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Study of Different Dynamic Voltage Security
Assessment Methods in the Smart Grid Era
Shams, Negar; Yu, James; Osborne, Mark; and Terzija, Vladimir



the different types of power system stability are:
voltage stability, small signal stability, frequency
stability and transient stability.
In light of these changes it has become
increasingly important to develop new tools that
will allow power system operators greater
awareness of how far the system is from its
stability limits. This is mainly due to two reasons
first to avoid system failure and blackouts and
second to utilize the system more economically
by operating closer to limits with an acceptable
safety margin [2].
The voltage stability problem is dynamic in
nature; it can either be modelled by differential
equations (continuous dynamics) or with
difference equations (discrete dynamics) that can
be viewed as static equations related to
snapshots of the system in different time frames.
The latter is the method used in this paper, in
which the VSAT module of the DSATool software
is used to perform simulations and extensive
voltage security assessments of the IEEE 11 and
145 bus networks. Furthermore, output results of
different methods (P-V, Q-V curves and modal
analysis) regarding voltage security status of the
system
were
compared
and
analyzed.
Furthermore,
some
measurable
indicator
variables, which were proved to correctly reflect
voltage security status, were introduced for each
specific network. These variables could help
facilitate the design of fast early-warning systems
based on real time data, specifically in the case
were comprehensive steady state calculations for
different time frames is not an option due to time
limitations (Fig. 1).

Abstract — Ever growing voltage stability
concerns as well as the lack of accurate, reliable
and timely security level evaluation methods force
system operators to decrease loading levels.
Typically operational loading level has a minimum
stability margin to voltage collapse point so as to
prevent and minimise the risk of voltage instability
occurrence. This leads to underutilising the
existing assets such as transmission lines,
generators and transformers .In this sense many
researches has been conducted in purpose of
developing fast accurate methods for dynamic
voltage security assessments. Most of which have
found time-domain simulations unpractical for
online applications. This paper discusses dynamic
voltage security assessment using different
methods such as P-V and Q-V curves, modal
analysis and Thevenin Impedance. Simulations
have been done on two IEEE test networks (11 bus
and 145 bus) using VSAT module of DSATool
software. Using output results for each network,
some variables have been proposed to be
monitored online and used as voltage insecurity
indicators.
Index Terms — DSATool software, Dynamic
voltage security assessment, Stability margin,
Voltage collapse point, Voltage stability.

1. INTRODUCTION

N

owadays power systems are predominantly
operating under stress, meaning they are
being operated close to their planned limits.
Several factors contribute to this increase in
power transfer such as decoupling of electrical
power industry which would force network
operators to raise the utilization of their
equipment [1]; this is inevitable due to the
competitive environment. Another reason is the
global trend toward decreasing carbon footprints
by gradually decreasing the dependency on fossil
fuels which leads to more distributed generators
connecting to the network, causing further stress
on power systems.
A desire to increase opportunities for trading in
electricity has led to power systems becoming
more interlinked via tie lines to neighbouring
networks. This increased meshing has caused
them to become more prone to stability issues;

2. THE IMPORTANCE OF VOLTAGE STABILITY
Likelihood of voltage stability problems is
progressively increasing. The construction of new
generation assets would be a powerful tool for
overcoming voltage stability issues. However,
building new power plants near load areas is
subject to many environmental and economic
considerations. Furthermore, the construction of
long transmission lines to remotely-cited
generators is problematic [3], as the losses
incurred when transmitting reactive power over
long distances would further increase the reactive
power demand. Due to strong coupling between
reactive power and voltage level, this increase in

Manuscript received May 4, 2014. N. Shams, and V. Terzija are
with the School of Electrical and Electronic Engineering, University
of Manchester, Sackville Street, Manchester M1 3BB, UK (e-mail:
negar.shams@postgrad.manchester.ac.uk, terzija@ieee.org).
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reactive power demand would then push the
system closer to voltage instability. Another
reason is excessive use of shunt capacitor banks.
While extending transfer limits and improving long
term voltage stability, shunt capacitors can result
in networks becoming more prone to voltage
collapse [3]. This is because the reactive power
generated by shunt capacitor banks is dictated by
the square of their supply voltage. Therefore,
their contribution to system voltage stability will
be significantly reduced during voltage dips, a
condition in which more support would be
desirable, so excessive dependence on shunt
capacitors may leave a system vulnerable to
short term voltage instability [4]. The lack of an
ideal plant based solution for ensuring voltage
suitability means that there is a growing need for
systems or methods capable of calculating the
voltage security level for each system condition
when it is subjected to a set of viable
contingencies. These methods should be reliable
and generate accurate outputs that can consider
different voltage collapse scenarios.

(1)
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Equation (3) is the power flow equation for a
single load infinite bus system, by eliminating θ
from (3) we will have:
(V 2 ) 2  ( 2 QX  E 2 )V

2

 X 2 (P 2  Q 2 )  0

(4)

By solving (4) separately for P, Q and V the
three dimensional surface of PQV can be plotted
[6]. For (4) to have answer for voltage we should
have:
( 2 QX  E 2 ) 2  4 X

2

(5)

(P 2  Q 2 )  0

Simplifying (5) gives:
 P2 
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E2 2
Q (
)  0
X
2X

(6)

3.1 Active power and voltage relationships:
Under condition where power flow solution
exists ((5) holds), the two solutions of (4) would
be as follows:
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By assuming constant power factor (constant
tan(θ) ), (7) becomes:
V

E2
E4
 tan( ) PX 
 X 2 P 2  XE 2 tan( )P (8)
2
4
The solutions of (8) are depicted in Fig. 3.

Fig. 1. Dynamic voltage security assessment flow chart

3. MAXIMUM POWER TRANSFER
In order to make calculations simpler, we
assume that R=0 (which is acceptable since
R<<X).The voltage source is assumed to be
ideal with zero angle (E).And the receiving end
voltage is V with angle of θ. Based on Fig. 2 we
have[5]:

Fig. 3. P-V curves for a system with E=1 p.u. and a power
factor varying from -0.447 to 0.447, for the left group of curves
x=0.1pu, for the right group of curves x=0.05 p.u., the upper
curves correspond with lower power factors.

Fig. 2. Single line representation
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These are the P-V nose curves that are widely
used for determining the voltage stability margin
in power systems. The blue and red curves in Fig.
3 correspond to the positive and negative signs in
(8), respectively.

Substituting (10) into (9) gives the following
expression:
cos  E 2
(11)
 P  P (VSM )
1  sin  2 X
3.4 Disadvantage of P-V curves method
P-V curves are usually used to analyze long
term voltage stability and are based on offline
power flow simulations for several possible
system conditions when subjected to different
contingencies. These simulations are used to
create a series of snapshots of the system that
represent it for different moments in time
following an outage or during load build-up. This
method can be used to determine the steadystate loading limits imposed on the system by
voltage stability [3]. The disadvantage of this
method is that it is time consuming and power
flow simulations tend to diverge when the system
is operating close to the nose point (this can be
addressed by using the power flow continuation
method [9]) A further disadvantage of the
conventional power flow method for determining
voltage stability margins is that it is incapable of
reflecting the dynamic behaviour of the different
equipment in the network, such as: generators,
over excitement relays (OXL), SVCs, induction
motors and on load tap changers during short
term events (transient voltage instabilities).

3.2 Thevenin impedance approach for voltage
stability using online data:
By substituting Thevenin impedance seen from
load bus with R and X in single load infinite bus
network (Fig. 2), same method of voltage stability
analysis can be applied to all systems. Another
approach is to compare Thevenin impedance
seen from load bus with load impedance. In that
case, network is voltage stable when Thevenin
impedance is bigger than the load [7][8].
Calculating Thevenin impedance can be done
online using data gained from PMUs (voltage and
current phasors)[7][8][9].The method suggested
in [8] calculates Thevenin impedance and
Thevenin voltage of the network from load bus
utilizing Z matric of the network and load
impedance(ZL) which can be obtained online
from SCADA and state estimator. Although these
methods promise to substantially decrease the
computational effort and simplify the whole
voltage stability analysis, but they all have
fundamental short comings when it comes to
none load buses and meshed networks since the
impedance based method are only applicable to
radial networks and load buses. Hence there is a
growing need for a fast general method capable
of assessing voltage security of the network for
online applications.

3.5 Reactive power and voltage relationship
Q-V curves show the relationship between the
reactive power injected at a given bus and the
voltage of the same bus. The equation for Q-V
curves is given in (12). Q-V curves are usually
plotted for fixed active power. The reactive power
at a load bus with fixed P can be calculated using
(4) and examples of its variation with voltage,
network impedance and power factor are shown
in Fig. 4:

3.3 Voltage stability margin
The voltage stability margin is one of the most
commonly used criteria for evaluating the voltage
stability of a power system. The voltage stability
margin is the difference between the existing
active power transfer and the maximum active
power that can be transferred (the value of P at
the nose of the P-V curve) [4] (Fig. 3). In voltage
stability analysis, voltage stability margin can be
defined to be more than P(VSM) value for both
pre and post contingency conditions (9).
P (max)  P  P (VSM )

Q

2XV 2  4X 2V 4  4X 2  (V 4 V 2 E 2  X 2 P 2 )
2X 2

(12)

(9)

Reducing the power factor (tan θ < 0) would
increase the voltage stability margin. This
reduction in the power factor can be achieved by
adding reactive power compensation, such as:
shunt capacitors, series capacitors and SVCs.
If the Zeq of the network, as seen from the load
bus, is equal to the impedance of a load with
constant power factor, then the conventional
steady state maximum power transfer would be
[5]:
cos  E 2
(10)
Pmax 
1  sin  2 X

Fig. 4. Q-V curves for (P=0, 2, 4, 6,8pu) with E=1pu, for red
curves X0.05pu, for blue curves X=0.1pu, P3=8pu, P2=6pu,
P1=4pu.
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These curves can be used to calculate the
reactive power margin by determining the
minimum amount of reactive load increase (or
equivalent generation decrease) for which no
operating point would be found [5]. (Note: in Fig.
4 X is the reactance of the line, also Q is the
reactive power injected at the load bus). As it can
be seen in Fig. 4, the reactive power margin for
P3 is negative and there is no intersection.
Hence, voltage stability is lost unless a reactive
power compensation device that is capable of
injecting Q3 is used. As with the P-V curves, for
which the curve below the nose is the unstable
region, the Q-V curve is separated into a stable
and an unstable region by the nose point.
Specifically, the curve to the left of the Q-V nose
point is the unstable region. QV curves can be
used to determine the amount of reactive
compensation needed to either restore the load
or obtain the desired voltage at the load bus [5].
In the event of a line outage or other types of
voltage critical contingencies, the equivalent X of
the network seen from the load bus falls, causing
the system to have a lower maximum
transferrable active power regarding voltage
stability issues. The impact of a change in X can
be observed by comparing the two groups of
curves in Fig. 4, which can be viewed as pre and
post contingency conditions of a network for
different active power levels. This is equally true
for the two sets of P-V curves presented in Fig. 3.

  P   J P  J PV     

Q    J


  Q  J QV    V 

(13)

By assuming ∆P=0 and by using (13), reduced
Jacobian matrix (JR) is defined (14) (15)[10].The
mentioned assumption is valid since voltage
stability is almost entirely dependent on reactive
power. Therefore, active power influence is
negligible.





Q  J QV  J Q J P1 J PV V
(14)

Q  J R V
V 

J R1Q

J R  J QV  J Q J P1 J PV

(15)

Eigenvalues of JR will then be calculated and
each one of them represents a mode of reactive
power variation in the system. The magnitude of
each eigenvalue (λi) determines the weakness of
the corresponding modal voltage. If | λi |= 0, the
th
i modal voltage would collapse, since any
change in that modal reactive power will cause
infinite modal voltage variation [11].In case of
having negative eigenvalues, system has passed
the critical point of voltage stability; this is
because λi changes from positive to negative as
the system gets more loaded [11].In other words,
a system is voltage stable if the eigenvalues of
the Jacobian matrix are all positive [3].

3.6 Disadvantages of the Q-V curve method
Calculating the whole Q-V curves for each
loading level and for all contingencies is time
consuming and needs lots of effort. Hence,
traditional Q-V curve method is not suitable for
online
dynamic
security
assessment.
Nevertheless, offline analysis of Q-V curve results
can help choosing the most indicating variables to
be monitored and served in online applications.
For instance, Q-V curves slop and their
steepness for a given bus can represent the level
of criticality of the given bus in voltage stability.
This can be inferred from the basic definition of
voltage stability which is having positive V-Q
sensitivity for all the buses in the network.

VK 


i

V
 Q

K

 ik  ki
Pki
 V K
(16)
 Q K 

i
Q K 
i i



V-Q sensitivity at bus K

K

Where αi is the ith column of the right
eigenvector and βi is the ith row of the left
eigenvector of JR, also K stands for the bus.
Pki is the participation factor of bus k to mode i,
which indicates the contribution of the ith
eigenvalue (mode) to the V-Q sensitivity at bus K.
the bigger the value of Pki , the more λi effects
V-Q sensitivity at bus K. For all the small
eigenvalues, bus participation factors determine
the areas close to the voltage instability [11].

3.7 Voltage stability assessment using modal
analysis
Easier approach for using V-Q sensitivity at
different buses in the system is to first identify
critical buses by using modal analysis and
participation factors and then calculate the V-Q
sensitivities only for critical buses. This method
would substantially increase the computational
speed. Modal analysis method involves
calculating eigenvalues and eigenvector of the
reduced Jacobian matrix of the network.
Linearized power flow equation is as follows:

3.8 Reactive power reserve of generator buses:
In conventional power flow programs,
generators buses are represented as “PV” buses,
in which active power and voltage of the bus is
specified and reactive power can vary between a
minimum and maximum value regardless of the
active power output, this would result in a
rectangular generator capability curve. For
generators the maximum reactive power is
typically the reactive power output at the rated
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power factor [4]. Reactive power reserve of the
generator bus is defined as the maximum
reactive power minus actual reactive power
output. As soon as reactive power limit is
reached, the generator bus would be treated as a
“PQ” bus with the fixed reactive power equal to
maximum Q, from this point on the voltage of the
bus can no longer stay constant and would start
to fall. If this situation persists it would be usually
followed by voltage instability in the system. With
that being said, reactive power reserve changes
in generator buses can be a good indicator of
impending voltage instability and can be
considered as voltage stability criteria.

got violated, then the algorithm would be
repeated for the next ratio between generation
shares, meaning moving to the next line slope.
This procedure continues till the whole X-Y plain
gets covered (Fig. 10 and Fig. 11).

4. VOLTAGE SECURITY ASSESSMENT ALGORITHM
FROM THE DSA TOOL SOFTWARE
The algorithm used in VSAT module of
DSATool software is illustrated in Fig. 5. This
general algorithm implements different steady
state based methods to find the maximum power
transfer from one or more generating areas to
one or more load areas without violating any
voltage security criteria for all the pre and post
contingencies. The contingency selected for this
testing process should be the most critical
contingencies. These contingencies can be
selected from a set of credible pre-defined
contingencies through screening process prior to
the execution of the general method.
Share is defined for each generation area as
the ratio of the increase in that generation area to
the whole generation increase. These shares are
defined on incremental steps not the net
generation of the areas. These shares would add
up to one.
Load and generation would be increased
incrementally with fixed steps (ΔP) and at each
step all the voltage security criteria for the pre
contingency and all the post contingencies would
be checked. If none of the voltage security criteria
are violated that load level with its specific share
would be classified as secure operation and the
next load and generation step would be
investigated.
If any voltage security criteria are violated that
load and generation level with their specific
shares would be classified as voltage insecure
operation and voltage security assessment would
stop at that active load level.
In two dimensional diagrams with two areas of
generation (Fig. 10 and Fig. 11) different regions
are made up of several lines starting from origin
of the graph.
Each line slope is equal to the ratio between
the shares of the two generation areas. In the
algorithm as two generations are increased by
their specific share the line corresponding to that
specific share would expand. The line colour
would change to represent the kind of security
criteria violation. When all of the security criteria

Fig. 5. Voltage security assessment algorithm used in this
paper by DSATool software

5. VOLTAGE SECURITY ASSESSMENT
FOR IEEE 11 BUS SYSTEM
IEEE 11 bus system consists of three
independent generators at buses 2, 3 and 4.Bus
number 1 is the swing bus. There are two loads
one at bus 8 with fixed P&Q and the other one at
bus 11 with fixed power factor or constant
impedance load (cosθ = 0, Q = 0) (Fig. 6).Voltage
sensitivity of the loads has a critical importance in
voltage stability issues [3]. For voltage dependent
loads (constant impedance) voltage stability is
much better than the voltage independent loads
(constant P&Q) [4].Therefore, load increase at
bus 8 was chosen as a target rather than bus 11,
since load increase at bus 8 would be more
constraining.
5.1 Scenario definition:
In simulations scenario 8 was assumed to be
the load increase at bus 8(with fixed P steps of 20
MW) with simultaneous generation increase at
buses 2, 3 and 4.Two generation areas were
defined as buses 3 and 4 for area 1 and buses 2
and for area 2.The two generation areas had the
same shares of 50% at each load level increase.
At first no voltage range criteria were assigned as
well as any minimum Q reserve criteria at
generators and stability minimum margin. Hence
the only limiting factor for transfers, where system
becomes voltage insecure, was the actual point
of voltage instability. Contingency screening
process was performed for the outages of one
branch at the time (n-1). For the base loading
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level these critical contingencies are the outage
of the branches between buses: 4-7, 6-7, 7-8,
and 5-6 sorted from the most severe to the least
respectively.

5.4 Q-V curve analysis:
The main purpose of Q-V curve analysis is to
find the maximum transferable load to the load at
bus 8 without any voltage security issues.
As it can be seen in Fig. 7 as active generation
(load) increases Q-V curves at bus 11 move
upward until they reach a point when another
step of active power increase would move their
lowest
point
above
horizontal
line
of
Q=0mVAr(P=2249 MW). This means for the next
power step there would be no intersections
between horizontal line of Q=0MVAr and Q-V
curves, hence this point is the maximum load and
generation level for voltage secure operation.

Fig. 6. IEEE 11 bus system single line diagram

5.5 Short coming of voltage range security
criteria in presence of ULTCs:
Based on VSAT simulations of the IEEE 11 bus
system, enabling the ULTCs (Under-Load -TapChangers) of the transformers increases the
maximum power transfer of the IEEE 11 bus
system (Table 1.).This is due the fact that ULTCs
try to restore the voltage to the target value as
load increases.
However, case with ULTC has the voltage
instability violation type even with voltage range
security criteria (Table 1), this means that in case
with ULTCs being enabled voltage range security
criteria fails to identify the voltage insecure
operation and warn the system when entering the
alert state .Hence, there is a substantial need for
a security criteria other than conventionally used
voltage range criteria (Fig. 9).
In Table 1 maximum secure active power level
is defined in terms of the generation of area1 plus
the generation of area 2.

5.2 P-V curves analysis and generators reactive
reserves:
One of the most significant factors in
determining the voltage stability of power systems
is the capability of the power system to generate
enough reactive power to support the voltage
level at the desired active power level. Therefore,
reactive reserves of generators are of paramount
importance.
Based on Fig. 7 for contingency 4-7 the slope
of the P-V curve suddenly increases at the point
where reactive power reserve of generator 2
becomes zero (2150MW).This verifies the fact
that the capability of synchronous generators to
provide reactive power in overexcited mode plays
a critical role in preventing voltage instabilities.
The existing restriction on the reactive power
output of a synchronous generator is due to the
maximum allowable heating of the armature or
field windings.
Hence in the IEEE 11 bus network the MVAr
reserve of generator 2 is both easy to measure
and an effective indicating variable for assessing
the voltage security of the system in online
applications.
Furthermore,
the
maximum
transferable power and voltage stability can be
improved by increasing the ability of the
generators, especially the ones near the load
centres, to generate reactive power and operate
with lower lagging power factors. This can be
achieved by improving the generator cooling
systems to allow higher field and armature
currents
and
also
by
having
more
intelligent/adaptive over excitation limiters in
coordination with dynamic security assessment
modules and smart protection schemes.

TABLE 1.
Maximum secure active power levels and limiting
contingencies for scenario transfer 8 with and without voltage
range criteria, for cases without ULTC and with ULTC
Scenario 8 with voltage range criteria(0.92pu<V<1.08pu)
TRANSFER 8
Without ULTC
With ULTC

Maximum
secure
level(MW)
1989
2289

Limiting
contingency

Violation

4-7

Voltage

4-7

Instability

Scenario 8 without voltage range criteria
Without ULTC
With ULTC

2249
2289

4-7
4-7

Instability
Instability

5.6 Self-suggested remedial actions
In order to improve voltage security capacitors
were installed once at bus 8 and once at bus 11.
The capacitors had nominal MVAr of 600MVAr
and capacitance equal to 1.01013 mF. Due to the
extra reactive power generation provided by
capacitors, maximum voltage secure level of
operation has increased comparing to the case
with no capacitors (Table 2.) Furthermore, the
improvement is larger for bus 11 than it is for bus

5.3 Modal analysis:
Bus 11 was identified as the most critical bus in
the system, as it had the highest participation
factor for the lowest eigenvalue. Therefore, in
section 5.4 (Fig. 8) Q-V curves are only plotted
for bus 11 at the most sever contingency (outage
of branch 4-7).
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8, which is consistent with the participation
factors identified by the modal analysis.
In conclusion, using
sing the results of modal
analysis to install shunt capacitor banks at the
buses with the largest participation factors allows
a greater increase in the maximum secure
loading level to be achieved using the same
capacitor bank.
ank. This form of support would allow
the system operator to make more efficient
investment decisions.
TABLE 2.
Maximum transfer levels and limiting contingencies for
scenario 8 without C, with C at bus 8,with C at bus 11
( Nominal MVAr of C=600MVAr,C=1.01013 mF)

TRANSFER 8
Without C

Maximum
secure
level(MW)
2249

Limiting
contingency

Violation

4-7

Instability

With C at bus 8

2669

4-7

Instability

With C at bus 11

2849

4-7

Instability

Fig. 9. P-V
V curves and tap positions at the most critical buses
at contingency 4-7
7 for scenario r 8 with voltage range criteria
and enabled ULTCs (0.92pu<V<1.08pu).

Fig. 10. Two dimensions transfer diagram with voltage criteria,
reserve criteria (500MVar) and margin criteria

Fig. 7. P-V
V curves at bus 11 for different contingency and prepre
contingency conditions for scenario 8

Fig. 11. Two dimensions transfer diagram with voltage criteria,
reserve criteria (1300MVar) and margin criteria

TABLE 3.
Maximum voltage secure load (source D) with different
voltage security criteria
VOLTAGE SECURITY

Fig. 8. Q-V
V curves for different active power at bus 11 for
scenario 8 for the most sever contingency (outage of 4-7)
4

CRITERIA

Source
X

Source
Y

Source
D

voltage range
Stability margin
Voltage instability
QR(500 MVAR)
QR(1300MVAR)

1236
1441
1481
1913
1443

1093
1148
1243
1246
1152

6288
6588
6683
7118
6553

Point
on Fig
A
B
C
D
E

*QR=Q Reserve, LC=Limiting Contingency, PC=Pre
PC=Pre-Contingency
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LC
PC
4-7
4-7
PC
PC

5.7 Secure range of operation in two dimensions:
For two dimensional plots (Fig. 10 and 11)
source Y was defined as MW output of
generators 3 and 4, source X as MW output of
generator 2 and sink D as active load at bus 8
and 11.For the sake of simplicity of the graphs,
sink D has not been included as a third
dimension. Each radial direction stands for a
specific share between source X and Y. At each
radial direction D, X and Y would increase
incrementally (∆P=20MW) and for each loading
level voltage security analysis would be done for
all the screened contingencies, the algorithm is
depicted in Fig. 5.
In case 1, the results for which are in Fig. 10,
the Q reserve criteria for all the generators was
set to 500 MVAr for all the pre-contingency
conditions and voltage range criteria was set to
(0.92p.u.<V<1.08p.u.) and voltage stability
margin was set to 100 MW for both loads(bus 8
and bus 11) with equal shares. In case 2, the
results of which are in Fig. 11,the Q reserve
criteria for all the generators was set to 1300
MVAr for all the pre-contingency conditions and
all the other parameters were exactly the same
as case 1.
Table 3 shows the maximum secure level of
operation for different voltage security criteria.
Based on Table 3 for Q reserve equal to 500
MVAR, the maximum secure level of operation
before the Q reserve criteria gets violated is
bigger than the actual maximum secure level
before voltage instability (7118MW>6683MW)
,meaning that a Q reserve criteria equal to 500
MVAr is insufficient for this network so it fails to
identify the voltage insecure region. This failure
means that the yellow area in Fig. 10 is outside of
the red area. In order to mitigate this problem the
Q reserve limit was increased to 1300 MVAr (Fig.
11). In this case, the maximum secure level of
operation before the Q reserve criteria violation
occurs would become smaller than the actual
maximum secure level before voltage instability
(6553MW<6683MW), which means minimum Q
reserve criteria equal to 1300 MVAr can be used
to identify the alert state. We can also see that in
Fig. 10 the yellow area is located inside of the red
area.
Another observation is that the voltage range
criteria, the green area in Figs. 10 and 11, is the
most conservative voltage security criteria. The
stability margin is the least conservative criteria,
apart from the voltage instability point. Based on
stability margin criteria, the voltage secure region
of operation is green area plus blue area for Fig.
10 and for Fig.111 voltage secure region of
operation is green area plus blue area plus yellow
area.
MVAr reserve and voltage range are static
security criteria which do not adapt to the system
conditions which might fail to alert the insecure
operation of the system or lead to underutilizing
of the system equipment and additional cost for

extra lines. On the other hand, voltage stability
margin is flexible and in other words smart, which
can adapt to the dynamic nature of the power
systems.
6. VOLTAGE SECURITY ASSESSMENT
FOR IEEE 145 BUS SYSTEM
There are no parallel lines or branches in IEEE
145 bus network which makes it more prone to
voltage insecurity issues in the event of single
branch outage. Voltage security analysis done,
helps identifying the most severe single line
contingencies in the network. The outcome of this
analysis can be used to weigh the benefits of
preventing the most critical contingencies against
the cost of doubling their associated lines. The
main benefit would be the increased maximum
load level before voltage insecurity occurrence.
Therefore, voltage security assessment done
on this network is mainly aimed for improving
voltage security at planning stage rather than
online operational aspects. However, based on
IEEE 145 bus network output results, some
measurable variables are suggested to be
monitored to serve as an indicating parameter for
online voltage security assessments.
6.1 Contingency screening and scenario
definition:
All scenarios was assumed to be the total load
increase at area 1 (with fixed P steps of 200 MW)
which is matched by an increase of generation in
area 1.Furthermore, voltage range criteria was
set to (0.91pu<V<1.3pu) with no Q reserve and
stability margin criteria.
Contingencies 119-130,135-136,137-139,137145 and 139-140 are the five most severe
contingencies, all of which make the base point
voltage insecure (they correspond to scenarios 1
to 5 in Table 4.). At the base point, the active
power generation in area 1 is 292132 MW and
active power load in Area 1 is 277116 MW.
Moreover ,the second list of the most sever
contingencies are the individual outages of lines
139-145, 137-140, 136-139 and 139-140
(corresponding to scenarios 6 to 9 in Table 4)
which are sorted from most severe to least.
The second list of contingencies is the ones
which does not make the base point of operation
voltage insecure, whereas the first list of
contingencies (1 to 5 in Table 4.) do.
The ranking of contingencies is based on the
maximum load level that they would allow before
voltage instability would occur (Table 5).
According to Table 5 doubling the lines that
form the most severe contingencies ( 119130,135-136,137-139,137-145,139-140) in order
to remove their limiting effects on operational
loading level due to their potential outage would
substantially enhance the voltage stability of the
system (makes the base point voltage secure)
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and increase the maximum secure load level to
304316MW(Table 5.).
Based on Table 5. , doubling the 139-145 line
increases the maximum voltage secure load level
from 304316 MW to 325916 MW, which
constitutes an increase of 7 %.
However, doubling the 137-140 would offer a
far smaller improvement in voltage stability (from
327916MW to 328516MW) which constitutes an
increase of less than 0.6%.This would probably
makes the cost of the additional line
uneconomical. Nevertheless, during the actual
planning stage the benefits of improved voltage
stability and increased transmission line utilization
should be weighed against the cost of doubling
those lines.
Another point that is worth mentioning is that
the P-V curves for IEEE 145 bus network showed
almost no considerable voltage changes at any
of the buses for any contingency or load level.
Therefore, voltage range security criteria could
not be used in this network as a voltage stability
indicator, which is due to the fact that bus
voltages in this network are not sufficiently
sensitive to load changes.

Fig.12 are sorted based on the flatness of their QV curves or their reactive power stability margin
the result is: bus 68,107,92,84,85. This means
buses 68, 107, 92, 84 and 85 are the first,
second, third, fourth and the fifth most critical
buses respectively. This confirms the modal
analysis results regarding the most critical bus
bars.
Surprisingly Q-V curves for scenario 6 at the
five most critical bus bars were the same for base
load and maximum active power level for
contingency 139-145.
This is in contrast to the Q-V curve of bus 137,
shown in Fig.13, that changes as the load
increases. At the maximum secure load level, the
Q stability margin at bus 137 becomes zero (Fig.
13), indicating that for the next active power step
voltage stability would be lost.

TABLE 4.
Scenarios definitions and list of contingencies
for each scenario
List of contingencies for each scenario
SCENARIO
NUMBER

1/2/3/4/5
6
7
8
9

(119-130/135136/137-139/137145/139-140)
√
×
×
×
×

139145

137140

136139

139141

√
√
×
×
×

√
√
√
×
×

√
√
√
√
×

√
√
√
√
√

Fig. 12. Q-V curves at area1 max load for sub scenario 6 at
the five most effective buses (contingency 139-145)

TABLE 5.
Maximum transfer level and limiting contingencies
for different scenarios
SCENARIO
NUMBER

Maximum secure
level(MW)
Gen. of
Load of
Area1
Area1

1/2/3/4/5

292132

277116

6
7
8
9

319332
340932
342932
343532

304316
325916
327916
328516

Limiting
Contingency
One of the 5
most severe
139-145
137-140
136-139
139-140

Violation
Instability
Instability
Instability
Instability
Instability

6.2 Q-V curve analysis for scenario 6:
In this part Q-V curves for scenario 6 are
plotted for buses 68, 107, 92, 84 and 85 at the
maximum secure load level (304316MW) for
contingency 139-145(Fig. 11.).
The Q-V curve at bus 68 is almost flat, which
means the sensitivity of the voltage at bus 68 to
its MVAr injection is extremely high. This means
that a small change in the Q injection at bus 68
would cause a large voltage change at bus 68,
which is indicative of low voltage stability at bus
68 and is consistent with the modal analysis
results. The Q-V curves for the other four buses
also indicate that these bus voltages are also
very sensitive to Q (Fig. 12.). When the buses in
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Fig. 13. Q-V curves at bus 137 with three different load levels
for scenario 6 at contingency 139-145

Fig. 14. MVAR reserve at bus 137 for scenario 6 for
contingency 139-145

Fig. 14 shows the reactive power reserve at
bus 137 versus the active power generation of
area 1 for contingency 139-145.Based on Fig. 14,
the slope of the reactive power reserve curve at
bus 137 gets steeper as the active power
generation of area 1 approaches the maximum
secure level of operation (MW generation of area
1=319332 MW).Finally, at the maximum voltage
secure level of operation, the reactive power
reserve curve would experience an almost
vertical drop. This fast depletion of reactive power
reserve at bus 137 is in fact a sign of impending
voltage collapse. Therefore, we can conclude that
in the IEEE 145 bus system the changes in the
MVAR reserve at bus 137 can be used as a
simple indicating variable for assessing the
voltage security of the system as a part of the
online applications. Furthermore this can also
suggest that installing SVC at bus 137 would
substantially improve the voltage stability status
of the system. In other words, by removing the
most limiting reactive reserve constraint (Q
reserve at bus 137) more active power could be
transferred using existing transmission lines.

easy to measure in a reliable fashion. In the
future, and with the proper definition of a set of
indicator variables, suitable thresholds on these
variables could be defined that can serve to
indicate the proximity of the system to voltage
instability. These thresholds could be updated on
a “day ahead” basis using the probability of
different contingencies for the next day and,
based on the scheduled load, the maximum load
fluctuations in a given time – specifically the
minimum time needed for the system operator to
take action in the event of the violation of security
limits.
Voltage stability margin was proved to be
flexible and in other words smart, which can
adapt to the dynamic nature of the power
systems. Nevertheless, stability margin criteria for
online application would only be possible in
presence of the powerful DSA module in
conjunction with wide area measurement units
and PMUs as well as system-wide state estimator
unit.
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Study on Power System
Low-frequency Oscillation
Using Hamiltonian Periodic Solutions
Shi, Fang



Power system resonance mechanism is
accepted by a number of researchers and can be
used to explain some power oscillations in
practical power systems that can’t be explained by
non-negative damping mechanism [3]. It is
believed that low-frequency high amplitude power
oscillation could be triggered while the frequency
of a sustained cyclic small disturbance coincides
with the natural oscillation of the power system.
Some oscillations occurred in practical power
systems have been repeatedly proven to be
caused by outside periodic disturbances [4-6]. In
[7], the mechanism and reason why generator
parallelization
can
cause
low-frequency
oscillations are analyzed and found that dual
modes of low-frequency harmonic torque in
generator parallelizing are the main factors. In [8],
a fact that continuous cyclical load disturbances
can lead to forced power oscillations is proved and
the relationship between the influence factors of
the load power disturbance and the inherent
oscillation modes are analyzed.
Nonlinear theory is another kind of means to
analyze low-frequency oscillations of power
system. In [9], a realistically parameterized power
generator model, augmented to include several
elements, such as lossy transmission line and
excitation control, is shown to undergo a Hopf
bifurcation to periodic solutions hence the
oscillations will occur. In [10], a numerical method
is proposed to evaluate the unstable limit cycle by
means of Hopf bifurcation theory. However, the
chaos and bifurcation theory are commonly used
in simple power system oscillation analysis since
the mathematical models for real power system
are rather complicated. More recently, with the
advances in signal processing algorithms along
with the application of the WAMS (Wide Area
Measurement
Systems),
some
nonlinear
conceptions and computational algorithms have
been proposed in the investigation of complex
non-stationary power system oscillations [11].
Periodic motions and behaviors in nature have
wisely drawn our attention because they are a sign
and a clue for regularity. Hamilton system is a kind
of specific dynamic system which has been
successfully used in some practical physical
systems, such as mechanical system and power
system [12, 13]. The complex dynamical behavior
of Hamiltonian systems can be investigated from

Abstract — The periodic solution theory of the
autonomous Hamiltonian systems is studied. Then
the
low
frequency
oscillation
frequency
characteristics of power system are analyzed using
the inherent periodic orbits in nonlinear systems
based on variational method and extremum
principle. Some interesting conclusions, which can
be dedicated to analyzing the periodic properties of
some physical systems, are given without detailed
proof. The physical nature of the existence of the
low-frequency oscillation in single machine
infinite-bus (SMIB) system and inter-connected
power system are derived in detail. The result is
compared with that originated from linearized
eigenvalue analysis. The factors which closely
related with the low frequency characteristic are
summarized and discussed. The dynamic
numerical simulations of parameterized power
system verify the correctness and prospectiveness
of the proposed method.
Index Terms — Hamiltonian system, periodic
solutions,
power
system,
low-frequency
oscillations

1. INTRODUCTION

L

ow-frequency oscillation poses a potential
threat to the
stable operation of power
systems. There have occurred several instability
and breakdown events in power system that
originated from low-frequency oscillations. For a
long time in history, it is believed that negative
damping is the essential cause of the
low-frequency oscillations and the consequently
developed eigenvalue analysis method can
provide sufficient information for all the oscillation
modes [1]. However, numerous oscillation faults
can still happen after the damping of the power
system has been strengthened through various
methods [2], some of which can-not be predicted
or analyzed by the traditional negative damping
mechanism and the small-signal analysis methods
that based on linear techniques. Therefore, in
recent years, kinds of different explanations of the
mechanism of low-frequency oscillations are
explored.
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12

different points of view and using a large variety of
analytical and geometric tools [14]. In [15], a
Hamiltonian approach is proposed to obtain the
natural frequency of nonlinear conservative
oscillatory systems. More specifically, the periodic
solutions of conservative systems with two
degrees of freedom have drawn considerable
attentions for years and a consequence of the
least action principle has been successfully used.
Then variational methods have been proposed for
solving the periodic solutions of general
Hamiltonian systems with strongly indefinite
functional and finding heteroclinic or homoclinic
orbits [16-18].
The interest on periodic motions has not been
restricted to celestial mechanics but became a sort
of paradigm in all the areas where mechanics can
be successfully applied [19]. In this paper, using
the mathematical theory and computational
algorithm of the existence of periodic solutions for
a class of symmetric Hamiltonian systems, the
low-frequency oscillations of power system are
investigated from a completely new point of view.
Firstly, some useful conclusions in the periodic
solutions of the autonomous Hamiltonian systems
are introduced without detailed proof. Then the
Hamiltonian realization of single machine
infinite-bus
(SMIB)
system
and
the
inter-connected power system are explicitly
illustrated, and the oscillation frequency properties
are analyzed. Lastly, the dynamics of these two
parameterized power systems are investigated
and the simulation results verify the correctness of
the presented method.

Most of the systems in physics can be naturally
written as the Hamiltonian form. A general
Hamiltonian system can be written as following:
H

p   q   H q (p, q, t );


q  H  H (p, q, t ),
p

p

(1)

where p , q  R n and H  C 1 ( R  R 2 n , R ) . For the
practical dynamic system, H commonly has a
meaning of the total energy of the system. Denote
z  p, q  , the Hamiltonian function can be
represented as

   V (q)

H (z)  K (z)  V (z)  K p

2

(2)

where K (z ) and V (z ) are the kinetic energy and
potential energy of the system, respectively. Then
the system can be rewritten in a compact form as
follows:
z  JH (t , z )
(3)
where
 0 In 
H (t , z )
.
J 
 ; H (t , z ) 

I
0
z
n



Specifically, equation (3) is an autonomous
Hamiltonian
system,
namely,
when
H (t , z )  H (z )  C is a constant. The problem of
periodic solutions for the above mentioned kind of
system is of great concern because of its
widespread occurrence in nature. Under some
reasonable assumptions, the practical dynamic
system can also be transformed into an
autonomous Hamiltonian system, such as the
lossless power system.
The existence and numerical calculation of the
periodic solutions for system (3) is of great
importance for investigating its regularity as well as
periodicity. Thus a natural problem which arises is
whether there exists the periodic solutions and the
number of the solutions if exists. From the point of
view of variational methods, the characteristic of
H (t , z ) especially when z   and z  0 is

2. BASIC THEORY AND PRELIMINARY RESULTS
The complex dynamical behavior of Hamiltonian
systems has attracted mathematicians and
physicists for a long time. Especially, the periodic
solution of the autonomous Hamiltonian systems
is of great importance to the prominent
characteristics of the corresponding physical
system. The study on the periodic orbits of
planetary motions, mechanics systems and some
other dynamic systems has been one of the main
centers of mathematical investigations and
developments. This method is reasonable and
understandable for studying the dynamical
properties of a practical system since any
equilibrium point can be seen as a periodic
solution with T=0 [19]. Variational methods turned
out to be one of the most effective methods for
proving the existence of periodic orbits [20]. The
valuable feature of the variational methods is the
possibility to study the existence problem by
looking at the topology and geometry of the space
of periodic paths without recalculating the entire
trajectory. This paper focuses on the application of
Hamiltonian periodic theory on power system
low-frequency oscillations. Some preliminaries are
merely introduced here in order to make the paper
self-contained, the proof and more details can be
found in [19, 21].

closely related to the problem. Without loss of
generality, when looking for periodic solutions of
system (3) we shall always assume that H (t , z )
satisfies the following conditions [21]:
(H1) H  C ( R 2 N  R, R) , H  C ( R 2 N  R, R 2 N ) and it
causes no loss of generality to assume H (t ,0)  0 ;
(H2) H (t  2 , z )  H (t , z ) ;
(H3)There exist c  0 and s  (2, ) satisfies the
condition that H  c(1  z

s 1

).

Sometimes, two additional conditions may be
needed:
(H4)  2 H  C ( R 2 N  R, R 4 N ) ,  2 H is the Hessian
matrix of H ;
(H5)There exist d  0 and s  (2, ) such that the
2

condition  2 H  d (1  z

s 1

) holds.

Clearly, (H5) implies (H3). The existence and
multiplicity results for periodic solutions of (3) are
interrelated to the solutions near an equilibrium
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[21], which is more helpful to further understand
the periodic motions of some physical systems. A
theorem for periodic solutions near equilibrium is
explicitly given below.
Consider an autonomous Hamiltonian system
as in (3), the conditions of (H1)-(H3) are supposed
to hold for H (t , z ) . Then the vector filed of H is
one dimensional continuous, thus each initial
value problem has a unique solution z  z (t )
defined on some maximal interval I  [0, t max ] .
Furthermore, the autonomous property of the
system will naturally yield :

Theorem 1 illustrates some general aspects of
the results regarding the periodic orbits in
Hamiltonian systems. The detailed proof of the
theorem can be found in [23] and [21] as well as
the references therein. Such systems are the
modern formulation of those mechanical systems
which are described by second order differential
equations and have an energy function [19]. It is
important to say that most of the systems of
interest in physics can be naturally written in
Hamiltonian form. Under some assumptions, the
autonomous properties can be acquired for some
physical systems, thus the periodic characteristic
can be evaluated via the above theorem.

d
H  z (t )   H  z (t )   z (t )   Jz (t )  z (t )  0 (4)
dt
which means that H  z (t )  is constant for all t  I .

3. POWER SYSTEM MODEL AND PERIODIC

Without loss of generality, we assume that z  0 is
an isolated, hyperbolic stationary solution of (3)
and it is also a critical point of H . The Lyapunov
center theorem provides an essential condition for
the existence of the periodic orbits near 0. It states
that if J 2 H (0) has a pair of purely imaginary
eigenvalues i which are simple and no other
integer multiples ik ( k  N is an integer
number) are eigenvalues of J 2 H (0) then the
dynamic system of (3) has a one-parameter family
of periodic solutions emanating from the
equilibrium point. However, if integer multiples are
eigenvalues of J 2 H (0) then there may be no
periodic solutions near 0 [22]. A sufficient condition
is urgently needed for practical usage of this
criterion mentioned above.
Suppose that all eigenvalues of J 2 H (0) are
semi-simple and are of the form of ik . Define
E  R 2 N is the generalized eigenspace of

PROPERTY

Low-frequency oscillation is of great importance
to the security and stability of power system.
Essentially, it can be seen as a periodical motion
attached to the synchronous rotating movement of
the generators which has a nominal frequency
value of 0.1 to 3 Hz. Negative damping
mechanism and eigenvalue analysis based on
linearized methods are dominated in explaining
this oscillation phenomenon. However, the
mechanisms of the indiscipline oscillations
especially the ultra-low-frequency oscillations in
large interconnected power grid are still being
researched and are far more clearly understood.
Motivated by the research on bifurcation and
chaos of power systems based on nonlinear
theory, the periodic solutions of autonomous
Hamiltonian theory are introduced to analyze the
frequency characteristics of low-frequency
oscillations in power system.

J 2 H (0) corresponding to the eigenvalues of
ik . Let

3.1. Frequency analysis of SMIB system

1
(5)
Q( z )   2 H (0) z, z  C 2  R 2 N , R N 
2
be the quadratic part of H at 0 and    ( )  N

Firstly, the SMIB system as shown in Fig. 1 is
chosen as a demonstration to illustrate how to
investigate the low-frequency property of power
system oscillations using the proposed theorem.
The classical generator model will be used in this
paper. Eq'  denotes the internal generator

be the signature of the quadratic form Q restricted
to E . Observe that  ( ) is automatically an even
integer then there holds the following theorem.
Theorem 1: If   0 , then one of the following
statements hold:
(i) There exists a sequence of Tk -periodic
solutions z k of (3) which lie on the energy surface
H  H (0) with Tk  2 /  and k   . It is not
necessary that the period of Tk is minimal.
(ii) There exists   0 small enough such that
there are at least  / 2 non-constant and

voltage and rotor angle, X d  represents the sum
reactance of the generator and the transmission
line, while the resistance of the line is ignored.
T
Define x0  0  0  is the equilibrium point, then in
the per unit system, the dynamics of the system
can be written as following:
  Pm Pe D

  ;
 
M M M

   ,


geometrically
different
periodic
solutions
z j ( j  1,...,  / 2 ) of (3) on the energy surface

(6)

where     0 ,      0 , D represents the
damping constant of the generator, and

H  H (0)   2 with period T j (also not necessarily

Pe 

minimal). Moreover, these solutions converge
towards 0 and T j  2 /  as   0 .

EqVs
sin  0   
X d 

is the electromagnetic power of the generator.
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(7)

Eq' 

X d 

Vs 0





a

From the oscillation energy point of view, define
the Hamiltonian function as:

(14)

power system need to be satisfied firstly. Then it
holds that a  0 since the other physical
parameters therein are all positive definite. Then
the corresponding eigenvalues have the following
form:
(17)
1,2  i a
Consequently, the dynamic system of (6) has
periodic orbits near the equilibrium point. It is
obvious that the dynamic motion of (6) is
essentially a relative movement viewed in the
asynchronous rotational coordinates system.
Therefore, the SMIB system represented by (6)
will exhibit a low-frequency oscillation. According
to Theorem 1, on a prescribed energy surface of
H (0)   2 the system has a cycle motion with the

Then the SMIB system can be interpreted as the
Hamiltonian system:
x   J  R  H
(10)

periodic of T  2 / a . Normally, we can define
that M  6 ~ 12s  (6 ~ 12)s p.u, s is the based
asynchronous rotating speed of the system,
X d   0.2 ~ 10 p.u., and approximately we have
Vs Eq cos  0  1.0 . Then by direct calculation, the

where
0 0 
 1
, R D.

0

0
 M 

periodic movement has a frequency of 0.005 to
0.025p.u. For the power system having a nominal
asynchronous
frequency
of
50Hz,
the
low-frequency oscillations will be in a range of 0.25
to 2.5Hz. This conclusion is in accordance with the
fact that power system typically has a
low-frequency oscillation of 0.25 to 2.5Hz. The
same conclusion can be obtained via linearized
eigenvalue analysis or practical measurement.
Remark 1: The existence of the periodic
solutions of the autonomous Hamiltonian system
gives a promising view for further understanding
the essence of low-frequency oscillations in power
system, which is especially highlighted with that
the nonlinear characteristics of the system are fully
preserved. In Theorem 1, it states that the periodic
solutions are concerned with the equilibrium point.
Accordingly, the parameters in equation (15)
indicate that the frequency of the low-frequency
oscillations in power system rests with the
operating point as well as the structural
parameters.
Remark 2: The part (ii) of Theorem 1 also
implies that there is a periodic solution of (3) in any
neighborhood of almost every energy surface [24].
In a power system, the periodic motions, i.e. the
low-frequency oscillations, will always accompany
a nonzero oscillation energy. Specifically, for a
strictly convex and non-negative Hamiltonian

D is normally minimal and can be ignored since
the damp effect has weak correlation with the
oscillation
frequency.
Consequently,
the
realization of the autonomous Hamiltonian
structure can be readily accomplished.
T
Denote z   p q  and
 p    0 ;

q     0 .

(11)

Then the autonomous Hamiltonian form of SMIB
system can be written in the form as (3) with
H (t , z )   p H  q H 

T

(12)

It is obvious that H  0   0 and H is 2 -periodic
since there exist trigonometric function in (7). The
Hessian matrix of H can be directly obtained:
0
1



Vs Eq
 2 H (0)  
0
cos( p   0 ) 
 MX d 


(15)

(16)
Without losing generality, we can assume that
 0   0, 90  since the transient stability of the



MX d 

cos( 0 )

2  a  0

where the first item represents the oscillation
kinetic energy of the system since the
synchronous rotation of the generators have no
contribution to the oscillation, the last two parts are
the potential energy that related to the relative
positions of the generator rotator. Therefore, H
has a clear physical meaning of the total oscillation
energy. The inter-conversion between the kinetic
energy and the potential energy will lead to the
oscillations and it is naturally a periodic motion that
the frequency property can be fully explored. By
calculating the partial derivative of equation (8)
with respect to the state variables we can obtain:
 1


  H  


V
E
H  

(9)
   P  s q sin  

H
m
  


Vs Eq
MX d 

then the following equation holds

V E
1
P
2
  0   s q  cos  0  cos    m    0  (8)
2
MX d 
M

0
J
1

0.

Denote

Fig. 1. Equivalent circuit of SMIB system

H

cos( 0 )



1

Pe

Vs Eq
MX d 

(13)

and it is obvious that  2 H is upper bounded. So
the above mentioned conditions of (H1)-(H3) are
exceptionally satisfied. Then according to
Theorem 1, the periodic solutions of SMIB system
can be evaluated with the eigenvalues of J 2 H (0) .
Let  are the eigenvalues, then we have the
following determinant:
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system, there has a periodic solution z  C 1 ( R, R 2 n )
of (3) for H ( z (t ))   , (  0) [25]. It implies that
the severity of the perturbation which will trigger
the oscillation is of little importance to the
frequency of the low-frequency oscillations while
the oscillation amplitude is definitely influenced.

PA

GA

inertia of the whole system, and assume the
T
equilibrium point is x0   AB 0 ,  AB 0  , thus we have
 AB 0  0 , then the oscillation energy function of the
system can be represented as:
E   H eq  P ( AB   AB 0 )  K  (cos  AB  cos  AB 0 )  

AB

AB

T

Denote z   p q  and
 p   AB   AB 0 ;

q   AB   AB 0 .

H ( z )  E / H eq


EA EB  0 0 
+

 ,  AB = A   B ,  AB   A  B
x  H A H B 

H A( B ) 

 H ,
i

i 1

A( B )



i 1
nA ( B )

H

H
i 1

i

,  A( B ) 
i

i

i 1
nA ( B )

H

2
1
 AB 0  p   Pq  K  cos(q   AB 0 )  cos  AB 0 
2

(22)
Then the dynamic of the inter-connected power
system shown as (18) can be rewritten in the new
coordinate system as:
z  JH ( z )
(23)
Consequently, the autonomous Hamiltonian
system realization is accomplished and Theorem
1 can be directly used to analyze the periodic orbits
of the system. The transformation of coordinates
shows that the periodic solutions of (23) implies
the inter-connected power system low-frequency
oscillations. Thus in the vicinity of the equilibrium
point, there exist one periodic solutions, i.e., the
inter-area power system has a natural
low-frequency oscillation at the frequency of
(24)
f  f 0 K  cos  0 Hz

nA ( B )
i i

(21)

Then we define the Hamiltonian function as
proportional to the oscillation energy function of
(19) as follows:


 



P =  0 PmA  0 PmB    0 PLA  0 PLB 
H
H
H
H
B
B
 A
  A


 H

1
2
H eq AB
2

(19)
where the first item represents the oscillation
kinetic energy of the two equivalent generators
because the synchronous rotation of the two
generators have no contribution to the oscillation
energy, the other items represent the potential
energy that related to the relative positions of the
equivalent generator rotators. By direct calculation
of the partial derivative of (19) respect to x , the
dynamic of the system can be written as
 0  1 / H eq   H 
 AB 
x  
 J  H  
 (20)



0   H 
1 / H eq
 AB 

where

nA ( B )

GB

LB

Define H eq  H A H B / ( H A  H B ) is the equivalent

The ultra-low-frequency oscillations in the
interconnected power system have drawn
attentions for recent years and the mechanism
therein is still obscure. A number of alternate
analytical techniques to the determination of the
fundamental
characteristics
of
inter-area
oscillations have been developed including linear
and non-linear approaches [26]. Motivated by the
extended energy area criteria (EEAC), the
generators in an inter-connected power system
can be unexceptionally divided into two groups,
i.e., the accelerating group and decelerating group
[27]. When the oscillation between the two groups
is being studied, the two groups can be simplified
as two generators using the center of inertia (COI)
equivalent method [28]. The equivalent graph can
be seen in Fig. 2 and the analysis of the
low-frequency oscillations in this paper is based on
this model. The generators are modeled
classically and the transient generated voltage is
seen as an invariable. Then the dynamic behavior
of the equivalent system neglect damping terms
can be written as:
 AB =  K sin( AB )+P ;
(18)

 AB = AB ,

nA ( B )

LA

Fig. 2. The equivalent circuit of interconnected
power system

3.2. Inter-area power system simplification and
analysis

K =

PB

x

i

i 1

H A( B ) ,  A ( B ) and  A ( B ) are the inertia constants, the

rotor angle and angular speed of the equivalent
generators of area A (or B), respectively. PA and
PB represent the sum of the active power output of
the generators within area A and B, respectively;
PmA and PmB are the sum of the prime mover input
power of the generators within area A and B,
respectively; EA and EB are the constant voltage
behind the transient reactance of equivalent
generator A and B, respectively; x is the
equivalent impedance between the two area
including the effect of the transient reactance of
the equivalent generators, the parameters are all
in per-unit unless stated otherwise.

where f 0 is the asynchronous frequency.
Remark 3: The periodic orbit of the system
implies that the inter-connected power system is
inclined to experience a low-frequency oscillation
at the frequency of f . It is obvious that f is
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related to three parameters: (i) It is inversely
proportional to the equivalent impedance between
the two interconnected regional power grids; (ii) It
is inversely proportional to the total inertia time
constant of each area; (iii) It is proportionally
related to the cosine value of the initial rotor angle
difference.
These analysis can explain why large
interconnected power system especially that with
weak ties may undergo an ultra-low frequency
oscillations.
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4. PROPERTIES ANALYSIS AND SIMULATION
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Fig. 4. The dynamic of the system based on different
operating points

4.1. SMIB system
A parameterized SMIB system shown in Fig. 3 is
used to analyze the dynamic trajectory of the
system. The based capacity and voltage are
100MVA and 220kV, respectively. The inertia
constant of the generator is M  12s . Two
different operation points, which the active power
output are 3.0 p.u and 3.6 p.u with the
corresponding initial rotor angle of  01  41.3 and
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 02  52.4  , are chosen as the example to

investigate the relationship between the oscillation
frequency and the desired operational points. The
periodic solutions of the system at the two
equilibrium points are calculated with Theorem 1
and we can get the oscillation frequency are
1.229Hz and 1.107Hz with respect to the two
different equilibrium points, respectively.
The system is modeled in Matlab software and
the dynamics of the system is investigated. The
instantaneous three-phase short-circuit fault at the
midpoint of one transmission line occurs to the
system and leads to a low-frequency oscillation.
The dynamics of the differential rotor angle and
rotor speed of the system from the two different
initial operation points are shown in Fig. 4. The
dashed line represents the oscillation originates
from the equilibrium point with  01  41.3 and the

0

-5
0

10

20

30

40

t, s

Fig. 5. The dynamic of the system based on different
disturbance

The low-frequency oscillation in power system
will accompany an energy oscillation which
originates from an energy mismatch after a
disturbance. Theorem 1 also draw a conclusion
that the frequency of the periodic orbits has little
relation with the prescribed energy surface, which
means that the severity of the fault in power
system which triggers the oscillation has little
effect on the oscillation frequency. Two
disturbances with the fault clearing time of 0.1s
and 0.2s are illustrated in Fig. 5 with solid line and
dashed line, respectively. It shows that the
magnitude of the oscillation is closely related to the
disturbance while the frequency is only slightly
affected. It shows that the physical structure and
parameters of the power system are the primary
factors for the oscillation frequency.

solid line represents that with  02  52.4  . We can
see that the system will experience an oscillation
at the frequency of 1.2Hz and 1.1Hz from the two
different initial operation points. The results are in
accordance with the calculation using the
proposed algorithm in Theorem 1. The close
interrelation between the oscillation frequency and
desired operational equilibrium points in power
system is also verified.

4.2. Two-area power system
A simple two-area power system shown in Fig.6
is chosen as the example to analyze the properties
of the low-frequency oscillations in the
inter-connected power system. The parameters of
the system can be seen in [1]. Using the equivalent
method mentioned in Section II, the parameters of
the simplified model can be directly calculated as:

xd  0.2

Fig. 3. The structure and parameters of SMIB
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x  0.78 , H A  26s , H B  24.7s ,  AB 0  27.25 . The

power system are detailed illustrated. Simulation
results verify the theoretical conclusions.
There are some open problems and further
directions of investigation need to be deeply
researched in finding the periodic solutions of
Hamiltonian
systems.
In
particular,
the
multi-periodic problems for a large class of
infinite-dimensional Hamiltonian system are of
great concern both in literature and in industry. The
prospective progress in the periodic solutions of
the infinite-dimensional Hamiltonian systems and
strongly indefinite partial differential equations will
finally provide a powerful tool in studying the
oscillation properties of the multi-machine power
system from the nonlinear point of view.

oscillation frequency can be got via (24) and the
result is 0.846Hz. The dynamics of the system is
investigated with Matlab software when an
instantaneous short-circuit fault at bus 8 is set and
a low-frequency oscillation is triggered.
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The Application of SVC and TCSC for
Damping Inter-area oscillations
Cai, Deyu; Yang, Dechang; Ding, Lei; and Terzija, Vladimir


Abstract — The main goal of this paper is to
present a wide area control scheme using SVC and
TCSC for damping inter-area oscillation. In general,
SVC and TCSC are installed over a long
transmission lines to enhance the power
transmission
capability.
As
the
inter-area
oscillations are associated with heavy power
transfer over long transmission corridors, the
oscillatory stability can be improved if the
additional damping control is integrated into the
control scheme of SVC and TCSC. The paper
presents the classic and additional damping control
scheme of SVC and TCSC. The typical two-area
system, that is modelled using ‘DIgSILENT
PowerFactory’ is used to test the damping control
through the classic modal analysis and real time
simulations.
Index Terms — Inter-area Oscillations, SVC,
TCSC, damping control

enhance the power transfer capability of the
currently stressed transmission lines. Once these
power electronic devices have been installed in
the inter-tie lines the additional inter-area
oscillation damping controllers become available
[5].
In this paper, a wide area inter-area oscillation
control scheme is presented. The typical two-area
system will be used to test the damping control
scheme through the classic modal analysis and
real time simulations. In the two-area system, each
generator is equipped with a high gain static
excited exciter and speed governor. There is no
PSS installed in the system; thus the system is
representative of the sort that may benefit from the
use of power electronic devices for damping
inter-area oscillations.
2. USING SVC FOR DAMPING INTER-AREA

1. INTRODUCTION

OSCILLATIONS

P

resently, using Power System Stabilizers
(PSSs) is the most cost-effective approach for
low frequency power oscillations control [1] [2] [3]
[4]. The PSS is used to add additional damping
torque to the generator rotor by controlling the
generator’s Automatic Voltage Regulator (AVR).
The inputs to PSSs can be generator rotor speed,
electrical power or terminal bus frequency [5].
These PSSs are effective in stabilizing local
modes, and if accurately tuned may also be
effective in stabilizing inter-area modes. However,
the effectiveness of PSSs in damping inter-area
oscillations is limited because inter-area modes
are not as highly controllable and observable in the
generator’s local signals [6].
In interconnected power systems, lightly
damped or unstable inter-area oscillations usually
occur between power grids which are weakly
connected. Here, the weak connection refers to
the stressed transmission lines carrying heavy
power flow. In modern power transmission
technology, Flexible AC Transmission Systems
(FACTS) devices are the competitive solutions to
Deyu Cai (email:deyucai@hotmail.com) is with the Key Laboratory
of Power System Intelligent Dispatch and Control of Ministry of
Education (Shandong University), Jinan China and also with
Shanghai Electric Power Corporation Ltd., Shanghai, China.
Dechang Yang (email: yangdechang@cau.edu.cn ) is with College
of Information and Electrical Engineering, China Agricultural
University. Beijing China. Lei Ding (email: dinglei@sdu.edu.cn) is
with the School of Electrical Engineering, Shandong University,
China. Vladimir Terzija (email: terzija@ieee.org) are with The
University of Manchester, UK.
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In this section, a study of using SVC for damping
inter-area oscillations is presented. The system
used for testing the SVC damping control is shown
in Fig.1. There is typical two-area system, and a
SVC connecting to Bus 5. The SVC acts to hold
the voltage magnitude of Bus 5 close to 1.0 p.u..

Fig.1. Modified two-area system with SVC.

2.1 SVC Modeling
A Static Var Compensator (SVC) is a
shunt-connected
static
reactive
power
compensation component that is originally
designed to ensure that the bus voltage is held
close to a set value. It consists of shunt capacitor
bank and thyristor controlled shunt reactors. For
power flow, and power system stability studies, a
SVC can be modelled using the circuit diagram
shown in Fig.2. This model represents an ideal
SVC; which consists of a fixed capacitor
connected in parallel with a variable reactor. By
controlling the reactance value of the reactor, the
SVC releases or absorbs reactive power

dynamically to ensure the voltage stays in an
acceptable range.

simultaneously the mechanical torque of
generator 4 was reduced by 0.01 p.u.. Fig.5 shows
the generator rotor speed responses to this pair of
small disturbances. Fig.6 shows the voltage angle
difference across the inter-are transmission
corridor (line 3 and line 5) during the disturbances.
As seen from the simulation results, the inter-area
mode was not damped.

VSVC

Qmax

Qfixed

k

speed [p.u.]

G3

G4

1
0.9998
0.9996

0

5

10
time [s]

15

20

Fig.5. Generator rotor speed responses to the small
disturbances without SVC damping control.

phase angle (between bus3&bus5)

26
25
24
23
0

QSVC

1
1  sT f

1  sTa
1  sTb

G2

1.0002

phase angle [deg]

Fig.3 gives a block diagram of SVC control.
Under steady states, the SVC controller uses the
difference in magnitude between the reference
voltage and the measured voltage to determine
the adjustment of the reactive power (Q) output of
the SVC. These adjustments act to hold the local
voltage close to the reference voltage; however,
SVC can also be used to improve the system’s
small signal stability if the parameters of the
controller are set properly.

Vref

G1

1.0004

Fig.2. An ideal model of SVC.

5

10
time [s]

15

20

Fig.6. Oscillatory voltage angle difference between bus3 and
bus5 caused by the disturbances.

Qmin

Fig.3. Block diagram of SVC control.

2.2 System performance without SVC damping
controller
At a steady state, modal analysis was applied to
find the system’s oscillatory modes. The
eigenvalues associated with all of these oscillatory
modes are presented in Fig.4. As shown in Fig.5,
were 8 oscillatory modes in the system, and the
system is unstable as the there is an unstable
inter-area oscillatory mode (λinter-area = 0.02996345
± j3.416078) in the system.

local modes

5
imaginary

u max

kd

1
1  sTm

sTw
1  sTw

Vref

1  sTlead
1  sTlag
u min

VSVC

Fig.7. A block diagram of a SVC damping controller.

In this case, we used negative feedback control.
To implement an ideal feedback controller,
equation (1) shows the transfer function of the
negative feedback damping controller:

7
6

2.3 SVC damping controller
Fig. 7 gives a block diagram of a SVC
supplementary damping controller. In this case,
the voltage angle difference between bus3 and
bus5 (see Fig.1) was selected to be the input of the
damping controller. The output of this damping
controller was used to modify the local voltage
reference of the primary SVC control.

damping ratio= 5%
4
inter-area
mode

3
2

governor
mode

exciter modes
1
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Fig.4. Oscillatory modes in the two-area system with SVC.

A nonlinear simulation was used to demonstrate
that the inter-area mode, identified by the modal
analysis, would cause the system to become
unstable. At 0s, the mechanical torque of
generator 2 was increased by 0.01 p.u.,

21

(1)

Modal analysis was again performed for the
two-area system, but the new SVC damping
controller was used. There were now 9 oscillatory
modes in the system. Participation factor analysis
confirms that this new oscillatory mode was a SVC
control mode. Fig.8 shows the changes that
occurred in the system’s oscillatory modes when
the gain, Kd, of the SVC damping controller was
varied. As seen in Fig. 8, when the gain of the

damping controller is increased the unstable
inter-area oscillatory mode moves to the left;
whereas the SVC control mode moves to the right.
Furthermore, two exciter modes move to the left as
well as the inter-area mode. However, when the
damping controller’s gain is increased to
approximately 1.0, the two exciter modes begin to
move back to the right, and the damping factor of
the SVC control mode becomes less than the
damping factor of the inter-area mode. Therefore,
to obtain an optimum set of parameters for the
existing system controllers the gain of the SVC
damping controller was set to Kd=1.0.
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kd =1.0
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Fig.8. Oscillatory modes versus the gain of SVC damping
controller.

To confirm that the SVC damping controller can
prevent the system from becoming unstable, by
damping the inter-area oscillations, nonlinear
simulations were used. At 0s, the mechanical
torque of generator 2 was increased by 0.01 p.u.;
simultaneously the mechanical torque of
generator 4 was reduced by 0.01 p.u.. Fig.9
presents the responses of generator rotor speeds
to these small disturbances with and without the
SVC damping controller. These simulation results
confirmed the SVC supplementary controller’s
ability in damping inter-area oscillations. In
addition, Fig.10 presents the responses of the
inter-area power flow (line 3) to these small
disturbances with different damping controller
gains. These results show that the larger controller
gain was used the larger damping was obtained.
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Fig.10. Generator rotor speed responses to a three-phase fault
with and without SVC damping control.
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The robustness of the SVC damping controller
to large disturbances was also tested. At 1 s a
permanent three-phase short-circuit fault was
simulated at the mid-point of line 6, after 100 ms
the faulted line was disconnected. The response of
the generator rotor speeds to the three-phase fault
with and without a SVC damping controller are
presented in Fig.11. As seen from the simulation
results, the SVC damping controller has shown its
robustness in damping inter-area oscillations after
the system is subject to a large disturbance. In
addition, Fig.11 presents the responses of the
inter-area power flow (line 3) to the large
disturbance with different damping controller gains.
As before, when the controller gain was increased
the damping was also increased; this allowed the
system to be stabilized more quickly from the large
disturbance.
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Fig.10. Active power flow (line 3) responses to small
disturbance with and without SVC damping control.
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Fig.11. Active power flow (line 3) responses to a three-phase
fault with and without SVC damping control.

Fig.9 Generator rotor speed responses to the small
disturbances with and without SVC damping control.
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3. USING TCSC FOR DAMPING INTER-AREA
OSCILLATIONS

In this section, a controller that uses TCSC to
damp inter-area oscillations is presented. The
system used for illustrating this application of
TCSC supplementary damping control is given in
Fig.12. It is similar to the two-area system used in
the previous section. In the mid-point of the
additional AC line there is a TCSC that provides
40 % compensation of the line reactance.

condition (see Figure 8.30). In addition, TCSC can
also play an important role in improving the
damping of low frequency power oscillations. This
can be achieved by adding a damping control that
provides a damping signal to change the
reactance dynamically.
xmax

xC  xTCSC
xC  xTCSC

xTCSC

1
1  sT f

xreactor

xmin

Fig.15. A block diagram of TCSC control.

Fig.12. Modified two-area system with TCSC.

7
6

local modes

5
imaginary

3.1 TCSC Modeling
A Thyristor Controlled Series Capacitor (TCSC)
is an impedance compensator. It is added in series
to an AC transmission line for the purpose of
increasing the power transfer capability of that
transmission line, and controlling power flow [7]
[8]. A typical TCSC consists of a series capacitor
bank, C, in parallel with thyristor-controlled
reactors, L. For power flow and power system
stability studies, a TCSC can be represented using
the ideal model shown in Fig.13; that consists of a
fixed capacitor in parallel with a variable reactor.

3.2 System performance without TCSC damping
controller
At a steady state, modal analysis was used to
find the system’s oscillatory modes. The
eigenvalues associated with all of the oscillatory
modes are presented in Fig.16. These
eigenvalues show that the system is stable, as all
of the eigenvalues’ real parts are negative.
However, the damping ratio of the inter-area
oscillatory mode (λinter-area = -0.0203107±j4.09283)
is only 0.4%, which does not satisfy the
requirements of practical power system operation.

damping
ratio=5%

4

inter-area
modes

3
2
1

Fig.13. Modified two-area system with TCSC.

Using this ideal model the equivalent circuit of a
transmission corridor with TCSC shown in Fig.14
is constructed. In the equivalent circuit the
resistance of the transmission line is neglected. As
the equivalent reactance of “line 1” can now be
smoothly changed, by adjusting the reactance of
the TCSC, the active power flow across the two
transmission lines can be dynamically regulated.
xTCSC

Pline1

xline1

xline 2

VS

Pline 2

VR

Fig.14. An equivalent circuit of the transmission corridor with
TCSC.

Fig.15 gives a block diagram of basic TCSC
control. Based on off line power flow study (see
Figure 8.31), the reactance of the variable reactor
is calculated to obtain an expected power flow
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Fig.16. Oscillatory modes in the two-area system with TCSC.

After the modal analysis, a nonlinear simulation
was executed in the time domain to show the
inter-area oscillatory mode under which the
generators in the areas swing against each other
after disturbances. For exciting the inter-area
mode, the mechanical torque of generator 2 was
increased by 0.01 p.u. at 0s, the mechanical
torque of generator 4 was reduced simultaneously
by 0.01 p.u.. Fig.17 shows the generator rotor
speed responses to this pair of small disturbances.
The shape of the inter-area mode can be clearly
observed in the responses, i.e. the change of the
generator rotor speeds in area 1 are always in
anti-phase with the change of the generator rotor
speeds in area 2. Fig.18 shows the frequency
response at two locations in the system; one is
measured in area 1 (at bus 3) and the other is
measured in area 2 (at bus 5).
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Fig.17. Generator rotor speed responses to the small
disturbances without TCSC damping control.
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Fig.20. Oscillatory modes versus the gain of TCSC damping
controller.
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Fig.18. System frequency responses to the small disturbances
without TCSC damping control.

3.3 TCSC damping controller
Fig.19 gives the block diagram of a TCSC
supplementary damping controller. The input of
the damping controller is the frequency difference
across the AC transmission corridor; one is
measured in area 1 (at bus 3) and the other is
measured in area 2 (at bus 5). The output of this
damping controller is used to modify the reactance
reference of the TCSC. Equation (2) shows the
transfer function of the damping controller:

Nonlinear
simulations
were
used
to
demonstrate that the ability of the TCSC damping
controller to move the inter-area mode eigenvalue
corresponds to an ability to damp the inter-area
oscillation. At 0 s, the mechanical torque of
generator 2 was increased by 0.01 p.u.;
simultaneously the mechanical torque of
generator 4 was reduced by 0.01 p.u.. Fig.21
presents the responses of generator rotor speeds
to these small disturbances with and without the
TCSC damping control. These results confirmed
the TCSC damping controller’s ability in damping
inter-area oscillations. In addition, Fig.22 presents
the responses of the inter-area power flow (line 3)
to these small disturbances with different damping
controller gains. These results show that the larger
controller gain was used the larger damping was
obtained.
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Fig.19. A block diagram TCSC supplementary damping control.
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Fig.21. Generator rotor speed responses to the small
disturbances with and without TCSC damping control.
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Modal analysis was again applied to the
two-area system with the addition of the new
TCSC damping controller; the oscillatory modes
are shown in Fig.20. There were now 9 oscillatory
modes identified in the system. Using participation
factor analysis this new oscillatory mode was
confirmed to be a TCSC control mode. Fig.20
shows the changes that occur in system’s
oscillatory modes when the gain of TCSC damping
controller is varied. As the gain of the damping
controller is increased the poorly damped
inter-area oscillatory mode moves to the left;
whereas the TCSC control mode moves to the
right. When the damping controller’s gain, Kd, is
increased to approximately 22000 the inter-area
mode begin to move back to the right; this means
the damping ratio of the inter-are mode has begun
to decrease.

rotor speed [p.u.]

(2)

15

time [s]

1.0003

 1   10 s   1  0.11s 
 
 

H (s)  K d 
 1  0.1s   1  10 s   1  0.556s 

10

108
107

without control
with control kd=6000

106

with control kd=12000

105
104

with control kd=22000

0

5

10
time [s]

15

20

Fig.22. Active power flow (line 3) responses to small
disturbance with and without TCSC damping control.
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Furthermore, the damping effect of the TCSC
damping controller was also verified for a large
disturbance. At 1 s a permanent three-phase
short-circuit fault was simulated at the mid-point of
line 6, after 100 ms the faulted line was
disconnected. The response of the generator rotor
speeds to the three-phase fault with, and without a
TCSC damping controller are presented in Fig.23.
As seen from the simulation results, the TCSC
damping controller has shown its robustness in
damping inter-area oscillations after the system is
subject to a large disturbance. In addition, Fig.24
presents the responses of the inter-area power
flow (line 3) to the large disturbance with different
damping controller gains. As before, when the
controller gain is increased the damping is also
increased; this allows the system to be stabilized
more quickly from the large disturbance.
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Nonlinear simulations can be used to assist the
conventional
eigenvalue
analysis.
These
simulations confirm the ability of the damping
controllers, designed in the frequency domain, to
provide additional damping to the system robustly.
The selection of the input signals that feed the
damping controllers is not unique; it is dependent
on the observability of the inter-area oscillation
mode extracted from the selected input signals. In
this paper, the frequency difference and voltage
angle difference across the inter-area power
transmission corridor were tested as the input
signals for the damping controllers. In practical
implementation, these wide area signals can be
successfully captured by PMUs and sent to the
centralized control centre via high speed
communication network.
The robustness of the damping controllers was
only tested through a single large disturbance at
one operating condition. However, the damping
controllers designed based on the conventional
linear control theory often only work within a
limited operating range. For real power system
operation, variable operating conditions and
different contingencies may reduce the effect of
the existing damping controllers, and allow lightly
damped or even unstable inter-area oscillations to
exist. Therefore, for real implementations, a large
number of simulations should be performed to
confirm the robustness of the damping controllers
at variable operating conditions and for different
contingencies.
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Fig.23. Generator rotor speed responses to a three-phase fault
with and without TCSC damping control.
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Research on Power System
Controlled Islanding
Juncheng, Si; Jiping, Jiang; Famin, Cheng; and Lei, Ding


boundary to form sustainable islands.); 2) When to
split? (i.e., splitting timing.)
Many methods have been proposed to find the
proper splitting boundary. In [1] and [2], an
Ordered Binary Decision Diagram (OBDD)
method and Breadth First Search (BFS)/Depth
First Search (DFS) algorithms are presented to
find the power-balanced islands containing
coherent
generator
groups,
respectively.
According to [1], the controlled islanding problem
with minimal power imbalance is NP-hard
(non-deterministic polynomial-time hard), which
means it is extremely difficult to find a deterministic
solution within polynomial time.
To overcome this problem, the original network
is usually simplified to contain less than 40 nodes
[1]. Simplifying the original network to this content
can lead to better solutions, which may exist in the
original network, being missed. In [3], a small
subset of the original network, called weak area, is
served as reduced solution space to improve the
computation efficiency. However, although
simulations show that the solutions of minimal
power imbalance are always near the weak area, it
still needs more theoretical proofs to validate.
Some heuristic methods, such as Angle
Modulated Particle Swarm Optimization, are also
proposed to overcome the computation efficiency
problem [4],[5]. Reference [4] neglects the
connectivity of sub-graph to achieve computation
efficiency. Consequently, the solution may contain
isolated buses.
The k-way partition and spectral clustering
methods are also proposed to solve this controlled
islanding problem [6],[7]. These methods have
excellent computational efficiency, but they do not
consider the constraints, as a sequence that
generator coherency within each island cannot be
guaranteed. On the other hand, using spectral
clustering directly to split the network without any
constraint often leads to simply separating one
node from the rest of the graph. These two forms
of solutions are clearly unacceptable for a power
system splitting.
It can be seen that many works has been done
on this topic, but there are still several unsolved
problems. For example, what is the essential
difference of these algorithms and which one is
better? This paper aims to explore some basic
differences of these algorithms, and summarizes
some unsolved problems of this topic. It concludes
that the efficient evaluation of islanding solutions is
necessary for solving these problems.

Abstract — Controlled islanding of a power
system is an efficient corrective measure for
limiting system blackouts after a large disturbance
has occurred. It limits the occurrence and
consequences of blackouts by splitting the power
system into a group of smaller, islanded power
systems, or islands. Different methods have been
proposed for finding possible islanding solutions,
i.e. determine where to split the power system.
However, there are still several unsolved problems:
1) several objectives of controlled islanding have
been proposed: minimal power imbalance, minimal
power-flow disruption and minimal dynamic
coupling. Further research is necessary to
determine which one is better to achieve stable
islands; 2) the time complexities for solving
controlled islanding problem vary with different
objectives. However, this feature hasn’t been
addressed and even has been misread. 3) Existing
methods are based on pre-fault power flow
snapshots of power systems and do not consider
the dynamic process after disturbance happened.
These unsolved problems of controlled islanding
are discussed and analyzed in this paper. It can be
concluded that the efficient evaluation of islanding
solutions is necessary for solving these
above-mentioned problems.
Index Terms — Controlled islanding, objective
function, evaluation strategy.

1. INTRODUCTION

I

n recent years, rapid increase in load demands,
requirements of power system regulation, and
the integration of renewable resources, have
pushed the operating conditions of modern power
systems ever closer to their stability limits. With the
reduced security margin, any violation of security
limits leads to far-reaching consequences for the
entire power system, such as wide-area blackouts.
Controlled islanding is an active and effective
way of avoiding catastrophic wide area blackout.
When the system integration cannot be
maintained any more under severe disturbances, it
splits the whole power system into several power
islands to save the load supply based on the online
information acquired by WAMS (Wide Area
Measurement System). A practical controlled
islanding scheme needs to address two critical
problems: 1) Where to split? (i.e., the splitting
Manuscript received Oct 24, 2004. This work was supported in
part by the NSFC under Grant 51107071 and Grant 51477093.
Si Juncheng, Jiang Jiping and Cheng Famin are with the State
Grid Dongying Power Supply Company, China.
Ding Lei is with Shandong University, China.

27

2. THE CLASSIFICATION AND DIFFERENCE OF

3) Global optimization methods, such as weak
connection and spectral clustering [3],[6],[7],[9].
These algorithms can get the relaxed deterministic
solution of combinatorial optimization problems
within polynomial time.
The most instinct difference is the objective,
which will lead to different solving algorithms and
different solutions.

EXISTING ALGORITHMS

It is quite complicated to determine a real-time
splitting boundary for considering a large number
of constraints, such as load-generation balance,
generator coherency, thermal limits, voltage
stability, transient stability, etc. It is a
multi-objective and multi-constraint optimization
problem from the mathematic view. In fact, the
solution satisfying all constraints may even not
exist or be too hard to solve. That is why stable
islanding can usually be achieved not only by
controlled islanding, but also by coordinated load
shedding and other corrective measures. A
practical method for solving this problem is
simplifying it as a single-objective optimization
problem with several constraints. In general, its
objective function is the minimal power imbalance
within islands or the minimal power-flow
disruption, whilst the constraints are coherent
generator groups.
According to the objective function used, the
existing methods can be classified as three
groups:
1) Minimal power imbalance within islands. In
[1],[4], the power imbalance is expressed by the
difference between power generation and power
consuming within each island. In [2], this power
imbalance is also expressed by the algebraic sum
of power flow between islands.
2) Minimal dynamic coupling between coherent
areas. In [3],[8], the slow coherency method is
extended to load buses to find the weak
connection between islands. By setting a
threshold, this weak connection can also be
extended as a weak area. Simulations show that
the solutions of minimal power imbalance are
always near the weak area
3) Minimal power-flow disruption between
coherent generator groups. Besides the power
imbalance and dynamic coupling, the absolute
value of power exchange is also used as the
objective function of controlled islanding [6],[7].
It is worth to know that both active power and
reactive power should be considered in power
imbalance and power-flow disruption. However, to
simplify the analysis only active power is involved.
According to the algorithm type used to solve
the optimization problem, these methods can also
be classified as another three groups:
1) Global search methods, such as BFS/DFS
and OBDD [1],[2]. The global search algorithms
can search the entire solution space and find every
solution. However, the computation efficiency is
often a challenge to apply on large networks for the
occurrence of combinatorial explosion of solution
space.
2) Heuristic search methods, such as methods
proposed in [4],[5]. Heuristic search methods are
usually quite flexible and have satisfactory
computational efficiency. However, the solution
quality cannot be guaranteed since they are
designed to find local, rather than global, minima.

3. EFFECT OF DIFFERENT OBJECTIVES ON ISLAND
STABILITY

In this section, simulations on the IEEE-118 test
system are used to validate the effect of different
objectives on stability of islands formed. Suppose
that at the time0.0s, a three-phase fault occurs on
bus 25 and is then cleared at 0.22s by tripping line
23-25. After the fault is cleared, the generators
lose their synchronization and form two coherent
groups Group1:{10,25,26,31} and Group2:
{46,54,59,61,65, 66,69,80,87,89,100,103,111}. To
simplify the analysis, classical generator models
are used and all AVR & Governor controllers are
disabled.

Fig.1 Islanding solutions of different objectives

The islanding solutions of different objective
function are showed in Fig.1 and their differences
are compared in Table 1.
TABLE I THE ISLANDING SOLUTIONS OF DIFFERENT OBJECTIVES
Islanding solution
Remark
 Pij
|Pij|
Qij
(MW)
(MW) (MVar)
15-33,34-37,30-38,43Min power
-3
219
-32/-14
44,34-36,23-24
imbalance
Min
15-33, 19-34, 30-38,
74
81
10/-60
power-flow
23-24
disruption
Min
42-49,
43-44,38-65,
-332
335
-38/-36 dynamic
24-72,24-70
coupling

These three islanding solution are executed at
0.62s and the generator speeds after the splitting
are showed as Fig.2 to Fig.4, respectively. By
using the solution of minimal power imbalance, the
island 1 containing the Group 1 reaches a
permissible speed range (0.95-1.05p.u.) after
40.131s and its stable speed is 1.031p.u.. By using
the solution of minimal power-flow disruption, the
island 1 reaches the permissible speed range after
15.281s and its stable speed is 0.970p.u.. With the
solution of minimal dynamic coupling, the island 1
cannot reach a permissible speed.
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lead to a long calm-down process after the
splitting. For example, solution I has only 3 MW
active power imbalances but has 100MW power
exchange on splitting boundary.
In the meanwhile, solutions of minimal
power-flow disruption are distributed in regular and
very close. It means that if the optimal solution is
missed, the similar one may still be a good
solution. However, the solution of minimal
power-flow disruption may bring a larger power
imbalance which means shedding more loads. For
example, the solution I in Fig.6 only has an active
power-disruption of 81MW but has a power
imbalance of 74MW.
However, which one is better for the islanding,
minimal power imbalance or minimal power-flow
disruption, or a factor combined both of them?
This question is unsolved and needs further
research to explore.

Fig.2 Generator speeds after executing the solution
of minimal power imbalance.

Fig.3 Generator speeds after executing the solution
of minimal power-flow disruption.

Fig.5 Solution distribution of minimal power imbalance

Fig.4 Generator speeds after executing the solution of minimal
dynamic coupling.

It can be concluded that the minimal
power-imbalance helps to create islands with good
load-generation balance and then achieve minimal
stable frequency deviation of each island.
The minimal power-flow disruption favors
minimizing the disruption of power flow, improving
the transient stability of each island, avoids the
overloading of transmission lines and eases the
reconnection of islands. However, its power
balance is worse than the solution of minimal
power imbalance, and in some cases it needs
shed more loads after the splitting.

Fig.6 Solution distribution of minimal power-flow disruption

5. DYNAMIC PROCESS OF SPLITTING

4. SOLUTION DISTRIBUTION OF DIFFERENT
OBJECTIVES

Since the splitting is executed during the
dynamic process after a severe disturbance
occurs, the islanding solution should be
determined based on real-time information of the
dynamic process. However, most of existing
methods are based on the snapshots before
disturbance and do not consider dynamic process.
It is necessary to check if the optimal solutions
found in steady state are still valid in dynamic
process.

The solution distributions of minimal power
imbalance and minimal power-flow disruption are
showed as Fig.5 and Fig.6, respectively. It can be
seen from Fig.5 that the flows on splitting
boundary are often bidirectional and the solution
distribution of minimal power imbalance is
irregular (like solution I and III in Fig.5). In addition,
power flow exchanges on the boundary of
power-balance areas are still quite large, which will
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or minimal dynamic coupling as the objective, it is
likely to be solved efficiently and does not need
network simplification.
7. DISCUSSION AND CONCLUSION
It can be concluded that there are still several
unsolved problems of the controlled islanding: 1)
there are many objective functions have been
used in literature, such as minimal power
imbalance, minimal power-flow disruption and
minimal dynamic coupling. It needs further
research to compare and analyze the differences
between them. 2) The time complexity of the
controlled islanding problem is misread. The
controlled islanding problem is not always
NP-hard, but varies with its objective function. 3)
Existing methods are based on the snapshots
before disturbance occurrence and do not
consider dynamic process.
Based on above analysis, we need rethink such
a question: how to define the goodness of an
islanding solution, or how to evaluate the
goodness of islanding solutions?
To compare and evaluate the controlled
islanding algorithms with different objective
functions, an efficient evaluation method is
necessary for quantitative analysis of frequency
stability, transient stability and voltage stability of
islands formed. By using different islanding
solutions with different objectives, the coherent
generator groups are the same but the topology
and loads of island formed are different. A big
challenge for quantitative analysis is that existing
stability analysis methods are based on OMIB
(one-machine infinite bus) model and cannot
reflect the change of topology explicitly.
Several unsolved problems of controlled
islanding are discussed and analyzed in this paper.
It concludes that an efficient evaluation of islanding
solutions is necessary for solving these problems.

Fig.7 Solutions of minimal power imbalance at different time

Moreover, the splitting boundaries may vary
during the dynamic process. For example, the
solutions of minimal power-flow disruption at the
time of fault occurring (t=0), before fault clearance
(t=0.2118s), after fault clearance (t=0.2718s) and
before splitting execution (t=0.5818) are showed in
Fig.7. Further research is necessary to determine
which snapshot should be used to produce
islanding solution.
6. DIFFERENCE OF TIME COMPLEXITY
In the literature, the controlled islanding problem
is usually seemed as a NP-hard problem which
cannot be solved efficiently within polynomial time.
However, the time complexity of controlled
islanding varies with its objective function.
Using the minimal power imbalance as objective
function, the controlled islanding problem can be
modeled as a 0-1 Knapsack problem which is
NP-hard and cannot be solved efficiently. Thus,
the original power network should be simplified to
contain less than 40 nodes to apply global search
method, e.g. OBDD and BFS/DFS methods.
Another option is using heuristic methods.
Using the minimal power-flow disruption or the
minimal dynamic coupling as objective function,
the controlled islanding problem can be equivalent
to a minimum cut problem of undirected graph,
which can be solved efficiently. The most
difference is that calculating the power-flow
disruption or dynamic coupling will omit the
direction of power flow and then can be modeled
as undirected graph partitions with lower time
complexity. For example, the computation time of
the OBDD method is almost in exponential order,
while the computation time of the spectral
3
clustering method is only (n ), and even could be
4/3
reduced to (n ) [7],[9].
It is very important to distinguish the difference
of time complexity introduced by different
objectives. If the controlled islanding problem is
NP-hard, e.g. using minimal power imbalance as
the objective, there is no efficient algorithm exists
and the practice way is reducing the solution space
(by simplifying the network or using a subset of
original network) or using heuristic methods.
However, if the controlled islanding problem is a P
problem, e.g. using minimal power-flow disruption
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and/or current and a time synchronizing signal [1].
The key driver for PMU technology is the use of
the precise time sources provided by GPS
satellites to accurately measure the relative
voltage and current phase angles at buses across
interconnected grids [2]. As a result of this, all
PMU measurements, especially phase angle
measurements across an interconnected power
grid, are directly comparable, which is the main
advantage that PMUs have over traditional
measuring devices.

Abstract — Phasor Measurement Units (PMUs)
have become one of the most advanced
measurement technology applied in smart grids,
which provide synchronized phasor measurement
with precise time stamps. A tool for standardizing
PMU
measurement
quality
is
the
IEEE
Synchrophasor standard C37.118.1-2011. The
previous version, C37.118-2005, defines only PMU
performance requirements for steady state
operating conditions. This standard has been
reviewed and improved into the present version,
C37.118.1-2011
that
also
describes
the
requirements for dynamic conditions. This paper
discusses PMU performance with steady state and
dynamic tests. Its measurement quality is then
evaluated according to the new synchrophasor
standard IEEE C37.118.1-2011 through Total Vector
Error (TVE), Frequency Error (FE), and Rate of
Change of Frequency Error (RFE). Magnitude Error
(MagE) and Phase Error (PhaE) have also been
calculated for analyzing sources of errors
contributing to TVE.
Index Terms — PMU, steady-state tests, dynamic
tests.

Requirements for PMU performance are deﬁned
in the IEEE Synchrophasor Standard C37.1182005 [3] which only introduces requirements for
PMU steady state performance, and then
C37.118-2011 [1]. In the new standard, additional
clariﬁcation for synchronized phasor deﬁnitions
and the new concepts for TVE and compliance
tests have been retained and expanded.
Temperature variation tests have also been
added [1]. Above all, requirements for dynamic
tests have been introduced and limits on
frequency measurement and rate of change of
frequency (ROCOF) measurement have been
provided. So far, many tests have been
performed on PMUs. In [4], a university PMU
named DTU-PMU is tested and compared with a
commercial PMU through three main tests,
including steady-state, modulation, and dynamic
and harmonic rejection test. The steady state
tests are implemented conforming to the IEEE
C37.118-2005 standard and the test results
conﬁrm the validation of the test setup and the
performance of the DTU-PMU. Initial results
using TVE to investigate PMU performance
conforming to the IEEE C37.118-2005 standard
have been listed in [5]. Two PMUs were tested
with signal magnitude test, signal phase angle
test, amplitude modulation test, harmonic
rejection test and frequency ramping test. The
standard for modulation and frequency ramping
test was, however, still under development at the
time of publication [5].

1. INTRODUCTION

P

OWER systems often operate close to their
stability limits, which means that large
disturbances like faults may cause power
oscillations and lead power systems to cascade
outages. It is, therefore, necessary to make
correct decisions on how to take actions to
stabilize power systems. With the advantage of
clock synchronization via Global Positioning
Systems (GPSs), phasor measurement units
(PMUs) have been introduced in the high voltage
transport grids. PMUs are devices which produce
synchronized phasors, frequency and rate of
change of frequency estimated from voltage
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In this paper, a commercial PMU is tested under
both steady state and dynamic conditions
according
to
the
IEEE
C37.118-2011
synchrophasor standard. The accuracy of the
PMU in measuring such basic quantities as
magnitude, phase angle and frequency can be
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tested through steady state test signals. Dynamic
test signals are used for evaluating the dynamic
PMU performance through the variation of signal
magnitude, phase angle and frequency. In
addition, the PMU measurement quality is also
tested under fault conditions with fault signals
achieved from grid simulations. The PMU
measurement quality is evaluated through TVE,
FE, and RFE as defined in the standard [1]. In
addition, the magnitude error (MagE) and phase
error (PhaE) have been determined for analyzing
the main contribution to the TVE.

currents and voltages are generated by the
digitizer. At the output channels (generation CH0
and CH1), continuous voltage signals in the range
of 100 mV to 10 V are generated. After
amplification, these signals are fed to the PMU as
well as to the reference measurement system.
The voltage signal from output CH0 (generation
CH0) is supplied to a transconductance ampliﬁer
in order to create a test current of similar
amplitude as current transformers (CTs) in the
medium and high voltage grids. This current is
both fed directly to the input of the PMU as well
as to the input CH0 (measurement CH0) of the
digitizer
through
a
current
shunt
for
measurement. In a similar way, the voltage signal
from output CH1 (generation CH1) is transformed
into a voltage signal representative for the output
of voltage transformers (VTs), by a voltage
ampliﬁer and a transformer. This voltage signal is
again both directly supplied to the PMU input and
to the input CH1 (measurement CH1) through a
voltage divider for measurement. Both the signal
generation and the reference measurement are
accurately timed via the 1 pulse per second
(PPS) signal of the atomic clocks making up the
Dutch national standard of time.

2. PMU TEST SETUPS
2.1 Test principle
The basic principle of testing the PMU is
generating a test signal supplied to both the PMU
input and a reference system, and subsequently
comparing the resulting PMU output with the
results determined by the reference system. It is
important that the reference and the PMU output
are measured at the same instant of time so that
their values can be correctly compared with each
other.
A test setup satisfying this must provide an
accurate time source with precise time
synchronization to the UTC time. According to [1],
it is highly recommended that a time source
should reliably provide time, frequency, and
frequency stability at least 10 times better than
those values corresponding to 1 % TVE, which
are 31 µs for time (50 Hz signals) and 0.1 mHz
for frequency, respectively.
A schematic presentation of the test procedure is
given in Figure 1. First, a Matlab routine
calculates the test waveforms using the
description of the test signals in the C37.118.12011 standard [1]. Subsequently the actual
waveforms are generated using high-speed
digitizers. The voltage (V) and current (I) test
signals are simultaneously applied to the PMU
under test and a reference sampling system.
Finally, the PMU phasor results are compared
with those calculated from the reference data.

Figure 2. PMU test setup diagram.

The test setup has a timing uncertainty of
approximately 2 µs. This uncertainty was
determined by having the 1 PPS signal connected
to the measurement channels, and subsequently
measuring the jitter in the measured rising edge
of the 1 PPS signal. In this way, also the delay of
the measurement channels was measured (319
s). The raw sampled data were corrected for this
delay before the reference phasor was calculated.
The wideband current shunt to convert the test
current to a voltage, has well-known properties
[8]. The division ratio of the voltage divider was
determined at low voltage using the digitizing
system. The resulting value was verified by
measurement of a steady-state 50 Hz test voltage
with both the PMU reference system and a
calibrated power meter (9 in Figure 3). The
accuracy of the voltage and current measurement
of the reference system is around 0.03 %. In
combination with the 2 s timing uncertainty, the
uncertainty in TVE measurements is around 0.1
%.
For each test signal, 7 measurements are done.
The obtained data are then analyzed in Matlab
under the reporting rate of 50 frames/s. The
analysis for all test signals except modulated

Figure 1. PMU test procedure.

2.2 Test setup
With the above mentioned principle and
procedure of PMU testing, a test setup with high
accuracy has been built (see Figure 2 and 3).
The setup performs the generation of test signals
and the measurement of reference signals. First,
sampled test signals of 1 second duration for both
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ones is done by first aligning the measurements
of the PMU with the measurements of the
reference signals based on the time tag in each
measurement. Next, the reference data are
Discrete Fourier Transformed with the use of the
Discrete Fourier Matlab Simulink block to extract
the magnitude and phase angle of the
fundamental signal component. Finally, the PMU
phasor values are compared to the reference
phasor values in order to determine the PMU
errors.

tests, and thus should satisfy the requirements for
class M at 50 frames/s.
The three phase current inputs of the PMU are
connected in series and the three phase voltage
inputs are connected in parallel so that the
performance of all three phases of the PMU could
be evaluated. For a particular test, a 200000
sample (1 second) signal is measured 7 times in
7 seconds, in which the 1 second signal is
running continuously and then 7 measurements
are triggered by consecutive 1 PPS pulses.
However, only the ﬁrst 197000 samples, instead
of 200000 samples, of the 1 second signal is
selected for measuring so that there is time for
data transfer between the digitizer and the PMU
before the arrival of the next trigger pulse. The
corresponding PMU measurements, therefore,
include only 49 instead of 50 frames in 1 second
and TVE, FE and RFE will be calculated for these
49 frames.

For modulated test signals, the phase angles and
magnitudes of the reference data are calculated
on the basis of the theoretical test signals. The
alignment between the reference phasors and the
PMU phasors is done in the first frame by
applying the phase errors and magnitude errors in
the measurement of steady state signal at
nominal magnitude, nominal frequency, and zero
phase angle. The aligned reference phasors and
PMU phasors are then compared for calculating
the PMU errors.

3. PMU TEST SIGNALS
3.1 Steady state test signals
Basically, a single phase steady state test signal
is generated with a cosinusoidal form, nominal
magnitude, nominal frequency and constant
phase angle:
X = Xmcos(ω0t + φ)

(1)

The generated test signals have the nominal rms
voltage and nominal rms current of the Dutch
power grid, i.e 100/√3 V rms and 1 A rms,
nominal frequency of 50 Hz, and nominal phase
0
angle of 0 . Each test signal is generated using
Matlab for a duration of 1 second and a sampling
frequency of 200 kHz (time step of 5 μs). Four
types of steady state test signals have been
generated in accordance with the standard [1] to
test the accuracy of the PMU in frequency,
magnitude, phase angle, and harmonic distortion
measurement.

Figure 3. PMU test setup picture:
1: Digitizer NI PXI-4461; 2: Atomic Clock 1 PPS signal;
3: Model 1133A Power Sentinel PMU; 4: Current
ampliﬁer 1A/1V; 5: Shunt; 6: Voltage ampliﬁer 25V/1V;
7: Transformer; 8: RD-33 Dytronic Three-Phase
Reference Standard; 9: PZ-4000 Power Analyzer.

For frequency testing, the test signals have been
generated with their frequencies at nominal value
and off-nominal values in the range of ± 5 Hz
from the nominal.

2.3 The PMU under test
The PMU under test in the present study is the
Model 1133A Power Sentinel provided by Arbiter
1
Systems [6]. It consists of a GPS receiver and
synchronization, voltage and current inputs,
programmable-gain ampliﬁer, multiplexers and
A/D converter, digital signal processor, display
and keyboard, I/O functions, and power supply.

For magnitude testing, the magnitude of the test
signals has been generated with 10 %, 20 %,
and 100 % of nominal value for the voltage signal,
and with 10 %, 50 %, 70 %, 100 %, and 150 % of
nominal value for the current signal.
For phase angle testing, the test signals have
been generated with phase angles of 00, ± 450,
0
0
0
± 90 , ± 135 , and ± 180 .

The PMU phasor data are formatted and output in
accordance with IEEE Synchrophasor standard
C37.118.1-2011 [1]. The PMU communicates
with a PC via Ethernet using a software package
named PSCSV provided by the vendor. Besides,
the PMU has been selected to be of class M with
the reporting rate Fs of 50 frames/s during all

For harmonic distortion testing, test signals with
rd
th
10 % of the 3 and/or 5 harmonic component
have been generated. It is noted that full testing
against the IEEE Synchrophasor standard
C37.118.1-2011 requires testing at higher
harmonics, as well as testing with interharmonic
signals.

1

Manufacturers and types of instrumentation mentioned in this
paper do not indicate any preference by the authors nor does it
indicate that these are the best available for the application
discussed.
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3.2 Dynamic test signals
Dynamic test signals are used to validate PMU
accuracy and response under dynamic variation
of signal parameters. In compliance with the standard [1], modulated test signals, frequency ramp
test signals and input step change test signals
are listed as dynamic test signals.

4. TEST RESULTS
4.1. Test on PMU window function
The PMU offers a wide range of window functions
to optimize phasor outputs for different
applications. The window function includes 9 filter
functions (Rectangular, Raised Cosine, Hann,
Hamming, Blackman, Triangular, Flat Top, Kaiser
and Nutall 4 Term) and 8 window lengths (from 1
to 8 cycles). This window function behaves as a
low pass ﬁlter, which ﬁlters out high frequency
changes; it reduces the noise in the PMU
measurement, at the expense of slowing down
the response. A test on 9 filter functions and
window lengths 1, 2, and 4 cycles has been
performed for the purpose of choosing the most
suitable window function for coming PMU tests.
The test signal applied in this test is the steady
state test signal at nominal magnitude, frequency
and phase angle.

In this work, only modulated test signals with
modulation frequency of 1 Hz, 2 Hz, and 5 Hz
(Figure 4), and step test signals with ± 10 % step
0
in magnitude (Figure 5) and ± 10 step in phase
have been generated.

The TVE, MagE, and PhaE for voltage test
signals have been plotted as a function of window
length for the 9 filter functions as in Figure 7, 8
and 9. The results show that all filter functions
provide accurate frequency and ROCOF
measurement at window length 2 cycles and 4
cycles.

Figure 4. 5 Hz modulated test signal.

Figure 5. ±10 % magnitude step test signal.

3.3 Fault test signals
A test signal has been generated to simulate a
single phase short circuit of phase A of a 110 kV
voltage bus (Figure 6). Though this test signal is
not proposed in the standard, it represents a real
situation that a PMU may have to deal with.
During the fault occurrence, the prospective fault
of the faulted phase increases to approximately 2
kA. The magnitude of the actual test signal
applied to the PMU under test is scaled using a
typical CT ratio occurring for CTs in the Dutch
grid.

Figure 7. TVE error as a function of window length.

Figure 8. Magnitude error as a function of window
length.
Figure 6. Fault test signal Ia.
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For this test, the standard requires a maximum
TVE of 1 %, a maximum FE of 0.005 Hz, and a
maximum RFE of 0.01 Hz/s [1].

Figure 9. Phase error as a function of window length.

It can be seen that TVE is quite high at window
length 1 cycle (the smallest error is 0.52 % and
the highest is 1.8 %). At window length 2 cycles,
TVEs for Flat Top, Kaiser, Nutall 4 Term and
Blackman are much higher than those for the
others. At window length 4 cycles, only Kaiser has
TVE error up to 1 % whereas the others result in
quite small errors (less than 0.2 %, see Figure 7).
In Figure 8 and 9, it is found that Kaiser has
higher PhaE than the others while Flat Top, Nutall
4 Term and Blackman have higher MagE than the
others.

Figure 10. PMU phase angle measurement at 45 Hz for
a reporting rate of 50 frames/s. The line is a guide for
the eye through the data.

From these results, several conclusions can be
drawn. In the ﬁrst place, window length 1 cycle is
not suitable for accurate measurements. Window
length 2 and 4 cycles do provide sufficiently
accurate measurements and are, therefore,
selected for performing PMU tests. In the second
place, a filter function needs to be chosen among
the ﬁve best ones
i.e. Hann, Hamming,
Rectangular, Triangular and Raised Cosine for
PMU testing.

Figure 11. FE with standard deviation (the error bars)
as a function of signal frequency.

In Figure 10, the signal phase angle measured by
the PMU at 45 Hz is given; it is a continuous,
0
linear change of 36 per frame. In general,
according to the standard [1], when the frequency
f of input signals is different from the nominal
frequency f0 and f< 2f0, the phase angles
estimated by the PMU will change uniformly with
a step of (2π(f − f0)/f0*180/π) (deg) until reaching
0
0
0
+180 or −180 , then they wrap around to −180
0
or +180 and keep changing linearly.

In [7], the four-cycle Raised Cosine has been
proved to be efficient in dynamic phasor
estimation for such reason as allowing to capture
the behavior of an oscillation. Accordingly, the
Raised Cosine filter function has been suggested
for all further PMU tests.
Results of current measurements are essentially
equal to those of voltage measurements. Three
phases of the PMU also give similar results.
Hence, analysis for only voltage measurement of
phase A has been made.
The analysis is done using a PMU reporting rate
of 50 frames/s. For steady state tests, each PMU
error is the average over 50 time frames and will
be plotted along with a standard deviation to
investigate how stable the measurement is.
4.2. Test with signal frequency
This test deals with test signals with a range of
power system frequencies, from 45 Hz to 55 Hz.

Figure 12. TVE with standard deviation as a function of
signal frequency.
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It can be seen that FE and TVE are highest at 10
% of the nominal magnitude for both current and
voltage (Figure 14 and 15) measurements while
around nominal magnitudes, they conform well to
the requirements in the standard. The standard
deviation of the measurements is also much
higher at 10 % of the nominal magnitude than at
other magnitudes.
The PMU has slightly smaller TVE errors for
voltage measurements than for current
measurements. Again, window length 4 cycles
can be seen to provide better measurement
quality than window length 2 cycles.

Figure 13. MagE with standard deviation as a function
of signal frequency.

The PMU is found to provide very accurate
measurement for both nominal and oﬀ-nominal
frequency around 50 Hz. Most FE, RFE and TVE
values are 10 times better than the requirement
of the IEEE standard. Besides, at oﬀ-nominal frequencies,
the
dispersion
of
frequency
measurement is higher than that at nominal
(Figure 11). TVE error is also higher at oﬀnominal frequencies (Figure 12). At 47 Hz, 48 Hz,
52 Hz, and 54 Hz, TVE errors are surprisingly
high (even exceed the limit of 1 %), which are
due to high MagE. At 45 Hz and 55 Hz, MagE of
window length 4 cycles are slightly higher than
those at other frequencies, which also causes a
little higher TVE. For other frequencies, PhaE
contributes most to TVE error. Furthermore, it
can be seen that window length 4 cycles at most
times results in more accurate measurement than
window length 2 cycles.

Figure 15. TVE with standard deviation as a function of
signal magnitude.

4.3. Test with signal magnitude
The signal magnitude test is performed by
measuring a combination of voltage and current
signals with different magnitudes in each
measurement, i.e. one measurement is
performed with voltage and current signals with
10 % of their nominal values and another
measurement with voltage signal with 80 % of its
nominal value and current signal with 50 % of its
nominal value, etc. From this measurement, the
current signal at nominal magnitude is measured
twice, which means that there are two values of
each error for current measurement at nominal
magnitude.

Figure 16. MagE with standard deviation as a function
of signal magnitude.

At 10 % of the nominal magnitude, TVE errors
are dominated by MagE (Figure 16). At the other
magnitudes, with voltage measurement, TVE
error is caused by PhaE at window length 4
cycles while at window length 2 cycles, it is from
both
MagE
and
PhaE.
With
current
measurement, TVE is similar for both window
length 2 and 4 cycles, which is mostly caused by
PhaE (except at 75 % of the nominal magnitude).

The standard requires a maximum TVE of 1 %, a
maximum FE of 0.005 Hz, and a maximum RFE
of 0.01 Hz/s for this test [1].

4.4. Test with signal phase angle
The phase angle test is also performed by
measuring a combination of voltage and current
signals with different phase angles in each
0
measurement. Totally, current signals of −45 ,
0
0
0
−90 , −135 and −180 , and voltage signals of
0
0
0
0
45 , 90 , 135 and 180 are measured twice. The
maximum allowed TVE, FE, and RFE required by
the standard are 1 %, 0.005 Hz, and 0.01 Hz/s
respectively [1].

Figure 14. FE with standard deviation as a function of
signal magnitude.
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For a test signal with single harmonic, the
standard requires a maximum TVE of 1 %,
maximum FE of 0.025 Hz, and a maximum RFE
of 6 Hz/s [1]. In Figure 19 it can be seen that the
rd
th
FE is the highest for a signal with the 3 and 5
harmonics and the smallest for signal with only
rd
the 3 harmonic. Still, the highest FE for signals
with single harmonics is only 0.1 mHz, much
lower than the requirement. Generally, the
accuracy in frequency measurement of the PMU
decreases with higher harmonic contents and
higher harmonic orders. More variations in FE
from their average values can also be observed
th
for the signal with the 5 harmonic and the signal
rd
th
with the 3 and 5 harmonics.

Figure 17. TVE with standard deviation as a function of
signal phase angle.

Figure 18. PhaE with standard deviation as a function
of signal phase angle.

In Figure 17, with window length 4 cycles, the
TVE error for the voltage measurement is less
than 0.1 % at all phase angles. For the current
measurement, this error is higher at negative
phase angles than that at other phase angles. In
0
Figure 18, for window length 4 cycles, at 0 , the
0
PhaE for voltage is -0.037 and for current is 0
0.043 . At other phase angles, the PMU has a
PhaE of around -0.040 at window length 4 cycles
0
and -0.05 at window length 2 cycles for voltage
0
and around -0.045 at window length 4 cycles and
0
-0.06 at window length 2 cycles for current.

Figure 21. MagE as a function of signal harmonics.

Similar results for TVE can be seen in Figure 20
with higher TVE for higher harmonic orders and
harmonic contents. At window length 4 cycles,
TVE is mostly from PhaE for voltage
measurement, and it is from both MagE and
PhaE for current measurement (Figure 20 and
21).
4.6. Test with modulated test signals

4.5. Test with harmonic distortion

The test with modulated signals is done with
combined (magnitude and phase) and phase
modulated test signals at modulation frequency 1
Hz, 2 Hz and 5 Hz. PMU errors are then plotted
as a function of frame. In this test, the PMU is
expected to meet the standard of 3 % for TVE,
0.3 Hz for FE, and 30 Hz/s for RFE up to the
modulation frequency of 5 Hz or Fs/5 Hz (10 Hz)
[1].

Figure 19. FE as a function of signal harmonics.

Figure 22. FE for 2 Hz modulated test signal.

Figure 20. TVE as a function of signal harmonics.
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In Figure 22-24, PMU errors for 2 Hz modulated
test signal have been shown. It can be seen that
PMU errors follow the modulation of the signal.
Each error makes two sinusoidal cycles over 50
time frames, which is also the modulation cycle of
the signal. The FE (given in Figure 22) and RFE
are the same for phase and combined modulated
signals at both window length 2 and 4 cycles.

0.2 s after the test signal start followed by a
0
negative step of -10 % or −10 at 0.7 s.
The purpose of this test is to determine response
time, delay time, and overshoot of the PMU under
test. The PMU should meet the standard of 1 %
for TVE, 0.005 Hz for FE, and 0.01 Hz/s for RFE
during steady state periods. During transient
periods, it should comply with the limit of 1/(4*Fs)
or 5 ms for delay time, 10 % of step magnitude
for overshoot, 0.199 s for TVE response time,
0.130 s for FE response time, and 0.134 s for
RFE response time [1].

Figure 23. TVE for 2 Hz modulated test signal.

Figure 25. Response delay
magnitude step test signal.

and

overshoot

for

Response delay and overshoot for magnitude
step signal are illustrated in Figure 25. Response
delay is the time from the occurrence of the step
to the time when 50 % of the ﬁnal step value is
reached. Response time, on the other hand, is
the time when PMU error starts exceeding the
limit of 1 % to the time when it start going back to
values below this limit. As it can be seen in this
figure, at positive step, the response delay is
1.1 ms. This delay conforms well to the 5 ms
requirement of the standard. The magnitude
overshoot is 0.23 V while the maximum allowed
overshoot is 10 % of (63.52-57.74) V or 0.58 V
according to the standard. Measurement with
window length 2 and window length 4 leads to the
same response delay. However, measurement
with window length 2 results in no magnitude
overshoot. Similarly, at negative step, response
delay, response time and overshoot are also
below their limits. For phase step signal, the
response delay is 0.1 ms and the overshoot is
0.4750 while the maximum allowed overshoot is
0
0
10 % of 10 or 1 .

Figure 24. MagE for 2 Hz modulated test signal.

The eﬀect of window length on PMU
measurements can be seen more obviously in
TVE and MagE (Figure 23 and 24). It is found
that window length 2 cycles results in much
higher TVE and MagE than window length 4
cycles. In addition, at window length 4 cycles,
TVE is largely caused by PhaE for phase
modulated signals and it is the contribution of
both MagE and PhaE for combined modulated
signals. At window length 2 cycles, TVE is from
both MagE and PhaE for both types of modulated
signals.
Up to 5 Hz modulation frequency, FE has
reached 0.5 Hz and RFE has reached 15 Hz/s.
With window length 4 cycles, the maximum TVE
for combined modulated signal is 0.37 % and for
phase modulated signal is only 0.33 %. In this
case, TVE and RFE still meet the standard. FE,
however, has exceeded its limit of 0.3 Hz.

In Figure 26, TVE response time is the same for
both magnitude and phase step signal, at both
window length 2 and 4 cycles, and they are
approximately 0.04 s. In a similar way, FE and
RFE response times for phase step signal at
window length 4 cycles are approximately 0.1 s
and 0.12 s respectively. For a phase step signal
at window length 2 cycles, and magnitude step
signal at window length 2 and 4 cycles, FE and
RFE response times are about 0.06 s and 0.08 s
respectively.

4.7. Test with step test signals
In the step test, the PMU performance during
step changes in magnitude and phase will be
estimated with step signals having a positive step
0
of +10 % in magnitude or a +10 step in phase at
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time for window length 2 cycles is 0.08 s, and for
window length 4 cycles is 0.1 s. At the instant that
the current recovers to its initial value from the
fault value, these parameters are determined in
the same manner and they are also quite small.
5. CONCLUSIONS
A reference test system is developed for the
evaluation of PMUs against the requirements of
the IEEE C37.118.1a standard. The test system
is subsequently used to evaluate the accuracy of
a commercially available PMU. In all steady state
tests performed, the PMU showed sufficient
accuracy for both nominal and off-nominal
frequency signals. For a steady state signal at
nominal condition, the PMU is found to have a
0
maximum phase error of -0.058 (0.10 %) at
0
window length 2 cycles and -0.051 (0.09 %) at
window length 4 cycles for voltage measurement.
For current measurement, the maximum phase
0
error is -0.065 (0.12 %) at window length 2
0
cycles and -0.062 (0.11 %) at window length 4
cycles.The PMU has also shown a good
performance in response to dynamic test signals
and fault signals. Using a window length of 4
cycles results in more accurate measurements
with smaller magnitude and phase errors than
window length 2 cycles. As expected, its step
response, including overshoot, delay time and
response times, are worse than that of window
length 2 cycles. The window length for the
corresponding (50 Hz M-class) filter in the
C37.118.1a standard is almost 9 cycles long.
Shorter windows are not capable of meeting all of
the performance requirements of the standard.
Future work will involve the improvement of the
accuracy of the reference setup, the development
of better reference phasor calculations, especially
for the dynamic tests, and further testing of PMUs
against the full set of requirements of the IEEE
standard. Another challenge for the future is to
see how the PMU will perform to asymmetrical
faults and for this unbalanced fault tests should
be introduced.

Figure 26. TVE response time for step signals.

4.8. Test with fault signals
As a final test, the PMU behavior under fault
conditions is estimated by the single phase fault
on phase A of a 110 kV bus. The fault current Ia
is increased from its normal value of 420 A to the
fault value of 1391 A during the fault occurrence.
The currents of phase B and C and the voltages
of 3 phases only suﬀer from small steps during
the fault. For this reason, only analysis for the
fault current Ia is necessary.
From Figure 27, the response delay for window
length 2 cycles is 0.2 ms, for window length 4
cycles is 20.2 ms. The overshoot for window
length 2 cycles is (3.24-3.13) A or 0.11 A, for
window length 4 cycles is (3.73-3.48) A or 0.25 A.
It can be seen in Figure 28 that at the fault
occurrence, TVE response time for window length
2 cycles is approximately the time diﬀerence
th
th
between the 10 and the 13 frame or 0.06 s
whereas for window length 4, it is approximately
the time diﬀerence between the 8th frame and the
th
13 frame, i.e. 0.1 s.
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Smart Auto-Reclosing Algorithm in
Substations with
Breaker-and-a-Half Configuration
Quiros-Tortos, Jairo; and Terzija, Vladimir



This time is called auto-reclose time and can be
adjusted by the user.
It is important to notify that this auto-reclose
cycle is successful when the system faces a
temporary or unsuccessful fault.
Nowadays, a new bus schemes have been
developed and produced a new power system
protection schemes. For instance, in a breakerand-a-half substation, the power system
protection
scheme
changes
considerably
respecting typical schemes - such as single bus,
single breaker and numerous others.
For instance, engineers in numerous parts of
the world have had to take into consideration the
sum of the currents in breaker-and-a-half
substations.
One of the most significant reasons to use this
bus scheme is the reliability. According to [1] and
[2] only the faulted line is isolated in breaker-anda-half substations. Then the other lines continue
delivering power to the power system. In these, it
is noticed the high reliability of the bus scheme
because of the high probability to deliver energy
to the consumers.
In order to protect the power system and to
ensure the integrity of the power system, this
paper presents a new and practical methodology
for the auto-reclose function. This methodology
takes into account possible faults in the line and
control signals available in the substation. This
methodology is based on the possibility to monitor
the breakers and switches using IEC 61850
standard for substations automation.
A typical power system, as shown in Fig. 1, is
constituted by two or more electric substations,
but are most often constituted by hundreds of
them. These substations raise or decrease the
voltage in order to reduce losses in the
transmission line considering that as high as the
voltage is, as small as the losses are.
According to [3], these substations can be built
with different types of bus schemes, such as:
single bus and single breaker; two buses and one
breaker; two buses and two breakers; ring bus;
breaker-and-a half; and others. It is obvious that
each of these arrangements has different
methodology to auto-reclose function and
consequently different protection schemes.
In [3], the author notices the significant impact
of these schemes in protective relaying, because

Abstract — The number of substations with
breaker-and-a-half configuration have significantly
increased over the last decades due to their
flexibility and high reliability. When the linebreaker is in maintenance, the electricity is
supplied through the middle-breaker. When a fault
occurs on the line during the previous operating
state, the fault is isolated by opening the middlebreaker. However, there is no auto-reclosing
algorithm implemented to automatically reclose
this middle-breaker, and continue the normal
operation of the system. Therefore, this paper
introduces an effective, and implementable
algorithm for auto-reclosing the middle-breaker in
a substation with breaker-and-a-half configuration,
when the line-breaker is in maintenance. The
control algorithm uses only binary signals from
both switches on both the line-breaker and the
middle-breaker. These signals can easily be
obtained in practical implementation considering
IEC 61850 protocol. The implementation of the
control logic demonstrates its effectiveness on
continue the normal operation of the system.
Index Terms — Key words or phrases in the
alphabetical order, separated by commas

1. INTRODUCTION

T

WO essential features in power systems
operation are the continuity and the reliability,
i.e. the correct operation of the system with all its
components
operating
normally.
Recent
technological advances have improved the
reliability of the electricity network. However, in a
few cases, certain elements of the power systems
may not be available after large disturbances due
to the current operation of the system.
Following a temporal disturbance, the autoreclose (AR) function (ANSI 79) aims to
reestablish the power system continuity as quickly
as possible. Auto-reclose function works after
every disturbance, typically in high voltage (HV) or
extra high voltage (EHV). It auto-recloses the line
which has been disconnected due to the trip
signal sent by the protection device when a fault
occurs.
In general, this function closes the line a few
cycles after the circuit breaker was opened [1].
Manuscript received July 1, 2014. The authors are with School
of Electrical and Electronic Engineering at The University of
Manchester, Manchester, M13 9PL, UK. Contact: J. Quiros-Tortos
(e-mail: Jairo.quirostortos@manchester.ac.uk).
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the voltage and the current transformer have to
be placed in different positions depending of the
bus scheme.
Generally, power systems have been analyzed
in steady state. However, power systems are
exposed to constant perturbations producing the
operation in quasi-steady state (QSS) [3], [4].
Two aspects are considered to define the power
system as QSS: firstly, the power system is too
large and small changes do not impact on it.
Secondly, in case of important perturbations, the
power system protections will operate correctly
and faster to isolate the fault [3].
A real power system has numerous protection
devices to isolate different types of faults when
these occur. Other function, such as auto-reclose
function (ANSI 79), has the possibility to
reconnect the faulted line as soon as the fault is
isolated.
In [6], the IEEE defines a relay. This can be
defined as an electric device designed to cause a
contact operation or similar abrupt change in the
associated electric control circuits when an input
condition is in a prescribed manner and/or after
specified conditions are met in the associated
circuit control.
The IEEE in [7] also defines a protection relay
as a device whose function aims to detect
defective lines or apparatus or other power
system conditions of an abnormal or dangerous
nature and to initiate appropriate control circuit
action.

3. AUTO-RECLOSE FUNCTION
Auto-reclose function refers to the ability of the
system to close a line as soon as possible when
the line was tripped due to a specific disturbance.
In other words, this function is used to restore the
system to its normal operating configuration.
Specifically, the AR function is a property of the
protection to restore the line after any momentary
disturbance, for example a lightning.
In [3] the authors describe four different types
of schemes. The first one scheme considers a
high speed reclosing; which means an autoreclose without delay time. The second takes into
account a dead time after the trip signal,
frequently cycles or seconds, to dissipate the
ionized air and fault arcs. The third considers an
auto-reclosing with synchronized measurement.
In other words, an auto-reclose with check
synchronizing relays to confirm that the two
elements of a transmission system are within a
given angle and magnitude. The last type of
scheme refers to an interlock schemes. This
interlock is used when a certain predetermined
system conditions or elements are present before
reclosing.
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Figure 2. Line diagram for a section of breaker-and-ahalf scheme
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each element, which will be used later to explain
the methodology proposed.
The maintenance is facilitated in this scheme
because the entire bus or one breaker can be
maintained without transferring or dropping loads.
Relay protection design is a much more
complicated and more relays are needed to
protect a single circuit. In this scheme, bus and
switching devices must all have the same
ampacity, since current flow will change
depending on the switching device’s operating
position.
According to [2], this presents more
advantages than disadvantages. The most
significant disadvantage is the complicated
design in protections schemes and the cost of
this kind of substations.
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Figure 1. IEEE 39-bus system, an interconnected
power system [9]

2. BREAKER-AND-A-HALF CONFIGURATION
4. IEC 61850

The breaker-and-a-half scheme is created with
a circuit between two other breakers in a three
breaker line-up with two buses [1]. There are two
buses, but in opposition to other schemes, both
buses are energized during normal operation.
This type of scheme is one of the most reliable
[1], [2]. In this configuration, only the faulted line
is isolated and the other lines continue working.
In Fig. 2, it can be observed the typical
arrangement of a breaker-and-a-half scheme. In
this figure, it can be noticed a name associated to

IEC61850 is a crucial new international
standard to automate substations. It has a
significant impact on how electric power systems
are now designed and built since this standard
was developed. IEC 61850 is a part of the
International Electrotechnical Commission’s (IEC)
Technical Committee 57 (TC57) architecture for
electric power systems.
The approach considered by the TC57
standards, including IEC 61850 is innovative and
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requires a new way of thinking about substation
automation. It has resulted in very significant
improvements in both costs and performance of
electric power systems. This standard is divided
in 10 important sections with some subsections
[10].
Part 1 and 2 introduce the standard with an
overview and a glossary of terms. Chapters from
3 to 5 identify the general and specific
requirements for a communication in a substation
from a functional point of view. These
requirements are then used to identify the
services and data models needed.
Section 7 brings the definition of the abstract
services and the abstraction of the data objects.
Next sections define the mapping of the
abstract data object and services onto the
Manufacturing Messaging Specification and onto
the Sample Measured Values. Finally a
methodology determining the conformance is
defined.

have considered all elements closed to explain
the methodology. It has also been considered
fiber optic communications in the substation;
otherwise this methodology cannot be carried out
because other types of communication introduce
delays which do not want to be considered in
protection issues of the power system.
A. Logic Description
As it can be observed in Fig. 3, the logic
proposed is simple and consists on logic gates
(AND, OR, inverter and flip flops).
Trip signal is sent from the protection device,
possible at a distance protection to open both
breakers: 152L and 152M. Moreover, the autorecloser device (ANSI 79) sends the auto-reclose
signal.
As can be noticed, the monitoring of both
switches, 189L-2 and 189L-5 for 152L breaker
and, 189M-2 and 189M-3 for 152M breaker, is
significant. These switches will be monitored
using IEC 61850 standard and we will have them
available using fiber optic in the entire substation.
In general, all switches and breakers are closed.
Thus, closed position is checked through an AND
logic gate. When all switches are closed, autoreclose signal is sent to 152L, and when switches
189L-2 and/or 189L-5 are opened, this signal is
sent to 152M.
It is evident from Fig. 3 that the auto-reclose
signal is sent to both 152L and 152M breakers,
however, it is check by an AND gate which also
check 189L-2, 189L-5, 189M-2 and 189M-3
position.

5. PROPOSED AUTO-RECLOSING METHODOLOGY
In this section, a new and practical
methodology for the auto-reclose function will be
proposed. Nowadays, the current operation of the
AR function in the breaker-and-a-half substations
consists on auto-reclosing the line breaker (152L
in Fig. 3) a few seconds or even milliseconds
after the fault and to leave the middle breaker
(152M in Fig. 3) open until the manual close is
received. In this section, a new and practical
methodology will be proposed to solve the issue
occurring when the 152L breaker is in
maintenance, considering the 152M breaker as a
line breaker during line breaker maintenance. We

t
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Figure 3. Line diagram for a section of breaker-and-a-half scheme

B. Simulation Description
First of all, it is necessary to notice that the
simulations will be made considering a fault in the
“Line 1”. When the fault occurs, the trip signal
opens both 152L and 152M breakers to isolate it.
At this moment, the auto-reclose cycle starts.
Milliseconds or seconds later (in our case 400

ms) the breaker (152L or 152M depending on the
actual state of the system) is closed due to
analog signal sent by the auto-recloser device
(ANSI 79).
During a normal operation of entire substation,
it is evident that 152M breaker does not autoreclose after a fault. Then, this breaker has to be

44

manually closed. In this sense, the difficulty starts
when the 152L breaker is in maintenance,
happening with the power system integrity when
the 152L breaker is in maintenance and the 152M
breaker must wait to be by manually closed.
According to the text above, it is proposed a
new and practical methodology to feed the LINE 1
through the 152M breaker, using this one as a
line breaker when the 152L breaker is in
maintenance.
According to the methodology proposed, which
is feasible to the integrity of the system, to autoreclose the 152M breaker, it is needed three
different signals: (i) auto-reclose signal, (ii) 189M2 and 189M-3 closed, and (iii) 189L-2
and/or189L-5 opened.
To solve the problem, it is considered that
when a breaker will be put in maintenance, the
people in charge, who will give maintenance to
the breaker, open both switches (in this case, if
they operate the 152L, they open 189L-2 and
189L-5). Thus, both contacts will lose the
indication of “189L-2 CLOSED” and “189L-5
CLOSED”, and the indication will change to
indicate switches opened.
In contrast, 152M will continue operating and
the 189M-2 and 189M-3 will be closed. With
these combinations, the middle breaker will
operate as line breaker.

From Fig. 4, it can be concluded that the
implemented logic works correctly when the
system is working without any breaker in
maintenance.
Fig. 5 shows the current flows through 152L
and 152M and the voltages at BUS A and 152M.
According to Fig. 5(a), the current through 152L
will be different to zero in the whole case, except
when the breaker is opened (from 0.45 s to 0.85
s).
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Figure 4. Logic signals when the line breaker is
operating. (a) Fault simulated. (b) Auto-reclose signal.
(c) 152L breaker position. (d) 152M breaker position.
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C. Simulation Results
To prove the validity of the proposed logic, the
fault, the auto-reclose and the breakers signals
will be shown. Also, the current flows and the
voltages will be exposed during the simulations. It
is assumed the fault time and the AR time. These
simulations have been carried out in Matlab® and
Simulink® considering “0’ value as representing
inactivated or opened and “1” value represents
activated or closed.
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Figure 5. Currents and voltages for the normal
operation (a) Current flow through 152L. (b) Voltage at
BUS A. (c) Current flow through 152M. (d) Voltage at
152M.

Fig. 5(b) demonstrates that the voltage at the
voltage transformer, which is directly connected
to the BUS A, is always 1 p.u. It is evident from
Fig. 5(a) and Fig. 5(c) that: firstly the line 2 is fed
from BUS A and BUS B. After the fault, each
circuit is fed by the correspond bus, i.e. BUS A
feeds LINE A and BUS B feeds LINE 2. Also from
Fig. 5(d) it can be noticed that the voltage at the
voltage transformer close to 152M breaker is zero
while the line breaker is opened.

C.1 Simulations with 152L Breaker Operating
Figs. 4 and 5 represent the normal operation of
the system, i.e. when the 152L breaker is
operating. In general, this breaker is closed and
the trip signal opens both 152L and 152M
breakers. However, the AR signal closes the line
breaker and the current flow only through the
152L breaker.
These simulations show that the time duration
is 1.5 s and the fault occur at 0.45 s and it is held
until the auto-reclose signal is activated at 0.85 s
(0.4 s after the trip signal).
Fig. 4(a) represents the trip signal from the
protection device, whereas, Fig. 4(b) represents
the AR signal sent by the auto-recloser device. It
is evident from Fig. 4(c) that the 152L breaker is
opened, because of the trip signal, and then it is
closed because of the AR-signal. In Fig. 4(d), it
can be observed that the 152M breaker is opened
because of the trip signal until the manual close is
activated (the manual close is not consider in this
paper).

C.2 Simulations with 152L Breaker in
Maintenance
In these simulations, it is considered that the
152L breaker is opened because it has to be
repaired, cleaned or it has low pressure,
consequently operator will open both switches
152L-2 and 152L-5. From this assumption, the
logic proposed will use the 152M breaker as a
line breaker to feed the LINE 1. Fig. 6 shows the
logic signal and Fig. 7 the current flows and
voltages in the system. From Fig. 6(c) it is evident
that the 152L breaker is open because the
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indication is zero during the simulations. Also, for
Fig. 6(d), it is clear that the 152M breaker is
working as a line breaker and it receives the autoreclose signal. In this figure, the middle breaker is
open for 0.4 s (time in which the trip signal is
active).
Also from Fig. 7(a) and 7(c), it can see that the
current flow only flows through the middle
breaker.
From these simulations, it is concluded that the
proposed logic is working correctly and both
configurations will work in order to satisfy the
power system integrity.
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When the line breaker is operating, the autoreclose signal will be sent to the line breaker and
the middle breaker has to be closed manually. In
general, it is the most common operation in the
system. When the line breaker is operating the
middle breaker has to be manually closed, Bus A
and Bus B are not synchronized.
Finally it had been proved that when the line
breaker is in maintenance or when it faces an
issue (e.g. when it has low pressure), the middle
breaker can be used as a line breaker. Autoreclose signal will be sent to the middle breaker
to maintain the power system integrity. The only
indication needed to use this methodology is the
opened condition of the switches (189L-2, 189L5, 189M-2 and 189M-3). With these parameters,
the methodology proposes will use the autoreclose signal and it will send the signal to the
middle breaker. From this condition, the line 1
has to be fed from Bus B because the line
breaker is opened and the Bus A is isolate from
line 1.
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Figure 6. Logic signals when the line breaker is in
maintenance. (a) Fault simulated. (b) Auto-reclose
signal. (c) Line breaker position. (d) Middle breaker
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Figure 7. Currents and voltages when the line breaker
is in maintenance (a) Current flow through 152L. (b)
Voltage at Bus A. (c) Current flow through 152M. (d)
Voltage at 152M.

6. CONCLUSION
A new and practical methodology to use middle
breaker (152M) as a line breaker (152L) in
breaker-and-a-half
substations
has
been
proposed. Using Matlab® and Simulink®, the
simulations had been carried out using a section
of this type of bus scheme. From the simulations,
it is concluded that the methodology can be
implemented in those bus schemes.
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A Structured Approach to Research
for PhD Students
in Computer Science and Engineering:
How to Create Ideas, Conduct Research,
and Write Papers
Milutinovic, Veljko



(C) One problem with survey papers is that
they compare different approaches under
different conditions, because each author
analyzed his/her own contribution under
a different set of conditions. Therefore,
an effort has to be made to create an
infrastructure/environment that enables
contributions from different authors to be
compared under the same conditions.
This means building a simulator. Note,
however,
that
comparisons
of
approaches
from
original
papers
compare
real
approaches,
but
comparisons of various approaches
using a simulator compare assumed
approaches, because original papers do
not include all details necessary for
building a simulator.
(D) Through the survey process and the
simulation process, a PhD student has
an opportunity to invent a solid
improvement, which is to be described in
a follow up research paper. Fortunately,
if a simulator exists, it is only the
relatively small changes that need to be
done, in order to make the simulator
support also the full set of details of the
newly generated idea of the PhD student.

Abstract — Besides doing innovative and novel
research, every scientist faces a question of what,
how, and when to publish. Understating this issue
and having a well thought-out publication plan is
nearly as important to an academic’s career as are
the scientific results he or she produces. A holistic
approach to this issue implies three major phases:
(a) Creating ideas, (b) Conducting research, and (c)
Writing papers. All the three are covered by this
study.
Index Terms — creating ideas, conducting
research, writing papers.

1. INTRODUCTION

T

HIS paper presents a set of guidelines that
teach PhD students how to write four different
types of JCR journal papers:
(A)
(B)
(C)
(D)

Survey papers,
Initial idea analysis papers,
Simulation based comparison papers,
Research papers.

Specifically, the presented presentation cycle is
justified by the following notions:
(A) One first has to become aware of all
existing research on the problem, which
is a prerequisite for being able to
introduce his/her own contribution to the
field.
(B) Once a good idea (for contribution) is
generated, the “time-stamp” has to be
obtained. A paper with an idea only is not
possible to publish in a reputable journal.
For that to happen, the idea must be
accompanied
with
a
“fine-grain”
mathematical analysis and/or a “coarsegrain” simulation analysis.

Activities B and C can go in parallel. With all
the above in mind, major contributions of the four
paper types are as follows:
(A) For a survey paper:
1) A novel classification of existing
approaches, using a well thought set
of classification criteria.
2) Presentation of each approach
using the same template and the
same type of figures, so an easy
comparison is possible.

Manuscript received February 4, 2015. Veljko Milutinovic is
with the Computer Engineering Department, University of
Belgrade, Serbia (e-mail: vm@etf.rs).
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3) Some wisdom related to future
research trends.

f)

The PhD student is enthusiastic about
the particular field of his/her tutorial
paper.

(B) For an initial idea analysis paper:
After the collected papers with original
algorithms/approaches have been read and
understood, the next step is to think about
appropriate classification criteria.
One can opt for binary criteria or for n-ary
criteria. For example, the first classification
criterion could be: Hardware vs. software, the
second one could be:
Application-oriented vs. technology-oriented,
and the third one could be: Uniprocessor vs.
multiprocessor.

1) First presentation of the idea, and
obtaining the “time-stamp.”
2) Initial analysis, to prove that
investing a further effort into the
analysis of that idea does make
sense.
3) Preliminary expectations, as far as
price and performance.
(C) For a simulation based comparison
paper:

With the binary (or n-ary) criteria, one can
create either a tree-like classification or a cubelike classification, as indicated in Figures 1 and 2
[Vukasinovic2012].
With a tree-like classification, one can classify
only the approaches that entirely belong to a
specific class. With a cube-like classification, one
defines a space in which inner points include, to
some extent, characteristics of all existing
classes.

1) Creation of public domain simulator
for anybody to use.
2) Comparison under the same
conditions.
3) Introduction of concrete numerics
into the analysis.
(D) For a research paper:
1) Introduction of a new idea.
2) Comparison of that idea with the
best one from the open literature,
using the previously built simulator,
with appropriate modifications.
3) In addition to a performanceoriented comparison, a research
paper also has to include a
complexity-oriented comparison.
The presented approach is based on the
extensive experiences of the authors with
research related to Computer Science and
Computer Engineering, but may be valid for other
domains as well.

FIGURE 1. A tree-like classification: Classes are
only at the leaves of the tree.

2. SURVEY PAPER
A survey paper can bring lots of citations, if it is
the first one in a newly emerging field, is well
written, and is published in a good journal.
Consequently, selection of the topic for a survey
must satisfy the following requirements:
a) The field is newly emerging.
b) Popularity of the field will grow over time.
c) A critical number of papers with new
algorithms/approaches does exist (at
least twenty to forty).
d) A survey paper does not exist (a
discussion is given at the end of the
paper).
e) The PhD student worked before in a
related scientific field.

FIGURE 2. A cube-like classification: Classes can
exist also at points inside the cube, as pointed to by
the three arrows.

In some cases, one can opt for indirect
classification using a vector of characteristics.
This is convenient in cases when the list of
characteristics is relatively long and the variations
of characteristics between examples are small.
The final step of the classification process is to
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assign appropriate mnemonics to the existing
classes. Mnemonics could be technical (e.g.,
hardware/application-oriented/uniprocessor)
or
symbolic (e.g., one can select names of Greek
gods, where characteristics of particular gods
remind of the patterns form technical
mnemonics). What is useful, is to prepare a
figure which includes the following:
a)
b)
c)
d)
e)
f)
g)

This means that one can explain that technology
and/or applications are not yet ready for such an
approach, and one should encourage the readers
of the survey paper to think about this new
research direction, which could be potentially
useful. If such a scenario occurs, the survey
paper obtains an important component.
When structuring a survey paper, one can use
the template presented next. For short surveys,
each template element is a sentence (like in
[Draskovic2012]). For long surveys, each
template element is a paragraph. For books,
each template element can be a page, or more
(like in [Beloglazov2011] or [Crouzet2012]).

The classification criteria.
The classification.
The technical mnemonics.
The symbolic mnemonics.
The number of examples per class.
The full list of references of examples.
The vector of relevant characteristics.

An example template follows:
One example of such a figure is given in Figure
3, taken from [Draskovic2012].

a) Seven Ws about the survey example
(Who, What, When, Where, Why, for
Whom, How).
b) Essence (it is extremely difficult to give
entire essence in only one sentence).
c) Structure (at this place, one can insert a
call to a figure, like in Figure 4 from
[Draskovic2012]).
d) Some relevant details.
e) Example (here one can call a figure that
explains an example using a pseudocode, like in Figure 5 [Draskovic2012];
ideally, the same application case should
be used for all surveyed examples).
f) Pros and cons.
g) Author’s opinion of this example and its
potentials.

Internet Search
Algorithms (ISA)
C1
Mutational Data
Bases (MDB)

Concept Modelling
Analysis (CMA)
C2B

C2A
Random Search
(RS)

Targeted Search
(TS)

Semantic
Analysis (SA)

Data mining
Analysis (DA)

Technical
Names

Random
Search
(RS or
RS/MDB)

Targeted
Search
(TS or
TS/MDB)

Semantic
Analysis
(SA or
SA/CMA)

Data-mining
Analysis
(DA or
DA/CMA)

Symbolic
Names

Lion

Jaguar

Tiger

Panthera

Ability 1

Ability 2

…

Ability N

FIGURE 3: (a) Classification Tree and (b) Related
Issues [Draskovic2012]. Technical names are typically
obtained by combining the names of the criteria used.
Symbolic names could be taken from a set whose
element characteristics remind of class characteristics;
in this case, names of animals are utilized.

FIGURE 4: An example of the structure-related
figure [Draskovic2012]; All the structure related figures
must be drawn using the same set of figure elements
(the LEGO approach would fit ideally).

After all the surveyed research efforts are
described using the above template or a similar
one, the author should come up with an overall
opinion about each class and the general opinion
about the entire surveyed field.

A class may include no examples. If it happens,
one has to check if the class makes sense. If not,
one should explain why. If yes, one could act like
the famous Russian scientist D. Mendeleyev.
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As indicated in Figure 6A, these inventions
sometimes need a catalyst (a resource that
makes an invention happen) or an accelerator (a
resource that turns a known invention without
potentials into an invention with potentials). We
refer to such an approach as: Mendeleyevization.

FIGURE 5: PseudoCode that demonstrates behavior
of an example, in the case of a specific application; it is
advised that the same application is used with all
examples [Draskovic2012].
FIGURE 6: Catalyst versus Accelerator
(Mendeleyevization)

3. INITIAL IDEA ANALYSIS PAPER
Note that some authors like to publish the idea
and the very early results of the research in a
form referred to as idea paper or position paper.
They do that with the following rationales:

5. HYBRIDIZATION: SYMBIOSIS VERSUS SYNERGY
Sometimes two classification classes can be
combined, in order to obtain a hybrid solution
(hybridization). Hybrid solutions can be symbiotic
(measuring the conditions in the environment and
switching from one approach to the other, so that
each approach is active all the time while the
conditions are such that it provides better
performance compared to the other approach) or
synergistic (creating a new approach, which, for
each particular solution element takes the better
solution element of two different approaches).
This is shown in Figure 6B. The assumption here
is that one solution is better under one set of
conditions, and the other solution is better under
another set of conditions. Another assumption is
that solution elements of one solution are better
in one domain and that solution elements of
another solution are better in another domain.

a) To get the time-stamp.
b) To give some appropriate analysis
(analytics, simulation, or implementation), which shows that the idea
(the hypothesis) is worth further
analysis.
c) To have a published paper, to put it as
an appendix of a research proposals.
These papers are not welcome by most
journals, do not generate citations, but do
generate good response from colleagues, if given
to them for analysis. For an idea paper or a
position paper to be published, it has to include
not only the idea, but some analysis, as well.
There are a number of way creativity may be
inspired, leading to a new idea being generated
[Doerfler2008], [Friedman2010], [Paterson2001],
[Perl2009]. Here we present a set of methods that
can be used once a researcher has a particular
problem in mind, and an overview of the existing
solutions for similar problems. This method is a
simplified version of a previously published
method.

FIGURE 7: Symbiosis versus Synergy
(Hybridization)

4. MENDELEYEVIZATION: CATALYST VERSUS
ACCELERATOR

6. TRANSDISCIPLINARIZATION: MODIFICATIONS
VERSUS MUTATIONS

If one of the classification classes includes no
examples, it first has to be checked why is that
so. If it is so because it makes no sense, an
appropriate explanation is in place. If it is so
because the technology or the applications are
not yet ready for such an approach, one can act
in the same way as the famous chemists
Mendeleyev: empty positions in any classification
are potential avenues leading to new inventions.

Often times, good new ideas get generated if
algorithms, procedures, ways of thinking, or
philosophies of thinking can be ported from one
field to another field, along the lines of
transdisciplinary
research
methodologies
(transdisciplinarization). As indicated in Figure
6C, for an idea to work better in the new field,
either smaller modifications or larger mutations
have to be introduced.

50

examples include the contributions of Nobel
Laureates Martin Perl and Jerome Friedman.

FIGURE 8: Modification versus Mutation
(Transdisciplinarization)

The approach under consideration here follows
a similar philosophy of thinking as in [Patt2009]
and [Vullings2005], although the fields are very
different, so this could be treated as a case of
transdisciplinarization.

FIGURE 9: Re-parameterization versus
Regranularization

9. UNORTHODOXIZATION: VIEWFROMABOVE
VERSUS VIEWFROMINSIDE

7. RETRAJECTORIZATION: REPARAMETRIZATION
VERSUS REGRANULARIZATION

This category encompasses the approaches
that are difficult to classify (Figure E): Sometimes
one sees something that others did not see for
decades or centuries (ViewFromAbove) or one
gets stroked by an idea of a genius with no
ground in existing research (ViewFromInside).
Symbols in Figure E were chosen to create
associations about the bird’s view and the worm’s
view, and to induce creative thinking of the topdown or the inside-out approaches. Popular
examples include the contributions of Nobel
Laureates Martin Perl and Jerome Friedman.

Sometimes it is simply the best to take a
research trajectory different (even opposite)
compared to what others take (retrajectorization).
The different (opposite) research trajectory
makes sense either if a more detailed set of
parameters is in place (due to technology
changes), or because parameters of the
environment have changed permanently (due to
application changes), as indicated in Figure 6D.
The two alternatives are referred to as a
reparametrization and regranularization.

FIGURE 10: Unorthodoxization (ViewFromAbove
versus ViewFromInside)

10. SIMULATION BASED COMPARISON PAPER
Achieving a solid understanding of the field,
and the different existing approaches usually
exceeds the knowledge one can obtain by simply
reading the body of the related papers. In some
cases and disciplines it is possible to work handson with existing technology and implementations.
However, this is often not the case. In these
situations, simulations of the existing solutions
may be utilized, in an effort that produces
materials for simulation based comparison
papers.

FIGURE 9: Re-parameterization versus
Regranularization

8. UNORTHODOXIZATION: VIEWFROMABOVE
VERSUS VIEWFROMINSIDE
This category encompasses the approaches
that are difficult to classify (Figure E): Sometimes
one sees something that others did not see for
decades or centuries (ViewFromAbove) or one
gets stroked by an idea of a genius with no
ground in existing research (ViewFromInside).
Symbols in Figure E were chosen to create
associations about the bird’s view and the worm’s
view, and to induce creative thinking of the topdown or the inside-out approaches. Popular

The first step in the process leading to a
simulation based comparison paper is to build a
simulator that is able to simulate all collected
approaches. Together with the simulators, one
must specify set of test vectors (benchmarks,
etc.) to be used for the comparison, so that the
issues of interest are revealed. In some cases,
for some solutions, important facts and details
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may be missing (omitted in the original
publication). If this is the case, one must
introduce an assumption, and specify, make it
clear, that he/she is not comparing the actual
systems, but the actual-like systems.

a) A brief classification of the best
solution from the open literature.
b) Short description of each relevant
solution.
c) A detailed criticism of each presented
solution, especially in the domains in
which the proposed solution is
expected to be better.

11. RESEARCH PAPER
The major purpose of the research paper is to
describe an innovation and to demonstrate that,
under certain conditions, it has a better
performance and/or complexity, compared to the
best one from the open literature. The major
steps in the process are:

4) The proposed solution and its essence,
and why is it supposed to be better
compared to the best solution from the
open literature; elements of this section
are:
a) Philosophical essence of the proposed
solution.
b) Why the proposed solution is without
drawbacks of existing solution(s).
c) What is the best methodology to prove
the superiority of the proposed
solution, and under what conditions
that holds.

a) To create an invention.
b) To perform a rigorous analysis, to
demonstrate that the invented solution is
better than the best one from the open
literature, under a specific set of
conditions, and to show what these
conditions are.
c) To
write
the
paper
using
a
methodologically correct template.

5) Details: This section should contain
details of the best one among the existing
approaches and of the proposed solution.
The relevant details should be grouped
into categories. For example:
a) Hardware details.
b) System software details
c) Application software details.

It is underlined that it is also important to
precisely specify the conditions under which the
proposed idea is better. Almost any idea is better
under some very narrow conditions. On the other
hand, it is close to impossible to create an idea
that is better under any conditions. It is also
underlined that it is not only important that the
invention be better, but that it is also less complex
to implement. If it is better in performance, but
more complex to implement, than the
price/performance should be better.

6) Axioms, conditions, and assumptions of
the analysis to follow:
a) Axioms refer to axiomatic standpoints.
b) Conditions refer to realistic specifiers
of the environment.
c) Assumptions refer to simplifications
that make the analysis easier, without
jeopardizing on the quality of the final
result.

As far as the presentation of the research
results, each research paper should contain the
following twelve sections:
1) Introduction: The minimum introductory
text should contain the following three
paragraphs:
a) About the general field of research.
b) About the specific field of research.
c) About the viewpoint of this research,
as well as the goals of this research.
2) Problem statement: The following
elements are obligatory:
a) Problem definition.
b) Why is the problem important.
c) Why will the importance of
problem grow over time.

7) Mathematical analysis:
a) Axioms, conditions, and assumptions
are described mathematically.
b) Closed or open form formulae are
derived for the major performance
measures.
c) Closed or open form formulae are
derived for the major complexity
measures.
8) Simulation analysis to show performance:
a) Simulator, logical structure and user
interface are described.
b) Simulation experiments are described.
c) Simulation results are discussed.

the

3) Existing solutions and their drawbacks,
looking from the viewpoint defined in
introduction, and having in mind the goals
defined in introduction. Elements of this
section are:

9) Implementation analysis to show
complexity:
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a) Implementation strategy is discussed
for the chosen technology.
b) Implementation details and complexity
are presented.
c) If a prototype is implemented, show
some characteristic measurement. If a
prototype was not implemented, give
implementational guidelines.

Of course, the presented numbers are by no
means statistically significant, nor do we wish to
claim that this is a general rule. The discussion is
only presented as a demonstration that even with
existing surveys, it is sometimes well worth to
invest the time and effort into a new one.

10) Conclusion:
a) Summary of what was done and to
how are the initial goals achieved.
b) To whom is that of benefit.
c) Newly open problem for further
research.
11) Acknowledgments:
a) To all those who patiently listened to
your ideas and especially to those who
volunteered to share with you some of
their own ideas for further benefit of
your research. Also, it is obligatory to
cite the relevant work of all those who
volunteered the improvement ideas.
b) To all those who helped provide the
infrastructure for your research. If this
is related to one or more research
project, list them.
c) To all those who suffered by taking
everyday life responsibilities from you,
so you could dedicate more of your
time to research.

FIGURE 11: Impact of the existence of another
survey paper. Explanation: This figure gives a result,
which was absolutely unexpected. The expectation was
that existence of a survey would decrease citations of
our survey, but it happened absolutely the opposite.
The paper with 2 preceded survey papers was the
paper by Protic at al [Protic 1996]. The paper with one
preceded survey was the paper by Tomasevic at al
[Tomasevic1994]. The paper with no preceded survey
was the paper by Jovanovic at al [Jovanovic1999].

12) Annotated references: The references
are more useful if listed in groups. Each
topic requires different grouping. The
grouping that seems most appropriate for
this paper includes:
a) References related to methodology.
b) References related to examples.
References related to success of past
students.

FIGURE 12: Citation counts for Survey and
Research papers. Explanation: Surveys generate
more, unless an extraordinary research paper is
generated in a popular field.

12. ANALYSIS OF THE PAST
Finally, we present a short analysis based on a
number of papers created following a framework
similar to the one described here. The period in
which these publications were generate spans
over a period of over a decade, and the topic
vary.

Figure 12 gives an example of the numbers of
citations generated by survey and research
papers, as well as papers that fall in between
(papers with an extensive section surveying the
field and presenting novel ideas). Again, we do
not claim that these numbers present a general
rule, but do show that a survey publication may
be well worth the effort, especially given the fact
that one must obtain a clear view of a field before
conducting research. Thus, when entering into
research in a domain new to a person (which is,
more or less, always the case with a starting PhD
student), much of the described work will be need
to be done anyway.

Figure 11 presents the impact of the existing,
prior, surveys upon the citation count of a survey
paper. In contrast to what may be expected, a
paper that was not the first survey on a topic
generated more citations than the ones that were.
The reasons for this may vary; the field may have
evolved, leaving room for a better understanding
of issues, novel solutions may have been
introduced, making the old survey obsolete, etc.
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