Mansoura Engineering Journal, (MEJ), Vol. 36, No. 3, September 2011.

E9

Harmonics Free Voltage Stability Enhancement
By Multi-Level Inverter Unified Power Flow Controller
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Abstract -A multi-level inverter based unified power flow controller system is modeled and applied in a transmission line to maininin
volinge stability and protect / compensate against over-voltages, under-voltages, sags and swells. The controller is designed as a stand-
slone module and tested in PSCAD-EMTDC cnvironment where different normal and abnormal operating conditions were simulated
to validate the robustness of the controller and its capability to rapidly maintain voltage stability under different load conditions.

Key words - Multilevel inverter, UPFC, voltage stability.
1. INTRODUCTION

Unified Power Flow Controliers (UPFC) are the most versatile
and complex power electronic equipment applied for the
control and power flow optimization in electrical power
transmission systerns. It offers major potential advantages for
i : staic and dynamic operation of transmission lines.
Nevertheless, it brings with it major design challenges, both in
the power electronics and from the prospective of application
to power systems. The transmission line containing the UPFC
appears to the rest of the power system as a high impedance
power source or sink; an extremely powerful mode of
operation that has not previously been achievable. Due to the
continuously increasing demand for electrical energy, and the
restricted locations for generation, transmission lines are
becoming overloaded and experiencing reduced stability,
increased voltage variation, and “loop-flow™ of power. The
construction of new transmission lines is becoming
increasingly difficult forcing constant search for economic
ways to transfer bulk power along a desired path. The
v*lization of existing transmission systems should thus be
limited by thermal and not stability limits. The UPFC
combines the functions of several FACTS devices and is
capable of implementing voltage regulation, series
compensation, and phase angle regulation at the same time,
thus realizing the scparate control of the active power and
freactive power transmitted simultaneously over the line. The
UPFC thus provides effective means for controlling the power
flow and improving the transient stability in a power network.

Description of basic control, sequencing and protection
philosophies that govemn the operation of the UPFC is

explained in [l]. The theory and modeling technique of
unified power flow controller using an electromagnetic
transient program (EMTP) simulation package is described in
[2). Modeling the UPFC in the harmonic domain and for
power flow, voltage, angle and impedance controls is
presented in [3 & 4]. A platform system, global control and
comprehensive UPFC analysis is described in [5, 6 & 7).
Laboratory experimental models of UPFC systems were
proposed in [8, 9 & 10]. The use of UPFC in power flow
control and power system transient stability improvement is
depicted in [11, 12, 13 & 14].

So far most of the literature reviewed implemented classical
techniques with linearized mathematical models of UPFC and
transmission lines, which are considered to some extent
inaccurate for control simulation of the UPFC. Sotne trials
have been made to use artificial intelligent techniques like
fuzzy logic control to simulate UPFC control. But these trials
have been focused on simulation programs that support fuzzy
control [15, 16 & 17]. In [18] ATP-EMTP program is used to
simulate an FL controller capable of enhancing the dynamic
performance of the UPFC. In [19], numerical simulation of
New England power system is used to demonstrate the role of
FL control of the UPFC in power system stability
enliancement.

In this paper, transmission line voltage stability is achieved by
a UPFC to accurately interact with system nonlinearities. The
proposed technique is built and tested under PSCAD-EMTDC
environment, The UPFC shunt and series converters are cach
constructed as “seven - level” diode clamped converters.
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%. TRANSMISSION LINE AND UPFC MODELS

UPFC comprises a shunt connected static synchronous
compensator (STATCOM) and a static synchronous series
compensator (SSSC). The STATCOM and SSSC parts of the
UPFC are constructed from two back to back voltage and
phase shift controlied seven - level diode clamped multiievel
converters with a common DC link constructed from six
capacitors. The UPFC is inserted in a transmission line system
as shown in Fig. 1.
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Figure 1 Transmission line and UPFC Model

The topology of one leg of the modeled UPFC inverters
comprising 10 clamping diodes and 12 switching devices with
auti parallel diodes in each arm is shown in Fig. Z. During the
voltage regulation mode of SSSC part, the STATCOM part of
the UPFC is controlled to maintain the UPFC capacitors
charged to the rated level irrespective of the active power
delivered or received from the SSSC part. The shunt
transformer steps down the 220 kV bus voltage to 22 kV at the
termingls of the inverter. Various operating conditions of the
transmission line may cause under-voltage, over-voltage, sag
or swell; the SSSC part is controlled to maintain the UPFC bus
voltage level within allowable limits by injecting voltage in or
out of phase with respect to the sending end voltage. The
UPFC bus line voltage is first sensed by voltage transformers
to trigger one of two cases; when the line voltage is just
exceeding 220 kV, and when it is just less than 220 kV. When
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the first case is encountered, the SSSC voltage will be inserted
in phase opposition to the UPFC bus line voltage with the
appropriate modulation index. On the contrary, in the second
case the voltage will be just in phase with the UPFC line
voltage with certain modulation index. The SSSC controller
will determine the modulation index for each case according
to the severity of under/over voltage.
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Figure 2 One arm of seven-level diode clamped inverter

3. UPFC capability validtion

To validate the capability of the proposed multi-level inverter
based unified power flow controller to maintain the
transmission line system voltage stability, various norma! and
abnormal operating conditions are simulated. Accordingly, the
P-V and Q-V curves of the UPFC bus voltage are plotted in
cases where the UPFC action is inhibited or activated. The
behavior during sag conditions is investigated without and
with controller action by connecting a load of 100 + j 300
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MVA to the line at t = 0.3 S. To further investigate the
transmission line behavior during swell conditions, the system
is operated with bus voltage stabilized to the allowed limits to
supply three toads; the first and second loads are 50 + j100
MVA each, and the third load is 50 +j150MVA. Att=03 8§,
the third load is disconnected from the line causing line over
v~ltage and att = 0.4 S the second load is further disconnected
causing line voltage swell.

4. Results and discussion

Fig. 3 shows the Q-V curves with and without UPFC. It is
evident that heavy loading of the line (250 MW / 400 MVAR)
without using UPFC, decreases the transmission line voltage
to 162 kV.. Nevertheless, inserting UPFC in line with the
same loading hinders the voltage from going below 211.5 kV.
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Figure 3 Q-V curves with & without UPFC
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Figure 4 P-V curves with & without UPFC
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Fig. 4 shows the P-V curves without and with UPFC
respectively. It is clear that at heavy loading of the line (400
MW / 200 MVAR) without UPFC, the transmission line
voltage reaches 167 kV. Nevertheless, inserting UPFC in line
with the same loading hinders the voltage from going below
212kV,

As shown in Fig. 5, during the sag condition without the
UPFC, the bus voltage drops to 173 kV. When UPFC is
activated, the lowest value of line voltage reached after three
quarters of a cycle of load insertion is 210 kV, after two and a
half cycles it is fully regulated.
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{b) Bag condition with UPFC

Figure 5 Sag condition without & with UPFC

As shown in Fig. 6, the associated UPFC bus voltege total
harmonic distortion (THDv) is 1.47 %, and the associated
transmission line total current harmonic distortion (THDY) is
0.54 %, both of which are within allowable limits.

.
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(a) THDy during sag override

(b) THD: during sag override

Figure 6 Total hermanic distortion during sag override

The controller performance in terms of the modulation index
of the SSSC part and capacitors' voltages are shown in Fig. 7
and Fig. 8 respectively; the figures show the controller fast
response of MI and proper balancing of the capacitor banks’
DC veltages. During the swell condition, Fig. 9 shows the
transmission line bus voltage with and without UPFC.

Figure? Modulation index of SSSC during sag override
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{b}. Swell with UPFC

Figure 9 Swell without and with UPFC

Fig. 10 shows that total harmonic distortion associated with
swell override are still within allowable limits. The controller
performance in terms of both of the modulation index of the
SSSC part and the resulting capacitor voltages are shown in
Fig. 11 and Fig. 12.



Mansoura Engineering Jounal, (MEJ), Vol. 36, No. 3, September 2011.

R T

(a) THDi during swell override

(b) THDv during swell override.

Figure 10 Total harmonie distortion during swell override
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Figure 11 Modulation index of SSSC during swell override,
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Figure 12 DC capacitor vollages during swell override.
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5. CONCLUSION

The control of transmission line voltage stability is achieved
by a UPFC built and tested under PSCAD-EMTDC
environment. The confroller utilizes multi-level inverter
topology. The controller shows superior performance while
maintaining power system quality indices during voltage
disturbances in terms of total voltage and current harmonic
distortions respectively due to the adoption of ‘almost
harmonic free’ seven le /el diode clamped converters in both
of the STATCOM and SSSC parts .
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Optimal Placement of PMU Using Improved Tabu
Search for Complete Observability of Power System and
Out of Step Prediction
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Abstract

This paper proposes an optimization method for optimal placement of phasor measurement units (PMUs) for complete
observability of power system. The proposed method is based on numerical observability and artificial intelligence. The
artificial intelligence algorithm used is the Improved Tabu Search (ITS) algorithm. The ITS is used to find the optimal
placement for the PMU to keep the sysiem complete observable. Also, the paper describes a predictive Qut-Of-Step (QOS)
algonithm based on the observation of the voltage phase difference between substations. The proposed optimal placement of
PMUSs and the QOS algorithms are tested using the IEEE 6 bus, IEEE 14 bus systems and the Egyptian 500 kV network. The
test systems are simulated using the PSCAD software program. The placement algorithm and the QOS prediction algorithm
are carried out using MATLAB script programs.

Keywords

Optimal placement of Phasor measurement units,
Observability, Improved Tabu Search (ITS}), Predictive
Qut-of-step Protection

1. Introduction

The phasor measurement units (PMUs) are measuring
devices synchronized via signals from global positioning
system (GPS) satellite transmission [1]. They are
employed to measure the positive sequence of voltage and
current phasors, By synchronized sampling of
microprocessor-based systems, phasor calculations can be
placed on a common reference. The magnitudes and
angles of these phasors comprise the state of the power
system and they are used in complete observability and

transient stability analysis. The observability of a system
can be assessed by considering the topology of the
network and the types and locations of the measurements.
‘Transient instability becomes more and more complicated
as the power systems grow in more scale and complexity.
QOS5 studies become more essential to prevent large scale
black-out in power systems.

In recent years, there has been a significant research
activity on the problem of finding the minimum number
of PMUs and their optimal locations. In [2], a bisecting
search method was implemented to find the minimum
number of PMUs to make the system observable. In (3],
the authors used a simulated annealing technique to find
the optimal PMU locations. In [4], a genetic algorithm
was used to find the optimal PMU locations. The

Accepted August 23, 2011,
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minimum number of PMUs needed to make the system
observable was found by using a bus-ranking
methodology. In {5] and [6] the authors used integer
programming to determine the minimum number of
PMUs. The authors in [7] used the condition number of
the normalized measurement matrix as a criterion for
selecting candidate solutions, along with binary integer
programuning to select the PMU locations.

Various methods for the QOS detection have been
developed and were in use in protection systems, such as
tracking trajectory of the impedance vector measured at
the generator terminals [8), rate of change of apparent
resistance augmentation [9] or Liapunov theory {10].

The present paper first proposes an optimal search
approacb based on an improved tabu search (ITS) to
determine the optimal locations of PMUs for complete
system observability. Then the paper introduces a
predictive OOS algorithm based on measuring the phase
difference between several generators from voltage data
collected at substation buses.

2. System Observability Analysis

The observability of a system can be assessed by
considering the topology of the network and the types and
locations of the measurements. The meter placement
algorithm presented in this paper is based on the
observability analysis method introduced earlier in [11] &
[12]. This method will be briefly reviewed first.

2.1 Linear Size and Page Layout

Consider an N-bus system provided with m-
measuremenits of voltage and current phasors contained in
vector z. The vector z is linearly related to the N-
dimensional state vector x containing N-nodal voltage
phasors, resulting in n=2N - 1 state variables [11]. This
yields the linear model

z=Hx+e (1)

Where H is the (m * I¥) design matrix and e is an (m * 1)
additive measurement error vector.

By splitting the vector z into the (s, * 1) voltage and
(my; * 1) current subvectors, z, and zirespectively. Also by
splitting the vector x into the (N, * 1) measured and
(Nc * 1) nonmeasured sub-vectors, Vy and Vg,
respectively, relationship (1) becomes

Z, N 0 1¥, . €y @
Z, B Yo YelVe €

Where 1 is the identity matrix and Yy and Y- are sub-
matrices whose entries are series and shunt admitiances of
the network branches,

When the shunt elements are neglected, then the design
matrix H reduces to

_ 1 0 @)
MypYopdin MypYopdls

where My is the (m; x b) measurement-to-branch
incidence matrix associated with the current phasor
measurements. Ygg is the (b x b) diagonal matrix of the
branch admittances. 4y and Ay are the (Ny x b)
measured and (Ne x b) calculated node-to-branch
incidence sub-matrices, respectively.

2.2 The Observability Check

The decoupled gain matrix for the real power
measurements can be formed as [12]:

G=H'H )

Note that, since the slack bus is also included in the
formulation, the rank of H (and G) will be at most (N-1),
even for a fully observable system. This leads to the
triangular factorization of a singular and syrmmelric gain
maltrix.

The symmetric matrix G can be decomposed into its
factors LDLT where the diagonal factor D, may have one
or more zeros on its diagonal. If it have more than one
zero on its diagonal then the system is unobservable.

3. Tabu Search Algorithm

Tabu search (TS) algorithm is a powerful
optimization procedure that has been successfully applied
to a number of combinatorial optimization problems. It is
an optimization method developed by F.Glover [13]-[14]
specifically for combinational optimization problem. It
guides the search for the optimal solution making the use
of memory systems which exploit its past history and
leads to the best solution. Fundamental concept of simple
TS involves individual, population and generation. If v, is
the trial vector up lo iteration k, Av, is a move, then
Vasr=Vitdv; is the trial vector at iteration k+1. The set of
all possible moves out of a current solution is called the
set of candidate moves. One could operate with a subset
of it.

3.1 Tabu Restrictions
There are certain conditions imposed on moves, which

make some of them forbidden. These forbidden moves are
known as tabu. A tabu list will be formed to record these
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moves. A new trial veclor satisfies tabu restriction is @
classified as tabu. The dimension of the tabu list is called
the rabu list size. Let v, be any vector in the tabu list
and duy, the tabu distance, for extending simple TS to the [lnltialize the population and evaluate the ﬁl.ness/]
real-valued optimization problem, a tabu restriction in ‘ _Y
improved TS can be expressed as Sort the population according the
fitness ascending and initiate the TL
i+ Avi) = Viata] < it 3 ¥y '

= N < Popizre (N1 (
3.2 Aspiration Criteria St Nn =M, 2

Aspimtion criteria can override tabu restrictions. That is,
if a certain move is forbidden, the aspiration. criteria,
when satisfied, can reactivate this move. Let » 4 be the

best current solution, aspiration criteria can be expressed o
as (5) with ves T4
cost(vi + Avy) < cost(v') ) I Recombination l

Check
ohservability

The ITS is a mixture of the simple TS and simple genetic
algorithm {(GA). The ITS is explained in details in [15].

no

4, Optimal PMU Placement Algorithm

The proposed algorithm will be applied to find the 2bu chieck & aspiration

optimal measurement scheme such that the network will
be fully observable. That is why the observability check
will be camried out along with the tabu and aspiration
checks for every individual of the population. The optimal

scheme will represent the essential measurement set. The i=i+1
fitness value of an individual will be the cost of the PMUs ~
placed. =1

The same procedure is repeated to find the focations of
the extra PMUs needed to be placed in case of loss of a
single PMUJ or the loss of a single branch of the branches
of the system.

Such an application will lead to the required set of PMUSs
needed to keep the system fully observable under normal
conditions and during the two contingencies of loosing
any PMU or any branch.

Evaluate fitness

Chec! no
A MATLAB program is developed to fulfill the logical

yes
abu check & aspiratio
. . oo e iteria
steps of the ITS algorithm, starting from the initialization yes

of the first populations, and ending with determining the 1_
F

optimal placement of PMUs all over the power network. ind the best salution and
Increment N or N, fitness

The algorithm procedures of ITS program can be I J
summarized in the following steps; LCombine old and new population l
1. Initiate a number of populations that is constrained L Update tabu list l

to be completely observable,
2. Calculete the cost (fitness function) of each R @
individual and sort them in an ascending order. .
Fig.1 Flow chart for the developed ITS program
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8.

9.

Pick up the first tabu list, with its tabu size set to
maximum (T..), out of the sored initial
population.

Evaluate the constrained neighbors (new set of
populations) through mutation and recombination,
Calculate the cost of each individual.

Check the tabu restriction and aspiration criteria.
Calculate the fitness and arrange all individuals in
ascending order then pick up the new population.
Update all the adaptive parameters, e.g. N,,, N,, 1,
Panda.

Check the stopping criterion.
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Table 2

ITS results in case of loss of a single branch

Branch Qut Locations of extra PMUs |

12 1

23 i

6-11 1,7
612 13 ]
613 1,13 ]

7-9 13

510 1,7

[ 914 13

5.3 Egyptian 500 kV Network

A flowchart for the developed ITS program is shown in
Fig.1.

5. Optimal Placement Test Results

5.1 IEEE 6-Bus System

In case of the [EEE 6-Bus, the optimization algorithm
yield to the result that the system needs PMUs located at
bus I and bus 5 for complete observability under normal
operation. Also, the ITS yield to the need of an extra
PMU 1o be placed at bus 4 to guarantee the system
observability in case of loss of any PMU or in case of the
loss of any branch of the system.

5.2 IEEE 14-Bus System

In case of the IEEE 14-Bus, the optimization algorithm
yield to the result that the system needs PMUs located at
buses 2,6 and 9 for complete observability under normal

operation.

Results of ITS in case of loss of a single PMU and in case
of loss of a single branch are represented in Table 1 and
Table 2, respectively. Table 2 shows only the branches
that will cause the system to be unobservable when they
are out of service, From Tables 1 and 2, it can be
concluded that the extra PMUs that will keep the system
observable in case of lass of any main PMU or loss of a
branch are to be placed at buses 1, 7 and 13,

Table 1
The ITS results in case of loss of a single PMU

[ OutPMU at bus Locations of extraPMUs |
2 17
3 7,13
9 713

In case of the Egyptian 500 kV network, the optimization
algorithm yield to the result that the system needs PMUs
located at buses 3, 7, 8 and 12 for complete observability
under normal operation.

Results of ITS in case of loss of a single PMU and in case
of loss of a single branch are represented in Table 3 and
Table 4, respectively. From Tables 3 and 4, it can be
concluded that the extra PMUs that will keep the system
observable in case of loss of any main PMU or loss of a
branch are to be placed at buses [, 6, 10 and 11.

Table 3
The ITS results in case of loss of a single PMU
COut PMU at bus Locations of extra PMUs
3 Ll
7 6,11
8 6,10
12 i, 11 |
Table 4

TS results in case of loss of a single branch

Branch Out Locations of extra PMUs

1-2 6,10 é
2.3 1,6, 10

34 6 ]
4-5 [ ]
43 11

56 3

5-8 1

6-1 &

7-9 1,6

$-10 1,6

9-10 1,6

9-11 6
11-12 6
12-13 6

6. Out-Of-Step Prediction Algorithm

The test systems are simulated using the PSCAD software

program. Phase difference between several generators is
detected from voltage data recorded at gencrators buses,
and then phase difference is predieted in advance. If the
predicted phase difference exceeds the instability
threshold value, the syster is considered to be unstable.
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The OOS prediction algorithm is carried out using M-files
MATLAB programs,

6.1 Calculations of Predicted Value for Phase
Difference

In [16}, authors used the phase difference values for the
present time and previous time to predict the future phase
difference value. This method will be described using
Fig.2.

Present
time , 0‘5-

al»-! ’1 ’
T, LIS L | LN
B :predicted relative phase angle  T,=200 psec
S, B : phase angles Ty=100 psec

Fig.2 Method of Predicting Phase Difference

The predicted phase difference §* for time Ty in the
future is detived from the eight pieces of data indicated in
Fig.2. These are the phase differences at time Ty before
the present time and in addition three values for this time
minus increments of time Ty (Smy 81, Sm.2s Ome3) and the
phase differences at the current time n and in addition
three values for this time minus increments of Ty (5., 8.,

AL ]
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8,2, Bo3) Equations (7) through (11) are used to perform
the calcutation.
§=5+0d, +pd,,
where,

Y]

d|=5| - 6-! y drlsai-l = 6-1 ] dn-l = 6-1 - 8-4 (8)
d-=5-"'8--l ] du—l=5}l'6-1 ’ d-l = sn-l ‘8--1 (9)
A= (ddu; — dodas)/(dedy; - dyides) (10)
n=(dydy - do b ) (de1de; — daydaa) an

Values of 200 ps and 100 ps were selected for Ty and Ty,
respectively, in order to predict accurately.

6.2 Threshold Value (Scritical)

When the predicted phase difference value &* obtained by
eq.{7) exceeds the setting value (S.quc), it is judged that
the generator is unstable. 8.y is the threshold value used
to judge stability. The value for 8_;;.y is determined by
testing the system under varying conditions. The selected
value must guarantee operation when the system is
unstable and must prevent operation when the system is
stable [16].

7. Out-Of-Step Prediction Test Results

The previously explained prediction algorithm was
applied to the phase difference between different
generator buses of the test systems and the slack bus as
recorded by simulating the systems on the PSCAD
software. The sampling time was 100 usec. The following
are some results of the proposed algorithm.

—E—p

Tdos

L)
9758 johm}
28
Lot §
Laliii]
.
> - 08765
B ]

Fig.3 The PSCAD model of the IEEE 6-bus systemn
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7.1 IEEE 6-Bus System

The PSCAD model of the IEEE 6-bus system is shown in
Fig.3.

For a three-line-to-ground (3LG) fault at bus 4 the
recorded phase difference between Gen.2 and Gen.l
{(slack bus generator) is shown in Fig.4.

For a three-line-to-ground (3LG) fault at bus 4 the
recorded phase difference between Gen.2 and Gen.l
(slack bus generator) is shown in Fig.4. The predicted
phase difference and both recorded and predicted phase
difference together are shown in Fig5 and Figs6,
respectively.

As shown in Fig.6, the predicted and recorded phase
difference angles are almost the same, which prove the
accuracy of the prediction algorithm used.

Aciusl phans Afsrence of Gond for el ot busd

~-r v~ —r

V"Az‘_ _ i i ﬂ N

] os 1 15 E) as 3 LT

Fig.4 The recorded phase difference between Gen.2 and Gen.1

for a 3LG fault at bus ¢
p phame of Gan2 for busd

- LY S 1
F T R R T R ST SN AN T S
tesiuac)
Fig.5 The predicted phase difference between Gen2 and Gen.{

for a 3LG fault at bus 4

Actusl & predicted phass Afecanct of Gerd for il ot buss
T T T

phaze diltsrancs angla(deg)

of-1 ; %

1 [-13 1 i
)

Fig.6 The recorded and predicted phase difference between

Gen.2 and Gen. 1 for a 3L.G fault st bus 4

For the same fault at bus 4 the recorded phase difference
between Gen.3 and Gen.1 (slack bus generator) is shown
in Fig.7. The predicted phase difference and both
recorded and predicted phase difference together are
shown in Fig.8 and Fig.9, respectively.

Astual phass ARersnce of Gen_d for faull st busd
T -~ —

E B R

-
o @

phsse dsrance ngieldeg)

» o0 o
T

LIRS Ty
Fig.7 The recorded phase difference between Gen.3 and Gen.1
for a 3LG fault at bus 4

As shown in Fig9, the predicted and recorded phase
difference angles are almost the same, which further
prove the accuracy of the prediction algorithm used.
Through several tests of the system during faults of
different types and different locations, the minimum
threshold value (8.4} of both generators was found to
be 75 deg.

pracicted phase difersnce of Gen.d for fack st busd
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Fig.8 The predicted phase difference between Gen.3 and Gen. |
for a 3LG fault et bus 4
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Achuml & predicied phase Sfiuiencs of Gerd for fmalt af sl
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Fig.9 The recorded and predicted phase difference between
Gen.3 and Gen.1 for a 3LG fault at bus 4

Referring to Fig4 and Fig.7, under the same fault
condition, Gen 2 will be out of step and Gen.3 will remain
stable, where the phase difference angle of Gen.2
exceeded its critical value while that of Gen.3 did not
exceed that value.
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7.2 1EEE 14-Bus System

The PSCAD model of the 1EEE 14-bus system is shown
in Fig.10. For a three-line-to-ground (3L.G) fault at bus 2
the recorded phase difference between Gen.2 and Gen.l
(slack bus generator) is shown in Fig.11. As shown in
Fig.1l, Gen.2 will be out of step where its phase
difference angle exceeded its critical value.

The predicted phase difference and both recorded and
predicted phase difference together are shown in Fig.12
and Fig.13, respectively. As shown in Fig.13, the
predicted and recorded phase difference angles are almost
the same.

Through several tests of the system during faults of
different types and different locations, the minimum
threshold value (§;u.u) of generator 2 was found to be 60
deg.
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Fig.10 The PSCAD model of the [EEE 14-bus system
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Fig.11 The recorded phase difference between Gen.2 and Gen. 1

for & 3LG fault at bus 2

prodlicted phase di¥erence of Gent for fautt st busd
T T

T -+

i
HE

jphuss dfersncy mrays{ieg)
¥ 5 8 3

* 3 3 3 i 3

Hme{zec)
Fig.12 The predicied phase difference between Gen.2 and Gen. 1
for a 3LG fault at bus 2
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Actusl & predicied pghase diffetence of Gen 2 for hault of byt

L)
Fig.13 The recorded and predicted phase difference between
Gen.2 and Gen. 1 for a 3LG fault at bus 2
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7.3 Egyptian 500 kV Network

The PSCAD mode! of the Egyptian 500 kV network is
shown in Fig.14. As a sample of test results, the phase
difference angles at Gen.3 during 3LG fault at bus 7 will
be presented.

For a three-line-to-ground (3LG) fault at bus 7 the
recorded phase difference between Gen.3 and Gen.l
(slack bus generator) is shown in Fig.15.
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Fig.14 The PSCAD mode! of the Egypiian 500 kV network

The predicted phase difference and both recorded and
predicted phase difference together are shown in Fig.16
and Fig.17, respectively.

Through several tests of the system during faults of
different types and different locations, the minimum
threshold value (8.ge) of all generators was found to be
50 deg.

As shown in Fig.15, for a 3LG fault at bus 7, Gen.3 will
be out of step where its phase difference angle exceeded
the critical value.

Aciul phase ferance of GarLd fos falt al b
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Fig.15 The recorded phase difference between Gen.3 and Gen.1
for a 3LG fault at bus 7
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predicted phase differsnce of Gen.d for fault at bus7”
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Fig.16 The predicted phasc difference between Gen.3 and Gen. |
for a 3LG fault at bus 7
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Fig.17 The recorded and predicted phase difference between

Gen.3 and Gen. 1 for a 3LG fault at bus 7

8. Conclusion

This paper proposed an optimization method for
optimal placement of PMUs for complete observability of
power system. The proposed method is based on
numerical observation and artificial intelligence. The
artificial intelligence algorithn used is the ITS algorithm,
which is used to find the optimal placement for the PMU
to keep the system complete observable. In addition, the
paper described a predictive OOS algorithm based on the
observation of the voltage phase difference between
substations, The proposed optimal placement of PMUs
and the OOS algorithms were tested using the IEEE 6 bus,
IEEE 14 bus systems and the Egyptian 500 kV network.
The test systems were simulated using the PSCAD
software program. The placement algorithm and the O0S
prediction algorithm were carried out using MATLAB
script programs. It was shown by test results the
effectiveness of both the PMUs placement and the
prediction algorithms introduced.
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