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Figure 3. Wave propagation; a) angle versus bus number for different time slots, and b) normalized
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Figure 4. Network configuration

Now, the swing equations can be easily written for each point (Bevrani and Tikdari, 2010). Using
above descriptions, an example is presented in Figure 5 which illustrates the propagation of angle
wave through a 2-D power system. At t=0, a disturbance occurs on the middle of the network then, it
propagates throughout the system. The system situation following the disturbance is shown in a few
time slots.

4. PROPOSED METHODOLOGY

This section describes the process of using islanding formation, performing a continuum model for
system stability assessment, and predicting suitable emergency actions following a contingency. The
overall view of the algorithm is demonstrated in Figure 6.

Angle instability is a fast instability phenomenon. Therefore, predicting its situation and
performing suitable actions are very important. Having a continuum model of a power system can be
helpful for predicting the trajectory of the disturbances, by using of disturbance conditions as initial
states of the continuum model. Here, the power system continuum model is used to provide
descriptive tool for stability analysis in emergency conditions.

As introduced in the previous section, the slow coherency theory can be used to identify system
islands. Determining the islands leads to identify the weak links or critical cutset. Having knowledge
on system weak links/islands helps one to determine most suitable connections/locations for
performing a more carefully islanding plan, when the system needs to be separated. Here, a slow
coherency is suggested to find weak links and islands. The weak links are used to check whether
islanding is needed or not. The weak links can be considered as the locations should be tripped when
the system operator recommends the islanding.

It can be shown that following a contingency, if the weak links are not collapsed and the instability
is also not observed in the links close to the contingency, the system remains stable. Therefore, the
overall stability can be validated by monitoring of just few links, i.e. the weak links and the links near
to the contingency location. Furthermore, observing the trajectory of bus voltage angles helps the
operators to choose a suitable islanding plan. As already mentioned, following an islanding action, the
power system is divided into some islands with excess load/generation. Therefore, other emergency
control actions (Bevrani and Tikdari, 2010, and Bevrani, 2009) such as load shedding and generation
tripping should be performed as shown in Figure 6.
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Figure 6. Overall framework of the proposed methodology

Indeed, following a certain contingency, the most important goal of the proposed algorithm is to
determine if islanding is needed or not. If the contingency is not very dangerous and the angle across a

link does not excess from a certain value (for example 30° for non-compensated lines), islanding is
not needed. However, for the higher value of transmission angles, the other emergency action will not
be able to restore the system stability. For more clarification, assume the angle across a link is

increasing and excess 90", After that, decreasing of active power by, for example, load shedding

could not restore the system because the angle may track the power at low side of P — & curve; so, o
increases, thus instability occurs. If these circumstances to be predicted, the system will undoubtedly
need to be separated. The critical angle values (thresholds) should be determined based on desire level
of security.

Operators and engineers can validate the power system stability at control rooms by observing the
wave propagation at human machine interface (HMI). Three modes may be defined for this tool: real-
time, prediction, and test modes.

In real-time mode, the real-time data which are gathered from the network by the PMUs are shown
as a surface. The operator can see the real-time states of whole the network. In prediction mode, the
online data are used as initial values of a continuum model, and the system states at a certain time
value later will be predicted. In the test mode, the operator or engineer can validate a certain
contingency based on real states of the system. In this mode the system real-data are used as initial
values of a continuum model and the certain test is used as a deviation from initial state; then the post
contingency condition will be shown in HMI for a certain time interval.
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5. SIMULATION RESULTS

5.1 A Ring System and Islanding

To illustrate the concept of a coherent group of generators following a contingency, a 200-bus ring
system is simulated. For simplicity, it is assumed that there is only one generator or one load at each
bus. All generators are similar with equal amount of power, and all loads are also equal. The number
of generators (Ng) is equal to the number of loads (N, ), so Ng =N, =100. The system data is
determined as follows:

P,=03, =03, H=1, D=02

The system is examined under two different configurations. In the first configuration (config-1), all
generators and loads are distributed throughout the power system by a uniform random function. In
the second configuration (config-2), the generators and loads are distributed in a three areas ring
system, as shown in Figure 7. In this case, all line impedances are assumed to be fixed at 0.1 p.u.,
except three lines that their impedances are z7°77 =02, z"3%'=0.15, 2> -03. For both
configurations, a large disturbance, i.e. tripping line 200-1, is applied. The angle deviations are
illustrated for config-1 and config-2 in Figures 8.a and 8.b, respectively. The ring system is opened
due to occurred disturbance.

For both cases, the angle deviation behavior across link 75-76 is illustrated in Figure 9. As shown,
for the unstable case (config-2), the angle across link 75-76, .87 =87 -8" is continually
growing and finally this situation leads toward separation and instability. However, for the stable case
(config-1); although the angle across link deviates, the system is remained in a limited boundary and
moves to a constant value.

The kinetic energy, potential energy, and total (kinetic plus potential) energy across link 75-76 are
also depicted in Figure 10. As already mentioned, the system to be stable if it can be able to convert
all amount of its kinetic energy achieved during a contingency into potential energy. This simulation
(Figure 10) also shows that following mentioned fault, config-2 is going to an unstable condition,
while config-1 holds its stability.

Area3:
20 Generators
50 Loads

Figure 7. 200-bus ring system (config-2)
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As another example, assume a Gaussian distribution that affects the angles of a system depicted in
Figure 7 (config-2). Post-contingency wave propagation is illustrated in Figure 11. In this case, the
center of disturbance is bus 60; however, it can be seen that the system is separated at line 75-76,
which is a weak link. Actually, when a disturbance reaches a weak link through its propagation
trajectory, may lead to an unstable operating point.

Figure 11b clearly shows the behavior of wave propagation when it reaches a weak links. For
plotting this figure, the angle variations versus bus number for each time slot is calculated. As it can
be seen, angle wave is reflected when it reaches to a transmission line whitout enough stability
margin, and the system is separated exactly at the weak point.

Angle [rad]

Time [sec]

(@

Angle [rad]

| | |
| | |
1 1 1
50 100 150 200 250 300
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(b)

Figure 8. Wave propagation for: a) config-1; b) config-2
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Figure 11. Wave propagation following a Gaussian disturbance which its center is bus 60 (the system
is separated at link 75-76): a) 2D plot, and b) 3D plot
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5.2 Application to 24-bus test system

Here, the 24-bus reliability test system (RTS) is used to investigate the effectiveness of the
proposed strategy. Single line diagram of RTS is illustrated in Fig. 12. The RTS with its full data is
introduced in (IEEE RTS Task Force 1979 and 1999); and the generators data are selected the same as
given typical data in (Anderson, 2003). Here, the test system is divided into three areas. While most of
the generation is located in area 1, most of the load is located in area 3. In area 2, load and generation
are approximately the same. Area 1 delivers its over generation into area 2 and area 3 through three
tie-lines: line 16-19, line 16-14, and line 24-3.

As a serious fault, the connections between area 1 and area 2 are loosed. Now, the angle instability
on link 24-3 can be considered as a good example to examine the proposed methodology. Assume
lines 16-19 and 16-14 to be tripped at t=2 seconds. Following this large disturbance, line 3-24 will be
encountered with a high over-loading problem. This over-loading is larger than its angle stability
limit. Therefore, as shown in Figure 13, the angles of generators G1 and G15 located at two sides of
the line, are separated; and the angle instability phenomena is immediately occurred. To save system
in this dangerous condition, one solution is the use of islanding control (You, 2003).

The angle deviations reduced by PMUs from the system buses are illustrated in Figure 14. As it is
shown, following the contingency the connection between area 1 and area 3 (link 3-24) is encountered
a separation as well as separation of area 2 and area 1. It demonstrates that the islanding between area
1 and area 3 at link 3-24 is a good idea to protect the system stability. Figure 15 illustrates how an
islanding improves the voltage behavior that has been suddenly depressed following the mentioned
event.

Therefore, the remaining tie-line may be tripped when appropriate algorithms are not used to
stabilize the resulted two islands. To save an island with excess load, an under frequency load
shedding (UFLS) algorithm, like those suggested by the Florida Reliability Coordinating Council
(FRCC) (FRCC Automatic UFLS Program, 2009) or (Tikdari, 2009, Bevrani & Tikdari, 2010, and
Bevrani, 2009) should be used. However, for the islands with excess generation, some loads must be
switched on.

6. FUTURE RESEARCH DIRECTIONS

By using the PMUs, one can monitor the thorough behavior of a power system. The PMUs use
Global Positioning Systems (GPS); so, they can offer a synchronous time for all of data gathered from
the whole network. Therefore, it is possible to improve a continuum model to a trainable one, as a
future work. The model uses the data gathered from the system at times t and t+1. By comparing the
output of the model and the actual values from the PMUs at time t+1, the error can be computed. By
using the error value, the continuum model can be trained and improved.

There are many researches that offer optimal islanding. As another future work, these approaches
may be included into the proposed methodology to prepare a more effective approach. In order to use
wave propagation studies as an automatic tool instead of descriptive tool by the power system
operators, some additional algorithms may needed. Pattern recognition methods may be used in these
situations. Some features can be extracted from the angle surface variation, following different
contingencies. They can produce special patterns and may be used in stability assessment problems,
more effectively.

Moreover, some important research needs in future are the updating of existing emergency
frequency control schemes for N-1 contingency, economic assessment/analysis the frequency
regulation prices (considering various control strategies, penetration level, and installation location of
renewable energy sources units), further study on frequency/voltage stability using dynamic demand
control and ratios of renewable energy sources technologies, and quantification of reserve margin due
to increasing renewable energy penetration.
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7. CONCLUSION

In a power network, when a propagation energy wave caused by a disturbance hits a weak link, a
reflection is appeared and a part of energy is transferred across the link. Based on this basic fact, the
present work proposes an analytical descriptive methodology to study the dynamical stability and
security of a large scale power system, following serious disturbances. The possibility of simultaneous
remote measurement of bus voltage, rotor angle and system frequency through synchronized PMUs
and intelligent electronic devices emphasizes the significance of the proposed descriptive scheme for
real-world complex power systems.

In this report, first an overview on the electromechanical waves in power systems, mathematical
formulation and their interesting properties with a brief literature review is presented. The
amplification of a propagated wave due to reflections or in combination with waves initiated from
other disturbances is studied and it is shown how the occurrence of a large disturbance in a power
system may lead to an uncontrolled tripping of generators and cascading failures, and may finally
result in a blackout; if proper actions are not taken.

Finally, based on given descriptive study of electrical measurements and electromechanical wave
propagation in large electric power systems, a power system emergency control scheme is introduced
to detect possible plans. The report is supplemented by several simulations on standard 24-bus, 200-
bus, and 400-bus test systems.
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10.KEY TERMS AND DEFINITIONS

Wave Propagation: Propagation of a disturbance through the power system network like a propagated
wave.

Islanding Control: Separate of power system into some isolated sub-systems following large
disturbances, in order to prevent a global black out.

Angle Instability: Angle instability is a very fast instability that leads to loss of synchronism

Slow Coherency: A method which is used in islanding control problems. Using this methodology, the
system islands and weak links can be identified

PMU: Power measurement unit is a device which uses GPS to collect data from the various points of
network in a synchronous time

Emergency Control: Control of a power system in dangerous conditions, where the system is going to
the instability or blackout

Load Shedding: An emergency control action to curtail a part of load, and is useful where the amount
of load is larger than available generation
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