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Park’s transformation,
transient detection, power systems

Renato Gonçalves FERRAZ*, Leonardo Ulises IURINIC*,
André Darós FILOMENA*, Arturo Suman BRETAS*

PARK’S TRANSFORMATION BASED FORMULATION
FOR POWER SYSTEMS TRANSIENTS DETECTION

This paper presents proposed developments of a new formulation and a full algorithm for tran-
sient detection by applying Park’s transformation. This approach consist in transforming three-phase
voltage or current signals into Park’s components known as direct, quadrature, and zero axes compo-
nents. The input signals are local measurements of a power transmission or distribution system. Then,
transients are superimposed in three-phase signals that can be detected in Park’s components through
the finite difference between samples. A full algorithm for the transient detection is presented and
envisions the possibility of being applied in real time. In order to demonstrate the proposed algo-
rithm’s performance, four case studies are considered: capacitor energizing, distribution transformer
energizing, permanent resistive fault, and high impedance fault. These cases were simulated on
a typical Brazilian sub-transmission line using Alternative Transient Program. As demonstrated by
the case studies, the proposed formulation introduces further improvements for transient detection in
power systems.

1. INTRODUCTION

It is well known that rapid changes in circuit states create electromagnetic tran-
sients seen in the system variables. The term transient indicates an event that is unde-
sirable but only momentary in nature, disappearing during the transition from one
steady state to another. Common sources of electromagnetic transients in power sys-
tems are lightings, faults, and switching operations. They create impulsive or oscilla-
tory transients that can affect the performance of equipment or damage their electrical
insulation [1].

Transient waveforms contain frequency components besides the fundamental fre-
quency that characterizes the phenomenon that produced the transient. In power sys-

_________
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tems, phenomena like faults are common and can cause, between others, system cur-
rents increase.

Detection of transients in power systems can initiate relay tripping or fault location
methods. The correct detection is very important to determine the exact time when
these phenomena began.

Many approaches are proposed in the literature to detect a transient or an abnormal
system condition. The method application depends on the particular problem to be
solved. The easiest to implement methods are based on sample-by-sample or cycle-by-
cycle derivatives of currents or voltages signals. When this derivative overruns a pre-
set value, an auxiliary counter starts to count. This counter is incremented by the ab-
solute value of the derivative and confirms the event when it reaches another pre-set
threshold [2].

Energy variations in a certain frequency band can be used as an indicator of
anomalies in the system. Specific values of relative increase in harmonics can be
used to detect the presence of a High Impedance Faults (HIF) or capacitor-bank
switching [3]. Characteristics in the low frequency spectrum, given by 2nd and 3rd
harmonics, can also be used to detect abnormal conditions produced by HIF [4].
These frequency methods can effectively detect the presence of transients by ana-
lyzing the frequency spectrum in a fixed sample window. Nonetheless, if time
resolution is very poor they cannot provide with acceptable precision the beginning
and end of the transient. Reference [5] shows a clear example of using Discrete
Wavelet Transform (DWT) to detect transient events. The theory of wavelets filter
banks is well presented and a high impedance fault can be distinguished from a ca-
pacitor-bank switching by analysis of the periodicity of the peaks. In [6] the imagi-
nary part of the Morlet-type mother wavelet is used to create a band-pass filter with
a central frequency determined by system parameters. A specific relation among
ground voltage phases and currents is used to identify healthy feeders from one
disturbed by a HIF. Wavelets can also be combined with singular value decomposi-
tion and Shannon entropy concepts creating a technique called Wavelet Singular
Entropy (WSE) [7]. This technique basically indicates the complexity of an ana-
lyzed signal in the time-frequency domain. When a WSE increases above a particu-
lar threshold, the transient is detected and also classified by comparing the WSE of
each phase. Sometimes it is preferred to detect or record only a specific type of
event based on voltage measurements such as a voltage dip. Wavelet coefficients
exactly points out the beginning and end of voltage dip exactly, but the high-
frequency noise present are also detected. Thus, some classification criteria such as
wavelet networks [8] or Kalman filter [9] must be used. In [10] an algorithm is pre-
sented for a fault location in transmission lines where the transient detection
is based on the Park’s transformation. However, this work does not present a theo-
retical approach about the transient detection through Park's transformation. An
analytical study of Park's transformation contextualized on electric power system
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transient assessment is presented in [11]. Nevertheless, this study is performed con-
sidering the transient signal in only one phase of a set of voltages signals.

Several state-of-the-art proposed techniques are interested in power systems linear
faults and normal switching detection. High impedance faults detection however is
still a major challenge. A generalized approach that contributes to the further im-
provement of new techniques for electromagnetic transient detection in power systems
is the main goal of this paper. Considering this, a Park’s transformation based formu-
lation applied to three phase voltages signals is developed and presented. Following,
the equations are analyzed in detail considering some important conditions of power
systems. Finally, several examples of transient signals generated by faults and
switching operations in electric power system are presented. These signals were gen-
erated by Alternative Transient Program (ATP) simulations and are used to exemplify
the use of the proposed formulation performance.

2. PARK’S TRANSFORMATION:
TRANSIENT DETECTION

Park’s transformation relates variables defined in a static reference frame with
variables defined in a rotating reference frame. The most known application of the
transformation is in analysis of rotating electric machines, turning the variables in-
ductances of the stator in constant inductances on a rotating reference with synchro-
nous speed [12]. Figure 1 illustrates this application, where q-axis and d-axis are the
quadrature and direct axes respectively, ω is the angular power frequency and θ is the
angle between phase a and direct axes.

phase a - axis

q-axis

d-axis

phase c - axis

phase b - axis

ω

θ

- power frequency

Fig. 1. Diagram of a three-phase system and dq components
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Park’s transformation matrix Tp can be expressed as [12]:
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where ω is the angular power frequency, t is the time instant, and θ is the angle be-
tween phase a and direct axes.

The method allows the transformation from the abc phases to the dq0 components
in the following matrix form [12]:

abcpdq VTV ⋅=0 (2)

where:
Vdq0 = [vd vq v0]T is the vector of signals dq0;
vd, vq, and v0 are the components of direct, quadrature, and zero axes, respectively;
Vabc = [va vb vc]T is the vector of abc signals;
va, vb, and vc are the signals of the phases a, b, and c, respectively.
The detection of electromagnetic transients due to switching actions, energizing

operations, faults, and lightning in a power system can be the initial process to differ-
entiate between normal events and potentially damaging events. To demonstrate the
property of the Park’s transformation to detect transient signals in power systems,
consider the following set of voltage signals from a three-phase system with electro-
magnetic transients in all phases as:
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where:
fa(t), fb(t), and fc(t) are the functions that represent the electromagnetic transient

signal in phases a, b, and c, respectively;
Vma, Vmb, and Vmc are the maximum values of signals of the phases a, b, and c, re-

spectively.
Transients were considered in all phases because they are usually coupled. There-

fore, an event in one phase is propagated to the others.
Park’s transformation according to (2) is applied to (3) and after the application of

some trigonometric identities [13], results in v0, vd, and vq components as:
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Again applying trigonometric relationships [13] on (4), (5) and (6), the following
expressions are obtained:
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and
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Thus, the application of Park’s transformation on (3) results in:
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The relationship between vd and vq as orthogonal projections of the same vector
can be explicitly seen in (23). Function m(t) can be understood as composition point
by point of functions m1(t) and m2(t) whose angle is δT(t). They only depend on the
existence of transient signals superimposed with fundamentals ones. On the other
hand, because parameters k2 and k3 depend only on the amplitude of fundamental
components, it is possible to interpret them as components of a vector with angle δ0

and modulus k1. The same can be said of the parameters k5 and k6 in relation to k4 and
angle δ. Angle θ, as shown in Fig. 1, is the angle between phase a and direct axes. It is
a constant with a stochastic value depending on the moment when Park’s transforma-
tion is applied. However, to simplify the presented analysis of v0, vd and vq compo-
nents, this angle will be considered zero.

3. EQUATIONS ANALYSIS

This section will analyze the set of equations (23) from the perspective of impor-
tant power systems operating conditions.

A. Balanced System Operating without Electromagnetic Transient

A balanced system operating in the absence of an electromagnetic transient is
given as Vma = Vmb = Vmc = Vm and fa(t) = fb(t) = fc(t) = 0. For these conditions and
analyzing (23) it is possible to verify that:

00 =v (24)
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In other words, the application of Park’s transformation to a set of signals at the
fundamental frequency of a balanced system results only in a DC level of vd, and vq
components that depends on angle θ.

B. Balanced System Operating with Electromagnetic Transient

A balanced system operating during the presence of an electromagnetic transient is
given as Vma = Vmb = Vmc = Vm and fa(t), fb(t) and fc(t) with nonzero values. For these
conditions and by analyzing (23) is possible to verify that:
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That is, the application of Park’s transformation to a set of signals at the funda-
mental frequency of a balanced system operating during the presence of electromag-
netic transient results in:

• the sum of the transient signals for the v0 component, multiplied by a constant;
• a constant plus a combination of transient signal term for the vd and vq.

C. Unbalanced System Operating without Electromagnetic Transient

An unbalanced system operating in the absence of an electromagnetic transient is
given as Vma ≠ Vmb ≠ Vmc and fa(t) = fb(t) = fc(t) = 0. For these conditions and by ana-
lyzing (23) it is possible to verify that:

)cos( 010 δω −= tkv (30)

[ ])2cos()cos(
3
2

4 δθωθ −++= tkVvd (31)

and

[ ])2sin()sin(
3
2

4 δθωθ −++−= tkVvq (32)



Park’s Transformation Based Formulation for Power System Transients Detection 13

The application of Park’s transformation for the conditions described above results
in:

• a cosine with fundamental frequency in v0 component;
• a DC level plus a second harmonic in vd and vq component;

D. Unbalanced System Operating with Electromagnetic Transient

An unbalanced system operating during the presence of electromagnetic transient
is given as Vma ≠ Vmb ≠ Vmc and fa(t), fb(t) and fc(t) with nonzero values. For these con-
ditions and by analyzing (23) is possible to verify that:
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In other words, the application of Park’s transformation for the conditions de-
scribed above results in:

• the v0 component is a fundamental frequency and transient signals combination;
• the vd and vq components have the following combination:

− DC level;
− second harmonic of the fundamental frequency;
− modified frequency and amplitude combination of transient signals.

At this point can be clearly verified that conditions described in items A, B, and C
are particular cases of the condition described in D. For a better understanding of the
Park’s application, consider the following example.

F. Example

Consider a set of balanced voltages, all with an amplitude of 1 pu, with a momen-
tary oscillatory transient in phase a. Such a transient signal is a signal whose energy is
concentrated in certain ranges of time and frequency ranges. Such a signal may be
mathematically represented by a Gaussian envelope, which is characterized in this
example by a standard deviation of 2 ms, centered at 2.6 ms and modulated by a co-
sine function of 500 Hz according to:
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Fig. 2. Park’s transformation: (a) phase voltages; (b) v0; (c) vd; (d) vq

Immediately before the occurrence of the transient at phase c, an unbalance was
characterized by a voltage of phase c of 0.8 pu. As shown in Fig. 2, upon the begin-
ning of the transient approximately in t1, v0 signal is zero and vd and vq signals are
constant values given by (25) and (26) respectively. Before t1, v0 is proportional to the
proper transient as shown in (27). The signals vd and vq are modified according to (28)
and (29), not only by an amplitude modification but also by a frequency distortion.
This distortion is given by multiplications of the transient component m(t) with a sine
and cosine. After the transient dies out at t2, an unbalance can be seen by the aspersion
of a fundamental frequency term in v0 and second harmonics in vd and vq.

4. TRANSIENTS DETECTION ALGORITHM
AND CASE STUDIES

Using Park’s transformation to detect transients allows supervision of the power
systems three phases with only one signal and eliminates the fundamental frequency
effect, improving the transient detection. It is possible to use any Park’s component
(v0, vd or vq) for detection approach, in this paper the vd component is used.

The finite difference approximation of the derivate can be used in the vd component
for transient detection as follows:
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)1()()( −−= kvkvkc dddiff (37)

where k is the sample number. The finite difference quantities concept is broadly used
in the literature [14].

According to (31), if an unbalanced voltage condition is present an oscillation of
twice the fundamental frequency in vd is produced. This oscillation is also seen in cdiff
and its amplitude is used as a threshold. To perform the transient detection, the square
of cdiff is used as a way to attenuate noises and magnify transient components. In [10],
c2

diff was used to attenuate noises and magnify transient components and the adaptive
method was also proposed.

In order to have more control in the sensibility of the detection algorithm for the
most important electromagnetic transients in power systems, a full algorithm and two
threshold transient detections are presented. The basic idea is to count the times that
c2

diff exceeds the adaptive threshold at some time interval. As was analyzed before in
case B of section 3, in a case of unbalance, vd will be composed of a second harmonic
and a DC level as shown (31). As a result cdiff is composed only by a second harmonic.
Then, the module of this second harmonic is used as the adaptive threshold. Figure 3
shows the steps of the proposed detection algorithm.

Figures 4 and 5 exemplify the algorithm showing the vd signal, c2
diff and the

adaptive threshold. The first sample of c2
diff due to a transient beginning is much

larger than the threshold can be seen in Fig. 4. The second sample is below the
threshold, but the four subsequent samples are above the threshold. For the five
samples above the threshold before time count reached the value of time threshold,
the transient is confirmed and detected. In Fig. 5 a short transient occurs and is
seen in vd’s signal, the first sample of c2

diff after the transient beginning is much
larger than the threshold. On the other hand, because less than five samples are
above the threshold before the time_count reaches the thime_threshold, the tran-
sient is not detected.

Aiming to demonstrate the proposed formulation performance, four case studies
were considered: capacitor energization, distribution transformer energization,
permanent resistive fault, and high impedance fault. These cases were simulated on
a typical Brazilian sub-transmission line using ATP. The line is 30 km long and has
a nominal voltage of 69 kV, it is connecting two substations in the state of Rio
Grande do Sul. In order to simulate a situation closer to reality, also the phenome-
non of travelling wave was also considered using a frequency dependent line model.
Note that all stated cases are hypotheticals, only the line model is a reproduction of
a real situation. For all cases is used a time_threshold of 10 and count_threshold
of 5. Figure 6 shows the power system used in the case studies where the Digital
Transient Recorder (DTR) is in the local terminal. The switches S1, S2, S3, and S4

are closed individually for each case.
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Fig. 3. Full algorithm for the transient detection
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Fig. 4. Transient detection: (a) vd component; (b) adaptive threshold

Fig. 5. Not transient detection: (a) vd component; (b) adaptive threshold
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69 kV

HIFR 10f = Ω

21 km4 km
L1

L2

DTR S1S 2 S3 S4

5 km
transmission line

transm
ission line

8 km

13.8 kV

Fig. 6. Power system for case studies

A. Capacitor energization

In this case the capacitor bank was connected in parallel with a wye connection.
The capacitors have 4 mS with a factor for the series resistance of 0.15. Figure 7a
shows the part of vd’s signal that contain the ignition of a transient due to the capacitor
bank switch. The c2

diff signal and the adaptive threshold are depicted in Fig. 7b. It can
be seen that the c2

diff is progressively larger than the adaptive threshold up to the third
sample after the transient beginning. The fourth sample is below the threshold, but

Fig. 7. Capacitor bank energizing detection: (a) vd component; (b) adaptive threshold
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fifth and sixth are above and confirm the transient detection. In this case the load had
not produced an unbalance condition.

B. Transformer energization

In this case a 8 km long line was connected with a distribution transformer at the
end of line with a balanced load. In Fig. 8 (b) is shown the value of count and it can
be seen that the first value c2

diff after the transient beginning is much larger than the
threshold. The second sample is below the threshold, but third is higher again. Sub-
sequently oscillation due to the transient diminish and c2

diff become smaller, but
always above the threshold, leading to transient confirmation at sample 466 of the
vd signal.

Fig. 8. Transformer energizing detection: (a) vd component; (b) adaptive threshold

C. Permanent resistive fault

In Figure 9, the three-phase voltages from a permanent resistive fault in phase b at
4 km from the feeder can be seen. This confirms what was said in section one of the
paper: a disturbance in one phase can produce disturbances in the others phases. As
can be seen in Fig. 10 (b) oscillations due to travelling wave phenomenon are high at
the beginning of the transient and first three samples of c2

diff are considerably above the
threshold. The following samples are lower, but enough to confirm transient detection
at sample 466 of vd signal.
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Fig. 9. Three phase voltage of single phase fault

Fig. 10. Permanent resistive fault detection: (a) vd component; (b) adaptive threshold

D. High impedance fault

A HIF modeled according to [4] was connected at 25 km from feeder in phase b. In
this case transient was detected too with the proposed thresholds configuration. As can
be seen in Fig. 12 (b), five samples after HIF inception are above the adaptive thresh-
old, detecting the transient. As can be seen in Fig. 11 the voltage unbalance among
phases is not significant, however can be seen an oscillation in vd signal if it is calcu-
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lated for more samples. As a HIF has some harmonic content, that oscillation can be
explained by means of (23), replacing functions that represent transients by any har-
monic component. This lead a function m(t) with the same harmonic content but modi-
fied by the multiplication by a cosine with time varying phase.

Fig. 11. Three phase voltage of single phase HIF

Fig. 12. HIF detection: (a) vd component; (b) adaptive threshold



R.G. FERRAZ et al.22

5. DISCUSSIONS

Application: In this paper, an analytical approach and a full algorithm for transient
detection using the Park’s transformation is presented. From the case studies shown, it
is thus clear that Park’s transformation is a useful and valid approach for transient
detection in electrical power systems.

Advantages: Application of Park’s transformation in three phase voltage signals
brings some noticeable advantages. Firstly, all three phases can be monitored simulta-
neously by the analysis of only one signal. Secondly, when the system is operating
normally (case A in section three), all Park’s signals are constants, perturbed only in
the presence of a transient (case B in section three). Naturally in practice it is not pos-
sible to have a perfectly equilibrated system free of noise, for this reason an adaptive
threshold was presented. The algorithm has the possibility to control the sensibility of
detection by means of an over-threshold samples-counter and a time-counter. Fur-
thermore, this approach is insensitive to fault type, fault location, fault resistance, fault
inception angle, switching operations or deviations in fundamental frequency of power
system. Nonetheless, due to space, not all events have been presented in this work.

Limitations: The major limitation in the application of this approach is related to
the frequency response of the voltage and current transformers. In fact, the transducers
can introduce errors and attenuate the voltage and current signals.

Future Research: Classification and characterization of electromagnetic phenom-
ena efficiently are classical problems in power quality engineering. Hence, future
works can explore the application of Park’s transformation in power quality applica-
tions. Also, the explicitly behavior of Park’s components can be shown in cases of
phase imbalance and the presence of harmonics. Furthermore, can also be explored the
orthogonal behavior between vd and vq components for other applications.

6. CONCLUSIONS

A full analytical study on the Park's transformation has been presented within the
context of transient detection analysis in electric power systems. In this paper it was
presented a discussion of the application of Park’s transformation for transient detec-
tion. The approach may use measurements of voltages or currents signals obtained in
the local terminal from a power transmission or distribution systems.

The major contributions of this work are related to the presentation of the
equations v0, vd, and vq components that show in detail the behavior of the three-phase
signals in the presence of electromagnetic transients in all phases. The analysis of
these equations was essential in order to understand the nature and response of its
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solutions for some important operation conditions of the power system. Another im-
portant contribution is the presentation of a full algorithm for transient detection.

It is important to point out that this approach is insensitive to the event type and
can be used for the detection of transient signals of the some typical operational situa-
tions in power systems. As demonstrated by the case studies, it is clear that Park’s
transformation introduces a further improvement for transient detection in power sys-
tems.
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voltage stability,
transformer tap changer
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INFLUENCE OF TRANSFORMER TAP CHANGER OPERATION
ON VOLTAGE STABILITY

The paper concerns influence of transformer tap changer regulation on secondary voltage level
and voltage stability margin of receiving node. At the beginning there are presented general informa-
tion about voltage stability and tap changer. Voltage value of secondary terminals of transformer can
be regulated using tap changer. This regulation also affects the calculation of Thevenin equivalent
parameters seen from the secondary terminals. Changes of equivalent parameters cause a change of
voltage stability conditions. Simulation studies of this influence for various types of load have been
done. Selected simulation results are presented in the paper. At the end there are placed conclusions
from the performed studies.

1. INTRODUCTION

Electricity delivered to customers should have appropriate quality. Required pa-
rameters are defined in European Standard EN 50160 [1]. One of the power quality
parameters is the voltage value. The voltage variations can be caused by normal op-
eration of power system – changes of power system configuration or parameters of
loads. The power system can be designed to maintain the value of voltage in accept-
able limits despite of these changes. However, randomly situations where these limits
are exceeded can occur. To ensure constant voltage level, some of power system nodes
should have a voltage control systems. This regulation, what is obvious, also affects
other parameters of the operating point of power system node. The most commonly
used methods of voltage adjustment are: voltage tap changer, reactive power compen-
sation and undervoltage load shedding. This paper refers only to analysis of the influ-
ence of transformer tap changer operation on voltage level and voltage stability.

_________
* Institute of Electrical Power Engineering, Wrocław University of Technology, Wrocław Poland.
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Voltage stability is defined by IEEE in the following way: “Voltage stability is the
ability of a system to maintain voltage so that when load admittance is increased load
power will increase and so that both power and voltage are controllable” [2].

Margin of this stability can be determined using a full model of the power system
and the power flow calculations. Voltage characteristics of loads can be added for
such model. For each node stability margin can be calculated basing on changes of
parameters caused by voltage variations e.g. dΔQ/dV [3, 4].

To study voltage stability of selected power system receiving node, it is more con-
venient to use a simplified Thevenin equivalent model. In this model part of power
system seen from the node may be replaced by ideal voltage source E and system im-
pedance ZS (Fig. 1).

ZL

E

ZLPower
System 

ZS

V VI I

Fig. 1. Thevenin model

Parameters of stable operating point of presented Thevenin circuit are defined by
the following equations [5]:

βcos21 2 WW
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S ++
= . (2)

where: V – node voltage, S – load apparent power, W = ZS/ZL, ZS – system impedance,
ZL – load impedance, β = ϕS – ϕL, ϕS and ϕL – system and load phase angle.

Voltage stability limit occurs at the point of maximum power transfer [6]. In this
point, the equation (3) is true. Thus, to calculate voltage stability margin it is more
practical to use equation (4).
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Value of load impedance is greater than system impedance, so W parameter is chang-
ing from 0 to 1. The power system receiving node is stable if value of W is lower than 1.

In the literature various methods of W parameter calculation can be found. These
methods often use only locally available measurements of voltage and current. For
example W parameter can be calculated using: equations of Thevenin model [6], de-
rivatives of apparent load power against the node voltage dS/dV [7] or node voltage
against load admittance dV/dY [8].

2. TRANSFORMER TAP CHANGER

To regulate the secondary voltage level separated coils of winding are connected to
the tap changer at one of the transformer site, usually at the primary. Operation of the
tap changer modifies the total number of active coils of primary winding. For a fixed
number of coils at secondary winding, this action causes change of transformer volt-
age ratio.

Types of tap changers are divided into: De-Energized Tap Changer (DETC) and
Load Tap Changer (LTC) [9]. DETC regulators are used in systems where need of
voltage level changing occurs relatively rare. If the voltage value changes often LTC
systems are used.

For Thevenin model (Fig. 1) voltage regulation using transformer tap changer can
be added (Fig. 2a). In this model, the winding and core losses are omitted. Level of
secondary voltage depends on the position of tap changer g according to equation (5)

1V
Vg L= . (5)

To eliminate the tap changer from presented model, Thevenin parameters to vari-
ous windings of transformer can be calculated. The system impedance ZS and voltage
source E can be converted to the secondary winding according to the formula (6).
Figure 2b shows Thevenin model with calculated parameters.

gEEgZZ SS *'       *' 2 == (6)

E

ZS*g2

ZL
E*g VLE

ZS

ZL

g

V1 VL

a) b)

Fig. 2. Thevenin model with tap changer
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Taking into account transformer ratio g in voltage equation (1), secondary voltage
can be described by following formula:

( ) βcos21 222 WgWg

EgVL
++

= . (7)

From equations (5) and (7) primary voltage can be calculated in the following way:

( ) βcos21 222
1

WgWg

E
g

VV L

++
== . (8)

Above presented equations show that the change of tap changer position affects
primary and secondary transformer voltage. When g parameter increases, secondary
voltage raises and primary voltage decreases. Figure 3 shows an example of this rela-
tion. Curves have been plotted for following parameters: E = 1, W = 0.3, ϕZS = 85°,
ϕZL = 15°. Derivatives of primary and secondary voltages against transformer ratio g
and sum of these derivatives are shown in Figure 3b.
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Fig. 3. Changes of primary and secondary voltage a) and derivatives b) for W = 0.3, β = 70°

The derivative of the voltage against g ratio can be used as a criterion for tap
changer operation blocking. The blocking should be performed when the changing tap
changer does not provide desired effect. Such criterion has been described in literature
[8]. The tap changer should be blocked when the derivatives of voltages are equal.
Therefore, tap changer operation is allowed when the condition (9) is true. When this
condition is not fulfilled, g ratio changing causes a greater decrease of primary voltage
than increase of the secondary voltage. In such case, it is reasonable to block the tap
changer.
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01 >+
dg
dV

dg
dVL (9)

3. SIMULATION RESULTS

Simulations of influence of tap changer operation on primary and secondary volt-
age changes have been performed. The following parameters of Thevenin model have
been assumed: E = 1 |ZS| = 1 ϕZS = 85°. Load angle ϕZL, as in the previous case, has
been 15°, so β angle has amounted 70°. Simulations have been performed for different
values of the load impedance. The W parameter has taken following values: W = 0,1;
0,3; 0,5 and 0,7. Figures 4–7 show changes of the primary and secondary voltage and
derivatives of these changes.
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Fig. 4. Changes of primary and secondary voltage a) and derivatives b) for W = 0.1, β = 70°
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Fig. 5. Changes of primary and secondary voltage a) and derivatives b) for W = 0.3, β = 70°
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Fig. 6. Changes of primary and secondary voltage a) and derivatives b) for W = 0.5, β = 70°
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Fig. 7. Changes of primary and secondary voltage a) and derivatives b) for W = 0.7, β = 70°

The presented plots show that the lean of curves depends on the W parameter. For
small values of W (Fig. 4) regulation of secondary voltage VL does not change signifi-
cantly the primary voltage V1. Secondary voltage derivative dVL/dg is positive and
primary voltage derivative dV1/dg is negative. In the operational range g = 0.8:1.2 sum
of these derivatives will be greater than zero. So the condition (9) is true. Also, for
W = 0.3 in the operational range sum of derivatives does not reach zero. Approaching
to the end of range, the sum is close to zero. However, the tap changer should not be
blocked. For W = 0.5 sum of voltages derivatives reaches zero for g = 0.97. When tap
changer is in neutral position g=1 and such load occurs, any increase of the secondary
voltage results in a large decreasing of primary voltage so the regulation is not effec-
tive. When W = 0.7 regulation of voltage is not effective over the operational range.

Different rates of changes of derivatives for various values of W parameter are
caused by the increase of voltage and apparent power. Therefore, the operating point
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is moved both upwards and in the direction of maximum power transfer. These con-
tingencies for various values of W parameter are shown in Fig. 8. The solid line is the
curve plotted for g = 1. Dashed lines indicate the transformer ratio changes to g = 0.8
and g = 1.2. Load characteristics are marked by dotted lines. Fig. 8 shows that for
rising initial W parameter, increase rate of secondary voltage caused by tap changer
operation is getting smaller and increase rate of apparent power is growing.

0 0.1 0.2 0.3 0.4
0.4

0.6

0.8

1

1.2

V
 [p

.u
.]

S [p.u.]

W=0.1
W=0.3

W=0.5

W=0.7

g=1

g=1.2

g=0.8

Fig. 8. Nose curves and load characteristics

It is obvious that changes of V1 and VL voltages also depend on the angle of the
load impedance. For angles close to zero or negative (capacitive load) the initial volt-
age drop is smaller and regulation brings greater effect. Figure 9 shows sum of deriva-
tives for W = 0.4 and three values of the load impedance angle. In the tap changer
operational range blocking should be performed only for angle amounting ϕZL = 15°.
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Assuming that the limit of voltage stability occurs when W = 1 and that the change
of tap changer position affects calculation of system impedance ZS, equation (10) can
be written. Equation (10) can be transformed to formula (11). This formula can be
used to calculate limit tap changer position for which the circuit reaches the limit of
stability. Changes of glim according to value of W variations are shown in Fig. 10.

1* 2
1 == gWW , (10)

1
lim

1
W

g = . (11)
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Fig. 10. Changes of glim according to W variations

It can be seen that the values of glim are greater than those resulting from quoted
criterion based on measurement of voltage derivatives. In the presented example, for
W = 0.5 blocking tap changer should be performed for g = 1.125 (Fig. 6). For this
level of W parameter, value of glim = 1.4 (Fig. 10). This confirms the validity of volt-
ages derivatives criterion. However, between the values of g resulting from this crite-
rion and glim there is an area where the regulation might be performed.

4. NONLINEAR LOADS

Previous considerations have been carried out assuming that the load impedance
is linear. However, in reality, the value of impedance depends on the voltage level.
Example dependences are presented in the IEEE publication [9].

The simplest way of describing nonlinear load model is the exponential equa-
tion (12).
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where: ZL0 – rated impedance, α – exponent of voltage characteristic.
Examples of basic models (constant impedance, current and power) are shown in

Fig. 11. The Figure shows that changes of voltage and apparent power are different for
various load models. It can be concluded that the impact of tap changer regulation
depends on α exponent (equation (12)).
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Fig. 11. Nose curves and load characteristics

For the fixed parameters of Thevenin model value of W depends only on the load
impedance. In nonlinear model this impedance is changing according to value of sec-
ondary voltage. Converting the load impedance on the primary voltage and including
dependence on voltage equation (13) can be obtained.
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where: V1 = V1/V0; V0 – rated voltage.
The W parameter strongly depends on transformer ratio g. Equation 13 can be also

written for changed value of g2. From both equations, system impedance ZS can be
determined. Comparing and transforming these two equations formula (14) can be
calculated. W2/W1 parameter represents variations of W according to change of g and
α exponent of load model.
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Changing the value of tap changer position g, curves corresponding to changes of
W2/W1 parameter for fundamental load models have been plotted. These models have
been: α = 0 – constant impedance, α = 1 – constant current, α = 2 – constant power.
Obtained curves are shown in Figure 12.
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Fig. 12. Chages of W2/W1 parameter according to g variations

From Figure 12 it can be noticed that increase of W parameter is greater when α
exponent is lower. The largest increase is for the constant impedance load and the
lowest for constant power model. This contingency is similar to that shown in
Figure 11. The greatest increase of load apparent power (getting closer to the stability
limit) is for constant impedance model. If the load model is constant power, tap
changer operation changes only value of voltage.

To transform load impedance to primary voltage, value of the impedance should be
divided by squared transformer ratio g. Value of impedance of constant power model
depends on squared secondary voltage. This voltage depends on g parameter. There-
fore, W parameter is not changed.

Additional tests similar to those in section 3, using constant power model have
been made. Formula (12) is nonlinear, so to perform simulations the method of solving
nonlinear equations has been chosen. Aitken iterative algorithm has been used [10].

From Figure 13 it can be noticed that rising g parameter causes increase of secon-
dary voltage level with no change of primary voltage. The derivative of primary volt-
age is zero and derivative of secondary voltage is positive. Therefore, the sum of de-
rivatives will never reach zero. For constant power model, operation of tap changer
can be carried out over entire range of regulation regardless of the W parameter and
angle of the load.



influence of Transformer Tap Changer Operation on Voltage Stability 35

0.8 0.9 1 1.1 1.2

0

0.2

0.4

0.6

0.8

g

dV
/d

g 
[p

.u
.]

�

dV1/dg
dVL/dg

b)

0.8 0.9 1 1.1 1.2
0.6

0.7

0.8

0.9

V 
[p

.u
.]

g

V1
VL

a)

Fig. 13. Changes of primary and secondary voltage (a) and derivatives (b)
for W = 0.3, β = 70° – constant power model

When voltage regulation using tap changer for constant impedance model is per-
formed the voltage stability conditions are the worst. For this model the apparent
power varies with the square of the transformer ratio g. Constant power model is the
safest because the tap changer operation does not endanger safety of the node.

5. CONCLUSIONS

1. It is possible to block tap changer using quoted criterion when increasing secon-
dary voltage level causes a significant decreasing of primary voltage. Blocking point
is determined by measuring the derivatives of these voltages according to transformer
ratio changes.

2. For each value of W parameter it is possible to calculate the critical trans-
former ratio. This value corresponds to transformer ratio which will result in loss of
voltage stability. In the paper glim is calculated assuming linear load impedance. For
other models, the critical value will be probably greater. Therefore, use of glim cal-
culated for linear impedance to nonlinear models will result in greater safety margin
obtained.

3. Value of glim parameter is greater than g level arising from the quoted criterion.
Between them there is an area where the voltage regulation could be carried out
maintaining given stability margin.

4. The effect of tap changer operation depends on load model. The paper describes
the dependence of these effects according to value of α exponent.

5. When voltage regulation using tap changer is performed it is required to deter-
mine the impact of these actions on value of voltage and voltage stability margin.
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NEURAL NETWORK FILTRATION
FOR ARC FAULTS LOCATION

ON POWER TRANSMISSION LINES

This paper presents filtration using neural network for arc fault location, which allows to
determine the distance to a fault, as a result of considering natural fault loops. It is assumed that
three-phase voltages and currents from both ends of the line are the input signals of the fault lo-
cator and naturally of the neutral network applied for filtering the input signals. In addition to
natural fault loop signals also use of symmetrical components (positive and negative or incre-
mental positive sequence components) to fault location were considered as well. Results of
evaluation study have been included, analyzed and discussed. Influence of filtration has been
also considered.

1. INTRODUCTION

The reliable operation of the electric power grid is one of the main goals of power
system operators. Reduction of the duration of outages is one of the key requirements.
There are many different ways that this goal can be achieved, with accurate fault loca-
tion for an inspection-repair purpose [2, 5, 6] being one of them.

Algorithms for accurate location of faults on power lines have been a subject of
great interest of researchers since the power system reliability became an important
factor for network operators and customers [6]. Among the known methods, the
approach based on an impedance principle is the most popular and most frequently
implemented into protective relays or stand alone fault locators (FL). In particular,
the algorithms utilizing one-end current and voltage measurements have been

_________
* Institute of Electrical Power Engineering, Wroclaw University of Technology, Wroclaw, Poland.
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introduced at the beginning. Then two-end fault location principle [5, 6] has been
extensively explored. This principle is considered in this paper.

Neural networks are one of the fastest growing artificial intelligence techniques.
Due to the ability to learn and adapt they have a high potential. Series of patterns
based on heuristic knowledge are presented to neural network in the learning process.
Artificial neural network acquires the ability to appropriately respond included in the
learning database.

The main task for neural network applied in this study will be prediction of steady
state signals obtained by using current and voltage signals from the interval just after
fault inception. The computer models of transmission system developed for this pur-
pose were used for generating large number of short-circuit cases. The variability
ranges of the system parameters was adopted for modeling faults. Either fault location,
fault resistance and short-circuit power of equivalent sources behind line terminals
were changed in random. Size of population generated for neural network learning
process was 1000 cases and for testing it was 100 cases. Results of evaluation study
have been included and discussed.

Fault location algorithm was performed using the signals generated by simulat-
ing arc faults on the transmission line: 400 kV (Fig. 1), 50 km with the aid of ATP-
EMTP software [1]. The representative results for the single-phase arc fault: L1-E
are presented further. Current and voltage measurements were carried out at both
ends of the line.
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S R
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FL

d

d (p.u.)

RF

Fig. 1. Schematic diagram of two-end fault location

2. ARC FAULTS

The main aim of this study is to develop a neural network filtration for arc fault lo-
cator, therefore suitable arc fault model had to be introduced to the system model.
Dynamic arc model was adopted in the form of the differential equation [3]
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( )pp
p

p gG
Tdt

dg
−=

1 (1)

where:
gp – dynamic arc conductance,
Gp – stationary arc conductance,
Tp – time constant.
Using the ATP–EMTP program [1] for arc fault simulation, the arc can be re-

flected with the non-linear resistor – defined in the ELECTRICAL NETWORK unit,
while the arc model – in the MODELS (Fig. 2). The arc current (Fig. 3a, b) as the
input quantity is measured on-line and the non-linear differential equation (1) is being
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Fig. 2. Modeling arc with ATP–EMTP
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Fig. 3. Modeling of arc: a) arc current and voltage,
b) arc voltage vs. arc current (for single cycle), c) arc resistance

solved. As a result, the arc resistance is determined and transferred for fixing the re-
sistor modeling the arc.

The model (1) allows the arc conductance g(t) to be determined, from which the
arc resistance is calculated (Fig. 3c).

3. FAULT LOCATION ALGORITHM

Natural fault loops, identical as for a distance protection, are considered [4, 5]. For
this purpose, the relaying signals (both voltage and current fault loop signals) are
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formed accordingly to the fault type. Table 1 defines those signals to any considera-
tion of fault loops seen from the S end of the line for a single-circuit line (Fig. 4). Sig-
nals for fault loop seen from the R end are composed analogously.

In a case of phase-to-earth fault the voltage and current of a given faulted phase are
taken, but the component associated with the zero-sequence component: zero-
sequence current (IS0) multiplied by the factor: k0 = (Z0L – Z1L)/Z1L is added to the
phase current. This results from the fact that the impedances of the line for the positive
sequence (Z1L) and zero sequence (Z0L) are not identical, and the impedance of the line
section between the measuring point (S) and the fault point (F) for the positive se-
quence (dZ1L) is a measure of the distance to fault (d (p.u.)) – Fig. 4.

For a fault loop phase 1-to-phase 2, the differences of voltages and currents from
the phases involved in the fault, respectively, are taken as the fault loop signals. As
a result of the subtraction, the zero sequence component is eliminated and there is
no compensation due to different line impedances for the positive and zero se-
quences.

Figure 4 shows the models of the considered fault loops (Fig. 4a, b) and the aggre-
gated model (Fig. 4c).

Table 1. Composition of fault loop voltage and current signals for single-circuit line

Fault type Fault loop voltage Fault loop current

L1–E S_L1V S00S_L1 IkI +

L2–E S_L2V S00S_L2 IkI +

L3–E S_L3V S00S_L3 IkI +

L1–L2, L1–L2–E,
(L1–L2–L3, L1–L2–L3–E)* S_L2S_L1 VV − S_L2S_L1 II −

L2–L3, L2–L3–E S_L3S_L2 VV − S_L3S_L2 II −

L3–L1, L3–L1–E S_L1S_L3 VV − S_L1S_L3 II −

* – includes loop L1–L2, but also loops L2–L3, L3–L1 can be analyzed, 
1L

1L0L
0 Z

ZZk −
= .

Fault loop seen from the S end (Fig. 4a) consists of a line section of the positive
sequence impedance: dZ1L and the transverse branch that represents a fault (resistance:
Rarc). In case of the fault loop seen from the R end (Fig. 4b) impedance of the line
section for the positive sequence is: (1 – d)Z1L and the transverse branch is as in the
previous fault loop (Fig. 4a).
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Fig. 4. Models of fault loop measurement for:
a) relay at bus S, b) relay at bus R, c) aggregated model

Use of unsynchronized measurements from both ends of the line is considered and
the measurements from the R end (fault loop voltage and current: VRp, IRp) are as-
sumed as a reference base. Therefore, the measurements from the S end (fault loop
voltage and current: VSp, ISp) are synchronized analytically with use of the synchroni-
zation operator: ejδ, where δ – unknown synchronization angle. This is achieved by
multiplying the phasors of the original fault loop signals of the bus S by this operator.
In case of the availability of synchronized measurements the elements associated with
the determination of the synchronization angle should be omitted.

Aggregating both fault loop models from Fig. 4a and b leads to the model as
shown in Fig. 4c. There is a fictitious transverse branch, through which flows the total
current (ISp ejδ + IRp) and not, as in reality: IF. Therefore, to provide the voltage in this
branch: VF, as it is present in reality, the impedance of this fictitious branch (ZFLT) is
not equal to the fault path resistance (Rarc). This impedance (ZFLT) matches the arc
resistance (Rarc) divided by the complex factor: PFLT, which depends on the type of
a fault (Table 2) [5].

Table 2. Coefficient PFLT for different fault types

Fault type FLTP

L1–E, L2–E, L3–E
L1

L0L1
3

2
Z

ZZ +

L1–L2, L2–L3, L3–L1 2
L1–L2–E, L2–L3–E, L3–L1–E,

L1–L2–L3, L1–L2–L3–E 1
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Comparison of voltage on the transverse branch, i.e. at the fault point (F) – deter-
mined from the S and R line ends (Fig. 4), respectively, yields:

( ) Rp1LRpSp1LSp 1ee IZdVIZdV jδjδ −−=− (2)

Equation (2) can be written separately for the real and imaginary parts. This gives
a system of two equations with two unknowns: d – fault distance (p.u.), δ – synchroni-
zation angle. It can be solved using very well-known numerical procedures. However,
one may face problems with obtaining a valid solution. In fact, the unknowns are:
d, sin(δ), cos(δ) while the synchronization angle δ can be positive or negative, i.e. in
the following range: –π <= δ <= π. Only one solution, out of two, is a valid one.

In order to avoid iterative calculations it is proposed to specify the modulus (ab-
solute value) for the synchronization operator ejδ determined from (2) as follow:

Sp1LSp

Rp1LRp1LRpe
IZdV

IZdIZVjδ

−
+−

= (3)

This gives:

Sp1LSpRp1LRp1LRp IZdVIZdIZV −=+− (4)

After tedious manipulations on (4) the following quadratic equation for the sought
distance to fault is obtained:

001
2

2 =++ AdAdA (5)

where: A2, A1, A0 – coefficients (real numbers) specified by the phasors of fault loop
signals [4]: (VSp, ISp) and (VRp, IRp), obtained with unsynchronized measurements
at both ends of the line, and by the impedance of the line for the positive sequence
(Z1L).

The solution of (5) gives two results for the sought fault distance (d1, d2). At least
one of them indicates a detected fault in the line. If only one solution is such that it is
satisfied: 0 < (d1 or d2) < 1, then in a natural way this solution is taken as the correct
(valid). On the other hand, if it is obtained that the two solutions indicate a fault in the
line: 0 < (d1 and d2) < 1, an additional selection of a solution that is correct has to be
performed. Determination of the correct solution, which corresponds to the actual
fault, can be determined by analyzing the estimated fault location when the input sig-
nals of the fault locator are symmetrical components of voltages and currents from
both ends of the lines (Fig. 5).

As the input signals of the fault locator also symmetrical components of voltages
and currents from both ends of the lines can be used: positive and negative – for
asymmetrical faults, positive and incremental positive – for symmetrical three-phase
faults.
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In this case one needs replacing the fault loop signals in the derived equations (5)
by the corresponding symmetrical components.

Fig. 5. The flowchart for calculating valid solution (main program with sub procedure)

4. ARTIFICIAL NEURAL NETWORK

Artificial neural network (ANN) used in the study contains two hidden layers con-
sisting of 20 neurons and the output layer with 1 neuron (Fig. 6). Input vectors were
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selected from the period 20ms just after fault (Fig. 7). A block diagram (Fig. 8) pres-
ents position of ANN in location procedure. There are used as many neural networks
as many signals have to be filtrated.

w
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2xHidden layers
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Input w
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Output
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Fig. 6. Multilayer ANN

Fig. 7. Example of input and output of iS for training ANN
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Fig. 8. The flowchart of investigated method
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Before starting the learning process, inputs and outputs of the network were nor-
malized using the scaling function so that it always belonged to the range (–1, 1) and
divided into learning, testing and validation data, respectively in a ratio of 70–15–15
cases. Network output corresponds directly to the target values. Tests were performed
on different data (size of the population approximately 100 cases).

5. RESULTS

In statistical evaluation of the accuracy of particular fault location method, differ-
ent measures for the fault location error are determined, as maximum, average, median
(which gives result more resistant to extreme values, outlier elements) and standard
deviation values. It is characteristic that the absolute value is usually taken for the
nominator from the definition of the fault location error formula, thus can be written
as follow

%100Error(%) exact

l
dd −

= (6)

where:
d, dexact – estimated and exact distance to the fault (in km or in relative units: p.u.),
l – total line length (in km or in if relative units are used: l = 1 p.u.).
Table 3 presents solutions taken in 20ms after fault incipience for arc fault location

algorithm and for arc fault location algorithm when solutions have been taken in 40ms
after fault incipience. Both cases were considered with and without ANN.

Standard full-cycle Fourier filtration was used as the basic in the considered loca-
tion algorithms. It has been found that in some cases, the applied such filtering alone
appears as insufficient due to a severe distortion of the processed signals. It was
a subject of research that performing the averaging of the results of the location in the
fourth cycle after the fault, instead of averaging in the third cycle, significantly im-
proves accuracy. Of course, this is possible only if the fault is not switched off earlier.
An alternative approach to this is based on introducing an additional pre-filtering,
leaving the averaging within the 3rd cycle – as was assumed at the beginning of the
study. Additional pre-filtration was used with a half-cycle sine filter. It has been found
that such extra pre-filtering contributes to a significant improvement of the fault loca-
tion accuracy.

Selection of the valid solution (consistent with the actual fault) out of the two
obtained from the quadratic equation (5) was performed as follows: the valid solu-
tion is determined by taking the solution for which there is a coincidence of the
results obtained for two different components (when the input signals of the fault
locator are symmetrical components of voltages and currents from both ends of the
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lines), which in practice means that they are very close to each other, while for the
other solution (to be rejected) there are significant differences; only one of the solu-
tions for the fault distance indicates a fault in the line and it is naturally assumed to
be the valid solution.

Table 3. Results for 10 from 100 test cases

Accurate fault
distance (km)

ANN +
Algorithm_t20

(km)

Error
[%]

Algo-
rithm_t20

(km)

Error
[%]

Algo-
rithm_t40

(km)

Error
[%]

ANN +
Algorithm_t40

(km)

Error
[%]

5,00 5,11 0,22 5,14 0,28 5,06 0,13 4,93 0,14
10,00 10,32 0,64 7,57 4,86 10,10 0,20 9,99 0,03
15,00 14,84 0,31 12,49 5,03 15,33 0,65 14,82 0,36
20,00 20,54 1,09 21,14 2,28 19,72 0,56 19,98 0,04
25,00 25,02 0,05 30,00 10,00 24,57 0,86 24,87 0,27
30,00 30,45 0,89 29,05 1,89 29,93 0,15 29,82 0,36
35,00 35,19 0,37 36,70 3,40 34,91 0,19 33,06 3,88
40,00 39,17 1,67 37,47 5,06 39,78 0,43 39,57 0,87
45,00 44,86 0,29 54,86 19,71 43,91 2,18 44,93 0,14
max 1,67 19,71 2,18 3,88

average 0,61 5,83 0,59 0,68
median 0,37 4,86 0,43 0,27

std. deviation 0,52 5,89 0,65 1,23
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Fig. 9. Comparison of average error for algorithm with and without ANN
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Better accuracy was achieved by using fault loop signals and it is slightly better
than the location with using of the measured data from one end of the line. This is the
effect that in case of measurements at one end only, as a result of insufficient infor-
mation there is a need for introducing simplifying assumptions.

Comparison of fault location methods (with and without ANN) is shown in Fig. 9.
In both cases there has been used the standard full-cycle Fourier filtering combined
with the pre-filtering in the form of a half-cycle sine filter.

6. CONCLUSION

Arc fault location on transmission lines with use of voltage and current measure-
ments from both ends of the line acquired asynchronously has been considered. The
derived algorithm applies the fault loop signals from the two ends of the line as the
fault locator inputs. Quadratic equation for the sought distance to fault, whose coeffi-
cients are expressed in a compact form, has been obtained. The selection of the valid
solution (out of the two possible) is obtained by taking the solution for which there is
a coincidence of the results obtained for two different components (when the input
signals of the fault locator are symmetrical components of voltages and currents from
both ends of the lines).

The derived algorithm can also be useful when symmetrical components of meas-
ured voltages and currents are applied as the only locator input signals. One should
then use: positive and negative sequence components for asymmetrical faults and
positive and incremental positive sequence for three-phase symmetrical faults. For
a valid solution there is a coincidence of the results obtained for two different compo-
nents, which in practice means that they are very close to each other, while for the
other solution (to be rejected) there are significant differences. This approach was used
as an assistance for calculating the valid solution.

The results of the study indicate the important role of digital filtering of the proc-
essed signals that are severely distorted under arc faults. It is reasonable to take
a direct result of the calculations or results averaged – as late as possible after fault
incipience, but before its elimination. It has been shown that using the standard full-
cycle Fourier filtering combined with the pre-filtering in the form of a half-cycle sine
filter and additional ANN improves considerably the accuracy of the calculation re-
sults. Moreover the results with lower errors are estimated in shorter time.

Analyzed application of measurements from both sides of the line to fault loca-
tion does not require introducing the simplifying assumptions, which are necessary
if the location is performed with only the local measurements. As a result, better
accuracy is obtained. Further improvement of fault location accuracy can be
achieved by taking into account the distributed-parameter line model for lines of
considerable length.
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Fault location algorithm with neural network filtration compared with alone algo-
rithm gives better results. A comparative analysis has been prepared based on average
error, median, maximum and standard deviation. Presented average errors of conver-
gence show neural network as a method characterized by lower errors than algorithm
which gives solution after 20ms and comparable results than algorithm with solution
after 40ms.
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DESIGN AND TESTING OF
POWER SYSTEM PROTECTION FUNCTIONS

USING SIMULINK® AND EMTP

This paper presents how simulation of power system behaviour under different disturbances can
be used to test protection algorithms. A method for co-simulation using Electromagnetic Transient
Program (EMTP) and Simulink is presented along with the procedure used for testing protection al-
gorithms against different power system waveforms. The advantages of model based design are de-
scribed showing how a realistic model of protection relay can be designed and how individual com-
ponents are integrated.

1. INTRODUCTION

Modern numerical protection relays are used in many different applications. It is
therefore of paramount importance to verify that each of the protection functions will
operate exactly as expected, even during unusual disturbances. Early detection of any
problems is also beneficial as it removes the necessity of rework allowing for
a shorter time to market. With advancement in computer aided design (CAD) software
and wide availability of high performance computers it is possible to test power sys-
tem protection functions more comprehensively than ever before. First a short de-
scription of both tools is given as well as justification for using them. Then, the prin-
ciples of model based design are discussed showing what benefit it can bring for the
protection designer. In the following sections the details of co-simulation between
EMTP and Simulink are described. The paper concludes with test results of a simpli-
fied under frequency function as an example of the capabilities of the method. An
example is shown of function design in Simulink and power system model in EMTP.

_________
* Schneider Electric UK, Ltd.
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2. SIMULATION TOOLS

2.1. SIMULINK

Simulink is a graphical design tool allowing modelling of both continuous and dis-
crete systems. It contains a wide range of blocks suitable for modelling control and
signal processing algorithms allowing the designer to use his domain knowledge and
not requiring him to become a software expert. Simulink allows the user to create his
own reusable libraries which promotes the idea of component reuse and encapsulation
as each of the libraries are self contained. Because of the graphical interface it is much
easier to explain the concept to others while still being able to demonstrate how the
model behaves under different application scenarios.

Simulink was chosen as a design tool because of the already mentioned simplicity
of use as well as very good integration with Matlab which facilitates scripting. This
is extremely important if it is planned to automate some of the testing done on the
models.

2.2. EMTP-ATP DRAW

EMTP-ATP Draw is a power system simulation tool with a graphical user inter-
face. It contains library blocks, allowing the simulation of behaviour of different
power system equipment. With the library being constantly updated, this is one of the
most popular software programs for power system simulations and is widely used in
both academic and industrial applications. Because of the large number of ready to use
components it is easy to create a model with the right level of detail, giving
a compromise between accurate results, speed of simulation and the time necessary to
produce the model.

This tool has been chosen since it is widely recognized for its accurate results as
well as its fast solver allowing the tests to be run in shorter time compared to other
simulation programs.

3. MODEL BASED DESIGN

With the computational power of modern computers it is possible to perform
extensive testing of the designed functionality without having to produce costly
prototypes. Model based design (MBD) facilitates early testing of algorithms, there-
fore making it easier to debug them and test against different scenarios. In the early
stages of development only the general requirements are known therefore the model
is relatively simple and many assumptions are initially made. As the work on the
model progresses it becomes closer to the final product. The confidence in the de-
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signed solution increases as more tests are conducted on the model. This can range
from recording the response of the function to ideal signals (during initial stages of
design) to responses to actual waveforms that can exist on the power system. After
the algorithm is thoroughly tested it can then be implemented to run in the final
product. This way most errors are found early in the design and little rework is re-
quired after the algorithm is implemented in the relay. The workflow of MBD is
shown in Fig. 1.

System 
requirements

System design

Algorithm 
modelling

Algorithm 
implementation

Algorithm 
integration

Software and 
hardware integration

System integration

Fig. 1. Workflow in model based design development

With the initial design only the core algorithm is tested and the impact of the rest
of the system is ignored. Many protection functions operate on the magnitude of
a waveform and therefore in an early stage of development the testing is done using
constant signals as opposed to sine waves. This simplifying assumption can be
a source of many errors which will be detected in the later stages of development.

With the design tested using constant signals one can remove some of the assumptions
by modelling the signal processing that will be used in the final product. This way it will
be possible to confirm whether the algorithm still operates correctly even if the input sig-
nal is distorted by the signal processing. At this stage performance of the final product can
be estimated with two main sources of delay being modelled. With signal processing be-
ing modelled it is possible to use both ideal sine waves as well as real power system wave-
forms as test vectors. This way the new algorithm can be tested using waveforms which
are known to have caused problems for existing algorithms.

Since modern digital relays have advanced disturbance recording capabilities it is
common to use those waveforms when testing new product or protection functions.
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The level of detail of the model can be increased by modelling other parts of the final
product like current transformers, anti aliasing filters, analog to digital converters, trip-
ping contacts, etc. The more detailed the final model is the more confidence one has that
performance of the model will be the same as the performance of the final product. If
any problems are discovered during the design they can be addressed early on.

The important thing is that all the tests are stored, so if in the future a change in the
algorithm is required regression testing can be easily done. Simulation of the algo-
rithm used in the final product is also an easy way of error finding in case of relay mal
operation.

MBD can make the design process much easier through the use of common library
blocks which can be shared between designers and products. In this way common
blocks of functionality have to be designed and tested only once. This reduces the risk
of introducing errors in the algorithm as well as accelerating the design stage. An ex-
ample of a common block can be a specific type of timer or a filter.

Simulink supports common block libraries and allows traceability between the in-
stance of the block and the master copy of the library. In this way changes done to the
library are automatically cascaded throughout the design. During initial testing some-
times it may be required to do some changes to the instance itself – this is possible by
temporarily disabling the link. This allows the instance to be modified however it is
still possible to restore the instance with the functionality in the library.

This paper describes how MBD can be implemented using Simulink however most
of the techniques described can be realized using other tools as well.

4. CO-SIMULATION BETWEEN SIMULINK AND EMTP

The design process described in the previous section assumes that real power sys-
tem waveforms are available for testing of the protection functions. This however is
not always the case. Some fault scenarios are much more common than others so then
it is possible that a real waveform can be used for testing. There are however many
scenarios which are rare and no real waveforms are available.

This problem can be addressed by using modelling tools in order to understand the
behaviour of the system during different types of disturbances.

The advantage of this approach is that many test waveforms can be generated to
simulate scenarios relevant to the protection function under test. One example can be
the testing of a distance relay by applying faults at specific locations on the line with
different values of fault resistance. Such a comprehensive test would be almost impos-
sible to do if one wanted to use only waveforms recorded on the power system, as this
would require the fault to appear at exactly the same location but with different fault
resistance each time. This however can be easily achieved by using power system
simulation software.
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With the increased number of tests running them all and analysing the results one
by one can be a very slow process. If one continues with the distance protection ex-
ample – for each fault location and fault resistance the value of parameters has to be
changed manually, the test has to be run and results have to be analysed (manually as
well). Figure 2 shows what task has to be done for each of the tests.

Change 
parameter 1

All Parameters 1 
tested?

EMTP 
Model

Test 
completed

Change 
parameter 2

All Parameters 2 
tested ?

Change 
parameter N

All Parameters N 
tested ?

No

No

Yes

No

Yes

EMTP 
Simulation

Results 
analysis

Yes

Fig. 2. Breakdown of tasks done during transient testing

Continuing with our example if it is required to simulate faults at 10 different lo-
cations with 3 different values of fault resistance and 3 different fault inception angles
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this brings the total number of simulations to 90. It is easy to imagine scenarios which
increase the number of simulations even further.

Conducting all those simulations manually is error prone and additionally if some
changes have to be done to the system used for simulation all the scenarios have to be
simulated again. All of this reduces the benefits of MBD.

Large parts of testing can be automated therefore making it easy to test against dif-
ferent fault scenarios. The following sections describe how EMTP simulations can be
automated and how the waveforms can then be used to test Simulink based algorithms.

4.1. AUTOMATION OF ATP-EMTP TESTING

When a model of a power system is created in ATP-EMTP before it is actually
simulated it gets translated into a format understandable for the EMTP solver. This

Fig. 3. Example .ATP file
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Search for 
parameter

Substitute existing 
value with new 

value

Run simulation 
from command 

line

Save EMTP 
waveforms

Values of 
new 

parameters

All parameters 
substituted ?

Yes

No

Fig. 4. Procedure for automation of EMTP testing

way a graphical. ACP file is converted into .ATP file which describes the circuit in
a textual format. Normally when a single simulation is run the conversion is transpar-
ent to the user and there is no need to read the .ATP file unless there is a problem with
the simulation.

The structure of an example .ATP file (consisting of one source and RLC element)
is shown in Fig. 3. Details on how the file is structured can be found in [1].

As shown in Fig. 3 all parameters defined in the graphical tool can still be accessed
in the textual file (lines 11 to 13). For each test the value of a parameter can be
changed automatically by finding the name that was defined in ATP Draw. After the
value is substituted the new .ATP file is used as an input to the EMTP solver.
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The whole process can be easily controlled by Matlab script which would contain all
the values for each of the parameters. At the end of each simulation the script would save
the measurements for the particular simulation in a separate file so that waveforms can
be stored and reused whenever required e.g. during regression testing.

Figure 4 shows the procedure that would have to be implemented using Matlab
script.

Going back to the example of distance protection it is easy to write a script which
will run a simulation for each combination of fault location, fault resistance and fault
inception angle.

4.2. AUTOMATION OF SIMULINK MODEL TESTING

After an algorithm is designed in Simulink it is important to be able to thoroughly
test it. One way of doing that is using waveforms generated by EMTP simulations as
test vectors. For each of the tests a set of expected outputs needs to be created as well
in order to be able to evaluate whether the function has operated correctly. In addition
to functionally proving that the algorithm operates correctly in all simulated scenarios
it is also important to asses how much of the model was actually tested.

If one takes again distance protection as an example one can have many tests
which prove that the behaviour is correct for different fault locations, resistance and
inception angles however we never tested whether the function can recognize that the
voltage measured is not high enough to provide an accurate impedance calculation. If
that feature has been implemented but one has not tested it then one needs a way of
finding out about it.

This can be done using different types of model coverage. Some of the coverage
types available in Simulink are decision coverage, condition coverage and modified
condition-decision coverage. The detail of each of them can be found in [2] however
each of them indicate how much of the implemented algorithm has actually been exer-
cised during all the tests.

Testing automation can be achieved in Simulink using different techniques. The
preferred technique is to load test vectors from a file into the Matlab workspace and
run the Simulink models using them as an input. This way there is no need to create
and maintain test harness as the model can be run on its own.

Depending on the type of test vector and the modelled function, there may be
a need for additional pre-processing on the input signal. As described in Section 0
modelling can cover multiple domains therefore this pre-processing can include CT
and ADC modelling as well as Fourier algorithm for calculating the magnitude and
angle of the signal. Depending on the function this may or may not be the case as
some functions can operate on raw samples.

Figure 5 shows the procedure of configuring the model to use data in Matlab work-
space as input vectors.
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Load data 
into Matlab 
workspace

Align data to 
common time 

reference

Channels 
aligned?

Set model to 
read data from 

workspace

Align simulation 
time with length 

of inputs

No

Yes

Fig. 5. Procedure for using workspace variables as inputs to Simulink model

When using data from the workspace Simulink requires that all inputs are syn-
chronised to a common time reference. If this is not the case then some pre-processing
of workspace variables will need to be done. In most cases a linear interpolation is
sufficient but this depends on the sampling rate of the original data.

Since the parameters of a Simulink model can be changed using a Matlab script it
is possible to run a whole set of tests by simply iterating through the files containing
the input data. As long as the names of the variables in those files are consistent the
number of tests can be increased.

This flexible approach allows Simulink models to be tested using data collected
during relay operation (i.e. disturbance records) or results of a simulation.

5. IMPLEMENTATION AND TESTING OF UNDER FREQUENCY FUNCTION

Using the technique described in the previous section allows testing of any protec-
tion function. As an example for this paper an under frequency function was chosen
since large variations of frequency are rarely observed on a real power system there-
fore not many disturbance records of such events are available.
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Under frequency protection responds to a prolonged decrease of power system fre-
quency. This is normally caused by mismatch between power supply and demand and
can occur e.g. when a main link with another major part of the power system is dis-
connected.

Since the reduced frequency can have an adverse effect on both the electrical load
and the generator supplying the system it is important to be able to detect the decrease
of frequency.

The following equation describes the relationship between the change in real
power, the total inertia of the system (H) and the corresponding change in frequency.

fHP Δ⋅⋅=Δ 2 (1)

Although this can give an estimated value of frequency over time it only takes into
account the inertia of the system without considering the response of the turbine which
is important for evaluating the frequency over tens of seconds.

Figure 6 shows a Simulink block diagram of an under frequency function. Detailed
description of Simulink and its features can be found in [3].
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Fig. 6. Block diagram of under frequency function
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The model consists of three main blocks:
• Under frequency detection where the measured value of frequency is compared

to a threshold in order to determine if the function should operate. Also, any
blocking signals are taken into account in this block.

• Under frequency confirmation where a certain time delay may be applied in order
to make sure that the function will not operate for transient frequency excursions.
The delay can normally be set by the user according to the specific application.

• Under frequency blocking where a decision is made whether protection needs to
be blocked despite the frequency falling below the set threshold. One applica-
tion scenario is when the magnitude of the voltage is so low that accurate meas-
urement of frequency is impossible therefore the protection has to be blocked.
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Fig. 7. Example of test vectors and expected results



P. SAWKO et al.62

Having the model designed in Simulink allows this behaviour to be tested. In this
paper two types of tests are used. First the response of the function to ideal signals is
tested which means that any errors due to the measurement of the frequency are ig-
nored. Figure 7 shows example test vectors along with expected outputs. For the sake
of clarity not all inputs are shown. The test vectors shown are used as inputs to the
model. Expected outputs are compared with the outputs of the function after the exe-
cution of the test – the comparison can easily be implemented as a simple Matlab
script. In this example a 3 Hz/sec frequency ramp is applied with the under frequency
setting of 49.2 Hz. The Start output is expected to be asserted at 0.36 sec and the Op-
erate output is expected to follow the Start with a 500 ms delay.

The aim of the test shown above is to prove that the algorithm works as required
for ideal signals and not to establish whether the function will operate correctly in real
world applications. The latter can be done using the second type of testing which uses
power system waveforms – in this case results of EMTP simulations. This test not
only mimics the behaviour of the power system but also introduces errors that exist in
real products, e.g. nonlinearity of current transformer (CT) and analog-to-digital con-
verter (ADC) as well as inaccuracies added due to the measurement technique. De-
pending on the required accuracy of the simulation some of the mentioned sources of
errors can be ignored or some other additional errors can be added. Additional infor-
mation on the subject can be found in [4].

Fig. 8. Simulink model including the whole acquisition chain

Figure 8 shows the Simulink model used in these tests (for the sake of clarity all
the settings were hidden). Comparing to the model from Fig. 6 additional blocks are
present in order to bring the model as close to reality as possible. Starting from the left
the ADC is modelled in order to take into account its dynamic range. Following the
sampling of the voltage waveforms anti aliasing filtering is applied. The next block is
responsible for signal processing of raw samples and producing frequency and voltage
measurements. Depending on the type of filtering used this block can introduce sig-
nificant delay into the total operating time of the function therefore it is important to
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model it accurately. The next block is the under frequency logic. The last block on the
right represents the delay introduced by the relay contacts which adds to the total de-
lay of the under frequency function.

The EMTP model used as the source of the test vectors are shown in Fig. 9 and
Fig. 10. It consists of two synchronous machines connected via a transformer and
a line. One of the machines represents a 10MVA small local generation which nor-
mally exports real power into the system. The generator itself is not able to provide
power for all local loads therefore if the circuit breaker (CB) at the common coupling
point is opened the frequency of the islanded system will decrease which should cause
the under frequency function to operate.

On the other hand the under frequency function should not operate for transient
frequency dips caused by faults on the system (in our case represented as a fault on the
line connecting the small generator with the rest of the power system).

The third scenario to be considered is when the frequency relay is connected at
a substation powering large induction motors. When a fault on the system causes the
substation to become isolated from the supply for a short period of time the motors
work as generators producing fast decaying voltage with decreasing frequency. It is
required for the frequency protection not to operate during such a scenario.

Fig. 9. Interconnection between distributed generation and the grid

Fig. 10. Generator powering an induction motor
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Fig. 11. Waveforms for each of the test scenarios
(solid line – actual, dotted line – measured frequency)

Figure 11 shows example results for each of the test cases described. Both the
measured and actual frequencies are plotted in order to show the differences. De-
pending on the algorithm used for frequency measurements the error can vary. This
allows selecting the best suited algorithm. When the frequency measurements are used
as inputs for under frequency it also allows determining whether the relay would be-
have correctly in the particular scenario.

Each of the diagrams in the above figure shows both measured and actual frequen-
cies. The measured frequency is obtained using the signal processing block and there-
fore is dependent on the algorithm used. The actual frequency is calculated based on



Design and Testing of Power System Protection Functions Using Simulink® and EMTP 65

the rotation speed of the rotor of synchronous generator or induction machines (de-
pending on the test scenario). Ideally both the actual and the measured frequency
should be identical however due to inaccuracies of the processing chain and delays
introduced by the filter algorithms a small difference can exist. The difference varies
depending on the test scenario therefore automated testing is ideal for choosing the
most suitable algorithms.

Waveforms gathered during EMTP simulation are be used as input to the Simulink
model as described in 4.2. This allows checking whether the settings selected for the
frequency relay will work as expected for all the simulated disturbances.

6. CONCLUSIONS

This paper demonstrated how available CAD tools can be used to design and test
power system protection functions. By following the described workflow it is possible
to create new protection functions by using blocks of functionality provided by Simu-
link. A design can be first tested to prove that the function works for ideal signals. In
addition Simulink allows gathering of model coverage metrics which can demonstrate
that the function was tested thoroughly. The final stage of testing is by using waveforms
generated using ATP-EMTP. Using the method described in the paper it is possible to
simulate multiple scenarios automatically. Since all the tests can be stored and easily re-
run it is very easy to conduct regression testing or identify problems with the design. By
modelling the parts of hardware used to run the protection function on it is possible to
make the simulation results even closer to those of a physical protective relay.

The under frequency example shows the benefits of testing the function using
ATP-EMTP generated waveforms in conjunction with Simulink. By simulating multi-
ple scenarios one can gain confidence that the protection function will operate as ex-
pected and because it is easy to extend the list of test cases one can easily check
whether the function meets the new application requirements.
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TRANSITIONAL PROCESSES AT SWITCHING-OFF
UNLOADED POWER TRANSMISSION LINES BY

MODERN CIRCUIT-BREAKERS
AND THEIR COMPUTER SIMULATION

The article presents results of transitional processes’ computer simulation at switching-off un-
loaded power transmission line of rated voltage 220 kV by auto-compression (SF6) circuit-breakers.
Transitional voltages (voltage across the line terminals and recovery voltage) at switching-off were
calculated and studied in the research carried out. There was also considered dependence between
transitional voltages’ magnitudes and power transmission lines lengths. There were studied some
computational peculiarities of the problem under consideration. In particular, the numbers of
pi-sections provided satisfactory adequacy of lines’ equivalency at computer simulation for their
typical lengths were determined. There were also estimated optimum simulation parameters provided
stability of transitional regime parameters.

1. INTRODUCTION

Switching-off power transmission lines is well-studied transitional process for
power electric systems [1, 2].

There is a common peculiarity for all the kinds of transitional processes at their
computer simulation conditioned by possible loosing of transitional regime parame-
ters’ (voltages and currents in the present research) stability. It takes place because of
so called “stiffness” of differential equations’ solutions and rounding errors accumu-
lation [3,4]. It is especially important matter for computer simulation of transitional
processes having high steepness e.g. switching-off electric current in mediums with
great electric strength such as vacuum or highly-pressed SF6. Arc quenching in such
_________
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mediums is accompanied with steep splashes of recovery voltages. From the computa-
tional point of view it means increasing of instantaneous values of voltages and corre-
sponding growth of rounding’s local errors.

Computer simulation of transitional processes in power transmission lines brings an-
other one characteristic in research. It is necessity to determine number of pi-sections
modeling transmission line provided satisfactory tolerance at scheme transformation [5].
This number may depend on some factors such as power transmission line’s rated volt-
age, length and also some geometrical dimensions and sizes of towers and phase con-
ductors. In other words, it directly depends on free frequency of transitional process, line
length and electromagnetic waves’ propagation speed along the line [6].

2. COMPUTATIONAL GROUND

An electrical connection scheme and corresponding equivalent network of un-
loaded 220 kV power transmission line are presented in the Fig. 1.

a) 

b) 

Fig. 1. Switching-off power transmission line:
a) electrical connection scheme; b) equivalent network

The following denotations are used in the Fig.1:
– e(t) is system’s e.m.f.;
– Rs and Ls are correspondingly resistance and inductance of the equivalent sys-

tem the line considered connects to;
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– GL and CL are correspondingly conductivity and capacitance of the substation
220 kV busbars’ load;

– Vs is voltage of the line on the system side;
– pi-sectioned line is the equivalent network for the 220 kV’s transmission line of

given length.
The following per unit parameters of 220 kV’s power transmission line were

used [7]:
– resistance Ro = 0.08 Ohm/km;
– inductance Lo = 1.31 mH/km;
– capacitance Co = 8.79 nF/km.
The switching-off processes were researched at case of use auto-compression (SF6)

circuit-breaker. It was modeled by its chopping current determined depending on
magnitude of switched-off current in accordance with [8] and electrical strength resto-
ration law which in accordance with [9,10] is the cosine one.

For computer simulation of 220 kV’s power transmission line’s switching-offs we
used the MATLAB ordinary differential equation (ode) solvers especially ode 23tb
method and some others (ode 23t and ode 15s) [5,11].

The optimum parameters of computer simulation were determined by the condition
to obtain stable solutions of the differential equations formalized transitional voltages
and currents as it was done e.g. in [11, 12, 13]. It is widely known that possible loos-
ing of stability is conditioned by “stiffness” of the differential equations related tran-
sitional voltages and currents with their first temporal derivatives [3, 14]. “Stiff’ dif-
ferential equations are sensitive to unavoidable accumulation of rounding errors may
cause loosing of stability.

Further stability of the problem under consideration will be estimated.

3. RESULTS OBTAINED AND DISCUSSION

In the Fig.2, Fig.3 and Fig.4 the curves of transitional voltages (on the 220 kV bus-
bars, on the line’s input and recovery one) at use computer simulation for the number
of pi-sections N = 1 and lines length’s 80, 120 and 160 km are presented.

In accordance with [2] aerial power transmission lines of lengths less  than 150–
250 km can be presented by only pi-section i.e. line parameters’ distribution may
not be taken into account. It means neglecting of wave character of transitional pro-
cesses for minded lengths and use of lumped parameter’s model. In general expedi-
ency of taking into account distributed parameters must be estimated by comparison
of length corresponded to the greatest natural frequency with the length of consid-
ered line.

As it is seen from the Fig. 2, Fig. 3 and Fig. 4 the natural frequencies for the lines
of lengths 80, 120 and 160 km are correspondingly equaled 1175, 850 and 620 Hz.
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The wave lengths are equaled about 254, 353 and 483 km in the same correspondence
(determined as a ratio of electromagnetic waves propagation speed and natural fre-
quency).

On the other hand there is another way to estimate the number of pi-sections
needed for the line equivalent representation given in [6]. As it is shown in [6] the
number of pi-sections used relates with the maximum frequency by the following ex-
pression,

'8max l
Nf ϑ

= (1)

where ϑ = (LoCo)–0.5 is electromagnetic waves’ propagation speed along the line; l is
length of line.

The minded velocity for the line under consideration is equaled to 294693 km/s.
Then the maximum number of pi-sections for the lines of lengths 80, 120 and 160 km
will be equaled to 2.55, 2.77 and 2.69 correspondingly. It means that in accordance
with [6] the number considered may be taken as 1 or 2.

Note that simulation results presented in the Figs. 2, 3 and 4 were obtained at use
the ode 23tb method for initial step size 100 nanoseconds and tolerance 10–7.

Let us now consider simulation at use the number of pi-sections more than 1. Re-
search carried out had shown that results of computer simulation at different num-
bers of pi-sections may distinguish seriously enough. E.g. difference between mag-
nitudes of transitional voltages across the line terminals at N = 1, 2 and 3 may reach
48%, difference between transitional recovery voltages – 20%. Moreover, there
is not any regularity between calculated transitional voltages and the number of
pi-sections used.

In the Fig. 5 and Fig. 6 are presenting curves of transitional voltages obtained at
computer simulation switching-off 220 kV’s power transmission line of length 120 km
by SF6 circuit-breaker for number of pi-sections 2 and 3. Comparing these curves with
ones presented in the Fig. 3 (i.e., for the same line at N = 1) we can see that the high-
frequency oscillations appearing in the cases of use different numbers of pi-sections is
distinguished enough. It has no any physical meaning because just only natural fre-
quency may characterize real line with no connections between circuit-breakers in-
stalled on its edges. Obviously the oscillations seen in the Fig. 5 and Fig. 6 (unlike
ones in the Fig. 3) have calculative nature and causes by dividing line’s length at pi-
sectioning.

The power transmission lines of rated voltages higher than considered one may
have greater lengths and correspondingly less natural frequency. Our research has
shown that for the longer lines pi-sectioning at more than 1 section may be more ex-
pedient. Remind that historically lines’ pi-sectioning was worked up for steady-state
regimes. Increasing line’s length is a kind of approaching the line’s natural frequency
to the standard one.
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Fig. 2. Transitional voltages at line length 80 km, N = 1

Fig. 3. Transitional voltages at line length 120 km, N = 1
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Fig. 4. Transitional voltages at line length 160 km, N = 1

Analyzing Fig. 2, Fig. 3 and Fig. 4 from the point of view transitional voltages’
magnitudes we can state that switching-off unloaded 220 kV power transmission lines
by SF6 circuit-breakers does not cause appearance of voltages on lines’ terminals
more than allowable one. In the same time recovery voltages across the circuit-
breakers’ poles may prevail above allowable grade for relatively long lines.

4. ON STABILITY

In the present research the ode 23tb method was mainly used. While carrying out
the research we had stated that it was possible to get stable solutions for all the transi-
tional voltages just at initial step sizes no more than 100 nanoseconds in wide range of
tolerances minded above. Note that at computer simulation the problems of switching-
off capacitor banks and unloaded power transmission lines [11, 15] we got sometimes
stable solutions at greater initial step sizes. It means that the problem of computer
simulation the switching-offs unloaded power transmission lines is sensitive enough to
changes of initial step size.

We have also noticed that increasing the number of pi-sections leads to worsening
of stability. It takes place because of additional contribution in global error brought by
artificial calculations conditioned by power transmission line pi-sectioning at N > 1.
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Fig. 5. Transitional voltages at line length 120 km, N = 2

Fig. 6. Transitional voltages at line length 120 km, N = 3
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5. CONCLUSIONS

Transitional voltages across the terminals at switching-off unloaded 220 kV power
transmission lines by SF6 circuit-breakers do not exceed the allowable value of this
insulation grade. Transitional recovery voltages at the same switching may exceed the
minded grade for longer lines.

As a rule transitional voltages have greater values for longer lines. It may be ex-
plained by approaching the current chop instant to the current zero for longer lines. As
a result current interruption takes place at greater angle between switched-off current
and voltage phasors (closer to 90 degrees). It means appearance of a greater magnitude
of voltage across the line terminals at the current chop instant.

Relatively little (in comparison with wave length corresponded to natural fre-
quency) length of 220 kV power transmission lines lets to present their equivalent
network with just only pi-section at computer simulation switching-off transient. Use
of greater number of pi-sections is not expedient because that it causes artificial oscil-
lations of transitional voltages conditioned by the dividing of line by shorter sections
had free frequencies more than line’s natural frequency. These artificial oscillations
distort curves and magnitudes if transitional voltages.
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