see the TACS part of the DAT file.

(e) The source voltage wave shape is shown, where the amplitude and frequency rise
linearly. This called a TACS-controlled voltage source. It should be noted that in TACS,
voltage itself is to be represented by a formula. The relevant voltage is to be written as
Vcosf instead of Vcoswt, where @ is the angle at the relevant time, that is, time
integration of wt.

(f) Stator and rotor currents are shown. The frequency of the rotor current is equal to the
slip frequency, which is specified to be mostly constant. The figure shows this
condition.

As a whole, optimized starting is established.
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Figure 9.8 Starting with constant torque by a variable voltage, variable frequency (VVVF) source.
(a) Velocities and torques at starting. (b) Power consumptions at starting. (¢) Power consumption
details by VVVE. (d) Frequency change mitigation. (e) Source voltage wave shape. (f) Stator and
rotor currents.
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9.2 Doubly Fed Machine

The physical construction of a doubly fed machine is, in principle, identical to one of a wound
rotor type induction machine!®'®, The machine is applicable to a variable-speed generator/
motor and, furthermore, to a flywheel generator or synchronous compensator.

9.2.1 Operation Principle

The rotor coil is, via a slip ring, energized by the outside source. The principle of opera-
tion is shown in Figure 9.9. In (a) the image of the machine’s physical construction
is shown, and in (b) the phasor vector diagram is shown. Please note, the vector angles
of the secondary side variables are based on the primary side. The actual secondary side
injected voltage/current is to be based on the rotor position. Details will be explained
later. Also, the turn number of the secondary (rotor) coil is assumed to be the same as the
primary side. X1 and X2 are the leakage reactance of the primary side and secondary
side, respectively, where both are based on the synchronous frequency. “s” is the slip
value; for example, in overspeed condition, s is negative. “¢” is the common flux linkage
and I0 is the exciting current.

V1 is the system (terminal) voltage and is generally fixed. If any of V2 or 12 is given, the
total vector diagram is completed, that is, by V2 or I2 the target operation condition is attained.
Actually for relatively quick change of controlling, 12 is superior than V2 regarding the stable
operation of controlling. As shown in the appendix, the machine is, in principle, applicable to
any kind of generator, motor, compensator, or flywheel operation.

Please note in the figure, the resistance in the stator/rotor coil and exciting loss are excluded.
If a very accurate calculation is required, these are to be considered.

(@) (b)

Stator

Figure 9.9 Doubly fed machine construction and operation principle. (a) Physical construction. (b)
Phasor vector—primary side view.

10 Data9-11.dat: Doubly fed machine steady state, secondary side is fed by voltage source.

' Data9-12.dat: Same as 9-11, but secondary side is fed by current source.

12 Data9-15.dat: Doubly fed machine flywheel generator operation.

13 Draw9-02.acp/Draw9-02.atp: Example of doubly fed machine data calculation and produced ATP file. For reference only.
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In the following data cases, as targeting a flywheel generator in a power system for the
enhancement of the system dynamic stability, the following machine is applied:

Ratings as a wound rotor induction machine

Voltage 24kV Capacity 100MW
Frequency 50Hz Synchronous speed 500 r.p.m.
Inertia constant 10s Power factor 0.9

Load efficiency 0.97

Machine data used in No. 19 Universal Machine calculation

Magnetizing inductance 0.088234 H (d/q axis)

Stator leakage inductance 0.001617H (ditto)

Ditto resistance 0.087169Q

Rotor leakage inductance 0.001617H

Ditto resistance 0.127258 Q

Please note, to calculate the above machine data, another program (Windsyn.exe) was used.
Today, alternatively, “Induction WI” in ATPDraw is applicable, which produces similar
results. (See, as an example, the files."?)

9.2.2 Steady-State Calculation

In Figure 9.10, two kinds of calculation results are shown, in one of which the voltage source
is connected to the secondary (rotor) side; in the other case, the current source is connected.
For details see the DAT files. For both cases, the calculated results are stable and appropriate.
Therefore, in calculating steady state, any voltage or current source can be connected on
the secondary side!®!!. Please note that from two cases the results are not perfectly equal, as
the tuning is not quite perfect.

In both cases the machine supplies mainly lagging reactive currents, that is, capacitor bank
mode operation.

9.2.3 Flywheel Generator Operation

As the most specific (peculiar) application of the machine, a flywheel generator is taken up'%.
As shown in the Appendix, the machine can be applied for any mode of generator/motor. In
the following example case, the machine operates as a flywheel generator, where it creates
power by reducing the rotating speed and transferring the rotating energy to the EL power. The
machine speed goes down significantly.

As mentioned before, the machine can be controlled by injecting the current to the secondary
(rotor) side, as shown in the vector diagram in Figure 9.9. The actual injected current is to be
transferred to one based on the secondary side rotor position. For this purpose the rotor
position (angle) must be known. The position sensor, located on the rotor, is one possibility.
But for a more sophisticated method, sensorless position detecting is desirable here. The prin-
ciple shown in the following is applicable:

* Measuring the present primary side voltage and current.
* By these, the secondary side current (primary side based) is calculated.
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Figure 9.10 Calculated results of the steady state. Results by voltage and current sources are
superimposed. (a) Stator voltage/current. (b) Rotor voltage/current. (c) Velocity and air gap torque.

* Measuring the present secondary side current (secondary side based).
* Comparing both present angles, the present rotor position angle is known.

While from the targeted output primary side current (target output power) the relevant
(primary side based) secondary side current is calculated, which is to be transformed to one
based on the rotor position applying this process, the actual secondary side injection current is
obtained.

Figure 9.11 shows the flow chart of the process of transformation.

For details of the program coding of the calculation in TACS, see the data file.

In the example case of flywheel generator operation, the machine is initially mainly in
noload operation with 110% of synchronous speed. Then, approximately 150% of overload
output power (generator mode) is generated. Consuming the rotating energy, the machine
decelerates. It should be noted that the magnitude of the current in the mechanical network,
corresponding to the torque, is in the order of MNm. So the connecting resistance in the
circuit corresponding to the mechanical viscosity is to be appropriately low, otherwise
abnormal velocity violence may be created. Active, reactive, and apparent powers of both
primary and secondary sides are calculated and shown. It should also be noted that the
secondary side power depends on the slip velocity, that is, mostly in proportion to the slip
values. In the calculation, the secondary power source is a TACS-controlled current source.
See Figure 9.12 for details. As a whole, as shown in Figure 9.12¢,f, the secondary side is to
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Target values Current values

"2l PP, QQ 110, V1 120
X0, X1

Second'ary side

PrimJ‘r;\ry side

121 Anglé in

based on
Ei o b secondary
I Angle in side
primary side
10 view /
L |

12=11+10 Rotor position angle

Primary side view

Rotor position based current

Figure 9.11 Rotor position angle calculation flow chart.

be supplied with power in proportion to the slip value for a constant power supply in the
primary side. A higher value of mechanical moment of inertia of the machine corresponds to
a lower rate of velocity change, resulting in a lower value of the secondary side’s necessary
power source capacity.

Some further calculated results are shown in Figure 9.12.

(a) The primary side voltage and current corresponding to the generator output power. At the
start of the controlling, current is enhanced.

(b) Secondary side output currents are equal to the reverse of the injected (control) current.
The frequency is equal to the slip frequency, so at the middle timing it reversed.

(c) Rotor position angle calculated along the flow chart.

(d) Machine velocity and air-gap torque.

(e) Primary side output powers. Constant active power is generated.

(f) Secondary side injected powers. For 0>s (lower speed condition), active power is to be
injected to the secondary side, leading to power consumption at the secondary side.

9.3 Permanent Magnet Machine

Due to higher efficiency in operation, the permanent magnet machine'*! is being put into
practical use more often.

A permanent magnet is approximately modeled by a fixed value of current source—
energizing reactor. Therefore, a permanent magnet machine is represented by a synchronous
machine, the field coil of which is energized by a fixed value of current source.

!4 Data9-21.dat: Permanent magnet machine steady-state operation.
15 Data9-22.dat: Permanent magnet machine, steady-state initializing and then transient operation.
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Figure 9.12 Flywheel generator operation. (a) Primary side voltage and current. (b) Secondary side
current, three-phases. (c) Rotor position angle. (d) Velocity and air-gap torque. (e) Primary side output
powers. (f) Secondary side injecting powers.

Introducing the relevant synchronous machine parameters, the following are applicable:

* Damper coil condition is to be appropriately applied.
¢ For an interior magnet—type machine, generally the Xd value is lower than Xq.

From the author’s experience, Synchronous Machine model in the No. 19 Universal Machine
is most conveniently applicable. Introducing certain corresponding synchronous machine data
at the first step of the calculation, the appropriate field exiting current value is to be fixed, which
can be obtained by the general synchronous machine’s initialization process. Then the field
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Figure 9.13 Two examples of permanent magnet motor transients. (a) Zero starting as IM (induction
motor). (b) Voltage drop down by 30%.

energizing source is switched over to the relevant value of current source. After these, calcula-

tion of transient phenomenon is to be made. Please note that the relatively high ohmic resistor

is to be connected in parallel to the current source, the value of which is to be fixed by trial and

error, that is, the true current source is not applicable due to the EMTP calculation algorithm.
Two example cases are shown in Figure 9.13.

9.3.1 Zero Starting (Starting by Direct AC Voltage Source Connection)

The machine with damper winding (equivalent) can start like an induction machine. The field exit-
ing current value is calculated beforehand and applied in the initial condition. In this case, the field
current value is sufficiently lower than the generally suitable value for the operation under the
relevant rated voltage condition. If the current value is higher (strong magnet), the motor does not
start. For this type of direct starting machine'®, a weaker magnet force is necessitated. This may be
an interesting subject to study. In the case shown in Figure 9.13a, the fluctuation is still very high
compared to a general induction machine. The starting efficiency can never be high.

9.3.2 Calculation of Transient Phenomena

In some cases, the following calculation process is conveniently applicable’:

* Initializing the corresponding synchronous machine in the target operation condition where,
in general, the field coil is energized by the relevant voltage source. The exciting current
value is to be recorded.

* Introducing a current source, the value of which is equal to the one obtained previously.

» Switching over the source, exciting the field, from the initial voltage source to the current
source, where the appropriate resistor is to be connected in parallel to the current source as
shown before.

Afterward, any calculation of transient as a permanent magnet machine can be made. In the case
shown in Figure 9.13b, after establishing the permanent magnet motor initial condition, the source
voltage descended by approximately 30% and velocity and torque fluctuations were calculated.

For the practical coding of the calculation data, see the data files.
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Appendix 9.A: Doubly Fed Machine Vector Diagrams
The operation states of doubly fed machines are represented by vector diagrams. A few typical

examples are shown in Figure A9.1.

(a) Construction principle. Directions of voltage/current vectors are shown.
(b) Generator mode supplying active and lagging power.

(c) Generator mode supplying leading and active power.

(d) Motor mode consuming lagging and active power.

(a) (b)

10 12 ¢
A\
X1, stator 10
AN 11
v \
sE1
V2

E1 Jsxggﬁ

)
o]
10 0
12 o
10
V1 0
V2
X114 SE1 Eq jsx2l2
E1 iX2l2 jX1H1
v2 v sE1

i 1

Figure A9.1 Doubly fed machine vector diagrams. (a) Construction principle. (b) Slightly lagging and
active power supplying. (c) Leading and active power supplying. (d) Lagging active power consuming (motor).
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Appendix 9.B: Example of ATPDraw Picture

ATPDraw file: DRAW9-01.acp' Calculating induction machine parameters.
After correctly completing the following windows, the relevant appropriate ATP file can be
produced (Figure B9.1).

(a)
—
Component: UMIND ﬁ
Attributes |
DATA UNIT VALUE 4| |NODE PHASE NAME
Frequency Hz BUS ABC X0001
Valtage L-L Kvms 33 TORQUE 1 XX0002
Powet hp 500 NEUT 1 XX0003
Speed pm 1800 STATOR 1 10001
Power factor  cos (phi] 092 TRQ sources 1 %0002
Efficiency pu 0.96 INIT AH 10003
0 rq u e Slip % 17 GOVERNOR ALF 10004
Start cure. pu 7 ﬂ
iy Copy ZjPaste v _] Reset Order: [0 Labet |
Comment: [
Mode! | Stan»up] Oulpul]
Rotor: [Deep bars - [nertia: [65.66 kgm”2 - [ Hide
Governor ina factor: [5
Fit 4 View ® Noc G € H Damping factor:
Edit definitions | oK | Cancel | Help
(b)
i (
ction machine fitting ﬂ
Input Entered Adjusted Weight Output pu Ohm/H
Poweer factor  0.92 0.868 1 Rs [XPIEVIS 0.545268
Efficiency 0.96 0.961 1 X5 0.068032 0.004571
Slip [%)] 1.7 1.7 1 Xm 2.491851 0.167432
Current start 7 6.883 1 Xr 0.068032 0.004571
Torque start 1.2 1.04¢ 1 R1 0.023428 0.593453
orq ue Current rated 1.0 0.949 1 R2 0.078551 1.989762
Maximum torqu 3.5 2.837 Q X2 0.169966 0.01142

Cage factor: (0.6 Refit Rated torque: |1934.656 [Nm]

oK l Cancel | Plot | Help |

Figure B9.1 Induction machine data inputting and fitting windows. (a) Machine ratings, and so on
inputting window. (b) Machine parameters fitting window.
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Machine Drive Applications

10.1 Small-Scale System Composed of a Synchronous Generator
and Induction Motor

In power systems significantly influenced by rotating machine dynamics, time domain dynamics
analysis is of great concern. Today, typical small-scale power systems, such as those of independent
power producers, involve synchronous generators for supply and induction motors as a
significant part of the load. This chapter will discuss this type of system. A simplified system
involving a synchronous generator and two induction motors is shown in Figure 10.1.

10.1.1 Initialization

First, the initialization technique in ATP-EMTP for such a system is to be established.
In Figure 10.1a the basic simplified system layout is shown, where power to two induction
motors is supplied by a synchronous generator. Assuming one induction motor is in full load-
ing and the other is in very light loading conditions, the following mode of initialization is
applied.! An ATPDraw picture of this case is shown in Appendix 10.A.

* As all universal machines are to be initialized in uniform initialization mode, slip conditions
are given to the two machines.

* Voltage amplitude and phase angle are given to the synchronous generator terminal.

* No fix source or load flow option is specified, as these are not suitably applicable to a
universal machine.

! Datal0-1-1.acp: Initialization of a system composed of one synchronous generator and two cage rotor induction
motors.

Power System Transient Analysis: Theory and Practice using Simulation Programs (ATP-EMTP), First Edition.
Eiichi Haginomori, Tadashi Koshiduka, Junichi Arai, and Hisatochi Ikeda.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

Companion website: www.wiley.com/go/haginomori_lkeda/power
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Figure 10.1 Small-size system layout with synchronous machine (SM) and induction motor (IM). (a) Basic
small-size system layout. (b) Induction motor VVVF starting. (c) Detail of the VV VF starting circuit layout.

* In Figure 10.1a, the automatic voltage regulator (AVR) is not in service and the switch for
IM2 is permanently closed.

Some calculation results are shown in Figure 10.2, where, for convenient comparison, the
2P and 4P machines’ variables are shown in common graphs. In (a) each machine’s velocity
stays constant. In (b) the torques of two machines are also constant. It shows good initialization
is obtained.
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Figure 10.2 Rotating velocities and air gap torques, one synchronous generator (2P), and two induction
motors (4P). (a) Rotating velocities. (b) Air gap torques.

10.1.2  Induction Motor Starting

The next trial is the second motor (IM2 in Figure 10.1) starting from the stalled condition. At
initialization, in order to represent the “stalled condition” and to satisfy the “uniform initializa-
tion mode” condition, the starting switch, which is initially open circuited, is shunted by very
high ohmic resistors, that is, very low voltage is applied to the motor, and 100% of initial slip
value is given to the motor. Then the starting switch is closed. For details, see the data file.2

2 Datal0-1-2.acp: Same system as in data file 1, but one of the motors starts directly, resulting in voltage collapse.
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Calculated results are shown in Figure 10.3. Briefly, the results show typical “voltage
collapse.” In (a) the bus voltage is being collapsed gradually during starting of IM2. By the
starting current of IM2, the generator’s terminal voltage drops, so, for keeping IM1’s
torque constant, IM1’s current increases as shown in (d). The bus voltage drops further. IM1’s
velocity can never been kept as shown in (b), while acceleration of IM2 is very low. By the
voltage drop, the generator supplies less power, that is, less air gap torque as shown in (c), and
the generator accelerates gradually as in (b) due to the constant mechanical input torque.
As a result, IM2 can never start appropriately in the system.
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o
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—2000 |

—-3000
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Time (s)
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50 ‘\ \\‘*--\
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Figure 10.3 One motor is starting while the other is in full-load operation. (a) Bus voltage at BUS1.
(b) Generator and motor velocities. (c) Generator and motor torque. (d) IM1 current.
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Figure 10.3 (Continued)

10.1.3 Application of AVR

The most important requirement in this system is to keep the voltage. AVR is the first priority for
the purpose. So let us introduce AVR to the generator. In Chapter 8 AVR was discussed. In this
chapter, the same AVR (but without a power system stabilizer, PSS) is introduced. Chapter 8
relates to a very high capacity of generators, but for simplification, the same one is applied also
to a relatively low capacity of generator in this chapter. For details, see the data file.?

3 Datal0-1-3.acp: Same system, but the generator is furnished with highly sensitive AVR, resulting in successful

starting.
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Calculated results are summarized in Figure 10.4a, which shows generator terminal voltage
where, though a voltage drop of a short time interval appears at the initial time, the voltage is
kept at an approximately constant value. The generator exciting voltage, which is the output
of AVR, shows (in b) the initial steep enhancement and the following approximately constant
value of 250% of the original one during the motor starting time interval. After the start has
been established, the value comes back to approximately the original value. The exciting
current (in ¢) shows the similar variation.

Figure 10.4d shows the motor (IM2) started normally. But the system frequency, that is, the
synchronous generator’s velocity, lowered a little. The generator air gap torque, shown in (e),
due to the enhancement of the field exciting voltage, enhanced a lot during the starting,
whereas the mechanical input torque is kept constant due to nongovernor controlling.
Therefore, the generator is decelerated.

Figure 10.4f shows that the induction motor consumes extremely high inductively reactive
power during starting.

10.1.4  Inverter-Controlled VVVF Starting

As shown in Figure 10.4f, the cage-rotor induction motor’s starting consumes extremely high
inductively reactive power. While, as shown in Chapter 9, VVVF (variable voltage, variable
frequency) starting with linearly rising voltage and frequency provides highly efficient
starting. For such purposes, power electronics technology, that is, an inverter, is suitably appli-
cable. The next trial is applying such power electronics technology to the case. Figure 10.1b,c
show the circuit layout applied. A pulse width modulation (PWM) inverter is introduced,
where practically any kind of AC voltage wave can be produced corresponding to the refer-
ence voltage signal wave shape. So, introducing linearly rising amplitude and frequency of
wave shape as the reference wave, a suitable VVVF source is obtained in Figure 10.1.

Care should be taken that the PWM inverter shown in Figure 10.1 produces correct voltage
for phase-to-phase, but not for phase-to-earth, that is, zero sequence voltage component exists.
On the other hand, the induction motor armature coil is to be solidly earthed for automatic
initialization due to the restriction in ATP-EMTP. So, undue current of zero sequence compo-
nent may flow in the armature coil, though the current introduces little effect on the rotation
of the machine. Nevertheless, the current may produce undue joule loss. To exclude the zero
sequence current, any of the following means can be applied:

* Applying a solidly earthed neutral type inverter.

¢ Inserting a star-delta connected transformer for infinite zero sequence impedance in the
source side.

» Reactor with very high zero sequence impedance inserted.

In Figure 10.1, the third method seems to be the most simple, so this method is applied, though
this is not realistic. Figure 10.5 shows calculation results without such considerations. Though
the rotation phenomenon seems to be normal, a typical undue armature current with high zero
sequence components is the result.

With a significantly high value of zero sequence reactance in the reactor between the source
and the rectifier bridge in Figure 10.1, and with high impedance for the capacitor neutral
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Figure 10.4 Induction motor starting in a system supplied by an AVR-furnished generator. (a) Generator
terminal voltage. (b) Generator field exciting voltage—AVR output. (c) Generator field exciting current.
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Figure 10.5 Variables in both source and motor earthed system circuit. (a) Velocity change. (b) Motor

IM2 armature current.

earthing (at node CAPN), some calculation results are shown in Figure 10.6. For details of the

circuit parameters, compare the data files.*
The following are noted for each part of Figure 10.6:

(a) The three-phase reference voltage wave shape is shown for the first second, the amplitude

and frequency of which rise linearly certain specified values.

4 Datal0-1-4.acp: Same system but the starting motor is driven by VVVF inverter source, the neutral potential of

which is restricted, resulting in undue zero-sequence motor current.



(@)

o
N

o
w

nn'\ﬂﬂ

!

o
:>-<>
]
——
T ——
o

00 =TT

A
WL

-0.2 A ATRTVIY

o
N
>
w
Q
>
vs]
@]
—
T ———
———
e e —

Reference value (p.u.)

LA L)
LU
Al
LT T

)
—
7

g
o

|
o
wn

Reference value (p.u.

|
=
o

-15

2,000 2.005 2.010 2.015 2020 2.025 2.030 2.035 2.040
Time (s)

(©)
6000 -

4000 A

2000 A

Voltage (V)

—2000

—4000

—-6000

0.0 0.4 0.8 1.2
Time (s)

Figure 10.6 Comparison of VVVF beginning with direct starting. (a) Reference voltage wave—initial
part. (b) Reference voltage and triangular wave. (c) Motor terminal phase-to-phase voltage.
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Figure 10.6 (Continued) (g) Direct and VV VF starting currents. (h) Active and reactive powers.

(b) Triangular carrier and three-phase reference voltage wave shapes in transient analysis of
control systems (TACS) are shown for the intermediate time. By comparing the waves,
the gate signals to the inverter valves are produced in TACS for producing correct phase-
to-phase voltage to the motor.

(c) The motor terminal phase-to-phase voltage fed by PWM is shown for the first 2.

(d) Same as (c), but shown in a very fine time resolution for the intermediate time interval.

(e) Generator and motor velocity changes by the VVVF starting are shown in comparison with
direct starting ones. By similar starting performances in both cases, VVVF brings far less
influence to the system, that is, less descending in synchronous machine velocity/frequency.

(f) Time integration of the starting motor’s torque, that is, the area below the torque-versus-
time curve is to be equal for both cases. Nevertheless, the generator’s torque curves show
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a great difference between the two. Significant electrical loss is to be produced, most
noticeably by the winding’s Joule loss.

(g) Instead of the mostly similar starting characteristics by both, the starting motor currents
show great difference from each other. This is the most typical feature of VVVF starting
of induction motors: high efficiency.

(h) Active and inductive reactive powers during starting by both direct and VV VF starting are
compared in the figure. (For the output of VVVF starting, due to nonsymmetrical three-
phase variables creating a lot of noise, the outputs are smoothed in TACS.) Great energy
saving in VVVE, especially at starting, is significant. Also, little reactive power is
consumed. Within the inverter circuit, reactive power can be produced.

Figure 10.7 shows the generator’s field exciting voltages by both direct and VVVF starting;
both are controlled by AVR. By VVVF starting, AVR seems to be almost unnecessary. A
VVVF-controlled cage-rotor induction motor seems to be applicable for various variable
speed controlled usage.

10.2 Cycloconverter

For relatively low frequency of power source such as 10-20Hz, cycloconverters have been
widely applied, the special feature of which is that a high-power and relatively low-price thy-
ristor is applicable as the switching valve element, and the efficiency is high due to direct
frequency converting.

In Figure 10.8, a one-phase of cycloconverter circuit is shown, three sets of which compose
a three-phase cycloconverter. In a three-phase cycloconverter, a minimum of 36 arms of
switching elements are involved, such as in the data file.’> The .dat file is for EMTP-ATP input
file and is not an .acp file for ATPDraw.

8
’5 6
s S
E_E’ 4 by IM2 direct starting
g3 f /
EE Pl o
©
s 7
’ ’ ' py IM2 VVVF starting
)
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

Time (s)

Figure 10.7 Field exciting voltage comparison.

5 ATPDatal0-2-1.dat: Three-phase cycloconverter circuit, creating 15 Hz of voltage from a 60 Hz source.
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Figure 10.8 One phase of a cycloconverter circuit.

Each phase consists of plus and minus side blocks, and one block is a three-phase thy-
ristor rectifier bridge. In a thyristor converter circuit, as shown before, the output DC voltage
is proportional to cosine o, where a is the ignition delay angle; thus, a slow change of a
produces a slowly changing DC voltage. Therefore, the upper side of the converter bridge in
Figure 10.8 can produce positive polarity of half a wave, and the lower side, negative
polarity of one. Consequently, the circuit can produce a relatively low frequency of
alternating current. Turning over from one polarity to the other should be smooth. In this
case, fortunately, automatic smooth turning over is obtained without any special means, as
shown later (Figure 10.9¢).

Some calculated results are shown as follows:

Figure 10.9a shows across-bridge voltages of both polarity converter bridges. Each bridge
produces one polarity of voltage, but due to the connection to each other, both polarities of
voltages are induced on the terminals.

Figure 10.9b shows the Fourier spectrum of the voltage, where relatively high orders of har-
monics are involved. Six switches per cycle are performed in the converter bridge, and the
output frequency is one-fourth of the system frequency. Therefore, the number of harmonic
orders is around 6 x4=24.

Figure 10.9c shows both bridges’ currents and the load circuit current. Around the load current
zero time interval, circulating current through both bridges is observed, producing conti-
nuity of the load current at zero.
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Figure 10.9 Cycloconverter variables. (a) Across-bridge voltages. (b) Fourier spectrum of the voltage.
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Figure 10.9d shows the Fourier spectrum of the load current, which involves fewer harmonics,
in other words, little distortion of the wave shape.

Figure 10.9e shows the load voltage and the current wave shapes. The instantaneous voltage
in the power system, especially around the current zero time interval, is high. This corre-
sponds to a very low power factor of load current in the power system. This is a typical
shortcoming of cycloconverters.

Figure 10.9f shows the system (60 Hz) phase-to-phase voltage based sawtooth waves (three-
phase) and cosine of the target voltage basis (15Hz), by which the ignition delay angles
(alphas) are calculated in TACS.

10.3 Cycloconverter-Driven Synchronous Machine
10.3.1 Application of Sudden Mechanical Load

Some rolling machines are driven by a synchronous motor, the power sources of which are
currently cycloconverters. In this section, the cycloconverter-driven synchronous machine is
discussed. In addition, comparison with an inverter-driven system will be shown.

The circuit layout shown in Figure 10.10 is applied. The following are to be noted:

* In Section 10.2, detail of one-phase cycloconverter is explained. Three of the same converter
systems are applied for driving a three-phase synchronous machine, the ratings of which are
3.3kV, 15Hz, 1 MVA, 6P, and so on.
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Figure 10.10 Cycloconverter-driven synchronous motor circuit layout.
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* The transformer secondary side (converter valve side) is to be in the nonsolidly earthed
condition in each phase. Therefore, two sets of high-ohmic resistor earthed star windings are
applied for each phase, as shown in the figure. The primary side could be a common set of
three-phase windings. In this case, for simplification, three sets of star-connected windings
are applied for three-phase.

» Three-phase reference voltages are to be given to three-phase converter controlling (in
TACS).

* For initialization, very fine tuning is required, especially between the reference voltage and
the initial machine terminal voltage, regarding the amplitude and phase angle.

The first example is to apply a sudden mechanical load to the rotating motor in an almost
noload condition. The initialization and transient calculation process applied is the following
(as the most simplified one):

* Initially, the motor is disconnected from the cycloconverter.

* Automatic initialization is highly recommended for synchronous machines. The motor is
rotating in very lightly loaded generator mode, that is, giving the terminal voltage with the
relevant frequency, and a high-ohmic resistor is connected to the terminal of the machine for
the purpose of easy and proper initialization.

e In the next step, the machine is connected to the cycloconverter source for motor
operation.

* Afterward, a sudden mechanical load is applied, such as in rolling machines, by means of TACS.

For details, see the data file.°
Some calculation results are shown in Figure 10.11.

(a) As details are shown in another chapter, cycloconverter output voltage involves a certain
amount of high-frequency components.

(b) Synchronous motor current, due to reactance components in the circuit, does not involve
a significant amount of high frequency component. The current amplitude changes a lot
depending on the load condition.

(c) Suddenly applied mechanical torque (TACS controlled) and calculated air gap torque are
shown. Due to sudden application and ejection of the torque, significant swing of the air
gap torque is produced.

(d) By the swing, the motor current (in total time range) changes a lot.

(e) The swing is observed in rotor position angle and velocity as well.

(f) A cycloconverter-driven system consumes a lot of reactive power. In many cases,
compensation facilities (capacitor bank) are required.

(g) Positive and negative polarity converter bridges work well at turning over.

(h) At a highly loaded instant, the power factor seems to be high. Figure 10.11f clarifies this.

(i) At the load eject instant, the current drastically changes, especially in the phase angle.
Turning over between the positive and negative bridges seems to be suitable from the
current wave shape.

¢ ATPDatal0-3-1.dat: Cycloconverter-driven synchronous motor is initialized. Sudden mechanical torque is applied.
The torque is suddenly dropped a little later.
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10.3.2  Quick Starting of a Cycloconverter-Driven Synchronous Motor

In the next example, quick starting of a cycloconverter-driven synchronous motor is discussed.

In Appendix 8.B, a synchronous machine starting as an induction machine is demonstrated,
where, to represent a short-circuited field coil, very low voltage is generated during initializa-
tion. Now, in this case, a properly exited synchronous machine is to be driven by cycloconver-
ter. Then, the following initialization process is to be applied:

» The machine’s initial velocity is to be as low as possible within restriction of ATP-EMTP
synchronous machine initialization menu. In this case, 0.5 Hz is applied.

* The motor-internally generated voltage is to be proportional to the velocity, that is,
0.5/15=0.033 times of the rated voltage where the rated frequency of the motor is 15 Hz.

» The applied voltage should correspond to the machine-induced voltage. So, cycloconverter
output voltage should have linearly rising frequency and amplitude, corresponding to
linearly rising velocity.

For details of the input data file, see data file.”
Some calculation results are shown in Figure 10.12.

(a) The command (reference) velocity, which is the base of the frequency and the voltage
amplitude, and the resultant calculated motor velocity (represented in electrical angular
velocity) are shown. Certain mitigation to the velocity change, for smooth mechanical
response, is applied using s-block function in TACS. A little bit of instability in the motor
velocity, especially in a higher velocity region, is observed.

(b) Three-phase reference voltage wave shapes. As shown in Section 10.2, cycloconverter
output voltages correspond to these wave shapes. Linearly rising amplitude and frequency
of waves are represented.

(c) Cycloconverter-created applied voltage and motor current of the one-phase is shown for
total time range. The current amplitude is not constant.

(d) Detail of the initial section of part (c) of the figure is shown, where mainly reactive current
flows.

(e) Detail of part (c) when there is higher torque outputting. The power factor seems to be
higher, at least around the motor part.

(f) Detail of part (c), but after the start and while rotating by no-load. The power factor seems
to be low and the current amplitude is also low.

(g) The motor air gap torque is shown in contrast with the velocity. Instability is clearly
shown, most probably due to mechanical and/or electrical parameters. For a smoother
response, further stability studies seem to be necessary. Powerful feedback control systems
may be effective.

(h) Active power, reactive power, and apparent power measured at the power frequency input-
ting point are shown. At t=0.9s, when the motor torque is highest, the power factor not
shown in the figure is still not so high, that is, around 0.3 p.u. For this reason, compensation
facilities (capacitor bank) are installed by some cycloconverter systems.

7 ATPDatal0-3-2.dat: The synchronous motor very quickly starts from the stalled condition by VVVF output of the
cycloconverter.
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Figure 10.12 Quick starting of cycloconverter-driven synchronous motor. (a) Command (reference)
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Figure 10.12 (Continued) (g) Torque and velocity. (h) Active/reactive/apparent power.

10.3.3 Comparison with the Inverter-Driven System

First, a “sudden mechanical load application” is introduced to the inverter-driven system. In
the inverter-driven system, a circuit layout mostly equal to Figure 10.1c is applied. (For details,
see data file.®) The reference voltage to control inverter output is identical to that in the
cycloconverter.

Typical comparisons between the two are shown in Figure 10.13.

8 ATPDatal0-3-3.dat: The same synchronous machine operating condition as ATPDatal0-3-1.dat case, but instead of
a cycloconverter, a diode-bridge rectifier, and a PWM inverter are applied. The reference voltage to control the
inverter is identical to that in ATPDatal0-3-1.dat case.
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Inverter output voltage and motor current for mainly heavy mechanical loading time
intervals are shown. The power factor seems to be very high. For no-loading time intervals
(not shown), on the other hand, the power factor at the motor input is very low.

By sudden mechanical load torque, air gap torques by both cases are compared. Both are
mostly identical, that is, the responses are almost equal from both source circuits.

Little difference is observed in the rotor position angles from two sources. Though the
reference voltage waves are identical to each other, small differences may be introduced
between the two created voltage wave shapes. The cause might be the finite time step
length of controlling.

Great difference is shown in the power frequency source supplying inductive reactive
power between two source circuits. From the inverter, power frequency side reactive power
is negligibly small. As written in (a), for a no mechanical load time interval (especially
after 1.5s), the motor consumes some reactive power; nevertheless, the power frequency
side reactive power is negligible. The inverter itself supplies reactive power from the capac-
itor in the circuit.

Note:

Power outputs by inverter are smoothed by s-block function in TACS. As the calculation
principle is based on balanced three-phase variables, such mitigation is to be applied for
variables with high frequency components.

As for a cycloconverter system with relatively low cost, low power frequency,
necessity of capacitor bank, and limitation in output frequency and inverter system with
higher cost, high power frequency, nonnecessity of compensation, and higher output
frequency, not only qualitative but also quantitative comparison could be exercised by
ATP-EMTP simulation, such as was shown previously.
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10.4 Flywheel Generator: Doubly Fed Machine Application
for Transient Stability Enhancement

As shown in Chapter 9, a doubly fed machine can produce, though only for a relatively short
time interval, both active and reactive powers. In Chapter 8, the transient stability phenomenon
is explained with relation to energy balance in the relevant power system. From these
combined, applying a doubly fed machine as a flywheel generator to a power system, the
transient stability enhancement effect is expected.

Figure 10.14 shows power system layout for analyzing such an effect in a single line diagram.

In the figure, one generator versus an infinite bus power system is identical to the one in Chapter 8.
The doubly fed machine as a flywheel generator is identical to the one in Chapter 9. The current
regulated inverter to energize the doubly fed machine rotor is identical to the one in Chapter 9.

In the figure, infinite DC voltage source is applied to the current regulated inverter power
source. In actual cases, the DC source energy is to be supplied from the main power system.
So the actual effect of the flywheel generator may be increased/decreased, depending on the
velocity of the doubly fed machine. As in Chapter 9, it should be noted that the DC supplying
system for the inverter is to be bidirectional, that is, a rectifying/regeneration system, as in a
certain operating state the doubly fed machine rotor supplies energy toward the inverter side.

For controlling the flywheel generator to absorb/exhaust energy, usage of the information
from the associated bus voltage is thought to be realistic. So in this case, frequency change of
the bus voltage is picked up and applied to control the inverter, that is, the primary side gener-
ating power (both active and capacitive reactive) is set to be proportional to delta F. The
detailed controlling algorism is shown in Figure 9.11. This output is applied as the reference
current of the current-regulated inverter.

BUS11* BUS21* BUS31*

Infinite
VG1* VGTI*  VHTY* : I BUS
300kV I x0/x1
®—I>é'°“ LLL11* :
1300 MVA = — i SUR
j 287.5KV

Flywheel =

enerator DELFZ
o vtz | (v )-{aF ]

100 MVA

i i

i I E

SECS* ' |||{ I ] oMy
@‘Mﬁ : 1500V V'PGL
i i

Dummy secondary source

ROT*

Figure 10.14 Single line diagram of a flywheel generator equipped generator versus infinite bus
system for transient stability enhancement.
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10.4.1 Initialization

Though each component in Figure 10.14 could be appropriately initialized in each respective
way, combining plural components, a unified mode of initialization is to be applied according
to the restriction of ATP-EMTP. In this case, step by step and/or trial and error procedures
seem to be convenient.

Synchronous generator: In Chapter 8 where only synchronous generators are applied, the FIX
SOURCES option is quite appropriately applied for each case initialization. However, in the case
with universal machine(s), the option has not been successfully applied. Therefore, in this case,
another mode that is also compatible with universal machines is to be applied to the synchronous
generator initialization. As shown in Section 10.1, where a synchronous machine and cage rotor
induction machine (universal machine) exist in a common system, inputting terminal voltage
amplitude and phase angle for the synchronous machine, and slip value for the cage-rotor machine,
produces appropriate initialization. So, in principle, let’s try the same mode of initialization.

In the first step, the generator versus the infinite bus system (without flywheel generator) is
automatically initialized applying the FIX SOURCES option for power flow calculation.
(For details, see ATPDatal0-4-1.dat.) The initial generator terminal voltage amplitude and
phase angle can be obtained.’

In the next step, excluding the FIX SOURCES option and applying the previously obtained
voltage amplitude and phase angle to the generator terminal, the calculation is to be done.
Very fine and precise tuning may be necessary, especially for the phase angle. For details, see
ATPDatal0-4-2.dat. By the calculation, an identical result to the former automatic initializa-
tion case is obtained. Please compare both calculation results. Figure 10.15 shows some
examples. A small amplitude of ripple in the air gap torque corresponds to the asymmetry of
the transmission line (nontransposed).'”

60 H H 4 H 78

40 "'_"“*-\ 1 Air:gap to:rque by manu:al At
\ \/ Air gap torque by FIX SOURCES/ 176 £
z A 75 é
< i ) S~
< / /ﬂ( -
£ 0 \ / 74 5
g / \%/’F \ 2
3 / \ ~ N7 g
\ _ Current byﬁanual = g

40 \¢~ _ Currenfby FIXSOURCES |
4 L 7.1
\-‘___//
-60 70
40 44 48 52 56 60

Time (ms)

Figure 10.15 Precisely tuned generator’s current and air gap torque compared to the automatic.

® ATPDatal0-4-1.dat: One synchronous generator versus infinite bus system automatically initialized by FIX
SOURCES.
10 ATPData10-4-2.dat: Manually initialized identically to the above condition.
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In the third step, the flywheel generator is to be initialized. As shown in Chapter 9, the
doubly fed machine is initialized best by introducing the primary side terminal voltage
condition, slip value, and secondary side current condition. The primary side voltage condition
is obtained from the bus voltage via the step-up transformer (Figure 10.14). The initial slip
value is selected at 5% as, due to the primary stage of excess energy in the power system
source part in transient stability phenomena, lower velocity seems to be appropriate to absorb
the excess energy. By setting the flywheel initial condition as capacitor mode, and by very fine
tuning of the secondary current condition, the machine is well initialized (See data file.!!)
Some results are shown in Figure 10.16. The main flux magnetizing current is supplied from
the secondary side, so the amplitude of the secondary side current is higher. The secondary
side current appears in the amount of 2.5 Hz (corresponding to 5% of slip). In this case, the
secondary side is supplied by a fixed current source (2.5Hz).!!

The fourth step is to investigate the universal machine controlling reference current calculation
algorithm shown in Figure 9.11. (For details, see the data file.!?) A typical result is shown in Figure
10.17, which is a comparison of the actual (from outside source) and the calculated reference current
that is to be applied to control the current regulated inverter. The inputting active/reactive power
basis for the calculation is equal to the actual one. The difference between the two is negligible;
though, due to mitigating the fluctuation in the calculated reference current, a small delay time is
introduced. At any rate, the calculation algorithm seems to be quite agreeable for this purpose.

Then, activating the inverter, the flywheel generator’s rotor is energized by the output
current of the inverter. As shown in Chapter 9, the current regulated inverter output current is
close to the input reference current. Therefore, applying the calculated reference current by
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"\ l \,\ / AL I?nmat\,r)é side crrre?t‘. /
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S 5 \ i \ i ofof bt ; ),:—500o
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\ }‘“.' iLeco?dary side\ cufrrent 7 \ /\j 1000
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Y, \[ o7\ \/
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Figure 10.16 Initial stage of the flywheel generator (currents are in outgoing direction).

' ATPDatal0-4-3.dat: previous system plus flywheel generator, the rotor of which is energized by a fixed AC source
outside.

12 ATPDatal0-4-4.dat: Same as data file 11, but inverter control program is implemented and checked under the same
condition. (Inverter nonactivated.)
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Figure 10.17 Check of the secondary current calculation algorithm by comparing the actual and the
calculated reference current.

the previously shown calculation algorithm, the flywheel produces the target output power,
the rotor being energized by the current of the inverter.

The basic flywheel generator output power is controlled to be the following (for details, see
data file'3):

* Initially low inductive reactive output power.

* At 0.2s, the rotor input power is switched over from the fixed source to the inverter.

* At 0.4s, the flywheel output is increased to —150MW (active power absorbing, that is,
motor mode).

* The calculation is continued up to 2s.

Figure 10.18a shows the reference current to control the inverter and the machine rotor
actual current (inverter output). Proper working of the inverter and proper driving control of
the machine are expected. At around 1.2 s, the rotation of the current is reversed, that is, the
velocity crosses the synchronous speed (52.36rad/s; see Figure 10.18c).

Figure 10.18b shows machine-generating powers that are calculated from the terminal voltage
and outgoing current. The active power is kept constant at —150MW, though some fluctuations
exist due to the inverter switching. The reactive power is negligibly small accordingly. Both
powers are kept to the input condition. (See PP and QQ values in TACS of the data file.)

By absorbing active power at 0.44s, the machine begins to accelerate from 49.74rad/s
(corresponding to +5% of slip) up to approximately 55rad/s (approximately —5% of slip) at 2s.
Very accurately speaking, the acceleration rate should be inverse to the velocity due to the

13 ATPDatal0-4-5.dat: Current regulated inverter activity is checked, energizing the flywheel rotor to create the same
condition as ATPDatal0-4-3.dat.
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Figure 10.18 Activating inverter to drive flywheel generator. (a) Inverter activated: reference and actual
flywheel currents. (b) Calculated active, reactive, and apparent powers. (c) Velocity and air gap torque.
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constant active power value applied. The air gap torque has the same relationship. In Figure 10.18c,
the air gap torque shows a gradual decrease in value by increase of velocity.

Some fluctuation also exists due to the inverter’s switching.

Summing this up, the flywheel generator connected to the source side of the one generator
versus the infinite bus system seems to be appropriately systematized and initialized.
Introducing active and/or power value to the inverter control terminal, the flywheel outputs/
absorbs power by changing the velocity.

The next subject is the flywheel’s proper power control energized by the output current of
the inverter. The synchronous generator’s automatic voltage regulator/power system stabilizer
(AVR/PSS), which is the most powerful means to enhance the transient stability, is generally
controlled applying the generator’s state, that is, the terminal voltage, output power, and so on.
A flywheel generator may not be installed close to the synchronous generator. Moreover,
plural synchronous generators may be covered by flywheel generator(s). Therefore, applying
information directly regarding the synchronous generator may not be convenient. As men-
tioned at the beginning of this section, information regarding the voltage at the relevant bus
close to the flywheel generator seems to be mostly applicable for this purpose.

As the most direct connection between the synchronous generator’s disturbance and the bus
voltage, the voltage frequency change seems to be applicable for the input of inverter control.
Fortunately, we can use FREQUENCY METER in TACS of ATP-EMTP. So, at first the fre-
quency meter should be checked during disturbance regarding transient stability (during 3LG
and one circuit of the transmission line opening).

Applying FREQUENCY METER to the bus voltage where the flywheel generator is
connected, and after some mitigating processes in the calculation, Figure 10.19°s result
is obtained. (For details of the calculation, see ATPDatal0-4-6.dat.'*)
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Figure 10.19 Bus voltage frequency change during 1LG-1CCT opening.

14 ATPDatal0-4-6.dat: Total system in Figure 10.14 is checked where the flywheel is controlled by AF of the HV bus
voltage under “3LG—1CCT opening” condition.
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Due to the sudden change in the voltage during 0.3—-0.4 s (3LG—Fault clearing—one circuit
opening), the rapid frequency change in this time interval may be better excluded. However,
rather steady frequency change output is obtained and suitable application to control the fly-
wheel generator is expected.

10.4.2  Flywheel Activity in Transient Stability Enhancement

In the first trial, both active and reactive power outputs of the flywheel generator are set to be
equal and proportional to the frequency change of the high voltage (HV) bus voltage, that is,
when the frequency change is increased, the absorption of the active power and capacitive
reactive power increase. Thus, the synchronous generator’s acceleration is expected to be
damped. The maximum power of the flywheel generator is set to be approximately 200 M VA,
that is, 200% loading due to short time interval. Some results are shown in Figure 10.20.13

(a) Except for the violent transient interval (3LG and clearing), the flywheel rotor (secondary
coil) current is well supplied by the inverter.

(b) According to the bus voltage frequency change (Figure 10.19) and along the vector con-
trol algorithm, the flywheel is driven to absorb power, enhancing the velocity, which is
shown in Figure 10.20b.

(c) The figure shows the powers are well controlled. The same value of active and reactive
powers is shown.

(d) The synchronous generator’s d-axis angle (swing) during the transient is damped by the
function of the flywheel. Due to the relatively low rate of the flywheel generator’s power
(as for active power, approximately 13% of the synchronous generator’s), the damped rate
is limited.

(e) The figure shows top (plus side) and bottom (minus side) valve currents in a certain phase
of the inverter. For a certain time interval, only one side valve is on. This means the DC
source voltage is critical and can never be lower.

(f) The HV bus voltage is lower during the swing. Therefore, according to Equation (8.3), the
transmitting power is lower, resulting in excess source side energy. Absorbing higher
capacitive reactive power to enhance the voltage, further damping of the swing may be
expected.

10.4.3  Active/Reactive Power Effect

In the next case, mainly active power only is produced by the flywheel with an approximately
equal value of the maximum apparent power to the previous case. In TACS of the data file,
changing the coefficients of the active and reactive powers, the condition is easily introduced.
(For details, see data file.'®)

Comparing to the previous case, some results are shown in Figure 10.21.

15 ATPDatal0-4-7.dat: Active and reactive power output control (of the flywheel) case, where the apparent power
output is approx. 200 MVA (200%) maximum.
' ATPDatal0-4-8.dat: Active power only control case, where the output is approx. 200 MW maximum.
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Figure 10.20 Flywheel generator activity in transient stability enhancement. (a) Rotor energizing
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10.0
75
M
5.0 - %
i y
2 25 F AL L. b
= A
"S 0.0 4 :" ;', s
5 :
o 25 ¥ 4
P
i Y
) f
i
-75 ’
-10.0
0.0 0.4 1.6 2.0
(b)
240 : -
Al Earent Eower
_ 180 | pp p
[
2
g 120 I[ ‘ A
Ttz i
%;’: 60 ; : ! A JEAh
= Reactive power " '
H §
(&) AT o T [EUCTITNRINN SRR TR | b S
8% 60
£ 120
E wer
—-180 I
—240
0.0 0.4 1.2 1.6 2.0
Time (s)
(c)
100 7 1 7
Flywheel non-active
e 90 o
g > Active power only /__>
55 e — %""—"“““\\
[o)] » o
o % ‘\
§ ® 80 7 g ™
53 /
co 75
>
2 // / Active and reactive powers
70 /
e
65
0.0 0.4 0.8 1.2 1.6 2.0
Time (s)
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Figure 10.21 (Continued) (d) Velocity and air gap torque comparison.

(a) Rotor currents from the inverter are compared between two cases, where due to approximately
equal apparent powers, the maximum crest values are approximately equal by two. The phase
is, on the other hand, shifted relevantly. These can be explained by Figure 9.9.

(b) Active, reactive, and apparent powers of the flywheel are shown. Due to the almost zero
reactive power, the value of the apparent power is equal to the active one, which is approx-
imately equal to the previous case’s apparent one (Figure 10.20c).

(c) Effects on the synchronous generator’s swing (d-axis angle, which is the representative of
the transient stability) are compared. In spite of approximately equal apparent powers,
solo-active power control is not so effective compared to both active and reactive power
control. A discussion will follow on this later.

(d) By solo-active power, velocity change and air gap torque are higher, though the effect is less.

10.4.4 Discussion

In Chapter 8, transient stability in the identical one generator versus infinite bus system is
explained. Also, a significant effect of AVR/PSS to enhance stability is shown. In Figure
10.22a the effects of flywheel generator and AVR/PSS are compared under similar load flow
conditions. The effect of AVR/PSS is apparently superior. With AVR/PSS, the synchronous
machine’s exciting is controlled, yielding enhancement of the transmission voltage. Therefore,
with the increase of the transmission power according to Equation (8.3), the air gap torque
rises as shown in Figure 10.22b. The maximum torque is 135% of the initial, and the difference
from the initial torque, due to the constant mechanical input torque, acts to damp the swing.
With the flywheel, the maximum torque is 118%, which is limited by the flywheel rating
(overloading included). Moreover, the rise by AVR/PSS is far quicker. As a result, AVR/PSS
is more effective in this case.

Nevertheless, depending on the system layout (the synchronous generator’s and flywheel
generator’s ratings, fault conditions, etc.) various results are obtained [1].
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Appendix 10.A: Example of ATPDraw Picture
ATPDraw circuit diagram picture by Datal0-1-1.acp' is shown in Figure A10.1.

Affributes
'DATA UNIT VALUE ~ | [nooE PHASE NAME
Frequency Hz 6] BUS ABC G1
Power KVA, 3 POWER 1 XX0001
Voltage L-L KVims 33 EXFD 1 2X0002
Poles 2PP 2 EXOUTT 1 STVEL
Ra pu 0.002
*d pu 15
%q pu 1.45
b pu 02
RS -~ - Y d L
2yCopy [FjPaste ~ []Reset Oider: |0 | Labet |
.
' General | Field curent | Masses | Output _
Steady state Time constants ] Parallel opesation [ Hide
Vok|2812 | VpLG (O Open @ Shott
15 ] [[] Delta connection
||l T | Clocscomects
Edi defiritions | [ ok | cames | Help

Figure A10.1 Basic small-size system. (a) Main circuit. (b) Synchronous machine parameters.
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S1:{110 52170 4]

(] Satusation
[[] @-axis known e
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Figure A10.1 (Continued) (c) Synchronous machine field current. (d) Synchronous machine mass data.
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Attributes _
General |Magnet | Stator [ Rotor |1t | [NODE  PHASE  NAME
[:wwm o pm—"m moe :Bc ::::1
7N ] BUSM 1 INERS1
Rotor cols ) N 1 1
d i—Z A Frequency: =
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o] [
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e
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Comment |
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Figure A10.1 (Continued) (e) IM1 parameters. (f) IM1 magnet data.



Machine Drive Applications 263

(9)
Attibutes
| General | Magnet | Stator | Rotor | It | | nooe PHASE NAME '
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Figure A10.1 (Continued) (g) IM1 stator data. (h) IM1 rotor data.
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(i)
Attributes .
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Figure A10.1 (Continued) (i) IM1 initial slip. (j) Current source.
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(k)
Atributes
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Figure A10.1 (Continued) (k) Capacitor. (1) Resistor.
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automatic voltage regulator (AVR), 183-186, 194,
197, 222, 225-227, 233, 253, 258-259

back to back, 62-63, 77
black box arc modeling, 105-133
breakdown, 71, 79

cable, 4, 6, 8, 1745, 58, 60, 62-63, 71, 75-76

cage rotor induction machine, 199, 221, 226, 233, 249

capacitive current, 37-38, 62-63, 71-78, 117,
167-168

capacitor bank inrush current, 62-63, 77

Cassie arc model, 105, 112-117

circuit breaker, 57-58, 60, 62, 65, 68, 70-72, 78-80,
105-117, 174-175

control model, 3, 5

corona discharge, 72

current breaking, 65-102, 106, 111, 113-117,
124-133, 151-152

current chopping (phenomenon), 78-79, 100-102,
110-111

current injection, 32, 65-66, 70, 80-81, 84-96, 151

current zero skipping, 113-117

cycloconverter, 233-247

distortionless line, 25, 39-40

distributed parameter, 4-6, 8, 10-12, 68, 81, 106
doubly fed machine, 199-219, 248-259

d-q domain co-ordinate, 173, 178, 190-192

(non-)earthed neutral, 75

electro-magnetic transient program (EMTP), 315,
24-26,41-42, 44, 47, 58, 60, 63, 65-66, 70-72,
75-78, 105-106, 113, 135, 142, 145, 152, 154, 158,
163, 165-166, 168-169, 172, 176-183, 186-187,
194, 199-201, 210, 217, 221, 226, 233, 242, 247,
249,253

extra high voltage (EHV) system, 58-60, 62—63

fast transient, 152—-156

fault point, 68, 80, 151

first peak value of TRV, 108

first (second, third) pole to clear, 71, 73
fly-wheel generator, 199, 212-216, 248-259
4-armed shunt reactor, 159-163
frequency-dependent line, 4-5, 8, 26, 32

geomagnetic storm, 156—159
ground fault, 72, 159

high current interval, 105

high frequency extinction, 80
high voltage interval, 106

HVDC converter, 4, 135-140, 147
HVDC inverter, 135-140

induction motor, 193-194, 208-209, 217, 221-233

inductive current, 78-80, 110, 112

initial transient recovery voltage (ITRV), 68, 70,
91-96, 106-109
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interaction interval, 105-106

inverter, 135-140, 142-146, 210, 226, 229, 232-233,
245-248, 250-255, 258

ITRV. see initial transient recovery voltage (ITRV)

laplace transformation, 81, 106, 113
lightning overvoltage, 72

line characteristic impedance, 66
line fault, 32, 68, 184
lumped-resistance line, 25-26

machine drive, 221-265

magnetizing, 60-63, 78, 110, 151, 156-159, 175,
194, 200-201, 213, 250

main circuit model, 3—4

Mayr arc model, 105-113, 118-123

Modeling, 7, 17-56, 62, 105-133, 156, 163,
165-167, 195-196

MODELS, 3-4

no-load, 37-38, 72-75, 162, 167-170, 190-191, 193,
204, 214, 238, 242, 247

overhead (transmission line), 6, 8, 17-45, 60, 63,
72-75, 162, 165, 167

parallel resistor, 72

permanent magnet machine, 199-219

© equivalents, 4, 24-26, 37-39

post-arc current (region), 106

power system stabilizer (PSS), 183-186, 195, 197,
225, 253, 258-259

PWM inverter, 142, 144, 146, 226, 245

ramp current, 65-67

rapid auto reclosing, 72, 74
(multiple) reignition, 80
restrike, 72, 78

Saha’s equation, 106

self-communicated type inverter, 142—146

short-circuit current, 32, 37-38, 57-60, 62, 64-72,
114, 151-152, 186, 190

short line fault (SLF), 32, 68, 80-83, 106-110,
118-123

shunt capacitor (bank), 58, 60, 62-63, 71, 76-78

shunt reactor, 3, 78-80, 100-102, 110-112, 117,
159-163

SLF. see short line fault (SLF)

stalled motor energizing current, 78

static var compensators (SVC), 140-142

static var generator (SVG), 142-146

steady state, 3, 7, 13, 32, 60, 110, 113, 157-159, 162,
169, 177-178, 183, 190, 204, 206, 212-214

sudden short circuit, 172—-175, 190

superimposing principle, 65

surge arrester, 80

surge impedance, 11, 25, 39, 81

SVC. see static var compensators (SVC)

SVG. see static var generator (SVG)

symmetrical components method, 70

synchronous generator, 13, 165, 168, 172, 221-233,
249, 253-254, 256-259

synchronous machine, 4-5, 7, 165-197, 199,
215-217, 222,232, 237-238, 242, 245, 249,
258, 260-261

synchronous motor, 237-239, 242-245

TACS. see transient analysis of control
systems (TACS)

thyristor controlled reactor, 140-142

transformer, 46-56, 60-62, 151-159

transformer inrush magnetizing current, 60—62

transformer magnetizing current, 78, 156-159

transient analysis of control systems (TACS), 3-7,
12-14, 106, 113114, 137, 142-143, 145, 168,
186, 201, 210, 214, 232-233, 237-238, 242, 247,
251, 253-254

transient recovery voltage (TRV), 32, 65-68, 80-83,
91-96, 107-108, 110, 151, 153

transient short circuit current, 186

transient stability, 176-189, 197, 248-259

transmission line, 4-6, 17-45, 58, 60, 63, 68,
71-75, 81, 113-114, 135, 139, 157, 159-160,
162-163, 165, 167-172, 174, 176-177, 181,
184, 195, 249, 253

TRV. see transient recovery voltage (TRV)

underground cable, 1745, 62-63, 71
universal machine, 4, 7, 195-196, 199-200, 206, 213,
216, 221, 249-250

voltage escalation, 72

winding response, 152-156
wound rotor induction machine, 199, 213
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