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Abstract—In the planning of the electrical transmission system
it is of greatest concern to quantify the security margin for
unwanted conditions in the system. This paper proposes an ap-
proach based on quantifying the risk of insufficient transmission
capacity in bottlenecks in the system. Stresses in these critical
transfer sections (CTS) provide a potential risk to corrective
actions, or worst, load curtailments. The proposed method
provides a general screening of component outages in order to
find potential risk events for the CTS. Furthermore, the severity
of each risk event is quantified based on the likelihood of the
event and the consequence on the section’s transmission capacity.
The components’ contribution to the risk of insufficient capacity
in the CTS is then based on these risk events’ severity. The
method investigates several forecasted load levels during the year
and consequently gives an input to a scheme for a risk based
transmission system planning. The method is demonstrated on
the reliability test system RBTS.

Index Terms—Power transmission reliability, power system se-
curity, reliability modeling, risk analysis, power system planning.

I. INTRODUCTION

ELIABILITY security assessments are of great concern

for the transmission system operator. The operator and
planner need simple and intuitive criteria to be able to make
a judgement on the present or future security margin in
the system. A common approach is to define and supervise
critical transfer sections (CTS) in well known bottlenecks
of the system. The maximum allowed power for each CTS
is then set in accordance to accommodate the loss of any
single major component, defined in a contingency list. The
component outage with the largest consequence in the list,
at the given system conditions, sets the CTS limit. However,
the contingency list normally only includes single component
outages and there is a grade of uncertainty if the list really
includes the actual major component outages at different load
conditions. With a limited number of assessed contingencies
the worst outage may be missed. Furthermore, the evaluation
takes no concern of the likelihood of the outage events and
non-optimal decisions may therefore be the result in the
planning and expansion process.
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Relatively few methods have been published that quantifies
the power system security by considering the likelihood of
component outages and the consequences to the system. One
is the well-being analysis framework, where the deterministic
N-1 security criterion is combined with probabilistic concepts
in order to quantify the degree of success in the operating states
of the transmission system [1], [2]. The measured consequence
is here the amount of load shed necessary to keep the system
stable or to avoid system violations such as line overloads.
The results of well-being analysis are quite intuitive; e.g.
how frequently the system will experience a violation to the
N-1 criterion. The method is however dependent on adequate
models for load shedding and system restoration after outage
events; two properties that are complex to model correctly. In
[3] the outage events’ consequences instead are quantified in
terms of thermal component overloads directly after the event.
A high overloaded component gives a high estimated value
of the monetary risk. The total component overload risk for a
branch (e.g. a line or a transformer) is evaluated for each hour,
given the included outage events probabilities, a load forecast,
and the estimate of the overloads monetary risk. Given this,
the annual component risk or the total system risk for each
hour can be determined.

This paper proposes an approach that is similar to the
method presented in [3]. Instead of evaluating separate
branches, the risk of insufficient transmission capacity in the
system’s CTSs is quantified. Our hypothesis is that, if the
assessed CTSs are the bottlenecks in the system, the condition
of these transfer sections indicate the condition of the system
transmission capability at different load levels. A stressed CTS
implies a small security margin in the system which in its turn
implies a higher risk for load curtailments for the customers.
The method gives a systematic analysis of the consequences
of outage events impact on a CTS capability to transfer active
power for a number of load levels. The outage events include
single- or multiple component outages of technical nature.

II. TRANSMISSION SYSTEM RELIABILITY

Power system reliability is often divided by the two func-
tional aspects of system adequacy and security. Adequacy is
considered to be the existence of sufficient facilities within a
power system to satisfy the customer demand. System security,
which is considered in this paper, is the ability of a power
system to respond to disturbances arising within that system
[4]. A power transmission system is a complex technical
structure, consisting of a large number of interconnected



subsystems and components which interact and influence on
the overall system reliability. One definition of reliability is the
ability of a component or system to perform required functions
under stated conditions for a stated period of time [5]. The
required function is here to supply the aggregate electric power
and energy requirements of the customer, both generation and
end users (load points), at all times.

Reliability assessments of the transmission system are often
included in the decision making of e.g. new investments,
maintenance and operation of the system. These assessments
can be evaluated with a deterministic or probabilistic criterion,
each with its own advantages. The key advantages for the
probabilistic approach are the ability to quantify the stochastic
nature of the system and to, ideally, include all combinations
of component outages in the model. It is, however, far more
complex to model, evaluate and maintain than the often more
intuitive, simple implemented and easy assessed deterministic
criteria.

The deterministic N-1 criterion has traditionally provided
a security level for the transmission system in the design,
planning and operation of the system. This criterion is a rule
according to which the system must be able to withstand
the loss of any single component [6]. The fulfilment of the
N-1 criterion is normally checked for a list of major outages
(e.g. loss of largest production unit or line) in a contingency
security analysis, which can include both steady-state (static)
and transient (dynamic) analysis. In both real-time operation
and planning of the transmission system, it is common to only
check the fulfilment of the N-1 criterion in a number of CTSs.
A CTS is normally defined as a geographical cut-line across
certain lines, where the present transfer on the CTS is the sum
of all included lines active power flow. The transfer limits
in these sections are adjusted regularly and are set to fulfil
the N-1 criterion given thermal and stability constraints from
the contingency analysis. The CTSs’ active power margins are
then evaluated continuously to give one measure of the present
system security level.

The contingency list normally consists of single component
outages based on expert judgements and system model anal-
ysis. Two weaknesses of the N-1 criterion are firstly, the lack
of evaluation of multiple component outages and secondly, the
absent of any estimate of the likelihood of the outage. These
weaknesses can lead to a misjudgement of the true critical
outages. A single component outage with large consequences,
but with a very low probability of occurrence may be consid-
ered more important than a multiple component outage with
the same consequences but with higher probability. One other
weakness with the N-1 criterion in system planning is that the
contingency analysis normally is performed in a worst case
scenario at a system peak load level. The expected probability
for this load situation may be very small and this may therefore
lead to a misjudgement of the, most time of the year, actual
risk outage events. It can be noted that a number of historical
blackouts has occurred during a non-peak load situation, e.g.
in Sweden 23rd September 2003 [7] and Europe 4th November
2006 [8].

IIT1. PROPOSED METHOD

The proposed method quantifies and ranks the outage events
impact on a CTS at different load levels. The outage events
consequence on the system’s load points are not considered
here. Instead the condition of the system’s transmission ca-
pacity is studied by the assessment of one or several CTSs.
The result is a list of outage events with the highest risk
of overloading a defined CTS for each assessed load level.
These results are then used to determine how each examined
component in the system contributes to the risk of overloading
the CTS at different load levels.

A. Method description

Preparation of system model

1) The transmission system model is defined at component
level. Each line, circuit breaker, disconnector, etc. is rep-
resented in the model. Impedances for the transmission
lines, together with generator and load bus parameters
are set in order to perform ordinary load flow analysis.

2) A CTS is defined with a maximum power transfer limit.
This consists of e.g. two important lines in the system
with the two lines’ thermal limits in MW. However, other
limits than thermal can be used and the CTS can be
arbitrarily defined.

3) A load level in p.u. of the system peak load is set.

4) The expected failure rate (Acomyp) and expected restora-
tion time (rcomp) are set in those components which
impact on the CTS is to be studied. Maintenance outage
rate and maintenance time is also set as a second failure
mode.

System analysis

5) A list with single and multiple component outage events
is constructed. The expected outage rate ()\;) and ex-
pected restoration time (r;) for each event is deter-
mined by the involved components’ reliability data. The
component outages in each event are assumed to be
independent.

6) Each outage event’s impact on the studied CTS active
power transfer is evaluated with a load flow analysis.
Outage events that result in an overload of the section
are referred to as risk-outages. Outage events that result
in a 0 MW transfer capability of the section are referred
to as rotal-outages.

7) A total screening of the outage events’ impact on the
CTS is visualized in a diagram in order to evaluate
potential risk-outages. The diagram gives an overview
of each outage event’s expected outage rate versus its
resulting relative loading on the CTS after the event.
If single component outages are present as risk-outages
this implies that the N-1 criterion is not fulfilled for the
CTS before the event, and thereby also the system for
the studied load level.

8) The severity of each risk-outage on the CTS is then
quantified given the events’ expected outage and restora-
tion rate and resulting CTS loading. The proposed risk
index, I is defined in (1) below.



Result evaluation

9) The risk-index I7¥** provides a ranking of the severity
of each risk-outage, based on the overload of the CTS
and the likelihood for this event to occur.

The risk-index I7*s* is not defined for total-outages.
These have to be treated separately and are ranked with
respect to their expected frequency of outage.

As one final assessment the list of risk-outages should
be examined manually in order to identify if any com-
ponents dependency is present in the events. If this is
the case, an extra risk factor must be added to the risk
given by the risk index defined in (1).

Outage events that are known to have other constraints
on the CTS transfer limit than thermal, such as voltage
or angle stability, could be assessed more in detail. This
is because the thermal limit normally only provide the
upper limit of the section’s maximum transfer capability.
By adding the IF*** for each risk outages’ involved
components, a cumulative risk is given per component
in the system. This gives a measure of the components
contribution to the risk of overloading the section. The
components’ associated risk, referred to I£:% | is then
sorted in order to determine which components that has
the highest impact on the CTS capability to transfer
power for the studied load level.

Step 3 to 13 is repeated for each load level to be studied
in the system.

10)

11)

12)

13)

14)

B. Index for risk outages, I1¥sk

The risk index Ik in (1) is defined to quantify the
likelihood and consequence of outage events having severe
impact on the CTS’s capability to transfer active power. The
index is only defined for risk outages e.g. outages which
result in an overload on the studied CTS. The first part in
(1) describes how likely the outage is to occur and for how
long it is expected to last. The second part quantifies the
severeness of the risk outage’s overload of the section. This is
the relative loading of the section after the outage event and
this part increase in quadrate with the overload. The quadratic
property is justified by the fact that the heating of a conductor
is proportional to the current squared.
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where:

A; = expected frequency for outage event i [1/yr],

r; = expected restoration time for outage event i [h],

8760 = hours per year,

P, ter_s= active power transfer in CTS after outage event i,
Plimit_after_i = active power transfer limit in CTS after
outage event i.

IV. RELIABILITY TEST SYSTEM RBTS
A. Brief description

The Roy Billinton test system (RBTS) is a model for
reliability studies at the transmission level. Table I gives a brief

TABLE 1
RBTS SUMMARY OF SYSTEM DATA [9]

Number of buses 6
Number of generators 11
Number of load points 5
Number of transmission lines 9
Number of generation buses 2
Installed generation [MW] 240
System peak load [MW] 185
AC nominal voltage [kV] 230
G5 -5MW
G1-40 MW G6 —-5MW
G2 - 40 MW G7 -40MW
G3- 10 MW G8 —20 MW
G4-20 MW G9 -20 MW
L3 G10-20 MW
G11-20 MW
Bus 1 l Bus 2
(20 MW)
L1 L6 L2 L7
Critical transfer [ . N R Critical transfer
section 1 section 2
L4
Bus 3 | | Bus 4
L5 L8
@MW) Y Y (4o Mw)
Critical transfer
section 3 Bus 5
-
L9 (20 MW)
—— 3
¥ 20MwW)

Fig. 1. A simplified single line diagram of RBTS, referred to as RBTS(1).

summary of the system properties. The system data is defined
in [9] and results with system and load point reliability indices
are presented in [10]. In five of RBTS six buses (Bus 2-Bus 6)
load points are present and for two of these (Bus 2 and Bus 4)
the underlying distribution system is defined in detail in [11].
In this paper only the transmission system of RBTS is studied,
with the distribution systems represented as single load points
(LP).

RBTS has in this paper been modelled in one basic and
one extended version, referred to as RBTS(1) and RBTS(2),
shown in Fig. 1 and 2, respectively. Three CTSs have in this
paper been specified for three line pairs, as seen in the figures.

The system frequency is not specified in [9]; in this paper
it is assumed to be 60 Hz. The w-model is assumed for the
transmission lines. The electrical and reliability data for the
components is assumed to be ideal if nothing else is specified.

B. Electrical data

The system has two generator (PV) buses and four load
(PQ) buses. The voltages at the PV buses (Bus 1 and Bus 2)
are controlled to 1.05 p.u. The voltage limits in the system
are between 0.97 p.u. and 1.05 p.u. [9]. Table II shows the
electrical data and lengths of the nine lines in the system.

Table III shows the load data for the LP:s at a system peak
load. The load variation in RBTS (i.e. in p.u. of the peak
load) is specified as the same as in IEEE-RTS [12]. The load
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Fig. 2. Extended single line diagram of RBTS, referred to as RBTS(2), with
the buses’ substation configuration.

TABLE 11
RBTS TRANSMISSION LINE DATA [9]
Line | From To | Length | Impedance (p.u.) | Susceptance
Bus Bus (km) R X B/2 (p.u.)
L1 1 3 75 0.0342 0.18 0.0106
L2 2 4 250 0.114 0.6 0.0352
L3 2 1 200 0.0912 0.48 0.0282
L4 4 3 50 0.0228 0.12 0.0071
L5 3 5 50 0.0228 0.12 0.0071
L6 1 3 75 0.0342 0.18 0.0106
L7 2 4 250 0.114 0.6 0.0352
L8 4 5 50 0.0228 0.12 0.0071
L9 5 6 50 0.0228 0.12 0.0071

Sbase = 100MV A, Upyse = 230kV
Max current capacity for lines:
L1 and L6 — Imae = 0.85 p.u., other line — I;paz = 0.71 p.u.

in each LP is assumed to consist of two categories, one firm
load and one curtailable load. The latter part is set to 20% of
each LP’s load in RBTS. No load shedding policy, in case
of severe outage events, has been specified in [9]. In this
paper the priority order policy, defined for RBTS in [13], is
implemented.

The ratings for the eleven generators in RBTS are given in
Table IV. Generator G1 (in Bus 1) is set as the slack generator
in this paper. G7 (in Bus 2) act as slack if Bus 1 is isolated.
The scheduled generation in Bus 2 during peak load, given an
intact system situation, is 120 MW.

TABLE III
LOAD DATA FOR THE FIVE LOAD POINTS IN RBTS [9]
Load point | Active load (peak) | Reactive load Priority
[MW] [Mvar] order![13]

LP2 20.0 0 1
LP3 85.0 0 5
LP4 40.0 0 3
LP5 20.0 0 2
LP6 20.0 0 4
Total 185.0 0 -

1'LP3 is curtailed first with up to 20% of its load. After this, if
necessary, the LP:s is curtailed with up to 20%, following the
priority list order.

TABLE IV
RATINGS FOR THE ELEVEN GENERATORS IN RBTS [9]
Capability
Generator | Location | Rating [Mvar] Type
[MW] | Min | Max
G1,G2 Bus 1 40 -15 17 Thermal
G3 Bus 1 10 0 7 Thermal
G4 Bus 1 20 -7 12 Thermal
G5,G6 Bus 2 5 0 5 Hydro
G7 Bus 2 40 -15 17 Hydro
G8-Gl11 Bus 2 20 -7 12 Hydro
TABLE V

RBTS COMPONENT RELIABILITY DATA [9]

Transmission Line (L)

Permanent outage rate [f/yr,km] 0.02
Average outage duration [h] 10

Circuit Breaker (CB)

Active failure rate [f/yr] 0.0066
Average outage duration [h] 72
Maintenance outage rate [f/yr] 0.2
Maintenance time [h] 108
Busbar (BB)

Failure rate [f/yr] 0.22

Average outage duration [h] 10
Station Transformer (TR)

Failure rate [f/yr] 0.02
Average outage duration [h] 768
Maintenance outage rate [f/yr] 0.2
Maintenance time [h] 72

C. Reliability data

Table V shows the component reliability data for; the lines,
circuit breakers (CB), busbars (BB) and transformers (TR) in
RBTS. It can be noted that the reliability of the components
are relatively low compared to statistics for existing systems.

D. Specification of RBTS(1)

Fig. 1 shows the single line diagram of RBTS(1). This ver-
sion of RBTS has a single busbar as substation configuration.
All outgoing feeders from the BBs include a perfect CB, with
a disconnector (DISC) at each side.

RBTS(1) only includes reliability data for the nine trans-
mission lines L1-L9.

E. Specification of RBTS(2)

Fig. 2 shows the single line diagram of RBTS(2). In this
extended version of RBTS, the substation configuration for



TABLE VI
THE ADDITIONAL NUMBER OF COMPONENTS IN RBTS(2) [9]

Number of busbars (BB) 32
Number of circuit breakers (CB) 32
Number of disconnectors (DISC) | 51
Number of transformers (TR) 14

TABLE VII
LOAD FLOW RESULTS FOR AN INTACT RBTS AT THE PEAK LOAD 185 MW

Node result

Node | Voltage Voltage Load Generation
(kV) angle (°) | MW) | (MVAr) | (MW) | (MVAr)
Busl 241.5 0.00 0 0 70.1 8.6
Bus2 241.5 7.26 20 0 120 -13.9
Bus3 237.2 -4.60 85 0 0 0
Bus4 236.9 -4.19 40 0 0 0
Bus5 236.3 -5.71 20 0 0 0
Bus6 235.4 -7.03 20 0 0 0
Total - - 185 0 190.1 -5.3
Line flow result
Line Psent Qsent Losses Loading in %
(MW) (MVAr) MW) | (MWAr) of max limit
L1 48.89 2.30 0.74 1.62 57
L2 35.82 -3.60 1.33 -0.67 50
L3 28.35 -6.67 0.68 -2.69 40
L4 591 -3.18 0.01 -1.46 8
L5 17.19 -0.39 0.06 -1.17 24
L6 48.89 2.29 0.75 1.62 57
L7 35.82 -3.60 1.33 -0.67 50
L8 23.08 -2.69 0.12 -0.89 32
L9 20.09 -1.03 0.09 -1.03 28

the buses is modelled in detail in accordance to [9]. Table VI
shows the additional number of components that are included
in the model compared to RBTS(1). The total number of
assessed components is 87 (9+32+32+14). The generators
and disconnectors are included in the system model, but are
assumed to be 100% reliable.

The circuit breakers and transformers include both an active
failure mode and a maintenance outage mode. It is assumed
that a component is not taken out for maintenance if it causes
system violations.

F. Load flow results for intact system

Table VII shows the load flow result for an intact RBTS(1)
and RBTS(2) during the peak load. The table shows that the
north-to-south lines L1, L2, L6 and L7 are relatively high
loaded during this load situation. These four lines are normally
the bottlenecks of the system, due to the large power flows
from the production areas in north to the consumptions in
south.

G. Implementation of RBTS

The two models of RBTS have been implemented in the
commercial computer program Neplan by BCP [14]. For
each outage event the influences on the system’s load and
generation, tripping of circuit breakers etc., is displayed to the
user in a failure effect analysis (FEA). The FEA list also shows
a time-stamped list of all corrective actions needed seconds or
minutes after the event, such as e.g. manual disconnections
of overloaded lines. Each event’s effect on the line power

flows may also be displayed. The program evaluates the outage
events with an a.c. load flow method, and if this not converges
it falls back on a d.c. load flow method.

V. RESULTS

The proposed method is applied on CTS 1 (i.e. line L1 and
L6) in RBTS(1) and RBTS(2). Four discrete load levels from
0.7 to 1.0 p.u. of the peak load (185 MW) are studied in this
paper. The load is scaled proportionally in all load points. The
scheduled generation in Bus 2 is adjusted in each load level in
order to keep the same generation proportion of Bus 1 and Bus
2 as for the system peak load. The maximum thermal transfer
limit for CTS 1 is, given the sum of I,,,, for each line in
Table II, 170 MW if a nominal voltage with a unity power
factor is assumed. First and second order component outages
are evaluated. The notation of e.g. L1+L2 includes both the
outage event L1+L.2 and L2+L1, which are treated identically.

A. RBTS(1) - CTS 1

Fig. 3 shows the general screening of the assessed outage
events impact on CTS 1 in RBTS(1). The relative loading in
CTS 1 for an intact system, and at a system peak load (1.0
p-u.), is 57% of the maximum. If e.g. the outage event L1 or
L6 occurs, this results in a change of loading from 57% to
102% at this load level according to the upper right of Fig.
3. If the same events occur at a system load level of 0.9 p.u.,
the impact on CTS 1 is 90% of the maximum allowed transfer
capacity. The events have an expected frequency of 1.5 times
per year, as shown in the figure. Several events have identical
positions in the diagram for all four system load levels, e.g.
L1+L2 and L1+L7.

All events on the right hand of the dashed vertical line
are overloads of the section and these are the risk-outages
for CTS 1. The right column shows the total-outages, i.e.
outage events that result in a 0 MW transfer capability for
the CTS, and for which the risk index I/¥¢* is not defined.
These outages are not dependent of the system load level.

Table VIII presents a ranking of the assessed outage events
with the total-outage on top followed by the risk-outages
which severity is quantified with (1) for each system load
level. As shown both in Table VIII and in Fig. 3 no risk-
outages results in an overload of the CTS for the 0.7 and 0.8
p.u. load levels. Four risk-outages results in an overload at the
0.9 p.u. level, and eight at the 1.0 p.u. load level.

Table IX shows the components cumulative risk, 5% .
of overloading CTS 1 at four different system load levels.
According to this table the loss of line L1 or L6 has the largest
impact on CTS 1 transfer capability for the peak load scenario.
This is expected since these two lines actual defines CTS 1.
Moreover, a relatively frequent single component outage (L1
or L6) results in an overload for the CTS and this increase
the ranking for these two components. L2 or L7 are the next
components in the list, and this is explained by the re-direction
of large active power flows from north-to-south through CTS 1
if these components suffer an outage. For the 0.9 p.u. load
level, the components L1, L2, L6 and L7 are equally important
for CTS 1 capability to transfer active power.
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Total-outages

Screening of 45 outage events impact on CTS 1 capability to transfer power in RBTS(1) at four different system load level scenarios from 0.7-1.0

p.u. of the peak load. For all events the 1.0 p.u. level represent the most right of the scenarios. The y-axis shows the expected frequency of the outage event
to occur and the x-axis the resulting relative loading on the CTS after the event.

Since a single component outage (L1 or L6) result in an
overload of CTS 1, it can be argued that the intact RBTS(1)
does not fulfil the N-1 criterion for the peak load level.
The system operator’s implementation of the criterion may
however permit such violations if the time for corrective
actions is reasonable. Moreover, in RBTS the system load is
in the interval 0.9-1.0 p.u. approximately 1.4% of the year
[9], and this could also be taken into the consideration in the
system planning.

B. RBTS(2) - CTS 1

Fig. 4 shows the general screening of the assessed outage
events impact on CTS 1 in RBTS(2). Only a few names for
the total 7395 assessed events at four different load levels
are shown. The total computational time was approximately
40 min on an ordinary PC. The screening diagram provides
a good overview of the outage events risks to the CTS at
different system load levels, especially when the number of
assessed events grows larger. The risk for events with large
consequences but low expected frequencies can be evaluated
and compared with events with the opposite situation. How-
ever, the severity of total-outages in the right side diagram is
difficult to compare with risk-outages, since the consequence
of the first category is infinite large for the CTS. The expected
frequency of these events gives at least an indication of their
associated risk.

Table X shows a selection of the resulting ranking of the
total- and risk-outages. Total-outages are sorted by descending
i, and these are independent of the system load level. The
risk-outages are sorted with a descending I7¥** for each

TABLE VIII
OUTAGE EVENTS WITH IMPACT ON CTS 1 CAPABILITY TO TRANSFER
ACTIVE POWER IN RBTS(1)

Outage X i Loading CTS 1 Risk index ITtsF
event i (flyr) (h) after event i (%), (x1079), at
(x1072) at system load (p.u) system load (p.u)
07-08-09-10 | 07-08-09-1.0
Total-outages’
LI+L6 [ 051 [ 5] - | -
Risk—outages2
LI1+L2 1.71 5 72 -97 - 112 - 127 0-0-122-158
L1+L7 1.71 5 72 -97 - 112 - 127 0-0-122-158
L6+L7 1.71 5 72 -97 - 112 - 127 0-0-122-158
L2+L6 1.71 5 72 -97 - 112 - 127 0-0-122-158
L1 150 10 | 52-78 - 90 - 102 0-0- 0-179
L6 150 10 | 52-78 - 90 - 102 0-0- 0-179
LI1+L8 0.34 5 56 -82- 94 -107 0-0- 0-223
L6+L8 0.34 5 56 -82- 94 -107 0-0- 0-223
L1+L4 0.34 5 57 -81- 93 - 105 0-0- 0-222
L4+L6 0.34 5 57 -81- 93 - 105 0-0- 0-222
LI+L5 0.34 5 52 -77 - 89 - 101 0-0- 0-199
L5+L6 0.34 5 52 -77 - 89 - 101 0-0- 0-199

! Total-outages always result in a 0 MW transfer capability for the CTS
2 Risk-outages are events that result in a CTS overload (>100%) in at least
one system load level.

studied load level. A number of events (e.g. L2+CB3:3) results
in an overload in CTS 1 for all four load levels.

Table XI shows the resulting ranking of the components’
cumulative risk of insufficient transmission capacity in CTS 1
in RBTS(2) for each studied load level. This result provides
information of the assessed components’ importance for CTS 1
capability to transfer active power in RBTS(2). The compo-
nent ranking at each load level shows that the component
importance is highly dependent of the system load level. At



TABLE IX
THE COMPONENTS’ RISK OF OVERLOADING CTS 1 IN RBTS(1) AT FOUR
DIFFERENT SYSTEM LOAD LEVELS

Component Associated risk, I, géﬂf (><10*6),
P
(Comp) at system load level (p.u.):
0.7 0.8 0.9 1.0
L1 0 0 24 1834
L6 0 0 24 1834
L2 0 0 24 32
L7 0 0 24 32
L8 0 0 0 4.5
L4 0 0 0 4.3
L5 0 0 0 4.0
L3 0 0 0 0
L9 0 0 0 0
TABLE X

OUTAGE EVENTS WITH IMPACT ON CTS 1 CAPABILITY TO TRANSFER
ACTIVE POWER IN RBTS(2)

Outage X r; | Loading CTS 1 Risk index [TtsF
event i (f/yr) (h) | (%) after event i, (x1079), at
x1072 system load(p.u) system load(p.u)
0.7-0.8-0.9-1.0 0.7-0.8-0.9-1.0
Total-outages
L1+L6 0.51 5 - -
BB5:3+L1 0.07 5 - -

(48 additional total-outages not displayed here)

6 selected Risk-outages

L2+CB3:3 0.031 9 101-117-133-149 | 0.32-0.42-0.55-0.69
L1+CB2:4 0.009 9 102-117-133-150 | 0.10-0.13-0.16-0.21
L8+CB3:3 0.006 9 102-117-133-150 | 0.06-0.08-0.11-0.14
L14L2 1.71 5 72- 97-112-127 0- 0-12.2-15.8
L2+L6 1.71 5 72- 97-112-127 0- 0-12.2-15.8

L1 150 10 67- 78- 90-102 0- 0- 0-1797

(864 additional risk-outages not displayed here)

1.0 p.u, the eight most important components are the two
lines in CTS 1, the four connecting BBs at each side of the
two lines, and associated circuit breakers to these BBs. The
results for each line and their associated components in the
substations are symmetrical. This is not the case at the system
load level 0.7 p.u., where e.g. the line L1 is present, but not
L6. The system topology and substation design seems to be
more important to the result at lower load levels. One example
is the circuit breaker CB3:3, located in Bus 3 between the
ingoing lines L1 and L4 (see Fig. 2), which is top ranked for
the 0.7 and 0.8 p.u. load level. It is included in a number of
high ranked risk-outages, e.g. L8+CB3:3 which results in the
tripping of L1, L4 and L8, and all power to Bus 5 and Bus 6
is redirected via the remaining line L6 in CTS 1.

VI. DISCUSSION

The presented method provides a systematic analysis and
ranking of outage events’ risks on insufficient transfer capacity
for one or more selected CTSs at different load levels. Hence,
it is not an assessment of the overall transmission system
security. An outage event may have a small impact on one
CTS, but yet result in severe consequences for the overall
system security. However, if the assessed CTSs represent the
actual transmission bottlenecks in the system, the method
provides the potential risk outages for the overall system

TABLE XI
TOP EIGHT COMPONENTS’ RANKING OF OVERLOADING CTS 1 IN
RBTS(2) AT FOUR DIFFERENT SYSTEM LOAD LEVELS

The components associated risk, I, gijffp (x1079),
at system load level (p.u.):

0.7 0.8 0.9 1.0
CB3:3 051 | CB3:3 0.69 | L1 41 L6 1887
L2 032 | LI 0.53 | L6 40 L1 1884
CB2:4 0.13 | L2 042 | L2 34 BB7:1 277
L1 0.10 | CB5:2 032 | L7 34 BB5:3 277
L8 0.06 | L6 031 | TR_.G9 11 BB4:1 277
CBl1:4 006 | CB6:2 026 | TR_.G8 11 BB3:3 277
BB4:1 001 | CB9:2 025 | TR.G7 9 CB3:3 659
BB3:3 001 | CB2:4 0.18 | BB4:1 6 CB4:1 62.1

transfer capability, which gives an indication of the risks to
the overall system security for the assessed load levels.

The index IZ-RZ'S’C in (1) increase in quadrate with the
overload at the CTS. This definition is physical justified if the
transfer limit for the CTS is set by thermal properties. The
limit can however be arbitrary set in the method and then the
quadrate property may be reassessed. One example is when
the maximum allowed transfer limit is set in respect to fulfil
the N-1 criterion given voltage or angel instability constraints.

The outage restoration time 7; in I7** capture how long
the system is going to be in a strained condition during
the restoration of the components in the outage event. One
alternative is to let r; represent the time it takes to perform
corrective actions by the operator, although this parameter can
be difficult to estimate.

The result of the component importance ranking in RBTS(2)
shows that this is highly dependent on the studied load level
and the substation design. Hence, the impact of alternative
substation configurations would be interesting to investigate.

An annual component ranking, based on the component
ranking for a number of discrete load levels and their expected
durations, is left for future work.

VII. CONCLUSIONS

This paper has presented a method for quantifying the
transmission system components’ contribution to the risk of
insufficient power transfer capacity in CTSs. The result is a
ranking of the potential risk events, and the most important
components for each CTS and load level. This result can be
used in the future decision making in transmission system
planning and system expansion.

With the restriction of only evaluating the consequences in
a few transfer sections in the system, the proposed method
provides a quantitative measure on the potential risks to the
system security at different load levels.

Further analysis on larger power systems and with other
transfer limits than thermal may show the feasibility of the
proposed method on existing systems. For large systems the
computational speed of the method may be necessary to
improve with a more efficient selection of the analysed outage
events.
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