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Introduction 
The electricity market liberalisation process has forced the Dutch utility companies 

to develop a sustainable, clear asset management strategy. To fulfil electricity supply 
duty, the amount of downtime should be reduced while resulting costs should be 
minimised. Within this entire process, protection equipment plays an important part 
because it encloses the erroneous part from the healthy part of the network and 
hence reduces the cumulative consumers’ down-time. 

This work presents a technical study of protection relay co-ordination during single 
phase-to-ground faults in ungrounded medium voltage (MV) networks. The results 
can contribute to a general grounding and protection philosophy for MV networks. 
Ungrounded networks are still applied in some parts of The Netherlands and fault 
currents continue to increase as these networks continue to expand. Single phase-to-
ground faults were not switched off before since sheath-currents and overvoltages 
are within the cables’ design limits. However, a short-circuit is an unwanted situation 
and fast circuit interruption could prevent further cable damage. 

During this work, which is a part of the author’s final thesis, Real-Time Digital 
Simulator (RTDS) is extensively applied. The proposed circuit is modelled in RSCAD 
and a Siemens 7SJ62 directional relay was connected in closed loop with the RTDS 
system. Quad 50E audio amplifiers have been applied to convert RTDS output signals 
to rated secondary voltages and currents. The amplifiers play an important role 
within interfacing between the RTDS and the relay and have therefore been tested 
thoroughly. The amplifiers’ application has been verified at KEMA T&D in Arnhem, 
The Netherlands. Frequency characteristics have been determined for each amplifier 
at the Electrical Power Processing (EPP) laboratory of Delft University of Technology.  

First, a general introduction to the Dutch MV distribution network is given. Several 
circuit topologies are discussed. The network model is introduced to the reader and 
an introduction is given to several overcurrent protection methods. In Chapter 2 the 
relay co-ordination problem is being discussed. The MV network is being aggregated 
and then modelled using the Zbus building algorithm. The fault current injection 
method is used to determine fault currents and hence relay operation. A method is 
proposed for correct relay co-ordination during single phase-to-ground faults in 
feeder cables. Furthermore, the network parameters for which this method is appli-
cable are calculated. The simulation results are verified by modelling the same net-
work in Simulink as well. 

 In Chapter 3, the application of RTDS using the given network will be discussed. 
The amplifier interface between the RTDS and the 7SJ62 is being described step-by-
step for future reproduction by the faculty. Frequency characteristics and KEMA veri-
fication results are also discussed. Furthermore, three particular cases are studied: a 
fault at which the directional relay reacts first, a fault at which the overcurrent relay 
reacts first and a fault at which no relay reacts at all. 

As a result, an interface between the RTDS and the 7SJ62 relay has been estab-
lished and a correct single phase-to-ground fault relay co-ordination method has 
been developed. 
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1 Distribution network: Topology and Protection 
The current electrical power system has been formed over a period of about 120 

years. Small isolated grids have been combined to larger grids over the past 50 years 
in order to obtain better economical efficiency and a more reliable electricity sup-
ply [1]. Electric power is mainly generated in a centralised way, as can be seen 
in Figure 1-1.  A power plant transforms energy from fossil fuels to electrical energy 
by use of a synchronous generator. This electricity is generated at a certain voltage, 
typically MV, and will be transformed to a higher voltage level in a nearby substation. 
From the power station, the electric energy is transported to the distribution substa-
tion, mostly a substation in the neighbourhood of a city. From here, the electric en-
ergy will be further distributed at MV and be delivered to the low voltage (LV) net-
work, at which most consumers are connected.  

 
Figure 1-1: Electricity is mainly generated in a centralised way 

1.1 Distribution network topology 
At MV, the power is being distributed to consumers and industries. The exact volt-

age level varies from country to country and strongly depends on geological and 
geographical circumstances. In The Netherlands the MV network ranges from 10kV 
to 50kV and consists mainly of underground cables.  

The MV distribution network can be built up in several ways, which seriously de-
pend on the historical background of the area and on the way how the local govern-
ment is foreseeing the future expansion of urbanised and industrialised areas. Nor-
mally, the power flow is directed from the feeding substation towards MV/LV distri-
bution transformers. Since the MV distribution network is powered centrally by the 
HV/MV substation, the most of the MV distribution networks are radially built up. In 
many urbanised areas ring-shaped distribution networks are used in order to in-
crease the reliability.  
Radial Distribution network: Agricultural areas and areas with low population 
density are often equipped with radial distribution networks. Typically only one node 
is fed from the HV side and hence the power will flow top-bottom.  A radial network 
can be very extensive, especially in agricultural areas. A typical radial distribution 
network is depicted in Figure 1-2. The MV network is connected to the HV network at 
the HV/MV substation (p) by at least 2 power transformers. From here, feeder cables 
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supply 10kV distribution substations (q), at which the power is supplied further on to 
the LV side by distribution cables and distribution transformers (r).  Some distribution 
strings have been laid in a circular way in order to be manually interconnected in the 
case of an emergency (s).  Feeder cables have been laid in parallel in order to com-
ply with the n-1 criterion. 

 

P,Q
10kV

400V

Feeder cables
Distribution cables
Interconnecting point

 
Figure 1-2: a typical radial MV network.   

Ring-shaped distribution network: In densely populated urban areas with many 
industry units, it is insufficient to rely on a radial structure. The whole city would be 
fed by only a couple of feeders which 
badly decreases the reliability of the 
electricity supply. More than one in-
terconnecting point with the HV net-
work is possible in a ring-shaped MV 
network which increases reliability 
even more. A typical ring-shaped MV 
network is depicted in Figure 1-3. The 
transport feeders are connected in a 
circular way while distribution strings 
still exist. Circular networks are more 
difficult to be protected from short 
circuits however, and short-circuit 
power is dramatically increased by 
the presence of multiple supply 
points. 

110 k V

10 k V

Interconnecting point

Feeder cables
Distribution cables

p

q

s

t
u

 
Figure 1-3: Ring shaped MV network with meshed elements.

Meshed MV network: In many ar-
eas a MV network will be expanded 
with ring shaped structures in order 
to create a partly meshed network, 
which is even more reliable. This is 
indicated in Figure 1-3 by a dotted 
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circle between p,t and u.  

1.2 Cable modelling 
The Dutch distribution network mainly consists of underground power cables and 

only a few MV overhead lines are utilised. The Dutch soil is suitable for the appliance 
of electrical power cables and overhead lines fit less well in the Dutch landscape 
according to general consensus. Underground cables are more expensive to lay on 
however and the production costs are higher in comparison with overhead lines. 
Electrically, the power cable differs from an overhead line in several ways: 
Insulation level: A cable needs to be as small as possible in order to keep the pro-
duction and the installation costs low. Commonly used insulating materials in MV ca-
bles are Oil-impregnated paper (GPLK1/PILC) and Polyethylene (XLPE), while over-
head lines use air as insulating medium.   
Capacitance to ground: The compact structure of cables has consequences for the 
capacitance to ground. For circular conductors yields [2]: 

2

ln
C R

r

πε

                                       

=  
(2.1 )

where C is the capacitance between the conductor and earthscreen in [F/m], ε is the 
dielectric constant of the insulation medium in [F/m], r is the radius of the conductor 
in [m] and R is the inner radius of the earth screen in [m]. Although cable conduc-
tors are not exactly circular, are often bundled in 3 phases and the ground potential 
is not circular around an overhead line, it can be concluded that the capacitance to 
earth will be much higher for cables and hence cannot be neglected during short cir-
cuit studies.   
X/R ratio: Series impedance of cables and overhead lines differ in a way which is 
important for short circuit studies. Overhead lines have a higher reactance/resistance 
(X/R) ratio then cables do, which plays a significant role in short circuit studies. Es-
pecially directional feeder protection and distance protection have to be adjusted to 
the X/R ratio accurately.  

1.2.1 The electrical power cable 
Mainly two kinds of MV distribution cables are being used nowadays. Paper insu-

lated lead covered cables (PILC) are being used for nearly 120 years now and are 
still being installed today. Oil impregnated paper is being used as insulating medium 
and PIL cables can be bundled or single phase. Figure 1-4a gives an example of a 
bundled 15 kV PIL cable. The first Cross-linked Polyethylene (XLPE) cables have been 
laid during the 1940’s and are commonly being installed today. Installed MV XLPE 
cables can be single phase or three phase and Figure 1-4b gives an example of a MV 
single phase XLPE cable. 

The copper- or lead-sheath should be grounded at both ends of the cable in order 
to avoid dangerously high touch voltages [3]. The conductor can be made of copper 
or aluminium. Copper has better electrical properties but it is more expensive than 
aluminium.  

 
1 In Dutch: Gewikkelde Papier Lood Kabel  
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 Although some physical differ-
ences exist, PIL cables and XLPE 
cables can be described to a cer-
tain extent with the same electrical 
model. Cables are represented by 
their lumped parameters forming a 
pi-section, which is allowed for 
relative short cables/lines [4]. Se-
ries impedance can be modelled by 
a single resistance and a single 
reactance for both the sheath 
(Rm,Xm) and the conductor (R,X). 
The conductors of three single 
phase cables have only capacitan-
ces to ground (CG) whereas for a 
bundled cable, capacitances be-
tween conductors (Ck) also exist 
and have to be modelled as well 
(Figure 1-5). In order to simulate short-circuits correctly, the method of symmetrical 
components is used, which is briefly described in Appendix A. 

Figure 1-4a: PILC cable Figure 1-4b: XLPE cable 

 
Figure 1-5: Cable capacitances for both bundled cable (right) and sin-
gle phase cables (above). Distributed capacitances are represented as 
lumped parameters.  

 

 Cable parameters are usually given in se-
quence components form by the manufac-
turer in order to simulate both steady state 
situations and faulted situations. As depicted 
in Figure 1-6, two pi-sections describe the 
cable in the RTDS: a positive-sequence pi-
section and a zero-sequence section. Both 
circuits are used for fault calculations, 
whereas the normal pi-section will be used 
for balanced situations as well. Sequence 
parameters of cables have been derived from 
lumped physical parameters in Appendix B 
and are summarised in Table 1-1.  Figure 1-6: Pi-section model for both positive / 

negative sequence and zero-sequence Single pi-section networks can be con-
nected in order to obtain a distribution net-
work. At the fault point the pi-section will be 
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divided into two smaller parts 
with k in per unit cable length, 
as shown in Figure 1-7. 

For normal conditions and 
short-circuits, it is imperative 
to take thermal aspects of the 
power cable into account. Due 
to resistive losses the cable will 
heat up. The heat radiates 
from the cable through the 
insulation into the soil. Al-
though thermal properties of 
the soil vary from region to 
region, three parameters gen-
erally describe the thermal behaviour of the cable [5]. 

Sequence 
network ele-
ment 

Bundled three phase cable 3 single phase cables 

R1 [Ω/km] R R  
X1 [Ω/km] j L j M

Maximum current rating: This is the maximum current that may flow through the 
cable conductor for a maximum of 1 day cycle. Cables may be temporary overloaded 
with this current and electrical protection may not pickup on this current. 

Figure 1-7: Pi-section model at fault location with k in per unit  

  
1s. Maximum conductor current rating:  During a short-circuit, high currents 
flow through the conductor and the insulation heats up by Pheat=I2R. This heat can-
not flow away and the amount of thermal energy, Ethermal=Pheat*t ~ I2t, is an impor-
tant factor during a short-circuit. Ik-1sec is an indicator for the maximum current that 
can flow through the conductor for 1 sec. without damaging the cable.       
1s. Maximum sheath current rating: Dependent on the transformer grounding 
and the fault type, high currents can also flow through the cable sheath. Ik,sheath-1sec 
is an indicator for the maximum current that can flow through the cable sheath for 1 
sec. without damaging the cable. 

ω ω−  ωj L

3+C1 [F/km] g kC C  gC

3+ mR R mR R+

 

R0 [Ω/km]   

X0 [Ω/km] ( )3 2 6ω + + −m sL L M M ( )2m s j j L L Mω + −  

C0 [F/km] gC  gC  

Table 1-1: Sequence parameters derived from physical cable pa-
rameters for bundled and single phase cables. 
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1.3 On the MV network neutral grounding 
Neutral grounding is an important factor in MV distribution network design. Sys-

tems in which service continuity was of primary concern were initially left unground-
ed[6]. Expansion of the MV network however yields higher fault currents through the 
cable sheaths during phase to ground faults. In order to provide correct relay co-
ordination and lower overvoltages, network grounding is applied more often. Neutral 
grounding can be realised by grounding the transformer’s neutral or through a zig-
zag transformer in case of a Delta-connected secondary winding. Common grounding 
types will be discussed briefly. 
Ungrounded network: The neutral’s coupling is realised by the distributed capaci-
tance of the cables, as is shown in Figure 1-8.  For symmetrically distributed phases, 
the charging currents provide the neutral voltage to be equal to the ground poten-
tial[7]. Neutral displacement takes place during single-phase-to-ground faults. De-
pending on whether the short-circuit is bolted or not, the voltage triangle will shift 
“downwards”, as depicted in Figure 1-8, causing overvoltages of 3Vphase in healthy 

phases.  

110kV 10kV

 
Figure 1-8: The neutral point of an ungrounded network is determined by 
the cables’ capacitances (above). Left: Voltage triangle during a typical sin-
gle phase-to-ground-fault. 

 

Effectively grounded network: Impedance grounded networks are extensively 
used nowadays. Protective relaying is easier and voltage stresses are lower compar-
ing to a floating neutral point. A network grounded through a low impedance (or no 
impedance at all) whereby Coefficient of Grounding (COG) does not exceed 80% at 
every point in the network is effectively grounded[8].  This condition is fulfilled in 
case of 0 < X0/X1 < 3 and 0 < R0/X0 < 1, where X0, X1 and R0 are the sequence im-
pedances of the whole network as “seen” from the fault point.  
Compensated network: A special case of impedance grounded networks in which 
the (zigzag) transformer’s neutral is grounded with a Petersen coil as depicted 
in Figure 1-9. The impedance of the compensating coil is matched with the sum of 
the distributed capacitances of the cable network:  

n

0 0 0
1

ω ω ω= − = − ⇒ =∑ , , ,n G n network n c networkj L j C j C X X  (2.2)

Where Ln the inductance of the Peterson coil, C0G,n the nth zero sequence capaci-
tance, C0,network the sum of the zero-sequence capacitance of all the cables, Xn the 
reactance of the Peterson coil and Xc0,network the sum of the zero sequence reactance 
of all the cables. Capacitive fault-currents are compensated by the 180˚ lagging in-
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ductive current of the coil [8]. Seen from the fault location, the zero-sequence reac-
tance is very high since the zero-sequence network is parallel resonant and hence 
the phase to ground fault current at the fault location will be significantly limited. 

 
Figure 1-9: Compensated network with the neutral grounded through a Petersen coil 
(Above) and zero-sequence network as seen from the fault location (Right). 

∑− gCjω3

1.4 Protection of MV distribution networks 
An electrical network can be protected from electrical hazards in several ways. 

Overvoltage protection is realised by surge arresters in order to control the flashover 
location in case of lightning overvoltages [9].  Overcurrent protection is extensively 
applied in MV cable networks and can be realised by fuses and protective relaying. 
Although fast and reliable, the utilisation of fuses in MV networks is expensive and 
subjected to long repair times. Hence it is rarely used in the modern Dutch MV cable 
network nowadays.  

Protective relaying needs measuring transformers and a secondary circuit in order 
to provide adequate acquisition for primary values of voltages and currents. Figure 
1-10 gives an outlined secondary circuit scheme as modelled in the RTDS.  Despite 
the ungrounded cable network, the secondary circuit has got a connection to ground. 
During short-circuits, considerable high currents may flow through the secondary 
circuit as well and therefore, it has to be tested for these conditions. Although volt-
age transformers as well as current transformers can be saturated during energising 
and short-circuits respectively, the saturation of current transformers is more critical 
and it will seriously affect accurate protective relaying[10]. However, during single 
phase-to-ground-faults, no considerable high currents flow, so the saturation is not 
included in the model. 

 
Figure 1-10: Secondary circuit as it appears in the proposed MV network 
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1.4.1 Overcurrent protection 
Overcurrent protection relays were are introduced during the first decades of the 

20th century.  Nowadays, protection against excess current is indispensable and 
though technically inferior to other relaying methods, overcurrent relays are still in-
stalled in the MV distribution grid. Especially in radial MV networks with relative small 
short-circuit power, overcurrent relays are still extensively used. Co-ordination can be 
roughly distinguished in two protection modes which can preferably not be utilised in 
the same network: 
Maximum definite-time overcurrent protection (OMT1): widely used in the 
Netherlands and co-ordination is generally realised through discrimination by time. 
Time grading is usually applied with grading times of 0.2 to 0.3 s, rising from load to 
source as depicted in Figure 1-11a. Mostly, 2 or more discrimination points can be 
set in the OMT. {I>,t>} is used for (short-circuit) currents higher than the maximum 
current rating of the cable and as a backup protection for overcurrents not being in-
terrupted by other OMT’s further down the distribution network. {I>>,t>>} is used 
for very high short circuit currents, which may reach the 1s. maximum conductor 
current rating. t>> is preferably set to 0 or 20ms.  Relay characteristics for the distri-
bution string of the depicted network are given in Figure 1-11b. 

   

Figure 1-11: Relays’ phasor element settings (a) and relay diagram (b) for the proposed system protection setup

a

Inverse definite minimum-time relays (IDMT): Co-ordination is generally real-
ised through both discrimination by time and discrimination by current, making trip 
times dependent on short-circuit current. IDMT relay co-ordination is comparable to 
fuse co-ordination and can be realised by several curves which are standardised in 
IEC60255 [11]. Figure 1-12 gives the same network as Figure 1-11a , now utilised 
with IDMT relays. Directional relays are replaced by IDMT’s as well, which is uncom-
mon in practice.  

                                        

b 

1 In Dutch: Maximum OverstroomTijd relais 
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1

14.0
2

−⎟
⎠
⎞⎜

⎝
⎛

=

set

trip

I
I

t

 
Figure 1-12: Relay settings and relay diagram when applying IDMT relays. 

In general, instantaneous val-
ues of secondary currents are 
measured by sampling in case of 
an electronic relay and by mag-
netic forces in case of (older) 
mechanical relays.  RMS values 
are calculated which are there-
upon compared to set values 
{I>,t>} and the relay can even-
tually trip after a pick-up/drop-off 
hysteresis loop. Figure 1-13 gives 
the block diagram of a typical 
overcurrent relay as modelled in
RSCAD. 

 Figure 1-13: Simplified phasor element logical block diagram of an 
overcurrent relay. 
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1.4.2 Directional overcurrent relays 
 Feeder protection can be realised in several 

ways and it is traditionally done bywith a combi-
nation of directional overcurrent relays (SRR) 
and overcurrent relays. In order to provide cor-
rect relay co-ordination the directional relay has 
to determine the direction of the fault. Several 
methods exist which are mainly relying on the 
direction of active power flow which is briefly 
discussed below.   

Consider the parallel feeder cables of Figure 
1-11a with the secondary circuit of Figure 1-10 
connected to SRR2. At the primary side, primary 
current Iprim lags the primary voltage Uprim by the 
power angle φ. Current transformers are 
grounded towards busbar, which is very impor-
tant regarding the sign of the secondary currents 
(Isec=Iph,sec∠ δ) and hence the direction of pri-
mary phase currents. Secondary voltages (Usec=Uph,sec∠ Ψ) with a typical nominal 
value of 100V are being measured as well and the phase angle Ψ  is being compared 
with the phase angle of Isec, δ. Under normal conditions, Isec leads Usec by an angle 
180˚+φ (= δ- Ψ) and lags Uline, whose stored values can also be used for direction 
determination, by an angle 90˚- φ, as depicted in Figure 1-14. Seen from the posi-
tion of the relay, the active power is flowing towards the load. For the measured 
three phase power holds: 

ϕ

ψ
δ

primI

secI lineU

secU

primU

 
Figure 1-14: Phasor diagram of 

measured secondary voltages and 
currents during normal operation. 

( ) ( )
( ) (

3 3

3 3 180

ψ δ

)ψ δ ϕ

−= =

= − =

*
secsec ,sec ,sec

,sec ,sec ,sec ,sec

Re Re

cos cos

j j
ph ph

ph ph ph ph

P U I U e I e

U I U I +
 (2.3)

During a symmetrical three phase short-circuit, the current will flow towards the fault 
and hence the power is directed into the cable (P>0) with a phase angle which is 
dependent on the X/R ratio of the cable. For cables with a sufficient large conductor 
diameter this yields for the impedance towards the fault: 

( )
1

12 21
1 1 1

1

1 1
⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠≈ ⇒ = − +

arctan

,

X
j

R
cable

X
Z k X R e

R
 (2.4)

And hence the phase fault current will lag the faulted phase voltage by 
1

1

45ϕ
⎛ ⎞

= − ≈ −⎜ ⎟
⎝ ⎠

oarctansc

X
R

 (2.5)

In practice however, the faulted phase voltage is too small to be measured and the 
healthy, opposing line-to-line voltages should be used. Figure 1-15 gives the phase 
diagram for a three-phase short-circuit in the feeder cable picked-up by phase ele-
ment A. Cross-polarising voltage Vbc is used as reference voltage (Vref) and is rotated 
counter clockwise by an angle RCA˚ (Relay Characteristic Angle), also known as the 
Maximum Torque Angle(MTA)[12]. For cables, a RCA of 45˚ is commonly used. 
Three-phase faults and phase-to-phase faults in the protected feeder cable should be 
detected correctly. 
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scϕ

β

 
Figure 1-15: Phasor diagram of a typical directional overcurrent phase-element. Dashed arrows are prefault 
phasors. The 90° rotated cross-polarising line-voltage is used as reference phasor. A RCA of 45° is applied. A 
short-circuit current phasor located in the operating zone will cause the relay to pick up. Va and Ia are the pre-
fault phase-voltage and current phasors. 

For the measured phase power holds, to operate in directional mode 
( ) ( )

( ) (
( ) 0

γ

γ δ δ γ

β

= =

= − + = − −

= − >

* *
, ,Re Re

cos cos

cos

j RCA j j RCA
bc a sc bc a sc

bc a bc a

bc a

P V e I V e e I

)V I RCA V I

V I RCA

RCA  (2.6)

In which 
2 sc
πβ ϕ= −  the angle between the cross-polarising voltage Vbc and the 

short-circuit current phasor Ia,sc., γ the phase angle of the cross-polarising line-
voltage Vbc and δ the phase angle of Ia,sc Figure 1-16 gives a brief block diagram of 
the directional element of the 7SJ62 relay. Detailed scheme is described in[13]. 
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I>,I+>

Ia>Ipickup
Ia

Ib

Ic

Line
voltage
selectorUbc

Uca

Uab

t>

t+>

tripIb>Ipickup

Ic>Ipickup

MTA

 
Figure 1-16: Simplified directional phasor element logical block diagram of a direc-
tional overcurrent relay. 

Directional earth-fault element 
It is especially for ungrounded systems not convenient to detect single-phase-to-

ground faults with the directional phasor element. During ground-faults, a combina-
tion of load current and capacitive fault current is measured. Generally, the direction 
will be determined wrong if the load current component, I1+I2, is higher than the 
fault current component, I0. Direction of ground faults should therefore be deter-
mined with an earth-fault element, which uses zero-sequence components U0 
and Ie,7SJ62=-3I0 as phasor quantities. 

Consider again the network of Figure 1-11a with a phase A-to-ground-fault in the 
“bottom” cable (cable 3). The voltage triangle will be shifted as shown in Figure 1-8. 
The residual voltage 3U0 can be calculated or either be measured by an open delta 
connection. Generally, the direction of U0 is determined by the healthy phase volt-
ages. The contribution of Va is assumed sufficiently small in comparison with Vb 
and Vc to neglect. The component I0 can be extracted from the three phase currents 
and is mainly formed by the distributed capacitive charging currents of the sound 
phases[7]. It should be noted that the phase angle of I0 depends on whether the 
fault is bolted or not and is typically 90˚ lagging U0. 

In order to use wattmetric measurements during ground-faults as well, U0 has to 
be rotated counter clockwise by an angle RCA0. It must be noted that in practice, the 
value of RCA0 should be chosen with the predicted arc-resistance taken into consid-
eration. Therefore, a RCA0 between 30˚ and 60˚ is commonly used for underground 
cables. In Figure 1-17 it can be seen that for the zero-sequence real power, to locate 
the ground-fault inside the protected cable holds:  

( ) ( )
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Where ϕsc,0 the angle between U0 and Ie,7SJ62. Note that the relay determines di-
rection with Ie,7SJ62=-3I0, which is leading U0 during a forward single phase-to-
ground-fault. 
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Figure 1-17: Phasor diagram of a typical directional overcurrent earth-fault element.  Zero-sequence voltage U0 
is used as a reference phasors for direction determination. A RCA0 of 45° is applied. 

1.4.3 Other protection methods 
As already mentioned, overcurrent protection is a traditional method to protect the 

network from short-circuits. The relatively slow fault clearance times have led over-
current relaying to perform a backup function for more sophisticated protection 
methods. Although these methods are beyond the scope of this thesis, some of them 
are discussed below briefly. 

 
Figure 1-18a: Unidirectional Distance relay. Relay 
picks-up faults ‘behind’ the relay as well 

 
Figure 1-18b: Distance relay with directional 
functionality. 
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Distance Protection (D): Widely used as main protection in HV en MV networks. 
Operation of distance relays is based on the measured impedance at the position of 
the relay in the grid. Comparing this impedance, which is known at every time in-
stant, with the impedance of the cable up to the reach point, short-circuits within 
zone 1 (~85% of the cable) can be switched off quickly. The majority of modern dis-
tance relays have several zones, each with its own delay time to maintain proper re-
lay co-ordination. Distance relay characteristics are normally given in a R/X diagram. 
Electronic distance relays can be almost adjusted to any impedance area implying 
directional functionality as well. Figure 1-18 a and b give typical impedance setting 
areas of a distance relay. 
Differential feeder protection (DIFF): Extensively applied in new cable paths 
and as a part of transformer protection. At both sides of the cable the protection de-
termines the difference between incoming and outgoing 
phase-currents by making use of pilot-wires. Switching 
times are very fast and every type of fault inside the cable 
should be able to be interrupted.  Secondary circuits have 
to be fully symmetric however and current transformer 
saturation can lead to incorrect disconnection of the cable. 
Overcurrent protection should be used as a backup protec-
tion since differential protection can only be used as main 
protection[11].   
Transformer protection: Transformers are the most ex-
pensive objects in the distribution network and are there-
fore very well protected against electrical and mechanical 
hazards. As can be seen in Figure 1-19, protection against 
overcurrents is realised with DIFF as main protection and 
OMT as backup protection at both HV-side and MV-side. 
Buchholz protection is the main protection for faults inside 
the transformer core in which gas or flowing oil is being 
formed and is therefore a backup protection for over-currents through the trans-
former[14].  

OMT

OMT

Buchholz

110kV

10kV

Figure 1-19: Typical trans-
former protection. 

Busbar protection: MV installations are generally enclosed switchgear units in the 
Netherlands and therefore the fault-arc can be detected by use of optical-detection 
or pressure-detection. Differential protection is generally being used as main protec-
tion while optical protection is used as a backup protection. Relay co-ordination is 
realised by communication between the relays connected to the busbar. Sectionalisa-
tion of the busbar is applied in order to reduce the number of circuits that have to be 
switched off during a fault [10]. 
Sophisticated methods: Although commonly used protection devices can detect 
most kinds of short circuits, not every fault can be switched off selectively. Rarely 
occurring faults like cross-country faults are difficult to interrupt selectively. Wavelet 
methods and neural network methods have therefore been developed and are still 
being improved [15][16][17]. A major drawback of the proposed methods is however 
the need for a certain kind of system automation, which requires investments. 
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2 Single phase-to-ground-fault in ungrounded MV net-
works 

About 86% of all short-circuits originate from a single-phase to ground fault [18]. 
A lot of single-phase short-circuits will eventually develop into polyphase faults. For 
cables, three main causes can be classified: 
Insulation failure due to ageing: Degradation of cable insulation can be a serious 
cause of failures. During breakdown an immense amount of heat is produced at the 
fault point, which can easily make the fault-arc to strike over to healthy phases as 
well. Mostly, insulation failures have an intermitting nature, which should be taken 
into account using protective relaying. Partial Discharges (PD) occur naturally in PILC 
cables and is only affecting the insulation strength above a certain level[2]. There-
fore, PD is an important indicator using condition assessment[19]. 
Breakdown due to overheating: Cables and cable joints can overheat while over-
loaded or by ageing. In joints, this can lead to degradation of the conductor connec-
tions which leads to overheating even more, to insulation degradation and eventually 
to flashover.  
Failure due to excavation work: A major cause for cable faults is breakdown due 
to excavation work. Lack of cable position knowledge can be destructive during con-
struction activities. Almost needless to say, the insulation will be partly destructed 
and breakdown is inevitable. Depending on the type of cable, the short circuit will be 
single-phase or three-phase immediately.  

2.1 Case study: feeder protection co-ordination problem 

2.1.1  Problem definition 

Network definition 
Consider the radial network of Figure 1-2, which is a simplification of typical un-

grounded 10kV networks as extensively being utilised in the province of Overijssel, 
the Netherlands. In fact, the network model can be aggregated even more when 
only single-phase to ground faults are involved since cables’ capacitances define the 
fault current. The network of Figure 2-1 represents for instance the feeder cables 
between p and q of Figure 1-2.  

Distribution cables between q and s are being represented by their capacitance to 
ground at node q by 

0
=

= ∑, ,

distribution string

dist G n
n q

C C  (3.1)

Where CG,n the capacitance to ground of every cable section of the distribution 
strings on the right-hand side of q. This is allowed for single-phase to ground faults 
since the fault current is mainly produced by the charging currents of the cable’s dis-
tributed capacitances. 
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Figure 2-1: Simplified MV network with two feeder cables between p and q 

 
It will be shown later that the load has negligible influence on the zero-sequence 
fault current and will hence be aggregated to one load at both node p and q. The 
major part of the MV network is however the network not fed by feeder cables K(2) 
and K(3). This load has been neglected since it has little influence on the fault cur-
rent amplitude and direction at node q. The influence of the cables is represented by 
their aggregated capacitance to ground at node p by 

10

0
=

= ∑, ,

kV grid

grid G n
n p

C C  (3.2)

Where CG,n the capacitance to ground of every cable section of the transport and 
distribution network on the left-hand side of p. The aggregated network model 
of Figure 2-1 is given in Figure 2-2.  

distCgridC

 
Figure 2-2: Aggregated network suitable for single phase-to-ground fault calculation.   
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Ground fault: co-ordination problem 
During a single-phase to ground fault, the voltage triangle is being shifted as de-

picted in Figure 1-8. Owing to the unbalance in the circuit, charging currents will flow 
through the distributed capacitance of the network towards the fault point. As can be 
seen in Figure 2-3, both the distribution strings and the rest of the MV network con-
tribute to the fault current. The amplitude of the cable’s fault current contribution, I0, 
depends on the total distributed capacitance of the cable sections involved.  Direction 
of I0 in the faulted cable itself, cable K(3), is always determined correctly by direc-
tional relays equipped with an earth-fault element[20]. The direction of I0 in the par-
allel feeder cable, cable K(2), is dependent on the network topology and the fault 
location in cable K(3).    

 
Figure 2-3: Zero-sequence fault current direction relative to zero-sequence voltage during a 
single phase-to-ground fault in cable K(3).  

 The reader should notice that the direction is being determined by making use of 
the zero-sequence components of currents and voltages and not by phase quantities 
since these contain both the fault and load-component. 

 For phase-to-phase and three-phase faults, the fault current will flow from the 
three-phase source to the fault location. In radial MV networks this source is pre-
dominantly the HV/MV transformer. Relay co-ordination is easily satisfied by setting 
the directional relay to a shorter pick up period than the opposing overcurrent relay.  
Overcurrent pick up set value should be sufficiently high in order to prevent the re-
lay’s phasor-element picking up on ground faults. Figure 2-4a depicts a three-phase 
short-circuit at 0.5 per unit in cable K(3) of Figure 2-3 being switched off correctly. 
However, for single-phase to ground faults, the fault current will flow from multiple 
directions. Using the same co-ordination strategy will result in unselectively inter-
rupted cables. Figure 2-4b depicts a single-phase to ground fault being switched off 
incorrectly. The Ie pickup value of the directional relays is 40 A. The healthy cable 
has to carry the capacitive charging current of the distribution string and, as will be 
shown, the directional earth-fault element may not pick up on this current. This 
charging current is, according to [21], approximately equal to the rms value of 
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where Z0 the zero-sequence impedance of the distribution string, which is much 
smaller than capacitive shunt-impedance for relative short cables. For this example 
the charging current is approximately equal to 

6
0

3 10400 2 50 0 28 10 253
40

3 3

πω −⋅ ⋅ ⋅ ⋅ ⋅ × ⋅
= =,

,

.
line dist

e dist

F kmU C kmI A≈  (3.4)

 

 
Figure 2-4: (above) three phase-to-ground-fault in cable (3) 
interrupted correctly. Visualisation has been done using the 
“Instelpan” Matlab environment. (right) Single phase-to-
ground-fault interrupted incorrectly. Both feeder cables 
have been interrupted while correct fault-isolation is re-
quired. 

 
 
 

 

For 0<t<0.3 sec. the fault is being detected by both the directional relay in cable 
K(3) at node 3 and the overcurrent relay in cable K(2) at node 2. The reader should 
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notice that in this case, the parallel feeder cable carries a negligible fault current. 
After 0.3s the directional earth-fault element trips and one line end will be switched 
off. For 0.3<t<0.6s Ie,dist flows through the healthy parallel feeder cable towards the 
fault and is hence detected by the directional earth-fault element, which trips after 
0.3 s. as well. Now, the distribution string fed by the parallel cables has been discon-
nected which is not allowed. After t=0.6 s the fault will be interrupted.  

From this can be concluded that, for two parallel feeder cables, the directional 
earth-fault element may not pick up on fault currents lower than or equal to Ie,dist. 
This can also be satisfied by calculating the fault current 3I0 during a single phase-to-
ground-fault at the substation busbar with only one feeder cable in operation. This 
current is the very minimum pick up value setting and a certain margin should be 
taken. 

 Operation of the overcurrent relays at the substation side of the feeder cables 
rely on the fault current caused by the sum of the capacitive charging currents of the 
remaining MV network. The RMS value of this charging current approximately equals 

0
0

3
3

3
,

, ,
line grid

e grid grid

U C
I I

ω
= ≈  (3.5)

The earth-fault element should pick up on this value in order to realise correct relay 
co-ordination. However, Ie,grid is not the minimum pick up current setting since the 
earth-fault element may preferably not pick up on single phase-to-ground faults out-
side the relay’s primary- and backup protection zone (i.e. cables ‘beyond’ the direc-
tional overcurrent relay). This holds for n-1 situations as well. Moreover, the overcur-
rent relay measures a higher current than the directional overcurrent relay due to the 
distributed capacitive charging current of the protected cable: 

3
3
ω

= + = +, , , ,
line cable

e OMT e dist e dist e cable

U C
I I I I  (3.6)

As can be seen in Figure 2-5, the overcurrent relay and the directional overcurrent 
relay measure different fault currents. Therefore Ie,dist+Ie,cable should be chosen as a 
minimum setting for the earth-fault overcurrent element pick up value. 

110kV 10kV
10 km

3x240Cu

10 km
3x240Cu

10 km
3x240Cu

[2]

[3] 10 km
3x240Cu

5 km
3x240Cu

Node (2) Node (3)

Ie,dist+Ie,cable

SRR

SRR

OMT

OMT

Ie,dist

 
Figure 2-5: Zero-sequence current through a single feeder cable during a remote ground-fault 
outside the discussed feeder cable 

 The overcurrent function of the directional relay can be used as a backup protection 
for ground-faults in the distribution string, but this is not recommended since it may 
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certainly not affect the relay co-ordination for faults inside the feeder cables. A pick 
up value of  1

2 e,gridI  should be set for that purpose. On the other hand, a single-

phase to ground fault inside the distribution string will cause the capacitive charging 
current of the cable to flow in opposite direction, making the current measured by 
the directional relay higher than the current measured by the overcurrent 
lay. Table 2-1 summarises the minimum pick up current settings for the earth-fault 
elements of the (directional) overcurrent relays protecting the feeders.  

Table 2-1: Minimum (directional) overcurrent relay settings for correct relay co-ordination. 

Current Setting Application Overcurrent Directional overcurrent 

+Ie,+te 
Dir. earth-fault element 
pick up current and time n/a 0 3e,distI , . s  

Ie, te 
Unidirectional earth-fault 
element pick up current 

and time 

+e,dist e,cabI I

 
1 0 92 e,gridI , . s  

+I>,+t> Dir. Phase element pick up 
current and time n/a 600 A, 0.3 s 

+I>>,+t>> 
Dir. Phase element pick up 

current and time 
 (High setting) 

n/a 1500, 20ms. 

I>,t> Phase element pick up  
current and time 

600 A, 0.9
s 600 A 

I>>,t>> 
Phase element pick up  

current and time 
 (High setting) 

1500 A, 
0.1 s not set 

Usually, for large MV networks with a lot of feeders and distribution strings, Ie,grid 
is higher than Ie,dist and correct relay co-ordination is satisfied. For a large distribution 
string however, Ie,dist and hence Cdist,0 , reaches a value for which the single phase- 
to-ground-fault cannot be isolated selectively. The +Ie setting of the directional over-
current setting becomes too high to detect ground-faults over the whole protection 
zone. Since the Ie setting of the overcurrent relay should be at least the +Ie setting  
of the opposite directional overcurrent relay plus the capacitive charging current of 
the protected cable (Ie,dist+Ie,cable), ground-faults will not be detected over the whole 
cable by the overcurrent relay as well. A certain death-zone will arise in which 
ground-faults will not be detected and interrupted by any relay in the MV net-
work. Figure 2-6 illustrates the presence of a death zone in both parallel feeder ca-
bles of the network of Figure 2-1.  
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Figure 2-6: The presence of a death zone in the encircled part of the network. Within a certain range of the fault 
location k, the fault currents from both sides are too small for the relays to pick up. Orange dashed line repre-
sents the Ie,OMT setting while the red dashed line represents the +Ie,SRR setting. k can be varied from 0 (node p) 
to 1 (node q). 

Apparently, the death zone is affected by the position of the +Ie setting line, the Ie 
setting line of the overcurrent relay, Ie,OMT and Ie,SRR. Since the +Ie setting line de-
pends on Ie,dist, the presence of the death-zone depends on Cdist,0. The overcurrent 
relay and the directional overcurrent relay measure Ie,OMT and Ie,SRR respectively, 
which depend on Ccable,0, CGrid,0 and Cdist,0.   

By making use of the aggregated network model as depicted in Figure 2-2, a 
method will be proposed for relay co-ordination in ungrounded MV distribution net-
works. It will be examined if the presence of a death-zone depends on the ratio μ: 

0

0

,

,

dist

grid

C
C

μ =  (3.7)

Moreover, the influence of Ccable,0 on the minimum value of μ, μlim will be examined 
as well. For that, the theoretical background of single phase-to-ground-fault calcula-
tion will be revised briefly. 

2.1.2 Theoretical background 
A single-phase short-circuit is generally made up of three periods: the initiating 

period, the fault itself and the post-fault period. Detection methods are based on the 
faulted period. Steady-state voltages and currents will be calculated using the se-
quence components method. Short-circuit calculation is already extensively being 
applied in (commercial) relay testing software. By means of the block diagram 
of Figure 2-7, which depicts the basic operation and hence the fault calculation 
method of this software,  the fault calculation method will be explained. 
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Figure 2-7: Block diagram of the used fault calculation method. Zbus determina-
tion and Loadflow calculation are indispensable elements regarding fault cal-
culation. After correct voltage and current calculation, it will be examined if 
any relay/switchgear operates. A new topology implies another fault calcula-
tion step. 

Zbus calculation 
Usage of Zbus (or Ybus) is indispensable for the discussed fault-calculation method. 

From the network topology, sequence networks should be constructed which repre-
sent the real cable network. Therefore, the construction of sequence-networks is be-
ing repeated briefly. From the network of Figure 2-2, a feasible Zbus will be built using 
the Zbus building algorithm.  
Sequence networks: For every sequence-component, a different model represents 
the network. Normal and negative-sequence network construction is left as a refer-
ence [18][22]. The zero-sequence network bears a more sophisticated structure: 

• Transformer connections should be taken into account 
• Source and load neutral connections should be modelled properly 
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Transformer connections strongly depend on the neutral grounding method applied 
to the MV network. As can be seen in Figure 2-8, ungrounded networks are defined 
by whether a zero-sequence connection between primary and secondary is present 
or not. Delta connections always yield an interrupted zero-sequence network and 
could possibly lead to ungrounded parts of the MV network.  

P S Z0
P S

ref

Z0
P S

ref

P S

P S Z0
P S

ref

Z0
P S

ref

P S

P S Z0
P S

ref

Single line diagram Zero-sequence
networkCase

1

2

3

4

5

 
Figure 2-8: Zero-sequence network connection for several transforme

    The aggrega structed with “type 4” transformers comprising an 

mposed in its sequence networks in Figure 2-9. 
Th

r 
winding topologies[18]. 

ted network is con
ungrounded MV network. HV and LV neutral impedances are assumed to be very 
small (Zn=0Ω) and of negligible influence on the short-circuit behaviour of in the MV 
part of the network. Source and load neutral impedances have been chosen very 
small as well for the same reason. 

The aggregated network is deco
e healthy cable has been modelled according to Figure 1-6 while the faulted cable 

has been modelled according to Figure 1-7. The reader should notice that each cable 
has been split into several parts in order to prevent modelling the capacitance of the 
cables on the busbars of the MV substations. Current will be measured correctly in 
this way through a shunt resistance Rshunt. Network parameters are given in Appendix 
C. 
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Figure 2-9: Sequence networks for the proposed aggregated MV network. Cable parameters depend on fault 
location. 

Zbus calculation: In order to make short-circuit calculations, a Zbus has to be built 
for every sequence network. For that, the Zbus building algorithm has been used 
which has been extensively described in [18] and [23]. Not every step of the building 
algorithm has been used however and a brief revision of the steps being taken is 
given now.  
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Suppose the cable network of Figure 2-1 for which the aggregated sequence-
network model of Figure 2-9 is being used for building the Zbus. For all sequence-
networks, the same algorithm is used which is principally relying on two basic steps:  
Adding a branch from the reference to a new node: Suppose an empty Zbus, 
for which a new bus (node) is being connected to the reference node. In cable net-
works, every node has a connection to the reference node by a lumped capacitance, 
which is representing the distributed capacitance of the cables. For every new node, 
which is connected to the reference by an impedance Zb, Zbus,new is given by:  

0

0
0 0

⎡ ⎤
⎢ ⎥
⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

M

L

bus
oldbus

new

b

Z
Z

Z

 (3.8)

For no connection to ground, Zb = 0 should be taken[23]. For the first node holds: 
= ⎡ ⎤⎣ ⎦

bus
bZ Z  (3.9)

Adding a branch between two existing nodes: Connections between nodes are 
being addicted to the Zbus by using the current injection method as well. For adding 
an impedance Zb between node m and n holds: 

( )

( )

⎡ ⎤−
⎢ ⎥

= ⎢
⎢ ⎥−⎢ ⎥⎣ ⎦

. .bus
orig busbus

origtemp
bus
orig bb

col n col m
Z

of ZZ
row n row m of Z Z

⎥  (3.10)

In which for Zbb holds: 
2= + − +bb mm nn mn bZ Z Z Z Z  (3.11)

However, Kron-reduction is necessary to remove newly added rows and columns: the 
total number of nodes should be the same as the total number of rows and columns 
of the Zbus. Therefore, (3.10) is being rewritten as 

⎡ ⎤
= ⎢ ⎥
⎢ ⎥⎣ ⎦

bus
origbus

temp
bb

Z
Z

Z

a

b
 (3.12)

Now, according to the Kron-reduction algorithm [23]: 
= +bus bus

new orig
bb

Z Z
Z
ab  (3.13)

The Zbus building algorithm holds for both the zero-sequence network as well as 
for the positive-sequence network. The negative-sequence Zbus is assumed to be 
equal to the positive-sequence Zbus since the effects of rotating devices are being 
neglected1. Now, two bus-impedance matrices have been composed which will be 
used for short-circuit calculations: 

,0busZ  and ,1 ,2bus busZ Z=  (3.14)

Loadflow calculation 
A loadflow determines the steady-state voltages and currents. Since the system is 

in balance, only positive-sequence values are present before the fault. For short-
circuit calculations, pre-fault voltages should be known in order to model the influ-
ence of the load current correctly. In most short-circuit studies, load current is being 
neglected as a simplification due to the high-amplitude of the fault-currents by taking 
the pre-fault voltage on every node equal to Esource[18]. In ungrounded networks 

                                        
1 Generators and motors are assumed to have equal impedances for a clockwise and counter 

clockwise set of balanced three phase voltages. 
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however, the load current is of great importance for phase-element operation of pro-
tection relays and it should be taken into account by the described assumption.  

For single phase-to-ground-faults in ungrounded networks, only the zero-
sequence component of currents and voltages should be used for direction determi-
nation. As will be shown later on, the positive-sequence network has a negligible in-
fluence on the zero-sequence fault current since 

,0 ,1bus bus
jj jjZ Z�  (3.15)

Where Zjj is the Thévenin impedance of the sequence network at the faulted node j. 
Therefore, when only taking zero-sequence currents into account, pre-fault voltages 
are of minor importance.  

The reader should notice that although the error made in the zero-sequence com-
ponent is negligible, the error made in the positive-sequence component is certainly 
not. The fault-calculation is therefore only adequate for the zero-sequence and nega-
tive sequence component. In order to reduce the error made, the aggregated net-
work is modelled in SIMULINK as well and consequently steady state RMS node volt-
ages are used as input for the fault calculation. A time consuming loadflow calcula-
tion, which is of minor importance for zero-sequence quantities, can be avoided in 
this way. 

Fault current calculation 
The single phase-to-ground-fault current is defined as the fault current flowing out 

of the faulted bus. Figure 2-10 depicts the faulted situation in the abc-domain. As is 
shown, the fault current is flowing through fault impedance Zf which represents the 
fault arc. 

fZ ,f aI, , 0f b f cI I= =

,load aI, ,load a f aI I+

 
Figure 2-10: Current of phase a flows partly into the fault 

For the current into the fault holds 
,
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For the sequence currents into the fault this yields 
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Because If,0= If,1= If,2, the currents flowing out of the sequence networks at the fault 
bus are equal, yielding a series connection which is shown in Figure 2-11. Knowing 
the bus impedance matrices, the approximation of the fault arc impedance Zf and the 
source voltage Esource, the fault current If,a can be calculated by 
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, ,1 ,1 ,0 3

f ag source
f a bus bus bus

f jj jj jj f
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Z Z Z Z Z
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+ + +
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Figure 2-11: Sequence network connection during single phase-to-ground-fault 
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Voltage calculation 
Sequence voltage changes calculation: The fault current flowing out of the 
faulted bus causes a voltage change in the sequence networks comparing to the pre-
fault voltages. This change is defined as the sequence voltage change on every node 
caused by the injection of only the fault current into the fault bus[18]. Thus, the zero 
sequence voltage changes of a network with N nodes and one fault bus j are given 
by 
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The reader should notice that the fault bus is located at the last element of Zbus,0. 
Changes in the network topology can be made faster in this way. For fault calculation 
itself it should not make a difference. For voltage changes in the positive-sequence 
network holds 
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And consequently for the voltage changes in the positive-sequence network  
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Since If,1=If,2 and Zbus,2=Zbus,1 in case of a single-phase to ground fault in the de-
scribed MV network, (3.20) and (3.21) imply the same calculation in this case. 
 
Sequence voltages calculation: After calculating the sequence-voltage changes 
due to a fault at node j, these voltages should be superposed to the pre-fault volt-
ages according to 
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For zero-sequence and negative-sequence component and yielding for the positive-
sequence component 
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Phase voltages calculation: Now, sequence voltages on every node in the net-
work have been calculated. Phase voltages can be calculated by the inverse symmet-
rical component transformation yielding 
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Where A-1 is the inverse symmetrical component transformation matrix. The most 
essential part of the fault calculation has now been established forming a foundation 
for fault-current calculations. 

Cable currents calculation 
Sequence currents calculation: Since the sequence voltages on every node are 
known, the phase currents through the cable conductors can be calculated. For a 
cable between node m and n, the sequence currents are given by 
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Note that subscript v implies the possibility of more than one connection between 
node m and n. Moreover, it should be stated expressly that 
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Large networks will generally be calculated using the Ybus calculation method for the 
currents between nodes. For the parallel admittance of the cables between nodes m 
and n can be written 
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Both calculation methods can be used and should lead to the same results. Here, the 
first method is being used since the network is relatively small. 
Phase currents calculation: Now, the sequence currents through every cable are 
known. In order to finish the fault calculation, phase currents will be calculated by 
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For every node N and for every cable v between node m and n. 
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 The complete fault current calculation has now been established. Again it is em-
phasized to the reader that calculated voltages and currents strongly depend on the 
pre-fault voltages, which have not been acquired by a loadflow but by simulation 
with Simulink. This can lead to differences between calculated and real currents and 
voltages. However, for the zero-sequence values of voltages and currents this error 
is negligible and thus the directional earth-fault element will be simulated correctly. 

2.1.3  Simulation 
The short-circuit calculations are realised with Matlab. The bus impedance matri-

ces of the sequence networks of Figure 2-9 are given in Appendix C. First, CGrid,0 and 
CGrid,1 will be assumed fixed and both Cdist,0 and Cdist,1 will be varied from 0 to 2CGrid,0 
and 2CGrid,1 respectively. From k=0 to k=1 a ground-fault will be simulated. Second, 
CGrid,0 and CGrid,1 are varied as well and again, a ground-fault will be simulated from 
k=0 to k=1. Thereafter, the influence of μ on the relay co-ordination will be exam-
ined.  

The minimum setting of the overcurrent en directional overcurrent relays given 
in Table 2-1 will be applied during the relay co-ordination simulation. In practice 
however, the relay overcurrent settings should be higher than the minimum setting 
for two reasons. 
First, the proposed minimum overcurrent settings are the lowest minimum setting 
and leave little margin for any expansion of the distribution network. More cables 
inevitably lead to higher capacitances to ground and thus to higher zero-sequence 
fault currents. Correct relay co-ordination is no longer satisfied and therefore the +Ie 
and Ie setting of all the relays in the affected part of the network should be adjusted. 
Second, the reader should notice that fault-current calculations always depend on 
the model used. Although the described model is widely used in general, it is still a 
simplification of the actual network behaviour. Therefore, a margin of αx100% has 
been introduced to the +Ie and Ie settings of both overcurrent and directional over-
current relays, yielding the settings of Table 2-2. The value of α cannot be deter-
mined scientifically and strongly depends on expected expansions by the operational 
management in the near future. α=0, α=25, α=40 and α=50 will be examined in the 
relay co-ordination study. 

Table 2-2: Recommended minimum overcurrent settings 

Current Set-
ting Overcurrent Directional overcurrent 

+Ie,+te n/a 0 3
100
α⎛ ⎞ ⋅⎜ ⎟

⎝ ⎠
e,dist> 1+ I , . s  

Ie, te 0 9α⎛ ⎞ ⋅ +⎜ ⎟1+ I I , . s 0 9α⎛ ⎞> ⎜ ⎟
1

+ I , . s
100⎝ ⎠

e,dist e,cable 50⎝ ⎠
e,grid2

 

+I>,+t> n/a 600 A, 0.3 s 

+I>>,+t>> n/a 1500A, 20ms. 
I>,t> 600 A, 0.9 s 600 A 
I>>,t>> 1500 A, 0.1 s not set 
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Results 
 For the aggregated network depicted in Figure 2-9, of which the parameters are 

given in Appendix C, the fault location k is being varied from 0 to 1 per unit.  The 
directional relays and overcurrent relays have been set according to Table 
2-2. Figure 2-12 gives zero-sequence fault current distribution measured by both re-
lays for α=0, 25, 40 and 50. Correct relay co-ordination is only satisfied if 

{0..1}I I I I I k> ∪ > + ∀ ∈

α=0 α=25

, 2 , , 2 , ,e SRR e dist e OMT e dist e Cable     (3.29)
The reader should notice that only for α=0 relay co-ordination will be satisfied: for 
every value of k, SRR2 or OMT2 (or both) will pick up. For α=25, a death-zone is 
present in which the fault current is too small for the relays to pick up on.  

α=40 α=50

 
Figure 2-12: Earth-fault current distribution as a function of fault location. For α=25,40 & 50, a 
death-zone is present. 

α=0 is the very minimum setting of the relay’s pickup current to satisfy relay co-
ordination. For 0<k<0.3, only the overcurrent relay’s earth-fault element picks up. 
For 0.3<k<0.55 both SRR2 and OMT2 will pick up and SRR2 will trip first. For 
k>0.55, only the directional overcurrent relay picks up. 
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The above-mentioned fault-current calculation only relies on one value of Cdist,0 
and hence on only one value of µ. No conclusions can be drawn about the depend-
ency of µ on the relay co-ordination. Therefore, Cdist,0 and Cdist,1 are being varied as 
Ccable,0, Ccable,1, CGrid,0 and CGrid,1 are being held constant. This results in the three-
dimensional fault-current plots of Figure 2-13 to Figure 2-16, in which the fault cur-
rents Ie,OMT2 and Ie,SRR2 have been plotted as a function of the factor µ and the fault 
location k for several values of α. Since the relays pickup settings depend mainly on 
Ie,dist and hence on µ, these settings form a surface with pickup values proportional 
to µ.  

For µ≈1.2= µlim in Figure 2-13, the pickup setting of the relays becomes too high 
to switch off a ground-fault at any place in the cable. For µ>1.2, a death-zone is pre-
sent and single phase-to-ground-faults cannot be switched off selectively.  

Figure 2-13: Overcurrent and directional overcurrent relay’s earth-fault current as a function of the network 
capacitance ratio µ and the fault location k for α=0. The three dimensional plot is constructed by calculation 
fault-current distribution of Figure 2-12 for several values of µ. The development of a death-zone is indicated 
with arrows. 

As already mentioned, α=0 is the very minimum current setting. For α>0, the 
death-zone will be more extended and hence µlim,α=0 ≈1.2.  For α=25 the permitted 
capacitance, and hence cable length has been more reduced, as can be seen 
in Figure 2-14. The X-Y view gives a better insight in the death-zone distribution. 
This zone is located approximately in the upper left corner of the X-Y plane, stretch-
ing out nearly 75% of the cable length. While µ is high and so is the earth-fault 
overcurrent setting, single-phase to ground faults will not be switched off. It should 
be stated that only the lowest value of µ for which a death-zone exists, µlim, is im-
portant for elay co-ordination studies and for α=25 holds µlim,α=25≈0.7.  r

pacitance of only 

Figure 2-15 
and Figure 2-16 depict the death-zone distribution for α=40 and α=50, leading to 
even smaller values of µlim. For α=40 holds µlim,α=40≈0.65 and for α=50 holds 
µlim,α=50≈0.6, implying a permissible distribution string ca

0 50 0 0 65 8 96 5 82α=
=

= = μ = μ = μ∑
distribution string

dist , G,n lim, Grid,
n q

C C C . * . F . F  (3.30)

corresponding to approximately 21 km of 3x240 Cu PIL cable.  
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Figure 2-14: Overcurrent and directional overcurrent relay’s earth-fault current as a function of the network 
capacitance ratio µ and the fault location k for α=25 (left).  The death-zone presence is illustrated by the X-Y 
view (right)  

 

Figure 2-15: Overcurrent and directional overcurrent relay’s earth-fault current as a function of the network 
capacitance ratio µ and the fault location k for α=40 (left).  The death-zone presence is illustrated by the X-Y 
view (right) 
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Figure 2-16: Overcurrent and directional overcurrent relay’s earth-fault current as a function of the network 
capacitance ratio µ and the fault location k for α=50 (left).  The  extensive death-zone presence is illustrated by 
the X-Y view (right) 

The discussed short-circuit study corresponds to the circuit parameters given in 
Appendix C. Although the variation of the length of the distribution string’s cables , 
and so the values of Cdist,0 and Cdist,1 are realistic, the cable’s length of the remaining 
part of the MV network is underestimated (32 km 3x240 Cu PILC). A more realistic 
length would be 60 km. Therefore, the relay co-ordination study is repeated with 
CGrid,0=16.8μF and CGrid,1=30.6μF for α=0 and α=25, as can be seen in Figure 2-17 
and Figure 2-18. 

Figure 2-17: Overcurrent and directional overcurrent relay’s earth-fault current as a function of the network 
capacitance ratio µ and the fault location k for α=0 (left) and CGrid,0=16.8μF.  The death-zone presence is illus-
trated by the X-Y view (right) 
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Figure 2-18: Overcurrent and directional overcurrent relay’s earth-fault current as a function of 
the network capacitance ratio µ and the fault location k for α=25 (left) and CGrid,0=16.8μF.  The 
death-zone presence is illustrated by the X-Y view (right) 

For this value of CGrid,0 , a few changes regarding the previous value of CGrid,0 can 
be observed. First, the values of µlim (indicated by the red arrows in the X-Y view) 
differ slightly from the previous values. Since the length of the MV network cables 
has been increased and the distribution string length has been kept fixed, the influ-
ence of Ie,dist has been decreased comprising a higher value of µlim. Second, the area 
of the death-zone is smaller compared to the previous size of the network-side ca-
bles. 

Both observations indicate a rebuttal of the previously stated influence of µ on 
correct relay co-ordination. Since µlim varies with CGrid,0 as well, the influence of  
CGrid,0 on µlim should be examined by calculating µlim (and hence Cdist,0,lim) 
for several values of CGrid,0. Figure 2-19 depicts both the values of µlim and the limit 
values of Cdist,0 (=Cdist,0,lim) as a function of CGrid,0 for α=0, α=25, α=40 and α=50. 
Capacitances have been varied with steps of 1 µF and the fault location has been 
varied from 0 to 1 per unit with steps of 1/100 of the feeder cable length. Note that 
every data point in Figure 2-19a is a value of µlim, the first appearance of a death-
zone as indicated by a red arrow for only one calculation like Figure 2-18. 

 
Figure 2-19(a) µlim as a function of CGrid,0 for a feeder cable length of 10km and α=0, 25, 40 and 50;  
(b) Cdist,0,lim as a function of CGrid,0 for a feeder cable length of 10km and α=0, 25, 40 and 50. 

 38



                     

For α=25, α=40 and α=50 the relation between CGrid,0 and Cdist,0,lim (and hence µlim) 
is relatively linear from CGrid,0=5 µF. However, for α=0 the relation is only relatively 
linear between CGrid,0=5 µF and CGrid,0≈30 µF. It should be noted that the majority of 
the MV networks has a total capacitance smaller than 30 to 35 µF (approximately the 
linear region). Above CGrid,0=30 µF, the value of µlim increases with CGrid,0, allowing a 
comparatively higher value of Cdist,0,lim and thus a more extensive distribution network 
beyond the feeder cables. Again, it can be doubted as to whether α=0 should be 
applied while this is the very minimum setting of the protection system. 

Above calculations comprise a feeder cable length of 10 km. Although present in 
extensive agricultural areas, feeder cables in urban areas are a lot shorter, leading to 
different current settings for the overcurrent relays. Therefore, previous calculations 
are repeated with feeder cable lengths of 5, 2 and 1 km, as can be seen in Figure 
2-20 to Figure 2-22. 

 
Figure 2-20(a) µlim as a function of CGrid,0 for a feeder cable length of 5km. and α=0, 25, 40 and 50;  (b) Cdist,0 as a 
function of CGrid,0,lim for a feeder cable length of 5km and α=0, 25, 40 and 50. 

 

 
Figure 2-21(a) µlim as a function of CGrid,0 for a feeder cable length of 2km and α=0, 25, 40 and 50;  (b) Cdist,0 as a 
function of CGrid,0,lim for a feeder cable length of 2km and α=0, 25, 40 and 50. 
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Figure 2-22(a) µlim as a function of CGrid,0 for a feeder cable length of 1km and α=0, 25, 40 and 50;  (b) Cdist,0 as a 
function of CGrid,0,lim for a feeder cable length of 1km and α=0, 25, 40 and 50. 

It can be concluded that the variation of cable length has little influence on the 
values of µlim. Although the minimum current setting of the overcurrent relays varies 
with the cable length, the position of µlim in the cable displaces and its value does not 
change. The statement that µlim is independent of CGrid,0 is only true for approxi-
mately 5 µF≤CGrid,0≤35 µF. Most MV networks comply to this criterion and there-
fore, Table 2-3 gives the values of µlim for the applied settings of α(averaged over 5 
µF≤CGrid,0≤35 µF for feeder cables of 5km.). 

α 
0

0

μ = dist, ,lim
lim

Grid,

C

C
 

0 1.33 
25 0.86 
40 0.72 
50 0.65 

Table 2-3: Average µlim for       
5 µF≤CGrid,0≤35 µF 

2.2 Application with Simulink 
The sequence components method is applicable for time-domain analysis and 

steady state-fault analysis [22][31]. The discussed fault calculations only rely on the 
steady-state fault analysis method.  In order to simulate the (dynamic) behaviour of 
the network depicted in Figure 2-2 in the time-domain,  the network has been mod-
elled in Simulink. The network parameters mainly rely on the values given in Appen-
dix C. However, some different, additional settings considering the protection relays 
are given in Table 2-4.  
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Setting Value 

SRR;+Ie,+te 65 0 3, .A s
OMT;Ie, te 82 0 9, .A s

CGrid,0 20 µF 

Cdist,0 10 µF 

Table 2-4: Relay settings and net-
work capacitances for Simulation 
with Simulink 

At t=0.2s, a ground fault is initiated at k=0.5 pu as depicted in the single line dia-
gram of Figure 2-9.  The ground fault will be detected by the (directional) overcur-
rent relays and eventually be isolated, as depicted in Figure 2-23 for both abc-
domain zero-sequence components. During the fault, four periods can be distin-
guished:  

I. Pre-fault period; 
II. fault initiating period (SRR2 trips at t=0.54); 

III. OMT2 pickup period (OMT2 trips at t=1.1); 
IV. Post-fault period; 

 
During the pre-fault period, the system is in steady state and therefore only load 

currents flow through the feeder cables, as can be seen in Figure 2-24. The relatively 
small load currents are well below the maximum current rating of 3x240 Cu PIL ca-
bles and the overcurrent relays should not pickup. In practice, load currents will be 
higher since the aggregated network is being studied here. No zero-sequence cur-
rents flow in the network as the single phase-to-ground-fault has not yet been initi-
ated. It should be noted that the cable’s charging current is approximately 5 A, which 
can be derived from the current difference between the feeder cables’ ends.  

  After fault initiation, which is in this case in phase a at t=0.2, the system is 
unbalanced and zero-sequence currents and voltages will be present. Figure 2-25 
shows the period between fault initiation (t=0.2) and directional overcurrent relay 
trip (SRR2 at t≈0.54). The reader should notice that in practice, ground-faults will 
generally not initiate at once and the fault will have an intermittent nature. Modern 
(electronic) relays will detect these faults very well using their pick-up/drop-off timer 
however and therefore the simulations are satisfactory for practical situations as well. 
Only SRR2 will pickup since Ie,SRR2 lags U0 by 90° in cable K3 and Ie,SRR1 leads U0 by 
90° in cable K2. The relay will not pick up immediately as it needs at least one period 
for correct direction determination and RMS-measurement. The voltage triangle will 
shift as is shown in Figure 1-8. However, due to the relatively long feeder cable Ua is 
not negligibly small at node 3. A phase voltage of Ua≈180V is present meaning a 
higher U0 and thus a higher Ie,dist according to (3.3).  Although the error is small, it is 
recommended to use a slightly higher minimum pickup current setting for compensa-
tion. 
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Figure 2-23: Phase and zero-sequence currents and voltages during a correct interruption of a single phase to 
ground fault in cable K3. The fault is detected by both OMT2 and SRR2. Four periods can be distinguished. Note 
that after the load current through cable K2 doubles after the first interruption. 
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Now, only one circuit breaker 

has been switched open and the 
substation side circuit breaker is 
still closed. Therefore, the fault 
current flows through the healthy 
feeder cable (cable K2) towards 
the fault. This current, together 
with the capacitive fault current 
by CGrid,0, makes the overcurrent 
relay to trip at t=1.14. SRR1 and 
OMT1 must not pick up on Ie,dist , 
the zero-sequence fault current 
caused by Cdist,0. Figure 2-26 de-
picts the currents during the pick 
up period of OMT2, which lasts for 
0.9 s after fault initiation before 
tripping. At t=0.54 SRR2 trips and 
therefore the capacitive fault cur-
rent will change direction i.e. the 
phase angle of Ie,SRR2 will shift 
from lagging U0 90° to leading U0 
90°.  

Figure 2-24. Phase 1: Rated load current flows through both 
feeder cables.  

 

Figure 2-25. Phase 2: Current and voltage waveforms after single phase-to-ground 
fault initiation at t=0.2 s. The directional overcurrent relay picks-up and trips at 
t=0.52s.   
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Figure 2-26. Phase 3: OMT2 Current waveforms after fault initiation and SRR2 trip at 
t=0.52s. Right: earth-fault current direction shift.   

At t=1.14, the overcurrent relay has also tripped and the short-circuit has been 
isolated from the healthy part of the network by opening the circuit breaker at the 
substation part of the feeder cable. Figure 2-27 illustrates the post-fault period in 
which the system is in balance again. Now, the load current flows through just one 
feeder cable and the RMS-value is well below the maximum current rating for the 
post-fault situation as well. 

Phase-voltages experience a high DC-component with a large time-constant after 
fault-clearance. In fact, the system’s neutral is defined by the cable’s capacitances to 
ground. The neutral voltage is defined as the centroid of the voltage-triangle caused 
by the charging currents of the cables[7]. During unbalanced faults, the neutral volt-
age is being displaced to U0. At the fault clearing time instant, the charging current 
of the cleared phase recovers while the capacitances of the healthy phases are fully 
charged and thus charge is being trapped inside the cable. This leads to a symmetri-
cal three-phase voltage system with a residual voltage of √2Uph which gradually in- 
or decreases with a time constant of 5sτ ≈ . 

In theory, no path between cable conductors and ground exists, thus the residual 
charge will continue to stay trapped with the whole system left at the discussed dan-
gerously high residual voltage. In the simulation however, switches are used which 
need snubber resistances to let the simulation run smoothly. Charge can ‘leak’ away 
through this snubber resistance, and therefore the residual voltage declines with a 
time constant of approximately 
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( )0,3 3* 1 5 1 5 *35.6snubber Network 5.34 .R C e e Fτ μ≈ = Ω Ω =�  s (3.31)
In practice the charge will not be trapped forever as well: due to shunt leakage resis-
tance and leakage conductance the charge will flow towards ground and the neutral 
voltage will decline back to zero. In order to control the time constant and hence the 
duration of the overvoltage, neutral grounding should be applied[7]. Figure 2-28 
gives the result of a single phase-to-ground-fault switched off successfully without 
any leakage (a) and with a neutral resistance of 1kΩ (b). It should be noted that in 
stead of a wye-delta transformer (Yd5), a wye-wye transformer (Yy6) has been used 
to make neutral grounding possible. The primary’s neutral was left ungrounded dur-
ing the simulation. The transformers’ winding connection difference have no influ-
ence on single phase-to-ground-faults since the source circuit is left out of the zero-
sequence network, as can be seen in Figure 2-8. 
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Figure 2-27. Phase 4: Cable K2[2] voltage and current waveforms after fault inter-
ruption. 
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Figure 2-28: OMT1 current and voltage waveforms after fault interruption for a) No shunt resistance and b) 
Neutral grounding through high resistance. 
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3 Connecting a directional relay to the RTDS 

3.1 Introduction to the RTDS 
In the mid 1990’s a growing demand for extensive Electro Magnetic Transient 

Program (EMTP) calculations considering power systems has led to the development 
of the Real Time Digital Simulator (RTDS)[24]. The operating speed of conventional 
EMTP software was inadequate especially for large systems.  Moreover, expensive 
equipment such as converters, fuel cell and to a lesser degree protection relays, 
should be tested before applying them to the power system. Therefore a simulator 
has been developed which simulates one second for an event which lasts for one 
second in the real network as well. The RTDS can also simulate in non-real-time im-
plying an even broader field of application. 

Principle of operation 
A RTDS arrangement consists of several identical racks (Figure 3-1) which operate 

independently by default. Each rack contains 3 standard card types: 
Processor card: 18 Tandem Processor Cards(TPC also:3PC) with 2 processors each. 
TPC’s are equipped with analogue as well as digital I/O in order to interface with 
other cards and external equipment. TPC’s perform the actual calculations and are 
the most essential part of a rack. Each processor can be assigned in the draft inter-
face. 
Workstation Interference Card(WIC):Regulates the communication between 
TPC and the workstation on which the runtime environment is being located. The 
WIC also directs data from the workstation to the TPC and sends the compiled net-
work to the assigned processors. 
Inter-Rack Communication Card(IRC):For large networks, multiple racks should 
be used. In order to divide calculations between these racks, communication is nec-
essary. A IRC allows direct communica-
tion up to 4 other racks.  

Besides the default rack-configuration, 
Delft University of Technology has the 
disposal of a TPC with optical separation 
for safety reasons (3PC-DOPTO). The 
feedback of the protection relays is being 
connected to this card as will be shown 
later on.  

The cards themselves are being pro-
grammed using a specific protocol. In 
order to improve user-friendliness a 
graphical user-interface has been devel-
oped (RSCAD) in which the networks 
should be drawn (DRAFT). This software 
highly relies on PSCAD and in some cases 
PSCAD files can be imported as well. In the DRAFT interface network topology, pa-
rameters and control systems should be entered. Moreover, the minimum time-step, 
the rack-number and the assigned control processors should be set. For more sophis-
ticated systems it is recommended to use the  (processor usage) button which 

Figure 3-1: RTDS rack 5. Green LED’s indicate active 
processors. 
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gives the structure of the minimum time-step in relation to the assigned control 
processors. Input and output-operations between the RTDS and the external equip-
ment should also be initialised in the DRAFT file. After building the system that 
should be simulated, it should be compiled. Now, the RSCAD file is being translated 
to the RTDS-language in which the hardware communicates. After compiling, the 
system still has to be sent to the RTDS. This is being done in the runtime-
environment of RSCAD. The runtime-environment couples the RTDS to plots, but-
tons, switches and diagrams at the workstation. At the end, the real-time simulation 
can be started. An overview of the simulation system is shown in Figure 3-2. For ex-
tensive hardware and software specifications of the RTDS is being referred to the 
RTDS manuals [25].  

compile

RSCAD

WIC
Commands

DATA

3PC

RTDS
Workstation

amplifiers

External
equipment

signals

Voltages
 &

Currents

feedback

Figure 3-2:  Schematic impression of a closed loop system using RTDS. 

A time step of 50 μs is being used to simulate the MV network, which means 400 
calculation steps per period. For steady-state, fault-current calculations and transi-
tional periods between steady-state situations, this time-step should be convenient. 
For very fast transients like travelling waves, lightning impulses and switching im-
pulses however, 50 μs is too large and non-real-time operation should be considered. 
The analogue output channels are being used to interact with external equipment. A 
specific control block should be added to voltage and current signals in the draft-file 
which determine the output channel (Card x, Proc y, Channel z), the control proces-
sor and the output amplification. Figure 3-3 shows how the simulated voltage is rep-
resented with an amplification ratio of 5V/20kV at 3PC card 2, Processor 2, Analogue 
output channel 1. Note that, in order to specify the output channel, two control 
blocks are needed to fulfil this. For extensive information about interfacing with ex-
ternal equipment is being referred to[25]. 

Figure 3-3: Output channel  and 3PC assignment block. 

 Simulated current signals are also represented at the output as voltage signals 
since the RTDS itself cannot produce any current. External amplifiers should be ap-
plied for that purpose. The maximum amplitude of the output signal is -10V/+10V, 
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which means a maximum RMS value of approximately 7 V.  An amplification ratio of 
5V/20kV is used in order to supply overvoltage and current of at least 2Urated and 
2Irated to the external equipment as well. 

3.2  Introduction to the 7SJ62 Directional Relay 
 As already mentioned, usage of directional re-

lays is necessary for correct relay co-ordination in 
MV networks with feeder cables. During the au-
thors internship, the operation of protection relays 
in general and of the Siemens 7SJ62 directional 
overcurrent relay (Figure 3-4) in particular was 
studied. As a follow-up study the 7SJ62 relay 
should be connected to the RTDS by which single 
phase-to-ground-faults could be studied even 
more. 

Figure 3-4: The Siemens 7SJ62 direc-
tional overcurrent relay. 

Modern electronic directional relays are a cost-
effective alternative for mechanical directional re-
lays. Settings can be uploaded by commercially 
available software such as DIGSI. Faults can be 
viewed and analysed with SIGRA, which is a COM-
TRADE viewer and analyser.  

 The 7SJ62 is positioned at the end of feeder 
lines (in this case feeder cables) and needs the 
secondary phase voltages and currents to deter-
mine the fault direction correctly. Nominal secon-
dary line voltage is set to 110V (by DIGSI) and 
nominal secondary current is set to 1A (by jumpers 
inside the relay). An overview of the most common 
relay settings are given in Table 3-1. For detailed 
information about the functions and setting of the 
7SJ62 is referred to[13]. Voltage and current 
transformer ratios have been determined ex-
perimentally. The amplifier gain is adjusted in 
such way that no fading occurs during amplifi-
cation of a 1 kA current signal. Therefore, the 
relay’s internal current transformer ratio is set 
to 788/1A. 

Setting Value 

+Ie>,+te> 65 0 3, .A s

Ie>,te> n/a 

+I>,+t> 600 0 3A, . s

Urated 110V 

Irated 1A 

Voltage Transformer ratio 10.4kV/110V 

Current Transformer ratio 788A/1A 

Current input Burden  0.05 VA 

Voltage input Burden 0.3 VA 

Ie,7SJ62 or -3I0 Ie,7SJ62 

Current transformer ground-
ing 

Towards 
Busbar 

Table 3-1: Major 7SJ62 relay settings 
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3.3 Interfacing the 7SJ62 with the RTDS 
Interfacing with the RTDS is highly dependent on whether real voltages and cur-

rents are needed for the equipment to operate correctly. The 7SJ62 need real secon-
dary voltages and currents. The maximum analogue output of the RTDS is +/- 10V 
and therefore amplifiers are needed to produce rated secondary voltages of 110Vrms 
and rated secondary currents of 1Arms. The amplifiers should have the following (de-
sired) specifications: 

• Bandwidth of approximately 20 kHz (DC 20kHz); 
• For voltages as well as currents sufficiently small phase-shift; 
• Current output of at least 2.5Arms (=2.5 Irated); 
• Voltage output of at least 110Arms; 
• Adjustable gain; 
• ‘Low’ harmonic distortion; 
• Voltage input of +/- 10V; 

 
Above specification imply a proper signal conversion of the RTDS output to the 

7SJ62 relay. Commercially available amplifiers with excellent specifications are for 
instance the OMICRON CMA-156 (Current only) and CMS-156 (Current+Voltage). 
Acquisition of these amplifiers was not possible however and alternative needed to 
be found. 

The faculty could try to make the amplifiers as well. The reader should notice 
however that making such an amplifier takes a lot of time and especially current am-
plification with a sufficiently small phase shift can be very hard. Designing such an 
amplifier could badly decrease the available time left for activities within the scope of 
this research. Furthermore, 2 designs should be made: one for voltage amplification 
and one for current amplification. These considerations have led to the conclusion 
that it is too risky to design an amplifier. 

Real-time simulation without connecting the relay was also a considerable option. 
Relays can be modelled very well in RSCAD especially the essential operations such 
as definite overcurrent-time protection. The relay could have been tested with an 
OMICRON relay testbox in non real-time. However, interfacing the relay with the 
RTDS was the major challenge during the project. 

3.3.1 Quad amplifier 
In the past, the faculty had had some experiments with a quality unit amplified 

domestic (QUAD) 50E single channel audio amplifier. A synchronous motor was being 
driven by a couple of these amplifiers. Using audio amplifiers in general has some 
major drawbacks: 

• Audio amplifiers cannot produce a DC-component. 
• The frequency characteristic in the low frequency range can badly influence 

results. 
• In fact, audio amplifiers are voltage to voltage amplifiers, so amplification of 

the current could be a challenge. 
However, Quad 50E amplifiers (Figure 3-5) are very well documented including 

electronic schemes[26]. The electronic scheme is for the sake of completeness being 
added in Appendix D. Major specifications of the Quad 50E are given in Table 3-2.  
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Setting Value 

Input impedance 14 – 50kΩ depending on gain 

Input level 0.5Vrms ,higher level possible through adjustable gain 

Output source imped-
ance 

0.5Ω in series with 25μH for 5.8Ω as output connec-
tion.  

Other inductances in proportion 

Power into load Max 50W at 5.8,12.5,23,50,200Ω 

Total Harmonic Distor-
tion 

40 Hz   <0.35% 
1kHz   <0.1% 
10kHz   <1.0% 

Table 3-2: QUAD 50E specifications. 

 Input voltage is dependent on the preset gain which is 0.5Vrms by default. In this 
case, a smaller gain has been used to allow a higher input 
voltage. Output power is dependent on the externally ap-
plied output impedance. In fact, output impedance can be 
adjusted by applying different types of output connections 
at the output transformer of the amplifier. Figure 3-6 gives 
the possible connections with their voltages at nominal 
load. It should be emphasised that the depicted connection 
numbers correspond with the connection numbers inside 
the connectors.  For voltage operation, 200Ω is used while 
5.8Ω is used for current operation. Figure 3-7 gives the 
relation between load impedance and output power for 
several types of external output impedances. 

Figure 3-5: QUAD 50E amplifier 
front. Left connection is the 
power supply; Centre connec-
tion the voltage output(102 V); 
Right connection the RTDS’ 
voltage signal 

 

Figure 3-6: Quad 50E output connection possibilities  

Since the output of the am-
plifier is floating, the output of 
a set of three amplifiers can 
be connected in wye without 
facing any grounding difficul-
ties. In this way, a secondary 
circuit is being simulated 
which bears strong similarities 
with the specifications of a real 
secondary circuit. 

Figure 3-7: Power into load curves for connection types of Figure 
3-6. A mainly resistive load is utilised. 
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Toroïdal transformers 
QUAD amplifiers that amplify phase voltages face a high output impedance: The 

voltage input burden of the 7SJ62 relay is 0.3 VA meaning an input impedance of 
several kΩ. No seriously high currents will flow in this part of the secondary circuit. 
The reader should be aware for the dangerously high voltages at the voltage inputs 
however (110Vrms,line) and hence the amplifiers should be switched off during the ad-
justment of the relay’s connections. 

 Quad amplifiers that amplify phase cur-
rents face a low output impedance: 5.8Ω 
for the amplifier output and a very low re-
lay input impedance (~0.05Ω).  Tests con-
sidering the behaviour using this low out-
put impedance show an instable behaviour 
of the measured current. In order to in-
crease the external impedance faced by 
the amplifier, toroïdal transformers (Figure 
3-8) have been connected in series with 
the amplifiers’ outputs. The primary sides 
are connected to the amplifiers’ outputs 
while the secondary sides are connected to 
the relay. Now, two major benefits have 
been achieved. First, the amplifiers face 
higher output impedance, which results in 
a more stable operation point. Second, 
since the voltage of the output is higher 
compared to the situation without extra transformers, a larger current at the secon-
dary side will flow. The secondary circuit current connection diagram is shown 
in Figure 

Figure 3-8: 230V/6V 50VA Toroïdal transformers 
connected in wye as used for current signal amplifi-
cation. 

3-9. 

Figure 3-9: Current signal amplification block 
diagram. Ie is connected separately. 
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3.3.2  Frequency characteristics 
To examine the behaviour of the amplifier during operation, the frequency re-

sponse of the amplifiers should be determined. The frequency response gives infor-
mation about the amplitude gain and phase shift of a sinusoidal signal at the input 
for a given frequency. In the Electrical Power Processing (EPP) laboratory of Delft 
University of Technology, the amplifier setup has been extensively tested. The test 
setup is shown in Figure 3-10, The amplifier intended for voltage to current amplifi-
cation is tested. The reader should notice that only one phase at a time is tested. 
This should not be a problem because one of the two relay input pins (pin 29) is 
connected to ground, which corresponds to the neutral connection right to the relay 
in Figure 3-9. 

Figure 3-10: Measurement setup for frequency characteristic 
determination. 

 Waiting for service for probably more than 10 years, the QUAD amplifiers should 
be cleaned up in order to prevent flashover and short-circuits caused by dust. The 
amount of noise can be reduced by 
choosing a small gain. As input, a signal 
generator is used which can produce 
sinusoidal voltages from almost DC to a 
few MHz. Currents can be measured 
accurately with a flux-meter (right to 
the relay in Figure 3-10 ).  The RMS 
value of both input and output voltage 
is measured with the Fluke-meter to the 
left and with the Tektronix oscilloscope. 
Phase shift is also measured with oscil-
loscope: for a given frequency the 
phase shift (in seconds) can be meas-
ured accurately by comparing 2 cursors 
each corresponding to the maximum 

Figure 3-11: Voltage signal phase shift determination at 
oscilloscope. 
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value, as can be seen in Figure 3-11. Subsequently, the phase shift in degrees should 
be calculated as frequency is varied and the phase shift is measured as time differ-
ence. The used Quad amplifiers are not exactly equal which results in small varia-
tions between the tested amplifiers. Therefore, all phase current amplifiers have 
been tested separately.  

Voltage amplifier 
The amplifier is operating as a voltage amplifier since the output is connected to 

the high voltage input winding of the relay. The 102 V connection of Figure 3-6 has 
been used as amplifier output. Around 50Hz, more measurements have been taken 
to increase accuracy. Figure 3-12 shows the frequency response of the phase voltage 
amplifier. It can be concluded that within a bandwidth of 5 kHz, voltages will be am-
plified by a phase shift smaller than 20°. The -3 dB point is positioned above 20 kHz, 
which means that the amplitude of the RTDS voltage signals will be amplified cor-
rectly over the whole RTDS’ frequency range. However, DC signal cannot be ampli-
fied since audio amplifiers in general are not designed for DC amplification. 30 Hz is 
the minimum frequency at which the amplified signal is still sinusoidal. 
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Figure 3-12: Amplitude response (upper trace) and phase shift (lower trace) as a function of 
frequency for voltage amplification. 
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Current amplifier 
 The QUAD amplifier can only 

amplify voltage and therefore the 
amplitude and phase of currents 
measured depend on the burden of 
the current input of the 7SJ62 Re-
lay. Therefore the current input 
impedance of the relay has accu-
rately been measured and is equal 
to 0.05Ω with an angle of 5° lag-
ging. It should also be noted that 
the amplifier has a maximum 
power rating and thus a maximum 
current rating. For a high gain, the 
current output signal will start to 
fade at its peaks as shown 
in Figure 3-13. For every phase 
current amplifier the frequency response has been determined. Phase shift meas-
urement has been achieved by measuring the voltage across the current input of the 
relay and dividing it by the measured burden impedance. Figure 3-14 to Figure 3-16 
depict the frequency response of the phase current amplifiers. It can be concluded 
that although the bandwidth is smaller than the phase voltage amplification, the cur-
rent signal is still well amplified in the steady-state region. Moreover, the phase-shift 
introduced by the burden impedance is very small over a large bandwidth making the 
proposed amplifier setup suitable for interfacing between RTDS and the 7SJ62 Relay. 

Figure 3-13: A too high gain will cause the amplifier to start 
fading. 
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Figure 3-14: Amplitude response and phase shift as a function of frequency for phase a current amplification.  
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Figure 3-15: Amplitude response and phase shift as a function of frequency for phase b sinusoidal current ampli-
fication. 
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Figure 3-16: Amplitude response and phase shift as a function of frequency for phase c sinusoidal current ampli-
fication. 
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3.4 Connection Diagram  RTDS to 7SJ62 
The 7SJ62 relay is used as external equipment in Figure 3-2 and thus amplifiers 
should be connected between RTDS and elay in order to convert signal to secondary 
voltages and currents.  As a result, the amplifiers neutral grounding method should 
be determined to simulate the real secondary circuit as good as possible. The voltage 
and current signal connections have 
been derived from the proposed 
Holmgreen connection in the man-
ual [13] which is for convenience 
depicted in Figure 3-17. In this con-
nection, the return current is equal 
to Ie,7SJ62=-3I0 and only 3 current 
transformers are needed for correct 
measurement. The calculated value 
of Ie,7SJ62 should be equal to the 
measured value of Ie,7SJ62.  How-
ever, the amplifier setup did not 
behave as it should, since the cur-
rent amplifiers did not amplify the 
currents properly during asymmetri-
cal conditions. Therefore, Ie,7SJ62 is 
fed separately to the neutral current 
input. In practice, this measurement setup is being used to measure the cable 
sheath current. In the modelled network, the sheath currents will not be measured 
but since the sheath current is equal to –Ie , this input can be used very well. The 
primary side of the toroïdal transformers is floating since the primary sides of current 
transformers are ungrounded in practice as well. The secondary side of the toroïdal 
transformers is grounded as the neutral point of the current transformers is also 
grounded in practice. Figure 3-18 depicts the connection diagram of the test setup as 
it is being applied during the relay co-ordination study. 

Figure 3-17: Cable-side grounded “Holmgreen” connection. 
The proposed closed-loop circuit is busbar-grounded. 

 
Figure 3-18: RTDS to 7SJ62 connection diagram. 
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3.5 RSCAD network design 

General considerations 
The network of Figure 2-2 with parameters given in Appendix C should be mod-

elled in RSCAD in order to be simulated with the RTDS. The design in RSCAD is dis-
cussed below while design of a network in general is extensively described in [25]. 
Before designing, some important issues should be considered: 

• What kind of I/O should be used for the test setup to communicate correctly 
• Which rack will be used; 
• What cable model will be used; 

I/O: Phase voltages and currents as well as Ie at the 7SJ62 relay location will be 
amplified. The relay trip signal shall be fed back to the RTDS. Output signals will be 
assigned to the 3PC analogue output channels. It should be pointed out that it is im-
possible to use an analogue input for the trip signal and therefore the trip contact 
will be connected to the 3PC-DOPTO input. 
Rack:The choice of racks to be used is limited by the availability of 3PC-DOPTO 
cards. Therefore, only racks 1, 3, 5 and 7 could be used. Moreover, it turned out to 
be impossible to even communicate with rack 7. Therefore, rack 5 has been used for 
the closed loop test setup depicted in Figure 3-19. 
Cable model: RSCAD can use several cable models, including sophisticated models 
for asymmetrical cables. A cable model builder has also been included. Since both 
Simulink and Matlab use a pi-network model and not enough cable data was avail-
able for sophisticated modelling, a pi-network model has been used. For relative 
short cables and relative large time scales (the minimum time-step of the RTDS is 
20μs) this model is satisfactory. 

Figure 3-19: Closed loop test circuit. Right: 6 QUAD 50E 
amplifiers and the 7SJ62 relay. 

 

 58



                     

RSCAD design 
By means of the RSCAD overview of the designed network depicted in Figure 

3-20, it will be discussed step-by-step what design considerations have been taken.  

Figure 3-20: Three phase diagram of Figure 2-2’s circuit modelled in RSCAD.  

1 Source and transformer modelling: The source and distribution transformer 
have been modelled according to the given network parameters. The transformer is 
modelled by its per unit short-circuit impedance. The source has been modelled as 
an infinite grid with a line voltage of 110kV and a short-circuit resistance of 1mΩ. 
The source parameters are not very critical since only load currents flow through the 
transformer during a single phase-to-ground-fault. Figure 3-21 shows the concerned 
part of the network with the block parameters of the HV/MV transformer. 

 

 
Figure 3-21: Source model with (pu) parameters. 
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2 Load and MV/LV transformer modelling: The MV/LV transformer has been 
modelled in a similar way as the HV/MV transformer using the given parameters. A 
serious model limitation arises during load modelling. As can be seen in Figure 3-22, 
the minimum operating voltage of the load block is 1kV. However, the given network 
operates at 400 V at the low voltage side. For phase to phase and three-phase faults 
this is a serious limitation since the short-circuit currents at the secondary side of the 
transformer are smaller during RTDS simulation than in practice. Single phase-to-
ground-fault currents are largely caused by the cable’s capacitances and thus trans-
former impedances play a negligible role considering earth-fault currents in the MV 
network. In the Runtime Environment, active and reactive power absorbed by the 
load can be adjusted by a slider. 

 

 
Figure 3-22: MV/LV transformer and load model. Load is voltage dependent.  

3 PI-section: The used pi-section model is comparable to the model used in Simu-
link and Matlab. For a pi-section of 5 km, the parameter-window is shown in Figure 
3-23. It is important to notice that the monitored current is flowing into the pi-
section. This holds for both sides of the pi-section. Note that capacitive reactance of 
the whole section has to be given in MΩ.  
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Figure 3-23: Pi-section model (left) with cable parameters (right) 

4 Ground-fault model: The short-circuit model consists of a short-circuit block and 
a subsystem with logical operators. The short-circuit block can be set as line-to-line 
fault or line-to-ground fault. In the runtime environment, the type of ground-fault 
can be adjusted by a dial. The logical operator block is shown in Figure 3-24 and 
consists of a lifetime slider and a fault activating push-button. Both are included in 
the runtime environment. The lifetime slider can be adjusted to the number of cycles 
the fault lasts. The upper button is always equal to 1, the lower push button is only 
equal to one when pushing. LLFLT will stay ‘true’ for the number of cycles multiplied 
by the time per period (20 ms). 

Figure 3-24: Line-fault model utilised in ground-fault mode. Right: Fault duration logic 

5 Current and voltages output: Voltages and currents at the relay’s location 
should be assigned to an output channel. Therefore, voltages at nodes N4, N5 and 
N6 and phase currents flowing from the relay into the pi-section should be ‘exported’ 
to the 3PC output channels, as shown in Figure 3-25. First, the signal names have to 
be extracted from the network with an import/export block. Second, an analogue 
output channel should be assigned. Note that the channel number and the controls 
processor has to be set in this block. The 3PC card should be assigned in the ‘Assign 
Controls Processor #’ block. In this way, the output channel is fixed. Otherwise the 
output channel is being assigned automatically and can be retrieved in the .map file 
pushing the  (view) button. Note that the scaling factor should be given in KV and 
kA, as show in Figure 3-26 
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Figure 3-25: Circuit breaker subsystem (left), Voltage and current signals output blocks (right) and Assign Con-
trols Processor # blocks (upper-right). 

Figure 3-26: Interfacing output blocks’ parameters for voltage signals (left) and current signals (right). 

Now, phase voltages and currents will be sent to the output correctly and the relay 
should react on short-circuits properly. The trip-signal is fed back to the RTDS and 
therefore an input should be defined. Since some difficulties arose while defining 
analogue inputs, a digital input is being used now. In fact, the trip output of the relay 
is being connected to ground as the relay trips: a logical ‘0’. The 3PC-DOPTO input 
experiences a bit mask of ‘ffffff’ meaning a logical ‘0’ at input channel 1 only when 
the relay trips.  

Figure 3-27: Manual circuit breaker’s logic (left) and circuit breaker control block (right). 

Figure 3-27 depicts the circuit breaker’s logical circuit and the breaker parameters. 
The operation of the CB relies on the S-R flip-flop. When the set input (S) becomes 
‘1’, Q becomes ‘1’ as well and holds this value until a reset signal (R) is given even 
when set input drops to ‘0’. The signal (BRK10C) operates the breaker. A logical ‘1’ 
closed the breaker while a logical ‘0’ opens the breaker. A logical ‘0’ at the input of 
the DOPTO card (Relay trips) should yield a logical ‘0’ for BRK10C and hence open 
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the circuit breaker. To achieve this, two inverters have been placed before and after 
the S-R flip-flop. The circuit is interrupted at current zero-crossing like in practice. 
6 Zero-sequence component calculation: As depicted in Figure 3-28, zero-
sequence components will be calculated. Notice that the output blocks are labelled as 
‘I0’ and ‘U0’, but in fact, since signal names may not start with a number, 3U0 
and Ie(=-3I0) have been calculated. Both 3U0 and Ie are assigned to an analogue 
output but only Ie will be amplified. 

Figure 3-28: 3I0 and 3U0 analogue output blocks.  

 

Figure 3-29: Overcurrent relay logical model.  

 
7 Overcurrent relay model: Only one relay can be connected to the RTDS since 
only 7 suitable amplifiers are available. Therefore, both overcurrent relays and direc-
tional overcurrent relays have been modelled in RSCAD. Although both types of re-
lays have an apparently inexhaustible amount of functions, some fundamental func-
tions needed for overcurrent operation have been modelled. Figure 3-29 gives the 
control scheme for the overcurrent relay subsystem as it appears in RSCAD. In fact, 
the overcurrent relay model consists of two functions: Overcurrent measurement and 
earth-fault overcurrent measurement.  The RMS-value of each phase current is being 
measured and compared to the pick up value (0.6 kA in this case).  A logical ‘1’ re-
sults in pick-up/drop-off timer to be triggered. After a given pick up time (0.9s, not 
shown), this block creates a logical ‘1’ that will trigger the Circuit Breaker. Note that 
the RMS value of the earth-fault current is calculated by first subtracting the phase 
currents and then by calculating the RMS value of the summated signal. The relay 
model will trip by either an earth-fault trip signal or a phase current trip signal. 
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8 Directional overcurrent relay model: As one directional overcurrent relay is 
connected to the RTDS, the other one should be modelled in RSCAD. The most fun-
damental function, direction determination, is being described using Figure 3-30, in 
which the used model of the directional relay is shown.  In order to save calculation 
time, only zero-sequence quantities have been taken into account. Therefore, only 
the fault-current direction of phase-to-ground faults can be determined correctly.  

 
Figure 3-30: Directional overcurrent relay model. Encircled part determines 
direction. 

The encircled part is a block model representation of Eq. 2.7  with a RCA of 45°. 
Note that two conditions should be fulfilled for a ‘forward’ pick up. First, the RMS-
value of Ie should be above its pick up value (65 A) and second, the direction is be-
ing determined by calculating the phase difference between U0 and I0. Delay blocks 
ensure the angle-difference block to work correctly since it needs 3 phases. The 
phase angle difference signal is averaged over 400 calculation steps to smoothen the 
phase difference characteristic. 

The runtime environment 
After successful compilation, a .sib file has been created by RSCAD. This file can 

be loaded into the runtime environment, which also uploads the compiled data to the 
RTDS by clicking the (run) button. Figure 3-31 shows the runtime environment be-
fore simulation start. Push-buttons have been placed to initiate short circuits while 
sliders have been implemented to control active load, reactive load and fault dura-
tion. The switches can be used to close circuit breakers again after short-circuit isola-
tion. Plots are automatically updated after adjusting sliders, pushing buttons and 
opening switches. Moreover, plots can be saved as COMTRADE-files[27], which can 
comprehensively be used for further analysis.  
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Figure 3-31: Runtime environment impression;simulation is not running 

 

3.6 Measurement results and test results 
The stated closed loop test system offers a lot of opportunities regarding the ap-

plication of electronic relays with the RTDS. The proposed MV network has already 
extensively been simulated in Simulink and Matlab and discussed in chapter 2. There-
fore it will be shown how the relay reacts during real time operation. Three cases are 
studied: 
Single phase-to-ground-fault at k=0.5 per unit: The relay will pick up instantly 
after fault initiation. Earth-fault current direction should be determined correctly and 
the relay trips after 0.3s During initiation, measured waveforms are captured in a 1s 
relay buffer.    
Single phase-to-ground-fault at k=0.2 per unit: The relay cannot pick up in-
stantly as the fault location is too close to the feeding substation. Therefore, the op-
posing overcurrent relay should pick up using its earth-fault element. After overcur-
rent relay tripping, the 7SJ62 relay picks up and eventually encloses the fault.  
Death-zone at k=0.5 per unit: As being predicted in chapter 2.1, a death-zone 
arises when distribution strings become too long compared to the rest of the MV 
network. This is being verified for a single phase-to-ground-fault at k=0.5 pu for a 
distribution capacitance of 20µF. 

Moreover, the system connected to the RTDS has been verified at KEMA T&D. 
Captured waveforms are compared with the original waveforms produced by the 
RTDS.  

3.6.1 Single phase-to-ground-fault; k=0.5 per unit 
The fault initiates at k=0.5 per unit at t=0.2s The SRR2 waveforms are captured 

by the relay since the relay’s directional earth-fault element picks up. The OMT2 
waveforms have been extracted from the COMTRADE file created by the RTDS. It is 
emphasised to the reader that the 7SJ62 relay determines the fault direction us-
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ing Ie,7sj62=-3I0.which is leading U0 during a forward single phase-to-ground-fault. 
This waveform is also included in the COMTRADE-file labeled “Ie”. In order to comply 
with previous results and to avoid confusion, Ie=3I0=Ia+Ib+Ic is chosen to be shown.  
The waveforms during the initiation period are shown in Figure 3-32. 

0.16 0.18 0.2 0.22 0.24 0.26
-2

0

2
x 10

4 phase voltages OMT2

U
ab

c in
 [V

]

0.16 0.18 0.2 0.22 0.24 0.26
-2

0

2
x 10

4 phase voltages SRR2

0.16 0.18 0.2 0.22 0.24 0.26
-1000

0

1000
phase currents OMT2

I ab
c in

 [A
]

0.16 0.18 0.2 0.22 0.24 0.26
-1000

0

1000
phase currents SRR2

0.16 0.18 0.2 0.22 0.24 0.26
-400
-200

0
200
400

earth-fault current OMT2

I e in
 [A

]

0.16 0.18 0.2 0.22 0.24 0.26
-400
-200

0
200
400

earth-fault current SRR2

0.16 0.18 0.2 0.22 0.24 0.26
-1

0

1
x 10

4 zero-sequence voltage OMT2

time in [s]

U
0 in

 [V
]

0.16 0.18 0.2 0.22 0.24 0.26
-1

0

1
x 10

4 zero-sequence voltage SRR2

time in [s]

Figure 3-32: OMT2 and SRR2 waveforms during ground-fault initiation. SRR2 waveforms have been captured 
from the relay. 

The most characteristic feature during fault initiation is the relative short transition 
period between the system’s balanced operation and short-circuit operation. It 
should be noted that the network is modelled as if it is perfectly symmetric. Transient 
phenomena like travelling waves are not modelled. The fault arc is purely resistive 
and a simplified circuit breaker model is used. In practice the fault will possibly be 
intermitting and a single phase-to-ground-fault is very likely to change to a phase-to-
phase-fault in bundled cables. Nevertheless, the relay detects faults using steady-
state rms-values of measured currents and voltages and operates in definite time. 
Therefore, sophisticated circuit modelling is beyond the scope of this thesis.  
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Figure 3-33: OMT2 and SRR2 waveforms during a single phase-to-ground-fault at k=0.5 per unit. SRR2 wave-
forms have been extracted from the RTDS. Fault clearance at t=1.1s.  

Figure 3-33 depicts the waveforms during the period which is needed for the pro-
tection system to isolate the fault.  After fault initiation (t=0.2 s), both overcurrent 
relay’s earth-fault element and directional overcurrent relay’s earth-fault element pick 
up. Since both relays operate in definite-time, the directional overcurrent relay will 
trip first at t=0.5 s. Thereafter, the fault current flows from the substation side only 
and the modelled overcurrent relay will trip at t=1.1 s, 0.9 s after fault initiation. 

The earth-fault protection process is depicted in Figure 3-34. Since the relay is en-
closed in the circuit, it can be extracted how much time is needed between fault ini-
tiation and switching. From the relay’s 
COMTRADE file it turns out that it trips 
after being picked up for 297 ms. The 
relay theoretically needs one period 
(20 ms.) to determine rms-value and 
direction [13] of the current. It is re-
markable that in this case 2 periods 
(40 ms) are needed for the relay to 
pick up. The trip signal (a step from 5 
V to 0 V) immediately reaches the 
RTDS since the trip itself is a very fast 
(~µs) mechanical process.  One period 
delay exists between the relay trip and 
actual circuit breaker interruption. In 
practice this delay exists as well, as a result of breaker interrupting time [18]. 
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Figure 3-34: SRR2 captured earth-fault current.  Relay trip 
at t=0.54s.  
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3.6.2 Single phase-to-ground-fault; k=0.20 per unit 
The fault initiates at t=0.2 s. and only the overcurrent relay will pick up. The 

waveforms are shown in Figure 3-35. The ground-fault is too close to the HV/MV 
substation for the directional overcurrent relay to detect. After 0.9s (t=1.1 s) exactly, 
the modelled overcurrent relay trips by its earth-fault element and circuit interruption 
takes place immediately. Now, fault current flows through the parallel feeder cable 
feeding the fault from only one side. The directional relay’s earth-fault element picks 
up and trips after 0.3s (at t=1.44s) isolating the short-circuit from the healthy part of 
the system. 
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Figure 3-35: OMT2 and SRR2 waveforms during a single phase-to-ground-fault at k=0.2. SRR2 waveforms have 
been extracted from the RTDS. Fault clearance at t≈1.4s. 

The waveforms in Figure 3-35 are extracted from the RTDS COMTRADE-file since 
the relay only captures voltages and currents during pick up. As can be seen 
in Figure 3-36, the relay needs less time (20 ms.) to pick up. This could possibly be 
described to the fact that the direction was already determined correctly before pick 
up and hence only the rms value must be measured for the relay to pick up.  

It can be concluded that the short-circuit is being switched off correctly for both 
fault locations. Somewhere between k=0.2 per unit and k=0.5 per unit the direc-
tional overcurrent relay will fail to pick up on the short-circuit current immediately 
after fault initiation. In fact, the described situation is a variation on Figure 2-13 us-
ing other values of CGrid,0 and Cdist,0. 
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Figure 3-36: SRR2 captured earth-fault current.  Relay trip at t=1.42s. 

 

3.6.3 Single phase-to-ground-fault: ‘death-zone’ 
Until now, all single phase-to-ground-faults are interrupted correctly. As described 

in chapter 2.1, a death-zone will arise when gradually increasing Cdist,0. This is ap-
plied within the RTDS’ network, using parameters given in Table 3-3 . These parame-
ters are extracted from Figure 2-19 for α=25 and relay parameters are set according 
to Table 2-2. Figure 3-37 shows that for the chosen system’s parameters, a fault lo-
cation of k=0.5 per unit lies well inside the death-zone of the protected cable.  

 
 

Setting Value 

CGrid,0 20 µF 

Cdist,0 20 µF 

α 25 

SRR 1&2:{+Ie,+te} 143 0 3, .A s

SRR 1&2: {Ie,te} n/a 

OMT 1&2: {Ie, te} 163 0 9, .A s

Fault location k=0.5 pu 
 

Table 3-3: Adjusted network and relay parame-
ters. 

Figure 3-37: X-Y view of a death-zone development for 
the proposed network parameters.                                          

The Ie,te functionality of the directional relay is disabled since it can only be used 
as a backup for backward faults (inside the distribution string, beyond directional 
relays) and as a backup for the directional functionality. Note that k=0.5 is not the 
only fault location inside the death-zone. From k≈0.33 to k≈0.55 both relays fail to 
pick up. Smaller current settings would result in uncoordinated circuit interruptions.  
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Figure 3-38: OMT2 and SRR2 waveforms during a single phase-to-ground-fault at k=0.5 per unit with adjusted 
network capacitances. SRR2 waveforms have been extracted from the RTDS. No fault clearance. 

Figure 3-38 gives the waveforms as captured from the RTDS COMTRADE-files. It 
is clear that the protection equipment fail to detect and interrupt the single phase-to-
ground-fault. It can be questioned if such a situation would occur in practice: The 
sum of the distribution string’s cables is as long as the sum of the remaining MV 
network’s cables. Moreover, extensive distribution networks are meshed in practice 
which need a sophisticated protection philosophy since the simple relation of Eq. 3.3 
does not hold anymore.  

Although not simulated, a remote phase-to-ground-fault in the distribution string 
will usually cause the overcurrent relays to pick up by the fault current of the rest of 
the MV-network. Therefore, all ground-faults located “beyond” the feeder cables 
should be interrupted before the feeder cables’ overcurrent relays do so. This is a 
serious extension of the proposed relay co-ordination method. This generally means 
that, beside the directional overcurrent relays in the feeder cables that need to be 
installed, every outgoing distribution cable should be protected with an overcurrent 
relay with earth-fault element. This can seriously push up costs for feeder protection. 
Moreover, interrupting ground-faults in distribution strings will increase the total 
down-time for the consumer.  A follow-up relay co-ordination study is needed for this 
challenge.  
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3.6.4 Measurement setup verification at KEMA T&D  
 Although a lot of information about 

QUAD 50E application was provided by 
frequency characteristics, complete veri-
fication should unquestionably allow 
amplifier application within the proposed 
test system. After unsuccessfully apply-
ing an OMICRON relay test set, KEMA 
T&D testing services offered the possi-
bility to verify the test setup. Therefore, 
RTDS primary voltages and currents 
were captured in COMTRADE-format 
and played back at the relay with certi-
fied amplifiers. Current transformer ratio 
(788A/1A) and voltage transformer ratio 
(10400V/110V) have been taken into 
consideration. Figure 3-39 shows the 
KEMA verification setup together with the RTDS amplifier system. Both relay COM-
TRADE-files are compared to the original COMTRADE-files. The network of Figure 2-2 
with the parameters given in Appendix C are used. The fault location is k=0.5 per 
unit. The COMTRADE-file to be replayed follows from a slightly different method 
since the relay may not switch open the simulated circuit. Doing so should imply a 
fault current for only 0.3 s, the pick up time of the relay. Offering this current to the 
relay would increase the risk of undesired drop-off after exact 0.3 s. Therefore, the 
relay trip contact was interrupted to let the short-circuit run for a longer time, 
namely for 0.9s, the earth-fault pick up time of the opposing overcurrent relay.  Now, 
fault currents measured by the relay can be compared accurately. COMTRADE analy-
sis is performed by importing them in Matlab. 

Figure 3-39: RTDS setup and KEMA T&D test setup. Com-
trade files are compared. 

First, the phase angle difference (<Ia-<Ua) between the two tests will be exam-
ined. Voltages are used as a reference for this purpose. Second, phase-currents and 
phase-voltages waveforms are analysed. Finally, zero-sequence voltage and current 
waveforms will be compared for both tests. The relays’ COMTRADE-files have a sam-
ple rate of 800 and therefore 16 samples a period. Unfortunately, transient phenom-
ena are not measured by the relay which makes verification suitable only for steady-
state (short-circuit) voltages and currents. 

Phasor angle difference 
Phase angles are determined using SIGRA, a commonly used COMTRADE viewer 

for Siemens relays.  Phasor-diagrams of steady-state voltages and load currents just 
before fault initiation are shown in Figure 3-40 for KEMA amplifiers (left) and Quad 
amplifiers (right). For system frequency, 50 Hz, phasor angles are not likely to differ 
from each other. Although angle differences have been shown in a table with 2 
decimal places using SIGRA, angles are not determined accurately and differences 
are likely to occur within the measurement accuracy limit of 16 samples a period.  
Nevertheless it can be concluded that voltages and especially currents are well ampli-
fied. In contrast to the frequency characteristic measurements, a current phase lag 
was not measured during the KEMA tests. This is possibly caused by the relative long 
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cables between the toroïdal transformers and the relay’s current input, which in-
creases the resistance and hence decreases the burden’s phase angle. The reader 
should notice that the phase-angle between measured phase currents and voltages is 
about 170°. This is due to the current transformer connection which is busbar-
grounded as shown in Figure 1-10. Load currents will therefore be measured as 
‘backward’ while fault currents will be measured as ‘forward’. 

Figure 3-40: Phase-angles for balanced three-phase voltages and currents. Captured by the 7SJ62 relay. 

Phase currents and voltages 
During fault initiation, a transition between a symmetrical three-phase system and 

an asymmetrical three-phase system takes place. Therefore, it is important to meas-
ure in what way the amplifier reacts on this system change. Stored current and volt-
age waveforms are plotted in Figure 3-41 and compared to the original RTDS wave-
forms which are equal to the waveforms produced by the KEMA amplifier.  
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KEMA COMTRADE Relay at KEMA Relay using QUAD 50E

Figure 3-41: Captured voltage and current waveforms compared to the original KEMA (and thus RTDS) wave-
forms.  

It turns out that the amplified voltage signals are almost exactly equal to the 
original waveforms produced by the KEMA amplifier whereas the captured currents 
differ a little bit. It should be noted that the KEMA amplifier operates at its very 
minimum current level for which secondary currents can be produced. This requires a 
short explanation. Normally, secondary (fault) currents are in the range of a few Am-
peres (Isec,rated=1A)  to considerable high values (up to 250 A for thermal tests). In 
this case, when single phase-to-ground-faults in isolated neutral MV networks are 
present, the secondary currents range from 0 to 1 A. Even with a very small amplifi-
cation error (<0.5%), small deviations in the test results can be expected. Moreover, 
Quad amplifiers are audio amplifiers and are hence not designed for current amplifi-
cation. Captured waveforms give nevertheless a good representation of the original 
signal. 

Zero-sequence voltages and currents 
Since the captured waveforms differ slightly from the original, the secondary cur-

rent measurement circuit is not connected in Holmgreen (Figure 3-17) and hence Ie 
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is fed separately to the relay. Since direction determination is done using zero-
sequence quantities, these waveforms are compared as well. Figure 3-42 shows Uo 
and Ie during fault initiation. It can be seen that the relay fails to measure the dy-
namic current peak correctly. Since the relay operates in definite-time mode, meas-
uring this peak is not of major importance. The steady-state earth-fault current is 
being amplified correctly and the relay trips after 0.3s (not shown). Zero-sequence 
voltage is being calculated from the captured phase voltage waveforms. A small pre-
fault zero-sequence voltage can be observed. This indicates that voltages are not 
amplified completely symmetrically. For direction determination this asymmetry 
should not cause major complications and hence the test results are satisfactory. 
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KEMA COMTRADE Relay at KEMA Relay using QUAD 50E

Figure 3-42: Relay-captured Zero-sequence voltage and earth-fault current compared to the original KEMA 
waveforms. 

It can be concluded that, although small differences occur in comparison to the 
KEMA waveforms, the QUAD 50E amplifiers can be applied within the closed loop test 
system. It is emphasised to the reader once more that captured waveforms have a 
sample rate of only 800 Hz, making the model verification only suitable for relative 
low frequencies.  
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Conclusions and recommendations 

Conclusions 
The thesis presents a detailed relay co-ordination study. Several protection meth-

ods have been discussed. Single phase-to-ground-faults have extensively been stud-
ied and the proposed fault calculation method can be used more generally as well. A 
protection method for single phase-to-ground faults has been established. 

 
Protection equipment should make use of an earth-fault element to detect magni-

tude and direction of the fault current. During a single phase-to-ground fault, the 
RMS value of the zero-sequence current is defined by the total MV network capaci-
tance to ground. Direction is determined by measuring the phase-angle between U0 
and I0. For a fault in ‘forward’ direction (fault inside feeder cable) I0 lags U0 by 90°. It 
is emphasised to the reader that it should be known how current transformers are 
connected before settings are adjusted.  

Overcurrent and directional overcurrent relays should be set using Table 2-2.  The 
current measured by the directional overcurrent relay is mainly dependent on the 
capacitance to ground of the distribution string’s cables and hence determines the 
minimum pick up value. The minimum current setting of the overcurrent relay is also 
dependent on the capacitance of the protected feeder cable.  A margin factor α was 
introduced to prevent incorrect relay pick ups.  

The proposed method protects feeder cables from single phase-to-ground faults. 
The following should be noted about the method’s application: 

• for a 10 km feeder cable α=25 is advised to be chosen; 
• µlim is equal to 0.86 but only for a limited range of network capacitance; 
• The method has only been applied for two parallel cables. More parallel 

cables should lead to less critical protection co-ordination; 
• All phase-to-ground faults in the MV network should be switched off selec-

tively; 
• For the given network, a maximum Cdist,0 of 25 µF can be applied for cor-

rect relay co-ordination; 
The method has been applied for several network sizes. Furthermore, it should be 

noted that cross-country faults (2 single phase-to-ground faults in 2 different cables ) 
have not been discussed in this work. However, fault current direction is not deter-
mined correctly during these faults and therefore, phasor-elements of protection re-
lays should react correctly during these faults.  

 
The RTDS has been used for closed loop application of the 7SJ62 directional relay. 

An interface between the RTDS and the relay has been established. QUAD 50E audio 
amplifiers have been used for correct amplification of voltage and current signals. 
Amplifiers have extensively been tested. Frequency characteristics have been deter-
mined during tests in the faculty’s EPE lab. Amplified voltage and current waveforms 
have been compared to waveforms created by certified KEMA equipment and there-
fore the interface between RTDS and 7SJ62 has been verified. It turned out that 
great similarities exist between both waveforms, allowing the amplifiers to be ap-
plied. The interfacing method has comprehensively been described for further appli-
cation by the faculty.  
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Recommendations 
Regarding to the current results, single phase-to-ground-faults inside feeder ca-

bles can only be interrupted selectively if all ground-faults occurring in the MV net-
work are detected and switched off. This can be avoided by adding another demand 
to the overcurrent earth-fault current pick up setting: The overcurrent relay should 
not pick up on single phase-to-ground-faults beyond the feeder cable. Although this 
will certainly decrease the value of µlim, it is certainly worthwhile to study this in fu-
ture work. Differential feeder protection can also be applied in new feeder cable con-
figurations. 

 
Besides this report, which is mainly a technical one, a complementary reliability 

and financial study is needed in order to develop a feasible protection philosophy. 
Three protection methods should be studied in that case: 

• The discussed method with minimum pick up current setting defined by the 
distribution string’s capacitance; 

• The (still to be technically studied) method by which not every ground-fault 
has to be interrupted, only those in feeder cables; 

• Differential feeder protection. 
 
The used amplifiers are verified and work well for this test setup. However, when 

more sophisticated protection equipment has to be tested, it takes a lot of time to re-
establish the interface between RTDS and relay. Furthermore, no high secondary 
currents (>5A) can be created by the interface. Therefore, if the department consid-
ers to focus on protection studies using the RTDS, the author advises to invest in 
sophisticated, professional amplifiers. 
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Appendix A: Introduction to sequence components 
In this appendix, the theory of symmetrical components is explained briefly. The 

theory of symmetrical components (also: sequence components) is a powerful tool 
for short-circuit calculation and it has been used extensively in this work. The 
method was first proposed in 1918 [28] describing in what way an n phase system of 
asymmetrical phasors can be composed of a n phase system of symmetrical phasors. 
In this case, the transformation decomposes a three-phase system of phasors to 
three balanced three phase systems: 

• Positive-sequence system in which the phasor sequence is clockwise; 
• Negative-sequence system in which the phasor sequence is counter-

clockwise; 
• Zero-sequence system in which all three phasors are equal; 

Figure  A-1: Sequence components [32] 

Figure A-1 depicts the phasor diagrams of a decomposed unbalanced three-phase 
system. For a three phase set of sinusoidal voltages holds: 
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are the RMS phasor quantities. Since both the pre-fault system and the faulted sys-
tem are assumed to be in steady-state, phasor quantities will be used further on. The 
decomposition of the given three phase system in sequence quantities is defined 
as[30]: 
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And consequently for the sequence quantities 
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Similar equations should be used for current phasors. The reader should notice 
that the used transformation is power-variant. Since relays’ setting should be non per 
unit quantities and correct measurement of real power as well as reactive power is of 
minor importance, the power variant symmetrical component transformation is used. 
Moreover, Ie=3I0 and Uneutral=U0 follow directly from the power variant transforma-
tion. 
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Appendix B: On the sequence-component network parame-
ters. 

In this appendix, pi-section’s lumped sequence parameters are derived from 
lumped cable parameters. Results are summarised in Table 1-1. First, sequence pa-
rameters of a bundled three phase cable are derived. Then, sequence parameters of 
three single phase-cables are derived. Zero-sequence parameters can be determined 
by connecting each phase to the same voltage, V0, and measuring the source current 
which is equal to 3I0 [29]. Positive-sequence parameters can be determined by 
measuring phase currents after connection the phases to a balanced three phase 
source.  

Bundled cable 

 
Figure  B-1: Zero-sequence capacitance calculation scheme 

C0 will be derived from the physically lumped capacitances using Figure B-1. First, 
a delta-wye transformation is used to represent the mutual capacitances between 
conductors (Ck) as capacitances to an imaginary neutral point (C’k): 
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For the zero-sequence current I0 now holds: 
0 0, 0, 0k g 0 gI I I j U Cω= + = −       (B.2)

and thus for the measured zero-sequence impedance and capacitance 
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C1 will be derived from the physically lumped parameters using Figure B-2. For the 
phase current holds: 

'( )I I I j V C Cω= + = − +, ,a a k a g an g k       (B.4)
And, according to Eq. A.7 
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Figure  B-2: Positive-sequence capacitance calculation scheme 

R0 and L0 are derived in a similar way as C0. Now only inductances, mutual induct-
ances and resistances have been taken into account. A known source voltage V0 is 
connected to the cable’s conductors according to Figure B-3. At the cable’s end the 
conductors are connected to the cable’s sheath establishing a return path. 

 
Figure  B-3: Zero-sequence impedance calculation scheme 

According to Kirchhoff’s law holds: 
  0 0 0 0 0 0 0 03 3 3 3n s s m mV j LI RI j MI j MI I j M I j M I R I j L 0ω ω ω ω ω ω− − − − + + − − =   (B.7)

after rearranging this yields: 
  ( )0 0 3 3 2 6m mV I R R j L L M Mω= ⎡ + + + + − ⎤⎣ ⎦s   (B.8)

And for Z0: 
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Yielding for R0 and L0 
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m s

R R R
L L L M M

= +
= + + − (B.10)

Where R the conductor’s series resistance in [Ω/km], Rm the sheath’s series resis-
tance in [Ω/km], L the conductor’s series inductance in [H/km], Lm the sheath’s se-
ries inductance in [H/km], M the mutual inductance between conductors in [H/km] 
and Ms the mutual inductance between conductor and sheath in [H/km]. 
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R1 , R2 , L1 and L2 are derived using Figure B-4. A balanced three phase source is 
connected to the cable’s conductors. The voltage drop over the depicted piece of 
cable is calculated assuming a wye connection at the cable’s end. Now the calculated 
currents define R1 and L1. Applying Kirchhoff’s law to the proposed circuit yields 
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Where 
  ( )n a bI I I I= − + + c   (B.12)

Rearranging for Ia,Ib and Ic gives 
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Or in matrix notation 
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The diagonal elements of the obtained matrix, Z012, represent the sequence capaci-
tances of the given network: 
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Figure  B-4: Positive sequence parameter calculation scheme; bundled cable 
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Three single-phase cables 

Figure  B-5a: Zero-sequence capacitance scheme; 
3 single phase cables 
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Figure  B-5b: Positive-sequence capacitance scheme; 
3 single phase cables 

Since inside three single-phase cables the conductors are surrounded by the 
sheaths, no mutual capacitance or inductance exists between phase conductors (Fig-
ure B-5a). Therefore, C0 is determined by the cable’s capacitances to ground. For I0 
holds: 

0 0, 0g gI I j V Cω= =      (B.18)
yielding for Z0 and C0: 
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Analogous to the bundled three phase cable, C1 is determined by calculating phase 
currents as a balanced three phase source is being connected to the cables (Figure  
B-5b). For phase a holds: 

,a a g an gI I j V Cω= = −       (B.20)
And since V1=Va and I1=Ia ,yields  
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Figure B-6: Zero-sequence impedance calculation scheme; three single phase cables. 

R0 and L0 are derived according to Figure B-6. Since no mutual inductances be-
tween conductors are present, Applying Kirchhoff’s law yields for the zero-sequence 
current I0: 
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  0 0 0 0 0 0 0 0s s m mV j LI RI I j M I j M I R I j Lω ω ω ω− − + + − − = (B.22)
after rearranging for V0 and I0  
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And therefore holds for Z0 
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And consequently for R0 and L0 
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Figure B-7: Positive sequence parameter calculation scheme; three single phase cables 

R1 , R2 , L1 and L2 are derived by the same method as bundled cable’s parameters 
have been calculated. Mutual inductances are not present as depicted in Figure B-7. 
A three phase source is connected as the sheaths are connected to the neutral point. 
Kirchhoff’s law yields: 
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Using In=-(Ia+Ib+Ic) together with the proposed matrix methods it can be concluded 
that for R1 , R2 , L1 and L2 holds 

  
( )012(1,1) 0 012(2,2) 1 1 1 012(3,3) 012(2,2) 2

1 2

1 2

; ;Z Z R j L R j L Z

R R R
L L L

ω ω= = = + = + =

= =
= =

Z Z Z Z =

  (B.27)

and thereby concluding the parameter derivation of the sequence parameters given 
in Table 1-1. 
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Appendix C: MV Network parameters 
The aggregated modeled network was already given in Figure 2-2 and is repeated 

for convenience in Figure C-1.  Table C-1 through Table C-3 give the parameters 
of Figure 2-9 and other parameters used during simulation. 

distCgridC

 
Figure C-1: Aggregated MV network 

Source: An infinite grid is used as voltage source. In practice, this is not a correct 
assumption since double and three phase short-circuit current are partly defined by 
the X/R ratio of the HV grid. However, single phase-to-ground-fault currents are de-
fined by the cables’ capacitances and source impedance is of minor importance. 
Transformers: The transformers’ parameters are given by the utility company in 
per unit quantities during no-load and short-circuit. These parameters can directly be 
applied in RTDS. For MatLab/Simulink actual resistances and inductances should be 
calculated. It is important to notice that in the MatLab model, 10.5 kV is used as a 
voltage source and so the transformer parameters must be referred to the MV side. 
Load: active and reactive loads are given in MW and Mvar. However, RSCAD as well 
as MatLab use a voltage dependent load (lumped elements). Therefore, load is mod-
elled as a resistance in series with an inductance. 

Source and HV/MV transformer parameters 

Symbol Value Model 

Vbus,line 110kV RTDS/Simulink 

Esource 6.29kV Matlab 

Rsource/ Zs,0/Zs,1 1e-6 Ω all 

Sbase&Srated,T1 40 MVA all 

VT1,prim/VT1,sec 106kV/10.5kV all 

Vbase 106kV all 

XT1,pu 0.1455 pu RTDS 

RT1,pu 0.0048 pu RTDS 

ZT1,1 1.348+j40.87 Ω Matlab/Simulink 

ZT1,0 2.7+j33.4 Ω Matlab1

                                        
1 Only applicable during neutral to ground connection 
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Cable parameters 

Symbol Value Model 

Cgrid,0
1

 16.8e-6 F  all 

Cgrid,1
1 30.6e-6 F all 

Cdist,0
1
 7e-6 F all 

Cdist,1
1 12.75e-6 F all 

Rshunt 1e-5 Ω Matlab 

C0 0.28e-6 F all 

C1 0.51e-6 F all 

R0 1.097 Ω all 

R1 0.079 Ω all 

L0 3.5014e-4 H all 

L1 2.4192e-4 H all 

length 11  10 km all 

length 21 10 km all 

Zcable1,0 10.97+j1.1 Ω all 

Zcable2,0 10.97+j1.1 Ω all 

Zcable1,1 0.79+j0.76 Ω all 

Zcable2,1 0.79+j0.76 Ω all 

Zf 0.1 Ω all 

Table C-1 

Load parameters 

Symbol Value Model 

Pload 6.3 MW all 

Qload 3 MW all 

Zload,1
2

 5.833+j12.04 Ω Matlab 

Zload,1 0.02+j0.0533 Ω RTDS/Simulink 

Zload,0 1e-6 all 

Table C-2 

                                        
1 Has been varied throughout the work presented 
2 Referred to primary side of MV/LV transformer 
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MV/LV transformer parameters 

Symbol Value Model 

Srated,T2 10 MVA all 

VT2,prim/VT2,sec 10.5kV/400V all 

Sbase 10MVA all 

Vbase 10.5kV all 

XT2,pu 0.18 RTDS 

RT2,pu 0.02 RTDS 

ZT2,1
1

 

 

0.2205+j1.9845 Ω  Matlab/Simulink 

ZT2,0
2 1e-6 Ω all 

Table C-3 

                                        
1 Referred to the primary side of the MV/LV transformer  
2 Value not given by the utility company. Therefore, a very small value has been used. 
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Appendix D: Quad 50E circuit diagram 

Figure  D-1: QUAD 50E electronic scheme 
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Appendix E: Glossary of symbols 
Symbol Description Unit 

Ln Grounding inductance [H] 

Rn Grounding resistance [Ω] 

C0G,n Capacitance to ground of cable n [F] 

Xc0,network 
Cumulative capacitive reactance to ground of the MV 

network [Ω] 

C0,network 
Cumulative capacitance to ground of the MV net-

work [F] 

RCA Relay Characteristic Angle [°] 

MTA Maximum Torque Angle [°] 

ϕsc Short-circuit angle [°] 

I0 Zero-sequence current [A] 

Ie 3I0 [A] 

Ie,dist Distribution string’s earth-fault current contribution  [A] 

Ie,grid 
Substation side MV network earth-fault current con-

tribution [A] 

Cdist,0 Distribution string zero-sequence capacitance [F] 

CGrid,0 MV network side zero-sequence capacitance [F] 

Ccable,0 Feeder cable’s zero-sequence capacitance [F] 

Ie,OMT Earth-fault current measured by overcurrent relay [A] 

Ie,SRR 
Earth-fault current (3I0) measured by directional 

overcurrent relay [A] 

Ie,7sj62 Earth-fault current (-3I0) as used by the 7SJ62 relay [A] 

Zf Fault impedance [Ω] 

( ),
a
m n vI →  Phase current flowing from node m to node n in ca-

ble v [A] 

α Fault current setting margin - 

µlim Capacitance limit ratio for correct relay co-ordination - 

k Fault location [pu] 

X 

 

Complex RMS value(phasor)[33]  - 

X RMS value[33] - 
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