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1. AC Fault Studies

1.1 Transmission Line Fault Study
Motivation

Faults are common occurrences in power transmission systems. They can cause immense transient
currents, which are capable of damaging transformers, generators, and other equipment along the fault
current path. Faults can also cause costly service interruptions and if not cleared within a specific time
interval, may lead to power system instability.

Background

Consider the simplified power system network, as shown in Figure 1.
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Figure 1: Simplified Power System Network

In Figure 1, generators and loads are connected to high-voltage buses through transformers. The buses
are interconnected via long-distance transmission lines.

Faults generally occur when one or more transmission line conductors make contact with either each
other or with ground. Some common causes are:

e Lightning strikes on towers or conductors, which cause voltage build-up and may result
in a ‘flash-over’;

e Tree branches contacting conductors;

e Line sag, which if droops enough can lead to contact with tall objects on the ground; and

e Poles or pylons knocked down by storms, etc.
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It is the role of the protection system relays to detect faults and issue the necessary signals to circuit
breakers to isolate the fault. The magnitude and nature of the fault current depend on several factors,

including:

e The type of fault;

e The location of the fault;

e The impedance of the fault;

e The point-on-wave of the fault inception; and

e The state of the power system immediately prior to the fault (i.e. initial or load flow
conditions).

A PSCAD-based simulation may be used to study the impact of faults on the system and/or to assess the
acceptable performance of the relays. The factors listed above must be included in the simulation setup.

System Overview

The PSCAD case project circuit is shown in Figure 2.

13.8 kV 13.8 KVto 230 kV 100 km, 230 kV 230 kW
Generating Station Step-Up Transformer Transmission Line System
R TR 7 -
1 (5 RL| RL I
'_©_"“"" L® gﬁ_‘ — 1 L2
p e
Sub-transient reactance . I Positive and zero sequence
value used to represent the e (Thévanin)impedances are
impedance ofthe unit(s) Fault used to represent the system.
during the fault: A=G Logic
== Z+=10 ohms, 84 deg
Xd"=022pu 20 =12 ohms, 80 deg

Fault is applied for 8 cycles.

Figure 2: PSCAD Case Project Circuit

This is a simplified model of a generator connected to a larger system through a transmission line. The
generator supplies active power P and reactive power Q to the network. The equations governing the P
and Q absorbed by the network are given by:

ALA

P
X

Sin(61 - 62) 1'1

Vsl IV I? 1-2

Q =5 cos(8, — ) — %

Where:

e V;is the voltage seen at the HV side of the transformer;

e Vyis the Thévanin voltage of the network;

e Xisthe total reactance seen between the generator and network;

e ;s the phase angle of the voltage at the HV side of the transformer; and
e b,is the phase angle of the network’s Thévanin voltage.
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In this case, the synchronous generator is represented by a simple voltage source model with the
subtransient reactance (i.e. X4”) used as its internal impedance. This is typical® in many fault studies.

The voltage source parameters (i.e. magnitude and phase angle) are calculated from a load flow type
study to ensure that the PSCAD case is initialized to the actual system operating condition.

The system parameters are listed in Table 1.

Parameter Value

Generator Voltage (AC RMS, L-L) 14.0 kV

Network Voltage (AC RMS, L-L) 230 kV

Transformer Voltages (AC RMS, L-L) 13.8 to 230 kV (step-up)
Transformer Rating 300 MVA

Desired Active Power Flow, P = 225 MW

Desired Reactive Power Flow, Q = 15 MVAr

Generator Phase Angle, 61 -1.8°

Network Phase Angle, 6, 0.0°

Table 1: System Parameters

Notes
1. The generator voltage is slightly above 13.8 kV (i.e. reactive power flowing from generator
to network).

2. The generator phase angle is shifted back 30° due to the presence of the delta-wye
transformer.

Fault Setup

In this case, we simulate a fault between phase A and ground (i.e. A-G). The fault occurs at 0.5 s into the
simulation run (i.e. once the simulation has reached steady-state).

The fault is then cleared in approximately eight cycles hence.

The PSCAD fault component is used to simulate the fault. The transmission line is modeled as two
segments in order to facilitate the fault at an arbitrary distance along it. This is illustrated in Figure 3:
PSCAD Fault Component with ‘Timed Fault Logic’.

1 For a more accurate representation of the fault current waveform, a complete generator model must be used.
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100 km, 230 kV
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Figure 3: PSCAD Fault Component with ‘Timed Fault Logic’

The fault component has two important parameters: Fault activation and type. In this case, the fault is
activated by the ‘Timed Fault Logic’> component, which generates a logical signal to control the fault
component (see Figure 4).

i '
o= Timed Fault Logic M

—

h
= -
= A
4 General
Time to Apply Fault 0.5 [5]
Duration of Fault 0.1333 [5] . -
¥ | Timed
L Fault
A= ! Logic

General

Figure 4: Timed Fault Logic Component and Parameters

The fault type signal may be controlled either internally or externally. For the internal mode, the fault
type is set in the 'Fault Type‘ parameter field (see Figure 5).

2 Faults can be activated by any PSCAD component that produces a logical output signal, such as the CSMF
functions. An integer signal controls the fault activation (0 — no fault, 1 — fault).
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Figure 5: Internal Control of Fault Type

External control of the fault type is discussed in Section 1.3.

Simulation Results

The transmission line current resulting from the fault is shown in Figure 6.

Current (kA
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Figure 6: Transmission Line Fault Current

Notice that the current in the fault phase (illustrated in blue) consists of a large sinusoidal component
superimposed atop a decaying DC offset. The magnitude of this DC offset is determined by the ‘point-

on-wave’ at which the fault occurs.
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Discussion

Determining basic circuit parameters for simulating a generator and a simplified power network are
discussed. The three-phase fault component in PSCAD is described, including internal control of the fault
type. The results of a phase-to-ground fault are simulated and discussed. The need to initialize the
simulation to a specific load flow result and the DC component in the fault current are highlighted.

PSCAD

Refer to PSCAD case: AC_Fault_study_01.pscx
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1.2 Study Using Multiple-Run
Motivation

In this section, we investigate the use of the ‘Multiple-Run’ feature and component in PSCAD in order to
determine the highest instantaneous current magnitude present during a fault.

System Overview

The PSCAD case project circuit is shown in Figure 7. This is the same circuit, along with the same
parameters, that is used in Section 1.1.

13.8kV 13.8 KV to 230 kV 100 km, 230 kV 230 kV
Generating Station Step-Up Transformer Transmission Line System
#1342 la — —
@ 3 5 7 7 o L]
TL1 TL2
é’%_{
Sub-transient reactance It FPositive and zero sequence

b - . .
value used to represent the 3 (Thévanin) impedances are

impedance of the unit(s) T'_lgnueitd used to represent the system.
during the fault ABC-=G Logic
= Z+="10 ohms, 84 deg
Xd"=022pu Z0 =12 ohms, 80 deg
Kd"*W2/5=37044e-4 H Faulttime is supplied by Multiple-Run feature.

Figure 7: PSCAD Case Project Circuit

A fault between all three phases and ground (i.e. ABC-G) is explored. The multiple-run component is
used to activate the fault at different points on the voltage waveform.

We wait a minimum of 0.5 s in order to ensure the simulation has reached steady-state, and then
simulate the fault occurrence at 20, evenly spaced points during a single cycle of system voltage. The
multiple-run component requires three parameters:

e Astart of range of 0.5s;
e Anincrement of 833.3 ps, corresponding to 18° of separation at 60 Hz; and

e Anend of range of 0.515827 s (i.e. 0.5 s + 833.3*19 pus, to avoid repeating the 0° point-
on-wave).

The output variable of interest is the maximum (i.e. peak) fault current in any phase. We use CSMF
components to track the largest absolute current in all phases (see Figure 8).
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Figure 8: Multiple-Run Component

The simulation runs 20 times. The signal ‘t_fault’ is incremented for each run, as shown in Figure 9.

-
o e o S e
F.eal Variable 1 Configuration -
E=: A L3
Bz 4l & 3 |
a
4 General - s s
Wumber of Runs for Variable 1 10 (ﬂ)
Start of Range for Variable 1 0.5 | X I —'ly loas Enab
Increment for Each Run 2.333e-4 c . '
End of Range for Variable 1 0.515827 [X]  —= Max ch. % Lo
o - ) O ' t_fault
Variable 1 value During Run 1 1 ! T
Variable 1 Value During Run 2 2 %] E E ;
variable 1 Value During Run 3 3 - : |
General 1 MURIHﬁIE E

Figure 9: Multiple-Run Setup: Output (Fault Time) Configuration

To determine the highest magnitude of instantaneous current present during a fault, the multiple-run
component is configured to record the maximum fault current for each run, as shown in Figure 10.
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Figure 10: Multiple-Run Setup: Recording (Fault Current) Configuration

Once the multiple-run component is set up, we configure the Timed Fault Logic component to use the
multiple-run output as the fault application time. The output signal of the multiple-run component
controls the fault inception time, as is shown in Figure 11.

”
a5 Timed Fault Logil‘u g
v
el A R R | S
4 General
Time to Apply Fault t_fault
) L
Duration of Fault 0.1333 [s] T Timed
L Fault
ABC-=G]| Logic

Cancel

Figure 11: Timed Fault Logic Setup

Simulation Results

PSCAD runs 20 different simulations, one for each fault time. It then re-runs the simulation that yielded
the absolute maximum fault current, which is defined by the user as the ‘optimum’ run. Data is saved in
a text file, which can be referenced from within the simulation window or opened for processing by an
external program (e.g. Microsoft Excel or ZSystems LiveWire) (see Figure 12).
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-
E Optimization Cutput Viewer - [AC_Fault_study_02] E@g

tiple: FBun Qutput Filg
Run # Fault Time | Maximum Fault C |
1 0.5000000000 4,457866280
2 0.5008333000 4.256813477
3 0.5016666000 4.400565768
4 0.5024999000 4477281312
5 0.5033332000 4.352835062
& 0.5041665000 4,338682326
7 0.5049998000 4473518087
&8 0.5058331000 4.411668967
9 0.5066664000 4.237681055
10 0.5074997000 4.446214296
11 0.5083330000 4.456512110
12 0.5091663000 4.250243781
13 0.5099996000 4,386236642
14 0.5108329000 4.469730104
15 0.5116662000 4.341485157
16 0.5124995000 4,321705790
17 0.5133328000 4467050509
18 0.5141661000 4.400330945
19 0.5149994000 4,223033733
20 0.5158327000 4.448026756

Figure 12: Simulation Results

PSCAD Cookbook

In addition to controlling the simulation and recording data, we can identify the ‘worst case’ current and

determine the statistical and cumulative probability distributions of the fault currents.

Discussion

Setup of the multiple-run feature and component is discussed. As well, simulation results are

interpreted.

PSCAD

Refer to PSCAD case: AC_Fault_study_02.pscx
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1.3 External Fault Control Study
Motivation

In this section, we combine the external control option in the fault component with the multiple-run
component to determine the largest magnitude of current present during a fault. Fault inception time
(i.e. point-on-wave) and the fault type are both variables, controlled by the multiple-run component.

System Overview

The PSCAD case project circuit is similar to those used in the previous sections, and is shown in Figure
13.

13.8 kv 13.8 KV to 230 kv 100 km, 230 kV 230 kY
Generating Station Step-Up Transformer Transmission Line System
#1302 Ia oL T
'”—@—\.vuu — HI Ll RL L I
3 TL1 TL2
A
Sub-transient reactance It | FPositive and zero sequence
value used to represent the + - (Thévanin) impedances are
impedance of the unit(s) EOLINE T%I;nuﬁtd used to represent the system.
during the fault. Logic
= Z+ =10 ohms, 84 deg
Xd"=022pu Faulttime and type are supplied by the multiple run Z0 =12 ohms, 80 deg

Kd"*W2/5=37044e-4 H component.

Figure 13: PSCAD Case Project Circuit

Note that the fault component has an additional input for fault type (i.e. when ‘External’ fault control is
selected), where the “fault_type’ signal is controlled by the multiple-run component.

Fault Setup

The current present during a fault is, among other things, a function of the ‘point on wave’ at which the
fault occurs, as well as the type of fault. The multiple-run component is used to activate different fault
types at different points on the voltage waveform.

Note that when 'External Control’ is selected in the fault component, we can set the fault type external
to the component. The fault type is set using an integer value from 0 to 11 (see Table 2).
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11

No Fault

Phase A to Ground
Phase B to Ground
Phase C to Ground
Phases AB to Ground
Phases AC to Ground
Phases BC to Ground
Phases ABC to Ground
Phases AB

Phases AC

Phases BC

Phases ABC

Table 2: Fault Types and their Respective Integer Codes

The external fault control feature must be enabled in the 'Configuration’ parameter category page, as

shown in Figure 14.

-
ol Three Phase Fault

==

|Cu:unﬁguraﬁun

=4l

+ [General
Fault Type Cantrol
Clear possible atany current?
Is the Meutral Grounded?
Graphics Display
Current chopping limit

General

=

External

Mo

Yes 1

. . . I‘ :

Single line view ::rk ! fault_; type | Timed

0.0 [kA] ' ; Fault
' ! Logic

Figure 14: Enabling External Fault Control

The multiple-run component has been reconfigured to give two outputs: the fault time and the fault
type. A list of integers is passed to the multiple-run component. In this case, we are simulating faults

between phases A-G, AB-G, and ABC-G.

Simulation Results

We have 20 points-on-wave to simulate for each fault type, the same as in Section 2.2. We will therefore
have 60 different iterations of the simulation, 20 runs for each of the three fault types.
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The simulation indicates the greatest fault current occurs on the 40™ run (see

Figure 15).
E Optimization Cutput Viewer - [AC_Fault_study 03] | = | = 28 |

|h-1u|ti|:|le Fiun Output File

Run # Fault Time | Fault Type | Maxirnum Fault C | *
36 (0.5124995000 4 4056765335

37 0.5133328000 4 4240512844

38 0.5141661000 4 4,216939970

349 (0.5149994000 4 4,383293006

40 0.5158327000 4 4558011412

41 0.5000000000 7 4 457866280

42 0.5008333000 7 4256813477 =
43 0.5016666000 7 4 400565768 &
44 0.5024999000 7 4477281312

45 0.5033332000 7 4352835062

46 0.5041665000 7 4338682326 -

Figure 15: Simulation Results

This window indicates the fault type was 4 (AB-G), at 0.5158327s, and resulted in a peak fault current of
4.558 kA (run the corresponding PSCAD case for a better understanding).

Discussion:

Setup of the external fault control setting is discussed. Interpreting the simulation results is also
discussed.

PSCAD

Refer to PSCAD case: AC_Fault_study_03.pscx
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1.4 Fault Location, Type, Point-on-Wave and Resistance Study
Motivation

This section shows how to use the multiple-run component, along with other logical components, to
perform a fault study in which a number of parameters are varied.

The variables of interest in this case are the fault location, resistance, inception time, and the fault type.
We record the fault current for each permutation of variables to determine the largest possible fault
current (i.e. peak value).

System Overview

This PSCAD case project circuit, illustrated in Figure 16, is similar to that used in Sections 1.1 to 1.3,
except that the transmission line has been partitioned into three separate 20 km sections. This enables
us to place faults at 20, 40, and 60 km down the line. Using simple logic, we can choose one fault
location per simulation.

230 kV 3x 20 km, 3 Phase Resistive Load
Supply Metwork Transmission Line
11 T T T |
1 -RL RRI — it Ll it Ay |
m_@ TLine1 TLine2 TLine3 100.0 [ohm] I
A A A
Timed typet k4 Timed typez k4 Timed type3 4
Fault Fault Fault
Logic Logic Logic

FPossible Fault Locations

Figure 16: PSCAD Case Project Circuit

Fault Setup

The variables of interest for this example are described in Table 3.

Variable Possible Values

Time (point on wave of fault inception) 20 runs between 0.10 and 0.12 s
Fault Type A-G, AB-G, ABC-G

Fault Location 20, 40, 60 km

Fault Resistance 1,10Q

Table 3: Simulation Results

The multiple-run component is used to simulate every possible combination of variables.

To ensure that only one fault is active at any given time, we use the Channel Decoder component from
the master library (CSMF page).
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A 177 typet
2l =
— =
faul%_ln:n: = type2
: 5
fault_type o g type3
o= i)

Figure 17: Location Logic Using the Channel Decoder

The multiple-run component outputs 1, 2, or 3 for the “fault_loc’ signal, and 1, 4, or 7 for the ’fault_type’
signal. See the following references for more information:

e Section1.2

e The PSCAD On-Line Help System (right-click on the multiple-run component and select
‘Help’)

The decoder outputs an array signal of dimension 16. The first, second and third elements of the array
are extracted using Array Tap components.

The 'fault_type’ signal (Data input) is output to the channel selected by the ‘fault_loc’ signal (Select
input). Zero is output on all other channels (no fault). For example, if ‘fault_loc is 2 and ’fault_type‘is 7,
‘typel and ‘type3‘ will be 0, and "type2‘ will be 7.

Note
See the accompanying PSCAD case (AC_Fault_study_04.pscx) to better understand the

settings.
Simulation Results

In total, 360 simulations are run. The parameters of the largest fault current are listed in Table 4.

Variable Value
Current 3.64 kA
Time 0.117 s
Type ABC-G
Location 20 km
Resistance 1Q

Table 4: Largest Fault Current Parameters (as Recorded by ‘Multiple Run’)
Discussion

Calculating the fault type, resistance, location, and point-on-wave that produces maximum fault current
is discussed. Using the Channel Decoder module to choose the fault location was also discussed.

The fault waveforms can be recorded in COMTRADE format for ‘real time’ relay testing purposes. See
Section 1.5 for details.
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PSCAD

Refer to PSCAD case: AC_Fault_study 04.pscx
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1.5 Recording Transient Waveforms in COMTRADE Format for ‘Real Time’ Playback Study
Motivation

This section demonstrates the use of the COMTRADE recorder. The case is identical to that described in
Section 1.4. The voltage and current waveforms as well as some digital signals are recorded in
COMTRADE format.

System Overview

The PSCAD case project circuit is similar to the one used in Section 1.4 (see Figure 18).

230 kv Fault-Clearing 3x20 km, 3 Phase Resistive Load
Supply Network Breaker Transmission Line
&) ~ = o kil o |
'I}—-RL RRL () Ll it Wit |
. -9 ’m BRK TLine1 TLine2 TLinea 100.0 [chm] :
f
i Toed | wRT Y mmed | w2 g qmes| wd %
Breaker Logic Logic Logic
Logie i L L L
Closed@to =

Possible Fault Locations

Figure 18: Case Circuit

The transmission line is driven by a 230 kV, 100 MVA voltage source representing a generator. The
difference between this circuit and the circuit in Section 1.4 is the addition of a breaker between the
generator and the transmission line. The breaker begins to open approximately 10 cycles after a fault
condition occurs, extinguishing the fault current.

COMTRADE

PSCAD simulations are widely used in relay testing applications because they can generate waveforms
that closely represent real-world scenarios.

The waveforms are recorded in the COMTRADE format. These waveforms can then be ‘played back’ in
‘real time’ synchronism into the relay using test sets and amplifiers.

Analog as well as digital signals (e.g. breaker contact status, etc.) can be recorded.

Setup

The variables of interest are the same as in the case in Section 1.4. The COMTRADE module is
configured to record the currents and voltages of each phase (Al to A6, which are the analog
inputs). It is also configured to record the breaker signal and the state of each breaker phase (D1 to
D4, which are the digital inputs).
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Al AZ] A3] Ad] AB| AR

- Analog Inputs
v2.0 RTP Recorder Ma. 1

St File: playback
04 Format RTP ¢ || O 2
CnmtradeEﬁz
075 End Cnm?re_udeQQ
Digital Inputs

D4 Dai D2 D!
BsT B BRK
BsT C BsT A

Figure 19: COMTRADE Module

Note

PSCAD Cookbook

It is important to record enough pre-fault cycles to ensure that the relay is in a properly

conditioned initial state when the fault occurs.

The digital signals recorded in this case are the breaker contact status and the breaker trip signal.

Discussion

Using the COMTRADE module to record fault waveforms for playback is discussed.

PSCAD

Refer to PSCAD case: AC_Fault_study_05.pscx
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