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ABSTRACT

One of the most promising applications of the family of powtactronic devices called Flexible AC Transmission
System devices is to better regulate power flow in transmisgitus. In particular, the Unified Power Flow

Controller (UPFC) is the best choice for complete power flow @@nBy selecting proper installation locations

and control techniques, UPFCs may be able to prevent the “domifect,” where a single fault leads to a

widespread blackout. Due to installation costs, it is hoffed only a small number of devices will be needed to
effectively regulate a large grid, however, selecting tipdineal number of devices, identifying the best possible
installation locations, and finding a technique for coortiidacontrol of these device are still active areas of
research. In this paper we provide empirical evidence tlomincon optimization techniques may be used to
identify control settings for UPFCs. The evidence indicates the optimization techniques lend themselves to
real-time use, as well as use during the planning phase mifig¢he best possible installation locations for UPFCs.

Index Terms: UPFC, FACTS, Gradient Descent, SQP

|. INTRODUCTION important to remove and why an efficient
transmission infrastructure is so important to

In recent years, expansion of national power grids has maintain and develop.
been hampered by social, environmental, and economic _ .
constraints. During the same period of time, powdf addition to the increased congestion on the network,
demand has dramatically increased. This combinatiégcent deregulation efforts have also introduced control
of increased demand and limited physical expansidifoblems. When power was strictly regulated and a
which is expected to continue for the foreseeable f§ingle company controlled all three layers of the power
ture, forces many components of the grid to Operﬁste.m h!erarchy (the generatqrs,_ the long-distance-trans
at, or near, their operational limits. Since the powdhission lines, and the local distribution systems), there
grid is essentially a free-flow network, when a powe#as incentive to sacrifice efficiency at one level in
line fails, the power which it was carrying will be re-order to improve efficiency and stability at another.
directed through other lines in the system. This mayince deregulation, companies no longer have as much
push the other lines past their operational capacity aRgionomic incentive to ensure stable power delivery. This
may cause them to be disabled, either due to physié&lespecially complicated in the transmission network
failure or by protective equipment. This second round #there interconnected entities are responsible for power
failures only exacerbates the problem and may lead tdransfers that cannot be strictly controlled. Any transfer
“domino effect,” known as a cascading failure, causing® Power between two entities will inevitably lead to
widespread blackout like the 2003 blackout that affectéiwanted parallel loop flows through other parts of the
large portions of north-eastern North America. In a Magtid which may substantially degrade the stability of a
2002 report to the President of the United States [H]ird party [2], [3].

the Department of Energy referred to the over-burden

components as bottlenecks and provided a succinct SL%EEJP:?; tﬁ(raObi)m? t?arl(re]’srlr?isgs)rrt]’ ‘?i‘é? fé? ttr?: rr]:roeset_ﬂg\ptl
mary of the significance of the problem: P gna. part,

power flows through the grid along the path of least
Our transmission infrastructure is at the heart resistance (Ohm’s law). Most power systems contain
of our economic well-being. Imagine an inter-  elements that help regulate power flow such as phase
state highway system without storage depots changers, series compensation, and shunt compensa-
or warehouses, where traffic congestion would tion, but historically these devices were mechanically
mean not just a loss of time in delivering switched and may not be capable of reacting fast enough
a commodity, but a loss of the commodity to prevent cascading failures. The need for better high-
itself. This is the nature of the transmission  speed control of power flow led to an initiative at the
infrastructure. That is why bottlenecks are so  Electric Power Research Institute to develop power-



electronic based devices, employing high speed, high
power semi-conductor technology, to help better regulate
power flow. All these devices are collectively known as

Flexible AC Transmission System (FACTS) devices. The
family of FACTS devices includes high speed versions
of traditional devices like phase changers, and series (a) Original Power Line
and shunt compensators, as well as devices based on o

a new technology, the voltage source converter (VSC). :I
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The most powerful of the VSC based devices is the
Unified Power Flow Controller (UPFC). The UPFC can '
be attached between a bus and a power line to help " Bus, UPFC Bus Bus, -
control the phase angle, bus voltage, and line reactance. L _ :
Because it can control each of these, the UPFC provides (b) Virtual FACTS Device Inserted

the most complete power flow control of any of theig. 1. original Line Model and Modifications for simulated E@
FACTS devices [3].

Effective economical use of UPFCs depends on miq’he unknowns, which was used here, is the Newton-

mizing the installation costs (essentially minimizing thﬁaphson technique of computing load flow [4]. Once

?huaT?ﬁ;}g:ntijzzlzgss)t'evr;h'Iiégiﬁgﬂgnf;agzgﬁ?ofcgtg}@e unknown bus values are computed, line flows can be
y P ' ’ sily computed as well.

able control algorithm must be selected to ensure that
multiple UPFCs are able to work cooperatively. Thesehe UPFC's function in this work is to act as a means of
are interrelated problems — in order to select optim&drcing a specific amount of real power to flow through
locations, the control technique must be known a prioa. line which causes the remaining lines in the system to
The work presented here is primarily concerned withdjust their power flow according to the physics of the
improving grid fault tolerance via UPFC control, so theystem. The UPFC was modeled as a mechanism which
goal of the control algorithm is to redirect power flondelivered real power to one of the power line's buses
from the most overtaxed lines to under utilized lines. and drew a corresponding amount of real power from
To date. numerous control techniaues have been the ot_her bus. Fig. 1(a) shows the_onglnal configuration
; 9 PEf"a line from Bus to Bus; and Fig. 1(b) shows the

posed. Most of these fall info two categories: e'th%presentation of the same bus after a virtual UPFC has

they are primarily used for short term control of SySte(rFeen inserted orBus’s side. In this case, the UPEC
dynamics or they are intended for long term (Steady oo med to be able to increase or decrease the real
state) control of power flow. Generally these technlqutﬁgw
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can be used in conjunction, where the long term cont er flow througfLine,; by 20% of the line capacity,
identifies a set point for the steady state power flog >4- This is simulated by inserting a phantom UPFC
s and injecting the line’s original power flow and the

and the short term control is used to maintain dynamj , e S ; :
. i ”}?PFCS modification of it £20% of Smax;;) into Bus;.
stability of the system about the set point and provi ﬁcorresponding amount oﬂf:pov;er is dedLJJ)cted fersji.

additional dampening for transients. Here we presegl, e nower flow is maintained at the level present
empirical evidence that a common optimization tecfﬂ;I the original system in a similar manner [5]
nique may be acceptable for identifying long term set 9 y '

points that maximize fault tolerance by better distribatio
of power flow. These set points may then be used to
help evaluate different potential installation Iocationsrhe system performance can be measured against a
In addition, the evidence indicates that these techniques. bar of factors. such as:

may be suitable for controlling the UPFCs on-line. ’ '

[1l. OPTIMIZATION AND GOALS

1) Number of lines with a power flow exceeding
1. SYSTEM MODEL capacity

The power grid can be represented as a set of buse$) Number of lines with dangerously excessive
interconnected with lines of known series impedance. * power flow (20% or more over capacity)

Each line also has a maximum rated power capacity

(Smax;; for the line from Bus to Busj). Each bus in 3y aggregate amount of power exceeding line capac-
the system is associated with four state variables: real * jties

power, reactive power, voltage, and phase angle. At each

bus, two of these variables have specified values and er goal is to mitigate the dangerously loaded lines that
other two are unknown (which are known and which amay lead to cascading failures, which can be achieved
unknown depends on whether it is directly connectday balancing the overall power flow through the system,
to a generator). The most common way to solve fevhich minimizes line losses as well. Thus we chose a



fitness measure based on each line’'s percentage ofBssentially a quadratic approximation is used to rep-

maximum capacity: resent the objective function in terms of the control
on variables, then line search is used to find a local optima
(Wij S > 1) in a straight line. The quadratic approximation and
s Smax; search direction are updated and the process is repeated

: L - until a minimum is found. It is important to note that
This equation is based on a similar overload performangréP methods are guaranteed to find a global optimum

index used for ranking contingency severity [6]. Thig ‘5 \ser jinear time if the objective function is convex.

particular metric has a high penalty for lines that are a
or over their capacity (when the fraction is one or moreJhis is a sequential, iterative approach to optimization

By varyingn, the amount of disparity between overloadgs opposed to using conventional Optimal Power Flow

and near-overloads can also be adjusted, however (&IPF). OPF techniques would simultaneously solve for

work presented here assumes that 1. A weighting bus voltages, phase angles, UPFC control values, and
factor, wij, can be used to rank the relative importancgonstraints. The SQP approach here sequentially com-
of different lines, but here we assume that all lines apgites the UPFC control values based on objective func-
of equal importancev, j w;; = 1). tion computations which compute the bus voltages and
. . phase angles [8].

This measure was chosen for several reasons:

1) |S;l, the magnitude of the line’s apparent power V. EXPERIMENTS

flow, reflects the current and voltage through the

line, and hence the primary factor in thermal liné! €xperiments were run on the IEEE 118 bus test
failure. system'. Since the objective of UPFC installation was to

augment power flow and relieve network congestion, a
__heavily loaded system configuration was used (available

2) It directly reflects the real control criteria
pon request).

to evenly distribute power flow throughout thé’
system. Better distribution of power flow leads t
a lower score. A UPFC Impact on System

. . L The first set of experiments was to determine the overall
3) Itisa continuous, S(_:alar function in terms (_)f_th pact of a UPFC on a power grid. It was expected
control variables, which allows the use of efficienf 3t 5 UPFC only effects a relatively small region of
gradient based search techniques. the power grid. This hypothesis was tested by placing a
single UPFC in each of the possible installation locations
and setting it to each of its limitsH20% and—20%

The goal of optimization was to find valid power flowof Smax;j), then measuring the change in power flow
settings for UPFCs in a specific network configuratioirough each other line in the system. In extensive ex-
that minimizes the objective function being used (Eq. 1p€rimentation intermediate values never exceeded those
As mentioned previously, the UPFCs were only alloweachieved at the boundaries, so the results achieved here
to modify power flow by up tat20% of Smax;j, which can be_consm_iered representative, however there is no
represents the only optimization constraint. Any oreonclusive evidence that UPFC boundary values are
of numerous constrained optimization techniques coudgaranteed to correspond to line flow extrema. The
be used, but we chose a relatively common form égsults of this test are presented in Table I.

sequential quadratic programming (SQP). The form of

IV. OPTIMIZATION PROCEDURE

SQP used the following procedure: Doy | Maxines T Mear T Sid Dev
. . of S Affected | Affected
1) Select a uniform random start point S 1% 155 5793 | 2040
> 5% 71 1097 | 11.14
i imati > 10% 39 6.54 7.27
2) Create a qua;]dratlc approxrl]mgtlon of the search s 31 a8l 547
space using the BFGS method [7] 2 20% 29 3.80 453
> 25% 26 3.10 3.86
3) Determine the direction of steepest descent. If TABLE |
a local optimum or the maximum number of LINE AFFECTS FOR ALL POSSIBLEJPFCPLACEMENTS

iterations is reached, stop

4) Use a line search technique until no longer ab ote that typically fewer than 30 lines are even slightly
to “d d 9 9 %pacted by the UPFC. Even in the worst case, only 122
0 descen of 186 lines are effected. This indicates that a complete

5) Update the quadratic approximation based onlhttp://vwwv. ee. washi ngt on. edu/ r esear ch/ pst ca/ pf 118/ pg_
BFGS and go to step 3 tcall8bus. ht m



two devices will lead to more complex search spaces
which may have local minima. In order to test for mul-
tiple minima, Monte-Carlo style sampling was used. In
these tests multiple UPFCs were randomly placed in the
system and SQP was performed using randomly chosen
start points. If only a single optimum is present, then the
algorithm should always converge to it. The system was
tested withN UPFC devices wherl was either 3, 5, 7,
9, 11, 13, 15, or 17. For eadi, 100 different system
04 configurations were randomly generated. Each system
0 . configuration was searched from 11 random starting
et s o Ao o 2 ‘ points to try to find evidence of multiple minima. Each
- UpRe s over Adjsmen FACTS device was assumed to have 100 possible set
(a) Example of the effects on the objective function of UPFCs points. The minimum step SI.ZG _Of any of the UPFCs was
installed on lines 27 and 110 used as the convergence criteria for SQP. Any solutions
that had a Euclidean distance less than twice the mean
step size were assumed to be equal (i.e., most of the
FACTS devices are set at essentially the same setting).
Using these criteria, all the minima found in each system
were identical. Although this is not conclusive, it does
provide a strong indication that with the given system
and objective function, there are only global optima.
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C. Real Time Control Issues

-01 -0.1

UPFC #2's Power Adjustment

UPFC #ts Pover Adjustment The use of SQP for real time control is heavily dependent
on both the number of independent variables and the
computational complexity of the objective function. In
i 2. Exambles of the stat o 1o different UPECaliat this case, each UPFC'’s control is an independent variable
0 2 Siamples of e state space for e dierer ™ and the objective function is based on load flow compu-
tation. As has been previously mentioned, it is possible
to lower the complexity of the load flow computation
load flow may not be necessary to determine the effect® Only computing the load flow for the part of the
a UPFC — instead it is possible to perform a load flogyStem affected by the UPFCs [9]. This indicates that
of only the buses which could be significantly effecteHiS t€chnique may scale well to larger systems and, if

by changing the UPFC’s settings. If true, this reduces tiee influence of multiple UPFCs mostly follows the law
complexity of the load flow computation which will peOf superposition, then even multiple UPFC installations

beneficial for any optimization techniques that deperfg@y benefit from reduced computation.
on load flow computation.

(b) Example of effects on the objective function of UPFCs in-
stalled on lines 5 and 54

A second consideration is the number of load flows
B. Performance Metric State Space that must be computed. Since SQP uses a quadratic

model of the objective function in terms of the control
The second set of experiments was a test of the staggiables, it must perform repeated load flows to build
space of the objective function being used (Eq. 1). Bnd update this estimate. Fig. 3 shows the number of
each of these tests, two UPFCs were installed at randtoad flow calculations that were required for 100 random
locations and a graph of the objective function wadacements of 3,5, 7, 9, 11, 15, or 17 devices. Since both
generated for all combinations of UPFC settings. Eathe number and complexity of load flows seems to be
UPFC was assumed to have 20 different control poirtteunded for any given size installation, it seems likely
in between its maximum and minimum value. that SQP based minimization can be used in real time

Fig. 2(a) and Fig. 2(b) show some typical examples (tj? ensure that at least a local minima is achieved.

the state space of the objective function. As can be seT , timized . f 1oad fl dh ¢
the space seems to be “well behaved” and, consequentl € non-optimized version or load Tlow used here typ-

: ically completed within 30ms on a 2GHz Pentium IV.
a good candidate for SQP. This indicates that even for 17 UPFCs, the optimal long
Although these results are promising, having more thé&rm settings could be found in under 15ms.



Total Overloads| Overloads> 10% | Overloads> 20%
6% Maximum 30 26 20
Mean 0.6937 0.4707 0.3605
500(- Std Dev 1.6135 1.3080 1.0758
TABLE Il
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SUMMARY OF MAX FLOW CONTROL FOR EACH POSSIBLEJPFC
PLACEMENT AND EACH SINGLE LINE CONTINGENCY

Number of Load Flows Used in Optimization
N w
S S
] 3
T

flow only needs to be computed for the effected part of
the grid, it would be beneficial to study if this remains
true for systems with multiple UPFCs. It may be possible
to approximate the combined effects by superposition of
the effects of individual UPFCs.

Fig. 3. Number of Load Flow calls used per optimization vs. numife

UPFCs; central point is the mean and the error bars includesheercentie  The evidence presented indicates that the objective func-

of 100 random samples tion being used here has only global minima, even
when multiple UPFCs are being used. There are some

guestions that still need to be resolved before it is known

whether SQP can be used in large systems:
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D. SQP vs. MaxFlow

An alternative version of UPFC control, utilizing a graph
theory algorithm known as Max Flow, has been proposed
[10], [11]. The MaxFlow algorithm was proposed to
determine the maximum amount of “flow” between two -,
points in a graph, where each arc of the graph has a
maximum capacity. As applied to power systems, Max
Flow can be used to determine the amount of power
that can flow through each line without causing lines to
exceed their capacity.

1) Are local minima present, but ignored due to the
guadratic approximation?

) Does a quadratic model accurately approximate
the objective function?

3) Are local minima prevalent in other systems?

4) Can it be proven that only global minima exist?

Although both MaxFlow and the technique presented
here have their respective merits, the work presented here .
shows a substantial reduction in system stress. Generdlf} answers to these questions may prove that SQP can
SQP reduced the severity and number of overloaded lirfés used in general to find global optima.

more substantially than MaxFlow. It is also important to compare SQP techniques to

In order to compare the two systems, a test system wHS'€ common power system optimization techniques
developed for each possible UPFC installation locatioike Optimal Power Flow (OPF) [4]. Comparing both
Each of these test cases was then sequentially subjedfé&l computational complexity and quality of modeling
to all possible single line contingencies and the numb@&ay show the relative strengths and weaknesses of each
and severity of overloaded lines were determined. i&chnique.

summary of the results, which can be seen in Tablgghq,gh the work presented here incorporated the ef-
Il and I, indicate that SQP is better at reducing systefd.is of reactive power flow in the system, the UPFC's
stress. Table IV provides a summary of the pros and cogjity to control reactive power flow was neglected. The

of each technique. optimization process can be amended to include reactive
power flow control, which should result in a further

SUMMARY OF SQPCONTROL FOR EACH POSSIBLRJPFCPLACEMENT
AND EACH SINGLE LINE CONTINGENCY

VI. FUTURE WORK

Total Overloads| Overloads> 10% | Overloads> 20% | Improvement in the system quality.
Maximum 26 19 14 . . . .
Mean 0.6611 0.4585 0.3502 One of the biggest impediments of UPFC usage is the
Std Dev 1.5928 1.2999 1.0722 complexity of choosing optimal installation locations.
TABLE Il As can be seen here, UPFCs can be used for both

power flow compensation and for power flow restriction;
they may be used on chronically congested lines in a
restrictive manner or as means of increasing power flow
through lightly loaded lines to draw power away from the
congested area. This duality makes nearly every line in a
power system a possible candidate for UPFC installation.

Although there was some study of the effects of a single order to compare possible installation locations, the
UPFC on the grid leading to the conclusion that loadPFC’s control algorithm must already be known a



[ [ Max Flow [ SQP |

Realism | Restricted to Real Power Flow Based on physical system power
only. Ignores reactive power flow, implicitly includes reactive
and line losses. and losses.
Reliability Guaranteed, but non-unique| Depends on convergence of SQP ahd
solution. loadflow. May fail in extreme
circumstances.
Speed Simple and fast algorithm Emperical evidence indicates
suitable for online control
Resources Global system knowledge Global system knowledge
TABLE IV

COMPARISON OFMAX FLOW CONTROL AND SQPCONTROL

priori. In addition, the size of the UPFC itself is a critical[s] D. J. Gotham and G. Heydt, “Power flow control and power fludies
parameter. In the work presented here, it was assumed for systems with FACTS devicedEEE Trans. Power Syst., vol. 13, Feb.
that the UPFC would be large enough to change the

line’s power flow by up to+20% of the line’s capacity [6] A.J. Wood and B. F. Wollenbergower Generation, Operations, and
(Smax;;), but this is both unlikely and unnecessary. The 0 2nd ed. Wiey, 1984

form of SQP presemed here may be used to evaludif@ T- Coleman, M. A. Branch, and A. Grac@ptimization Toolbox For
the quality of potential UPFC locations because it is =% With Matlab, 3rd ed.The Math Works, Inc., 1999.

capable of finding the optimal set points for multipleFl £ Meie, & Poretonioy o nireroer, one o, e
UPFC locations and it may be extended to determine the \yey 5004, 9 ’ '
Optlmal-SIZ.e Of UPFC to install by-mCIUdmg an economlc[9] E. A. Smorodkina and D. R. Tauritz, “Power grid protectithrough
mOd_eI mdlcat”_]g the COSt_S of d|fferent control ranges- reipid response control of FACTS deviées,’Pmceedingsof CNIP 2006
For instance, in one particular location a UPFC with - the International Workshop on Complex Network and Infrastructure
only £7% control may be sufficient and may cost only a  Protection, Mar. 28-29, 2006, pp. 441-450.

fraction of a larger UPFC with-20% control that may be [10] A. Armbruster, B. McMillin, and M. Crow, “Controlling peer flow
necessary in another location. An economic model may f;g%agﬁga?%'gﬁse g:go weer 5”,32,1";”” dago?]fti:g‘lm/i’b“:jﬂgc-l\l?f;;‘g
be used to select several small capacity devices rather pa. 2002 AbHa, Higera,

than a few large devices or a combination of devices of .
[11] A. Armbruster, M. Gosnell, B. McMillin, and M. Crow, “Poer trans-

various sizes. mission control using distributed max flow,” iBOth Annual Interna-
tional Computer Software and Applications Conference, 2005, vol. 1,
VII. CONCLUSIONS July 2005.
Based on the empirical evidence, SQP is a good choice BIOGRAPHIES

for finding the optimal set points for systems with several ] ) ) )
UPFCs. The form of SQP used here, which uses lo¥élliam M. Siever received his B.S. and M.S. in
flow directly, has the ability to incorporate both reafomputer science in 1997 and 2000, respectively, from
and reactive power flow measures in whatever optimali}e University of Missouri-Rolla, where he received his
criteria is chosen. The optimality measure used, whi¢f).D. in computer engineering in 2007. His interests
was designed to improve fault tolerance via better powi€lude computer architecture, artificial intelligencedan
distribution, appears to be smooth and have a singl@mMmon Sense engineering.

global optimum, even in systems with multiple UPFCs. _ _ _ _ .

If it can be proven that it is concave, then SQP {&nn Miller is the Cynthia Tang Missouri Distinguished
guaranteed to find optimal set points. Both the siZ&ofessor of Computer Engineering at the University of
and number of load flow computations, on which SQMissouri-Rolla. Her technical interests include security
optimization relies, seem to have reasonable boun@gd reliability of large scale networked systems. Miller
Based on these findings, SQP appears to be a g(ﬂﬁ? a Ph.D. in mathematics from Saint Louis University.

candidate for real-time control of UPFC set points. She is a senior member of the IEEE and the IEEE
Computer, Communications, and Reliability Societies.
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