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Abstract 

In the first section of the deliverable is reported for reference the taxonomy for the 
components of an Electric Power Network (EPN), obtained through a survey of the technical 
literature on fragility models for such components. Details on this survey are included in 
deliverable report D3.3. Subsequently, the report deals with the analysis of an EPN in a 
seismically active environment. This analysis is carried out at the capacitive level, i.e. not 
simply focusing on connectivity, but also computing the powers and voltages in the network, 
both in the undamaged or reference condition and in the damaged one. In the latter 
condition, when at least one component in a substation is broken, one or more short-circuits 
take place and attempt to spread inside the station and eventually in the whole network.  
Based on the typical layout of substations, it is presented the method adopted in SYNER-G 
for the analysis of short-circuit propagation, both inside the single station and in the whole 
network. The last section presents the equations governing the power flow in steady state 
and the consequences of damage on the solution. 

Keywords: substation, short-circuit, power flow, steady state, admittance matrix 
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1 Taxonomy of electric power networks 

1.1 DESCRIPTION AND ANALYSIS OF AN ELECTRIC POWER NETWORK 

A modern Electric Power Network (EPN) is a complex interconnected system that can be 
subdivided into four major parts: 

o Generation 

o Transformation 

o Transmission and Distribution 

o Loads 
These are briefly described in the following sections. The interested reader can also see Saadi 
(2002). 

Generation of electric power is carried out in power plants. A power plant (Fig. 1.1) is composed 
of several three-phase AC (Alternate Current) generators known as synchronous generators or 
alternators. Synchronous generators have two synchronously rotating fields, one of which is 
produced by the rotor driven at synchronous speed and excited by DC (Direct Current), while 
the second one is produced in the stator windings by the three-phase armature currents. The 
DC current for the rotor windings is provided by the excitation systems, which maintain 
generator voltage and control the reactive power flow. Because of the absence of the 
commutator, AC generators can generate high power at high voltage, typically 30 kV. In a 
power plant, the size of generators can vary from 50 MW to 1500 MW. 

            
Fig. 1.1 Power plant  

At the time when the first EPNs were established in the world, individual electric companies 
were operating at different frequencies anywhere, in US ranging from 25 Hz to 133 Hz. As the 
need for interconnection and parallel operation became evident, a standard frequency of 60 Hz 
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was adopted throughout the US and Canada, while most European countries selected the 50 
Hz system. These two AC frequencies are still in use at the present time. 

The source of the mechanical power, commonly named “prime mover”, may be hydraulic 
turbines at waterfalls, steam turbines whose energy comes from the burning of coal, gas and 
nuclear fuel, gas turbines or occasionally internal combustion engines burning oil. Many 
alternative energy sources, like solar power, geothermal power, wind power, tidal power and 
biomass, are also employed. 

One of the major components of a power network is the transformer (Fig. 1.2), which transfers 
power with very high efficiency from one level of voltage to another level. The power transferred 
to the secondary winding is almost the same as the primary, except for losses in the 
transformer. Therefore, using a step-up transformer of voltage ratio a will reduce the secondary 
current of a ratio 1/a, reducing losses in the line, which are inversely proportional to voltage and 
directly proportional to distance. This makes the transmission of power over long distances 
possible. At the receiving end of the transmission lines step-down transformers are used to 
reduce the voltage to suitable values for distribution or utilization. 

 
Fig. 1.2 High voltage transformer 

The purpose of a power delivery system (simple sketch in Fig. 1.3), also known as transmission 
and distribution (T&D) system, is to transfer electric energy from generating units at various 
locations to the customers demanding the loads. 
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Fig. 1.3 Sketch of a T&D system for an EPN (TL = Transmission Lines, D = Distribution 
lines, TD [HV→MV] = Transformation (from high to medium voltage) and Distribution 
station, TD [MV→LV] = Transformation (from medium to low voltage) and Distribution 

station, L = Load) 

A T&D system is divided into two general tiers: a transmission system that spans long distances 
at high voltages on the order of hundred of kilovolts (kV), usually between 60 and 750 kV, and a 
more local distribution system at intermediate voltages. The latter is further divided into a 
medium voltage distribution system, at voltages in the low tens of kV, and a low voltage 
distribution system, which consists of the wires that directly connect most domestic and small 
commercial customers, at voltages in the 220-240 V range for Europe. The distribution system 
can be both overhead and underground.  

The transmission and distribution systems are generally characterized by two different 
topological structures: the transmission system is an interconnected redundant grid, composed 
of stations as nodes and transmission lines as edges, while the distribution system is a tree-like 
network, following the main streets in a city and reaching the end users. Fig. 1.4 shows the two 
topological structures. 
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Fig. 1.4 Typical topological structures, grid-like (on the left) and tree-like (on the right), 

respectively for transmission and distribution systems 

The European high voltage transmission grid, composed of lines with a voltage greater or equal 
to 220 kV, is displayed in Fig. 1.5. The image has been taken from Poljanšek et al (2010). 

 
Fig. 1.5 European high voltage transmission grid (V ≥ 220 kV). Higher voltage lines in 

blue, lower voltage lines in red. Line thickness is proportional to voltage.  
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The lines at different voltages are terminated in substations. In general, an electric substation 
(Fig. 1.6) is a facility that serves as a source of energy supply for the local distribution area in 
which it is located, and has the following main functions: 

o Changing or switching voltage from one level to another, by means of transformers. 

o Delivering power. 

o Providing points where safety devices such as disconnect switches, circuit breakers, and 
other equipment can be installed. 

o Regulating voltage to compensate for system voltage changes. 

o Eliminating lightning and switching surges from the system. 

o Converting AC to DC and DC to AC, as needed. 

o Changing frequency, as needed. 

Depending on their functions, substations can be grouped into three typologies, in particular:  

1. Transformation substations. 

2. Distribution substations. 

3. Transformation/distribution substations. 

An important component inside a substation is the bus, a redundant system of bars transferring 
energy between lines entering or exiting from the station. When the transformation function is 
required (type 1 and 3 above), two buses at two different voltages are present. For type 3 only, 
where also power delivery is required, one or both buses are load buses. For distribution 
substations, only one bus is present, that is a load bus. The buses are the network nodes.  

 
Fig. 1.6 Substation 

Substations can be entirely enclosed in buildings where all the equipment is assembled into one 
metal clad unit. Other substations have step-down transformers, high voltage switches, oil 
circuit breakers, and lightning arresters located outside the substation building.  

The electric power is delivered to the single customers through distribution circuits, that include 
poles, wires, in-line equipment, utility-owned equipment at customer sites, above ground and 
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underground conductors. Distribution circuits either consist of anchored or unanchored 
components.  

Finally, loads of power systems are divided into industrial, commercial and residential.  

Industrial loads are served directly from the high voltage transmission system or medium 
voltage distribution system. Commercial and residential loads consist largely of lighting, heating 
and cooling.  

Loads are independent of frequency and consume negligibly small reactive power. The real 
power of loads is expressed in terms of kilowatts (kW) or megawatts (MW).  

The magnitude of load varies throughout the day and power must be available to consumers on 
demand. The greatest value of load during a 24-hr period is called peak demand. Smaller 
peaking generators may be commissioned to meet the peak load that occurs for only a few 
hours. In order to assess the usefulness of the generating plant the load factor is defined, which 
is the ratio of average load over a designated period of time to the peak load occurring in that 
period. Load factors may be given for a day, a month or a year. 
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1.2 IDENTIFICATION OF THE MAIN TYPOLOGIES FOR ELECTRIC POWER 
NETWORK COMPONENTS IN EUROPE 

The electric power networks components (that can considered vulnerable or not) can be 
grouped on the base of five different vulnerability analysis scales of the network. The main 
typologies, with particular reference to the European context, are listed in Table 1.1. 

Table 1.1 Main typologies of EPN components in Europe 

Typology Vuln. analysis scale Element code 
Electric power grid Network EPN01 
Generation plant Station EPN02 
Substation Station EPN03 
Distribution circuits Distribution-system EPN04 
Macro-components Substation’s component  
 Autotransformer line Substation’s component EPN05 
 Line without transformer Substation’s component EPN06 
 Bars-connecting line Substation’s component EPN07 
 Bars Substation’s component EPN08 
 Cluster Substation’s component EPN09 
Micro-components Substation’s component  
 Circuit breaker Substation’s component EPN10 
 Lightning arrester or Discharger Substation’s component EPN11 

 Horizontal disconnect switch or 
Horizontal sectionalizing switch Substation’s component EPN12 

 
Vertical disconnect switch or  
Vertical sectionalizing switch 

Substation’s component EPN13 

 Transformer or Autotransformer Substation’s component EPN14 
 Current transformer Substation’s component EPN15 
 Voltage transformer Substation’s component EPN16 
 Box or Control house Substation’s component EPN17 
 Power supply to protection system Substation’s component EPN18 
 Coil support Substation’s component EPN19 
 Bar support or Pothead Substation’s component EPN20 
 Regulator Substation’s component EPN21 
 Bus Substation’s component EPN22 
 Capacitor bank Substation’s component EPN23 
Transmission or distribution line Line EPN24 

 

 



Taxonomy of electric power networks 

8  

 

Overhead lines are generally not considered as vulnerable elements. On the contrary, 
underground lines, which are scarcely diffused in Europe, can be vulnerable, depending on 
some technological features of their laying. 

It has been noted from the literature review that authors often assign different names to the 
same micro-component. 

It has to be remarked that most authors do not explicitly distinguish between micro- and macro-
components. This distinction is useful in terms of reliability analysis when the approach to 
network modelling is capacitive (i.e. power flows are computed) and the internal logic of 
substations is modelled, i.e., partial functioning (continued service with reduced power flow) is 
accounted for. In this latter case the modelling effort, which is much higher than when a 
substation is considered as a single component with a binary state (fail/safe), can be reduced 
by assembling sub-sets of micro-components that are serially arranged within the substation in 
order to reduce them to a single element: the macro-component. The substation layout is then 
composed of general (non-serial) arrangement of macro-components which can lead to partial 
functioning states, depending on the distribution of damage. 

Looking again at Table 1.1, it should be now clear how components EPN01 and EPN03 are not 
of interest within the SYNER-G analysis framework where the level of detail / resolution in the 
description of the EPN, and in general of lifelines, is higher. 

 

 

 



Short-circuit propagation 

 9 

 

2 Short-circuit propagation 

The analysis of an EPN in a seismically active environment can be carried out, as for other 
lifeline systems, at two different levels. The first basic one focuses on connectivity only and can 
only lead to a binary statement on whether any given node is connected with another node, 
specifically a source node, through the network. This level of analysis is particularly inadequate 
for a system such as the EPN since the tolerance on the amount and quality, in terms of voltage 
and frequency, of the power fed to any demand node for maintaining serviceability is very low. 
The actual power flow in the node must be determined to make any meaningful statement on 
the satisfaction of the power demand at the node, not just its state of continued connectivity. 
The latter is an intrinsically systemic problem since it depends on the determination of the flows 
on the entire (damaged) network. Further, before being able to evaluate flows it is necessary to 
determine what is the EPN portion still up and running after an event. This does not simply 
mean what components are damaged since damage to components has non-local 
consequences. Indeed, damage to the components of a substation can lead to a short-circuit 
that may or may not propagate further away from that substation to adjacent others, generating 
in extreme cases very large black-outs. Hence power flow analysis follows the analysis of short-
circuit propagation, in which circuit breakers are active components playing a key role in 
arresting the short-circuit spreading. This is the modelling approach adopted within the SYNER-
G general methodology. 

2.1 LIST OF CONSIDERED COMPONENTS IN SUBSTATIONS 

In D3.3 an appropriate fragility function was chosen, among the available ones, for the EPN 
components that are of interest within SYNER-G, i.e. are employed in the adopted systemic 
vulnerability analysis of an EPN. Such components are the macro- and microcomponents 
composing the substations. The components (with the correspondent fragility curves) selected 
by Vanzi (1996) appeared to be the most appropriate in the European context and, hence, were 
chosen for modelling the internal logic of substations. 

+ -

1) Coil support
2) Circuit breaker
3) Current transformer
4) Voltage transformer
5) Horizontal sectionalising switch
6) Vertical sectionalising switch
7) Discharger
8) Bar support
9) Autotransformer
10) Box
11) Power supply to protection system

11)

9)

8)

7)

10)
6)

5)

3)

4)

1)

2)

 
Fig. 2.1 Considered microcomponents 
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The grouping of some microcomponents in macrocomponents having synthetic fragility 
curves has been done to simplify the model of the station. For this work, the reviewers 
decided to not simplify such model, thus considering only the microcomponents (shown 
in Fig. 2.1) with their own fragility. 

2.2 LAYOUT OF SUBSTATIONS 

The eleven microcomponents are typically arranged to form a transformation/distribution 
substation, as shown in Fig. 2.2, where the names of four macrocomponents are indicated for 
the sake of clarity. In the station are present two buses at two different voltage levels. Bus # 2, 
at higher voltage, is a transformation/load bus, while bus # 1, at lower voltage, is a load bus. 
Power generally flows from high to low voltage; however, flow inversions are possible. Since an 
electric power network is a three-phase system, three pieces of the same type are present for 
each component shown in the figure, except for the box and power supply. The power supply 
feeds the protection systems, i.e. the circuit breakers, that are placed in the boxes. A station is 
redundant in the number of autotransformer lines, in the sense that the voltage transformation is 
still carried out and the power flow remains unchanged when only one line is properly 
functioning, with the other one being down due to seismic action and/or the short-circuit 
spreading. The number of bar systems (named Bars in the figure), two for each bus and linked 
together by a bars-connecting line, is redundant as well, but just to allow their maintenance: with 
the presence of two bars, one of them can be excluded to be repaired, while the other one 
continues the power transferring between the lines at the two sides of the bus. The lines without 
transformers at each bus can enter or leave the station depending on the network connectivity. 

A typical distribution substation, shown in Fig. 2.3, has a simpler layout, containing only one bus 
(load bus) and no autotransformer lines. 
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+ -

Autotransformer line

Bars

Bars-connecting line
Low voltage side High voltage side

Bus # 2Bus # 1

Line without transformer

 
Fig. 2.2 Layout of a typical transformation/distribution substation 

+ -

Bars

Bars-connecting line

Bus

Line without transformer

 
Fig. 2.3 Layout of a typical distribution substation 
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2.3 ANALYSIS METHOD FOR SHORT-CIRCUIT PROPAGATION 

If one component in a substation is broken, a short-circuit takes place and attempts to spread 
inside the station and eventually in the whole network. The only protection against the spread of 
short-circuits is the action of the circuit breakers, that if unbroken and active (i.e. fed with power) 
instantaneously open and arrest the malfunctioning propagation; their proper functioning 
depends on that of both power supply and boxes. In the next sections are explained the 
schemes adopted for short-circuit propagation analysis inside the substations and in the whole 
network. 

2.3.1 Propagation inside substations 

The first step is to determine, for the generic seismic event, the state (broken/unbroken) of all 
components, based on their fragility curve and Intensity Measure (IM, e.g. PGA) at sites. The 
circuit breakers, if broken, are set to passive. In case there is at least one broken component, 
the following steps are undertaken. 

o If power supply to protection system is broken, then all boxes inside the station are set to 
broken; 

o For each bars-connecting line present in the station: 

o if the box is broken, then the linked circuit breaker is set to passive (if not yet 
set to broken); 

o if 1, 2 or 3 pieces of the circuit breaker are broken, then 1, 2 or 3 pieces of the 
current transformer and the two vertical disconnect switches are set to 
broken; 

o if 1, 2 or 3 pieces of the current transformer or the two vertical disconnect 
switches are broken, then 1, 2 or 3 pieces of the circuit breaker, if active, are 
set to open, otherwise are set to broken; 

o if 1, 2 or 3 pieces of the circuit breaker are broken, then 1, 2 or 3 pieces of the 
voltage transformer and the bar support (bar system # 1) are set to broken; 

o if 1, 2 or 3 pieces of the voltage transformer or the bar support (bar system # 
1) are broken, then 1, 2 or 3 pieces of the circuit breaker, if active, are set to 
open, otherwise are set to broken; 

o if 1, 2 or 3 pieces of the current transformer or the two vertical disconnect 
switches are broken, then 1, 2 or 3 pieces of the voltage transformer and the 
bar support (bar system # 2) are set to broken; 

o if 1, 2 or 3 pieces of the voltage transformer or the bar support (bar system # 
2) are broken, then 1, 2 or 3 pieces of the current transformer and the two 
vertical disconnect switches are set to broken; 

o  For each line, with or without transformer, present in the station: 

o if the box is broken, then the linked circuit breaker is set to passive (if not yet 
set to broken); 

o if 1, 2 or 3 pieces of the circuit breaker are broken, then 1, 2 or 3 pieces of the 
components included in the line are set to broken; 
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o if 1, 2 or 3 pieces of one or more components included in the line are broken, 
then 1, 2 or 3 pieces of the circuit breaker, if active, are set to open, otherwise 
are set to broken; 

o if 1, 2 or 3 pieces of the circuit breaker are broken, then 1, 2 or 3 pieces of the 
voltage transformer and the bar support (bar systems # 1 and # 2) are set to 
broken; 

o if 1, 2 or 3 pieces of the voltage transformer or the bar support (bar systems # 
1 and # 2) are broken, then 1, 2 or 3 pieces of the circuit breaker, if active, 
are set to open, otherwise are set to broken. 

Three examples of damage and resulting short-circuit propagation are shown in Fig. 2.4. 

2.3.2 Propagation in the whole network 

As can be seen in damage scenario 2b) in Fig. 2.4, it can happen that a short-circuit spreads 
outside the substation, reaching other substations in the EPN through the transmission lines. 
Hence, after analyzing the short-circuit propagation inside every substation, it is necessary to 
eventually detect those ones characterized by an outgoing malfunctioning and propagate it 
within the network. If a short-circuit reaches a station, it spreads following the procedure 
outlined in section 2.3.1 and possibly comes out from the station. The propagation in the 
network is an iterative step, which ends when no one substation has an ingoing short-circuit. 
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Autotransformer line
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Bars-connecting line
Low voltage side High voltage side

Bus # 2Bus # 1

Line without transformer

+ -

Bus # 1

Autotransformer line

Bars

Bars-connecting line
Low voltage side High voltage side

Bus # 2

Line without transformer

 

+ -

Autotransformer line

Bars

Bars-connecting line
Low voltage side High voltage side

Bus # 2Bus # 1

Line without transformer

+ -

short-circuit
out

Autotransformer line

Bars

Bars-connecting line
Low voltage side High voltage side

Bus # 2Bus # 1

Line without transformer

 

+ -

Autotransformer line

Bars

Bars-connecting line
Low voltage side High voltage side

Bus # 2Bus # 1

Line without transformer

+ -

Autotransformer line

Bars

Bars-connecting line
Low voltage side High voltage side

Bus # 2Bus # 1

Line without transformer

 
Fig. 2.4 Examples of short-circuit propagation: type and position of damaged 

components (left), resulting damage scenario after malfunctioning spread (right) 

1a) 

2a) 

3a) 

1b) 

2b) 

3b) 
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3 Power flow analysis 

Within a power flow analysis the target is to determine the voltage and power in all 
buses (i.e. nodes), as well as the current, power and power loss in all transmission 
lines. The solution must be compatible with the boundary conditions assigned at nodes. 
Since the analysis is in alternate current, voltage, power and current are phasorial 
quantities and hence complex numbers.  

A three-phase transmission line, connecting nodes p and q and not including a transformer, is 
modelled through an equivalent circuit, named pi-model for its shape and shown in Fig. 3.1. A 
line is characterized by: 

o a longitudinal impedance pqz , a complex number with the resistance R and the 

reactance X as real and imaginary parts, respectively; 

o a longitudinal admittance pqy , given by the inverse of the longitudinal impedance; 

o a transversal admittance t
pqy , a complex number with the conductance G and the 

susceptance B as real and imaginary parts, respectively. The conductance G is set to 0, 

so that =t
pqy jB , being j the imaginary unit. A transversal admittance _ 2

=
t
pqt

pq bus

y
y  is 

assigned at both line ends. 

π
p qIp Iq

Vp Vq

ypq

ypq/2t ypq/2t

 
Fig. 3.1 Pi-model for transmission lines without transformer 

The current flowing through node p, pI , is a function of voltages at connected nodes, pV  and qV , 

and the electrical properties of the lines pq converging at node p: 

( )_

⎛ ⎞
= ⋅ + ⋅ −⎜ ⎟
⎝ ⎠
∑ ∑t

p pq p p pq p q
q q

I y V y V V  (3.1)  

where _
t
pq py  is the transversal admittance at bus p referred to the generic line pq. 



Power flow analysis 

16  

 

If a transformer is present in the line, it is possible to keep the pi-model, with slightly changed 
admittances. A transformer is characterized by a voltage ratio, a, defined as the ratio between 
the voltages at the two buses, one of which is taken as reference bus (usually, it is the end bus 
of the line). So, for instance, a ratio of 0.8:1 indicates that the start bus voltage is the 80% of the 
end bus voltage. As shown in Fig. 3.2, all the electric properties are function of the longitudinal 
admittance pqy  of the line without transformer, defined above. In particular, the longitudinal 

admittance is replaced by pqy
a

, while the transversal admittances _
t
pq busy  at the start and 

reference buses are _ 2

1−⎛ ⎞= ⎜ ⎟
⎝ ⎠

t
pq p pq

ay y
a

 and _
1−⎛ ⎞= ⎜ ⎟

⎝ ⎠
t
pq q pq

ay y
a

, respectively. 

π
p qIp Iq

Vp Vq

ypq/a

ypq*(1-a)/a^2 ypq*(a-1)/a

 
Fig. 3.2 Pi-model for transmission lines with transformer 

Standing these pi-model properties, it can be introduced the admittance matrix Y (NxN), being 
N the total number of buses in the network. The diagonal and off-diagonal elements of Y  are 
given by: 

_

0

= +

= − ≠

=

∑ ∑t
pp pq p pq

q q

pq pq

pq

Y y y

Y y q p
y if line pq isnot present

 (3.2)  

where the longitudinal admittance pqy  is replaced by pqy
a

 in the case of a line pq with 

transformer.  

The current intensity for all network nodes can be written in matrix form as: 

= ⋅I Y V   (3.3)  

where { }1 2, ,...,=T
NI I II  and { }1 2, ,...,=T

NV V VV . 

The complex power at node p is given by: 

( )**
p p p p pP V I V= ⋅ = ⋅ ⋅Y V  (3.4)  

In an EPN, the transmission lines connect, in a redundant way, N buses (i.e. nodes), divided 
into: 
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o L load buses, where the two powers (active or real P and reactive Q) are known and the 
two quantities (modulus V  and phase ϕ ) of the complex voltage are unknown; load 
buses are included in transformation/distribution and distribution substations; 

o GEN generator buses, where V  and real power P are known, while ϕ  and reactive 
power Q are unknown; 

o One slack bus, where the two quantities V  and ϕ  of the complex voltage are known 
and the two powers P and Q are unknown. The slack bus (or balance node), generally 
coinciding with the generation node the provides the highest power, is introduced in the 
power flow formulation since the power losses in the network are unknown before 
solving the power flow itself. Its function is to provide the power balance between the 
power ingoing at generation nodes and the power outgoing from load buses, plus the 
power losses. 

As a consequence, in this formulation a total of 2•(L+GEN+1) = 2•N unknowns are present. 

3.1 NON-LINEAR ALGEBRAIC SYSTEM 

In order to find the power flow solution, the first step is to retrieve the two voltage quantities 
(modulus and phase) in all stations where they are unknown. In the L load buses, both 
quantities are unknown, while in the GEN generators only the phase is unknown: therefore, we 
have a total of 2•L+GEN unknowns. For a steady state analysis, a set of non-linear algebraic 
equations is available, representing the active (or real) and reactive power balance in the 
nodes. The system is written as: 

( )

( )

1

1

0 cos sin

0 sin cos

N

i i k ik ik ik ik
k

N

i i k ik ik ik ik
k

P V V G B

Q V V G B

θ θ

θ θ

=

=

= − + +

= − + −

∑

∑
 (3.5)  

where iP  and iQ  (constant terms) are the real and reactive power injected (ingoing or outgoing) 

at node i, kV  and iV  are the voltage moduli at nodes k and i, ikG  and ikB  are the real and 
imaginary parts of the ik term in the admittance matrix Y, θik  is the difference of voltage phases 
between nodes i and k. Since iQ  is known only at load buses, it is possible to write both 
equations for each load bus and just the first one for the generators, summing up to a total of 
2•L+GEN equations. 

An alternative and equivalent formulation is the following: 

( )

( )

1

1

0 cos

0 sin

N

i i k ik k i ik
k

N

i i k ik k i ik
k

P V V Y

Q V V Y

ϕ ϕ γ

ϕ ϕ γ

=

=

= − + − +

= − − − +

∑

∑
 (3.6)  

where kϕ  and iϕ  are the voltage phases at nodes k and i, ikY  and ikγ  are the real and 
imaginary parts of the ik term in the admittance matrix Y. 
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The solution is found by using one the classical derivative algorithms, for instance Newton-
Raphson. This method begins with initial guesses of all unknown variables, i.e. voltage modulus 
and phase at load buses and voltage phase at generator buses. The voltage phase initial guess 
is set to 0 for all nodes, while the voltage modulus initial guess at the generic bus is assigned 
according to the nominal voltage of the lines without transformer converging to the bus. 

3.2 COMPUTATION OF LINES CURRENTS, POWERS AND POWER LOSS 

Once known the voltages at all buses, it is straightforward to retrieve the lines currents and 
powers (real and reactive) in both directions and the lines power loss. 

For the generic line without transformer connecting nodes p and q: 

o the complex currents pqI  and qpI  in both directions are:  

( )
( )

_

_

t
pq p pq p p q pq

t
qp q pq q q p pq

I V y V V y

I V y V V y

= + −

= + −
 (3.7)  

o the complex powers pqS  and qpS  in both directions are:  

*

*

pq pq pq p pq

qp qp qp q qp

S P jQ V I

S P jQ V I

= + =

= + =
 (3.8)  

o the power loss ,L pqS  is written as:  

,L pq pq qpS S S= +  (3.9)  

3.3 COMPUTATION OF POWERS AT SLACK AND GENERATION BUSES 

The last step within a power flow analysis is the computation of the real and reactive power at 
the slack bus and the reactive power at all generation buses. 

The complex power at slack bus slackS  is computed by:  

,slack slack slack slack i
i

S P jQ S= + =∑  (3.10)  

where the summation is extended to all buses i connected to the slack bus. ,slack iS  indicates the 
line power from the slack bus to bus i in case the former is the start bus for the line, otherwise it 
is the power in the opposite direction. 

The reactive power genQ  at the generic generation bus is given by:  

,Imgen gen i
i

Q S⎛ ⎞= ⎜ ⎟
⎝ ⎠
∑  (3.11)  

For Eq. (3.11), the same considerations done for Eq.(3.10) are valid. 
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3.4 THE PER-UNIT SYSTEM 

The electrical properties involved in a power flow analysis are power, voltage, current, 
impedance and admittance. Rather than using for them the physical units, it is possible and 
convenient to use the per-unit system, through which the properties’ values are expressed as 
fractions of a defined base unit quantity. Calculations are simplified because properties’ values 
expressed as per-unit are comparable with each other and are the same regardless of the 
nominal levels of the different properties. 

All properties are specified as multiples of selected base values. Different types of properties 
are labeled with the same symbol (pu); it should be clear from context whether the property is a 
voltage, current, etc. Only two of the five properties are independent, usually power and voltage. 
For example, the base power baseS  might be the rated power of a transformer, or perhaps an 
arbitrarily selected power which makes power quantities in the system more convenient, e.g. 
100 MVA. The base voltage baseV  might be the highest nominal voltage of lines, e.g. 380 kV.  

Once the base power and the base voltage are chosen, the base current, impedance and 
admittance are determined by the natural laws of electrical circuits. In particular:  

2

1
3

1
3

1 1

base
base

base

base base
base

basebase

base
base

SI pu
V

V Vz pu
SI

y pu
z

= =
×

= = =
×

= =

 (3.12)  

3.5 CONSEQUENCES OF DAMAGE ON POWER FLOW ANALYSIS 

The failure of any component belonging to line pq without transformer causes the entire line to 
be out of order. In such a case, it is needed to delete the line and hence to zero the terms pqY  

and qpY , causing an increase in voltage between buses p-q and the remaining ones, in order to 

preserve the same power flow. Based on what is said in section 2.2, a line pq with transformer 
corresponds to two alternatively functioning autotransformer lines inside a substation, so that 
the line pq is deleted only if they are both out of order. 

The failure of both bar systems in a load bus causes the bus itself to fail and to be deleted from 
the network. This leads to the zeroing of the corresponding row and column inside the 
admittance matrix Y (NxN). 

In case all lines having an end in the generic bus are out of order or in case there not exists a 
path linking the bus to the slack bus, the generic bus is isolated from the network and must be 
deleted. 

Based on the network redundancy, if the damage affects a limited and not crucial portion, the 
power flow solution still exists. On the other hand, if the EPN is damaged to a large extent, the 
solution does not exist and voltages and powers at all buses are set to 0. 
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