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Abstract— Transmission corridors between interconnected
power systems or within countrywide transmission systems are
limiting network performance or even market activities. We
describe a state-of-the-art wide-area measurement system which
is commercially available, and a new method to assess the
voltage stability of a transmission corridor. Using only topological Il. MONITORING SYSTEM
information, several lines can be grouped into a so-called virtual The wide area platform for dynamic monitoring of trans-
transmission corridor, whose parameters can 'be calculated from  hicsion systems comprises of hardware:
wide-area measurements. A simple computational procedure for )
stability analysis, makes it possible to provide approximate e Phasor Measurement Units (PMU)
stability margins with an update rate of less than a second. Such  « Communication Links
stability margins can be the basis for on-line dynamic rating of « Central Unit (Personal Computer)
lines. Business cases for such dynamic rating are also discussed

Fig. 1. Setup of wide area platform based on synchronized phasor measure-
ments.

and software:
» Data preprocessing package
« Basic services
« Specific individual applications

Nowadays network supervision systems are assuming & CGraphical user interface (GUI) .
steady-state situation of the network, and all applications are* Package containing model/data of the supervised power
therefore based on static models. The recent developments of SyStem and coordination with other software packages
phasor measurement units makes dynamic network superviPMUs are placed in the substations to allow observation of
sion possible. The synchronization and high time-resultion 8fcritical part of the supervised power system under any opera-
measurements allows the creation of dynamic snapshots of & conditions (network islanding, outages of lines, generators
situation in a wide area of a power system. This informaticgfC.), taking into account a certain degree of redundancy
can be used to update system models and act as online decitofrovide sufficient results also in a case of unavailability
support or as basis for on-lindynamic rating of transmission of some data (PMU outage, communication failure etc.).
lines. Commercial system providing these possibilities haléeasured data are sent via dedicated communication chan-
recently become available. This gives the possibility of a widels/links to a central unit, which is a central computational
range of stability monitoring and control applications. Thighit where the collected measurements are synchronized and
paper focuses on the monitoring and operation of transmissi#ited, yielding the snapshot of the power system state. This
corridors with the help of synchronized phasor informatiorsetup is shown in Fig. 1.

We present a new and simple method to calculate the voltagefhe snapshot is then processed by the Basic Services
stability margin for transmission corridors based on on-lineackage (BS), which is part of the central unit. Basic Services
phasor measurements. Since this method uses informaﬁtﬂmote the set of algorithms included in all installations of
about the actual operating conditions, the calculated voltaljee wide area platform for different applications and they are
stability limit can be less conservative than those calculaté@mprising the following capabilities:

using only off-line information. The method can therefore « ability to provide needed data for any application

serve as basis for dynamic rating of lines which can be highere fast execution - leaving sufficient time for running appli-
than the conservative off-line estimates that are today the cations within the sampling interval

operational practice. « robustness - resistance against poor quality of some

The method is described in detail and illustrated by simula- input data (unavailability, out of range, synchronization
tion of an actual power system which contains a transmission problems etc.)
corridor. Furthermore economic analysis of the business caggsplications, which are attached to the output of BS, ad-
arising from dynamic rating is presented. dress various phenomena occurring in power systems, such

as frequency instability, voltage instability etc. They predict
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I. INTRODUCTION



Fig. 2. Functional architecture of wide area measurement platform basedrig. 5. lllustration of the T- and Thevenin equivalents of the transmission
synchronized phasor measurements. corridor and generation in our approach.

Fig. 3. Laboratory setup of the wide area monitoring platform. time delay as those observed with the standard VIP-type
approaches.

The main contribution in this paper is a method that uses

basurements from both ends of the transmission corridor,

h@ﬁabling the splitting of the estimation part into two stages.

can be applied in such an algorithm. Other examples har\_zﬁ; tv. th t f a T-equivalent of the t o
been previously published [1-3]. The laboratory setup of tlE%s y, the parameters of a {-equivaient of the fransmission

example of the supervision of a transmission line model. Tri‘se computed. Once the parameters of the T- and Thevenin
setup is shown in Fig. 3.

equivalents are known, stability analysis can be carried out
I1l. V OLTAGE STABILITY MONITORING FOR analytically and various stability indicators calculated using
TRANSMISSION CORRIDORS the method described in Sec. llI-C. The main advantage
Practical application of methods for detection of voltagB/€" the present state of the art is that parameters of the
instability are generally based solely on local measuremen?g.u'valem network can be compqted from a single set of
sor measurements, and thus this method does not have the

The first methods were based on a local voltage measuremént; . o i
if voltage becomes abnormally low (below a preset threshdlf’€ delay of the VIP-type approaches. This benefit is achieved

value), voltage instability is assumed to be present and lofjoudh the placement of additional phasor measurements.

is disconnected with a certain time-delay until voltage returns ca\culation of T- and Thevenin equivalents

above the threshold value. This technique is normally referred . . , . .

to as Undervoltage Load Shedding (UFLS) and is still the mo_stThe calculat_lon of the Theve_nln equivalent is carried out
widely used technique to guard against voltage instability [§ two stages in order to benefit from the_fagt that we haye
high-voltage power networks [4]. The drawback of this methdijeéasurements at both ends of the transm|35|on corridor. First
is that the voltage threshold must be set in advance, and s calpulgte the parameters ofa T-equwalgnt of the actual
the relay cannot adapt to changing operating conditions in tﬁgnsmlsslon COI’I’IdOf.. A_ny Ioad. or generatlon' tha't may b,e
power system. present in the transmission corridor as shown in Fig. 5. This

Other approaches are based on the estimation of a Theveffifl OF 9eneration is then implicitly included in the shunt
equivalent of the network at a single bus. The current througﬂpedance' . ) , ,
a single line feeding that bus is used to estimate an equivalenf\PPYiNg Ohm’s and Kirchoff’s laws, with the known
Thevenin equivalent of a potentially complex network angomplex quantities (measured phasarg) i, and s, iz, we
the generation at the remote end. In this paper we refer 4@ calculate the complex impedancés, Z., and Zr as

these as VIP-type approaches. Various variations on this themuzows o

have been presented by [5-7]. The drawback of these methods Zp = 2{{1 - f2 1)
is that a single set of (local) measurements do not contain =12

enough information to directly compute the parameters of 7 _ Urio — Daiy @)
the Thevenin equivalent, however these can in principle be sh iz —i2

estimated using a least-squares method once two or more sets 7. _ Vg 3
of measurements are available. A necessary condition for ac- L= I, (3)

he complex voltage?, and impedance of the equivalent
age sourceZ, cannot be simultaneously calculated in the
me straightforward way, so one of them must be assumed to

curate estimation of these parameters is that sufficient chang

in the measurements has occurred due to load change. DurinE
this time the feeding network and generation is assumed '
remain constant. Therefore the estimation is noise-sensit . ! Lo
and introduces a time-delay comparable to that of stand % known to avoid the time-delay of an estimation procedure

SCADA systems (several minutes). Recent developments %Hular to that in the VIP-type approaches. If the generators
this type of scheme [8] include also measurements at rem ve voltage controllers and can be assumed to stay within
eir capability limits,Z, can assumed to be constant and

buses to assist in the estimation of the Thevenin equivalents: o
Although this paper does not in detail describe the estimati(gﬂUId then be calculated using:
procedure applied, the simulations in the paper show a similar 7 _ E, - 4
s ©)
However, in most practical cases it is more realistic to assume
Fig. 4. lllustration Thevenin equivalent estimation in VIP-type approacheghat Zg is known since it typically comprises of the step-up



! . . ) . . We can then compute the currents at either end of the virtual
Fig. 6. lllustration of T- and Thevenin equivalents of transmission corrid

r L . .
and generation (a), and the reduction to a second Thevenin equiva%ﬂnsm'ss'on corridor using
modeling the combined generation and transmission corridor (b). . %
= Peut—i + Jqcut—i .
iy = |———————) i€1l,.2 (8)

Vs

Fig. 7. Example network diagram, showing a part of an actual customﬁr
or example, here.,; ; and qcus—;

network. refer to the sum of the

power transfers through cut and o; as the average of the
voltages of the buses included in in virtual bus
transformers and short transmission line to the beginning of the
transmission corridor. It is therefore preferential to calculafe: Stability Analysis
the equivalent complex voltage of the generators as follows: This section outlines how the computed virtual transmission
_ S corridor model can be used to carry out computation of
By =1+ 24 ®) stability margins. ’ P
Once we have calculated the parameters of the T- andBased on the second Thevenin equivalent in Fig. 6, stability
Thevenin equivalents, a second Thevenin equivalent for tABalysis can be performed analytically. The complex power
combined generation and transmission corridor can be caléiglivered to the load impedancé, can be written
lated as follows:

= Ep
7 SL = ZL = 9
Zin=—F + 7 ! T (6) Zin+ 21, ®)
Zo T T 7, Assuming that load will evolve with constant power factor,
and we can setZ; = kZo, wherek is a scale factor modeling
7 7 change in the load impedance adg, the present value of
Ey = @ﬂ (7) load impedance as calculated according to (3).
2 To find the point of maximum possible power transfer we
Based on the second Thevenin equivalent in Fig. 6b, stabikeed to compute the maximum of
ity analysis can be performed analytically in a straightforward _ 9
way. This process is described in the application example =R [gL] — R |kZ10|= Ein _ (10)
below. Zin +kZro
B. Network Reduction with respect to the load impedance scale fagtdDifferentiat-

g (10) and solving for the first and second order conditions

. . - in
Cons_|der_the example nef[work dlagr_am In Fig. 7. To app_(Xe find that the critical load scale factor, where no further
the estimation procedure, first the main load and generat'f%%rease inp,, is possible, is given by

centers must be identified. In this case, a distinct generation

center can be found in the area north of Cut 1, which contain Zin

i H kcrit = |5 (11)
three major generators and some shunt compensation but only Z1o
a few minor loads. Between Cuts 1 and 2 is an area with. ) ;
no generation equipment and only a few minor loads. ThisA4ter insertion ofk = k., (10) becomes
the transmission corridor, whose stability is of interest. In the B Ey 2
equivalencing procedure described above, the loads within the ~ prmas = R |keritZ1ro Tt honZio) (12)
corridor will be implicitly included in the shunt impedance. th erit&L0

South of Cut 2 is an area with predominantly load charactgixtensive field measurements reported by [9] have shown
There are some minor generators, but in cases where {hgt normally at least part of the load has constant power
voltage stability is endangered, these generators would hayRracteristics, and the point of maximum power transfer as
exceeded their capability limits and thus no longer contribugwen by (12) then also becomes a loadability limit. Past this
to stabilization. It is therefore reasonable to include them |fnit there is a loss of equilibrium and voltage collapse will
the shunt impedance modelling the load. occur [10, pp. 29]. Eqg. (12) therefore also becomes a stability

After identifying the region boundaries, which are given bymit.
the two transfer cuts we can define twatual buses one The voltageu, at the virtual load bus is given by
for each end of the transmission corridor. These are the buses _
directly adjacent to a cut. Buses 6, 13 and 14 of the original Ty = By —= kZLOf (13)
system are grouped into virtual bus 1, and buses 24, 15 and Zin +kZro

16 into virtual bus 2. The part of the system between cuts 1gaged on (11)-(13), various stability margins can be defined
and 2 bgcomes thertual tran.smlssmn corridorAt least one 4¢ follows; In terms of load impedance (in percent)

voltage in the area of each virtual bus and the currents on each

line crossing a cut must be measured. MARGINz = 100(1 — kepiz) (14)



Fig. 8. The estimated Thevenin voltage and impedance, load impedance and Fig. 10. Power flow demané, for typical days.
power margins during the disturbance scenario.

Fig. 11. Cumulative frequency distribution (CFD) of power flow demand
Fig. 9. PV-curves at four different instants during the collapse scenario. Tl as percentage of time considering uncertainty of demand curves (average,
distance between the current operating point (marked by the asterisk) and|gger and upper boundary.
rightmost point of each curve indicates the stability margin.

incentives for these investments are coming from the market

via ISO or TSO through different channels such as market
| Prmaz —pr if ZL > Zy, splitting or auctioning. Two typical cases for the investment

MARGINp = { 7 7 (15) in increasing the transmission capacity are discussed in the

0 if Zr, < Zu,
For example, if the value calculated by (15) is 4 p.u., volta fgllowmg. The first one is a hardware upgrade either with

. e ! i ) ! . h additional control or compensation device or with line re-
instability will occur if the active power load increase is larger _.. . L : :
than 4 p.u. rating, both to increase the transmission capacity stepwise

Fig. 8 shows simulation results where the the two IineV\F’::; nearly 100 % availability of the additional capacity.
hic

in terms of active power delivered to the load bus (in p.u.)

between buses 9 and 16 are tripped at 20 s and at 30 s, w g second case _dea}l_s with the mygstment n dynamlc_rapng
methods. The availability of the additional usable transmission
makes the system voltage unstable, and eventually there is’a_ .. o e S
) . Capability has then a specific probability distribution, which is
collapse at about 190 s. In the simulation, we have used a load . . . .
. X : o c%nsudered with an uncertainty calculation. In both cases the
model with an instantaneous impedance characteristic whi¢ . . . I
. : market environment is modelled with probabilistic methods as
recovers to constant power with a time constant of 60 s. well and calculated with a Monte-Carlo-Simulation
The top-left figure shows the calculated voltages of the two '
virtual buses, an_d _the top right figure shows the egtlmatg\ql Re-rating or new control device
load and Thevenin impedances. The two sharp step increases ) )
in the Thevenin impedance are due to the line trippings andFor the following calculation a congested 400-kV-double-
the decrease in the load impedance is due to load recovw is _assumed. T_he transmission system is operated in a con-
dynamics. In this case, the stability boundary is crossed $gvative way, which means, that the NTC values caclulated
about 170 s, as indicated by the crossing of the two curv&dfline for this line are used for the operation. The double line
and the collapse of the system progresses rapidly after tiRS @ rated capacity of 1200 MW. Due to N-1 calculations only
point. The bottom left figure shows the power margin. Notalf of .'[hIS is to be used (600 MW). The reliability margin
the two sharp steps in the power margin which are due to thRM) is 100 MW. Therefore the NTC value Byr¢ = 500
two line trippings. The estimated Thevenin voltage is showW which is available for market activities. .
in the bottom right plot. For the modelling of the energy market 12 typical days
Fig. 9 shows the so-called PV-curves at four differerfithin a year are taken showing the power flow, which is
instants. Before the disturbance, at 19.8 s, the power translgfermined from unconstraint trading. Fig. 10 is showing
is about 14 p.u. compared to the maximum 22 p.u., as give}emplarily typical power flow demands for two days of the
by the rightmost point of the PV-curve. At time 39.8 s, th¥ear. To model the uncertainty within the interval each of these
fast transients following the two line trippings have settledlaily curves is representing a rectangular distribution between
13.5 p.u. Because of the initial load relief provided by thef the calculation period. S
initial impedance characteristic the load power has dropped tolhe cumulative frequency distribution of the power flow
about 12.6 p.u. however the constant power characteristicd§fmand over the line is shown in Fig. 11. _
the load drives the operating point towards the transfer limit The TSO/ISO is handling the non-permanent congestion
and eventually the stability boundary is crossed at 170 s. Notéh redispatch. The next step is the modelling of the expected
that if we consider that the load in the long-term has constdigdispatch costg’,. It can be assumed, that the redispatch
power characteristics known, the instability could be detect€@Sts are marginal costs, which are close to the market clearing
directly following the line trippings (since the pre-fault loadingPrices. The marginal costs for clearing the congestion are
was |arger than the post-fau“: transfer ||m|t) modelled as a triangular distribution betweéh, = 15 and
25 Euro/MWh. (Triangular Distribution instead of Gaussian
IV. BUSINESSCASES FORINCREASINGTRANSMISSION  Distribution is chosen because of fixed interval boundaries).
CAPACITY Installed additional capacitAP;,.;, can reduce the con-
An energy market with fewer limitations is profitable forgested power flow demand P. up to the value ofAP;, ;.
the end users because of lower prices and also for a couplélbfs allows operating the congested line above the NTC value
generation companies offering cheap production. Despite Bfr¢c. The redispatch costAC,. are saved. This cost savings
the users interests, the investments in the network to relics@n be calculated as the additional energy, which can be
congestions are up to the transmission owners or TSOs. Thensmitted times the marginal price according to the following



Fig. 12. Probability distribution oAC.., being below a certain value for Fig. 15. Availability distribution of additional usable transmission capability
an additional installed capacity dt P;,,s; = 20 MW APy, determined by dynamic rating methods with varying security margins.

Fig. 13. Probability curves of present value of redispatch casts., for

. . o Fig. 16. Probabilities of present value of redispatch cadsfs.,, for different
different values of installed transmission capadity’;,, : g P P P

security margins of dynamic rating methodsP,,, 50.

equations (16) and (17).
g (16) (17) Using dynamic rating the availability of the additional

2 & 365 transmission capaciti P,,,,, is between zero and one. Figure
_ : : obo dyn ! .
AC, = CmZme(APC,APmSt) 17 L (16) g shows the exponentially modelled cumulative frequency
=1 4=l distribution. The basic curve with Py, 50 = 300 MW is

adapted from sag measurements for thermal ratings. Similar
0 if Pj— Py7c <0 distributions can be expected for dynamic voltage stability

All the modelled uncertainties are implemented within Elat'ngs'_APd?"“W means the usec_zl exponent for the exponen-

Monte Carlo Simulation to judge about the worth of aII]|aI distribution. To have a certain distance to the measured

investment. With an assumed payback time for the investm%%?x'mum rating, several curves with lower values are shown.
|

of 5 years and a depreciation rate of 7 % the present va ese curves can .b? “?ed instead .Of t_he maximum curve
considering uncertainties in the determination of the maximum

of the redispatch costAC,, is calculated. Fig. 12 shows the™™ | imol hods like th based h
probability distribution for the redispatch costs to be below gting values. Simpler methods like the PMU based approac

certain value in comparison to the direct sag measurement need additional
This calculation is dependent on the additional install

curity margins. The curves result in values around or below
transmission capacit P;,,;. Fig. 13 shows for installations € APayn,50 = 50 MW curve.
of additional 20 to 100 MW the present value of the redispatc

APC{Pd_PNTC ide—PNTc>O (17)

h The business calculation is prepared with the availability
costs for the probabilities 10, 50 and 90 %. distribution of the additional available transmission capacity

It can be seen, that with growing additional installed c4rom Fig- 15.
pacity the probable earnings from the redispatch are runni?nge” if the security margin is high (curves withP,,,, 50 =
into maximum values. In all these cases the earnings from tHe Of 20 MW) there is a noticeable probability of earning. The
investments are relatively low due to non-permanent resp. r&féatively low investments in these measurement technologies
congestion cases. Therefore and alternative investment cg@@pared to re-rating are providing reasonable earnings, even
using dynamic rating instead of an hardware installation isthe 10 % probapility is very low and the evaluated case has
introduced in Sec. IV-B. very rare congestions

If the market would demand for in average 100 MW more
transmission capacity, the line would be more often congestéd. Discussion of Business Cases
The probability distribution for this case is shown in Fig. 14.
In this case an investment up to 8.0 Mio. Euro has a probabiliﬁy
of 100 % for the payback within 5 years under the assum%gS
conditions.

The models for the business cases have two stages. The
t one is the calculation of the costs, which can be saved,
the earnings that can be achieved by increasing the us-
able transmission capability. This determination has a lot
B. Dynamic Rating of uncertainties, which have to be taken into account. The

This second business case is based on the same assump@BRYe Modelled redispatch is appropriate and applied, if the
leading to Fig. 11 for the transmission capacity demanEi‘?rjg'estlon ofa'llne is not permangnt. The model!lng of market
Instead of investing in additional hardware for a 100 ogPlitting or auctions can be done in an almost similar way.
available shift of the NTC, dynamic rating methods shall be The second stage of modelling is the method for reliev-
evaluated. Dynamic rating in this sense means online ratif§§ the congestion. Whereas an investment in a controllable
that are based on actual line parameters. This is for examPR¥iCe Or in re-rating is available more or less all the time,
thermal rating but as well for voltage stability like described ifther methods like dynamic rating, monitoring or wide area
the first part of this paper. Due to the fact that the actual powiiotection have to be modelled with uncertainties as well. This
margin of a line depends on the actual parameters, whichifnexemplarily shown for dynamic rating technologies.

turn are dependent for example on weather conditions, thelhe high availability of re-rating leads to more save earnings
additional margin is not continuously available. and therefore to higher possible investments. However, due to

the high component costs the congestion must be frequent

or almost permanent. Cheaper and more cost-effective alter-

natives when congestion is rare are dynamic rating methods.
Fig. 14. Probability distribution oAC'-, being below a certain value for an h . ?j | b l>)/| in th 9 del |
additional installed capacity ak P;,, s; = 20 MW based on an higher averageT € earnings are lj'e to several probabilities in the model less
demand of 100 MW. save than for re-rating methods.



V. FUTURE WORK [4] CIGRE, “System protection schemes in power networks,” CIGRE Task

. . . . Force 38.02.19, Tech. Rep., 2000.
Referring to the method described in Sec. IlI, the estimate@; vy, M. M. Begovic D_pNovose| and M. M. Saha. “Use of local

Thevenin equivalent of the network is now used only to assess measurements to estimate voltage-stability marginZUth International
the stability of the power system. The information in Fig. 9 Con;ifsengzeson Power Industry Computer ApplicationsEEE, 1997,
will be presented online to the operator and thereby visualizrg] E?' Balanathan, N. C. Pahalawaththa, U. D. Annakkage, and P. W.
the degree of stability to the operators. However, collapse Sharp, “Undervoltage load shedding to avoid voltage instabill§E
scenarios may evolve too quickly for the operator to respond. Pr°°f7e§'ggls I\C};chehra{g);é Transmission and Distributiest. 145, no. 2,
The immediate cont_inuatiqn of theoretical work W”l be o7 \F/)\E.)'Quantair;ce and J. e. Bertsch, “Method and device for assessing the
extend the method with so it can calculate automatic corrective stability of an electric power transmission network,” no. 20020123849,
control actions when instability is detected. Another issue is_ 20020097055, 20010021896. US Patent Applications, 2001.
h f th in that i lculated. Si t %] L. Warland and A. T. Holen, “Estimation of distance to voltage collapse:
the accu_racy 0 € power margin that Is ca Cu_ae - olnce Testing an algorithm based on local measurements,14th PSCC
method internally uses a reduced representation of the power Sevillg 2002. _ _ S _
system, the power margin computed is an approximation. THEl D. Karl_sson an'd D. J. Hill, “Modelling and |d<_ent|f|cat|on of nonlinear
e . . . dynamic loads in power system$EEE Transactions on Power Systems
initial results based on the power system in Fig. 7 indicate that g 9 no. 1 pp. 157-63, February 1994.
the approximation is good and that the method is accurate, fuoj T. van Cutsem and C. Vournasjoltage Stability of Electric Power
future work is necessary to validate the method also on other Systems_ser. P(_Jwer Electronics and Power Systems Series.  Kluwer
network topologies Academic Publishers, 1998.

A pilot installation of the wide-area platform in a European
power system is now completed and the performance is
continuously monitored. The implementation of the voltage

stability assessment method is also part of the future work.

VI. CONCLUSIONS

A commercially available platform for wide-area monitoring
and control based on phasor measurements has been described.
A new method for the voltage stability assessment of trans-
mission corridors has been described. Using measurements at
either end of the transmission corridor, a reduced equivalent
of the network can be constructed and used for analytical
stability assessment. The result of the stability is displayed
using a dynamically updated PV-curve and numerical stability
margins. This information can be used to provide accurate
dynamic rating of lines, since it is based on information about
the actual operating conditions. In the second part of the paper,
the economic benefit of such dynamic rating is quantified and
is shown to be more easily economically justifiable than the
addition of new lines, especially when congestion is present
intermittently on a transmission corridor.
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