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Risk Assessment for Transformer Loading
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Abstract—A risk-based probabilistic method is presented to [ input Data (load profile, ambient temperature profile, etc) |
assess transformer loading capability, taking into account the
probabilistic nature of time-varying loads and ambient temper-
ature. A sample calculation, with both component level analysis | Compute the Distribution of HST of Transformer |
and system level analysis, is given. Quantitative reference risk
levels are obtained based on reference loading levels given by - —
IEEE/ANSI C57.115-1991. It shows that our quantitative risk !Compme the Impact of Loss of Life I |Compute the Impact of Dielectric Fallurcl
assessment is useful in assessing transformer loading and in aiding
.relateq decision maklng' An addltlonal be,neflt 1S tha.t it enable_s {Compme the Risk of Loss of Lifcl [Compule the Risk of Dielectric Failure]
inclusion of transformer loading in composite system risk analysis. T

Index Terms—toading cycle, Monte Carlo simulation, proba-

bility, risk assessment, transformer loading capability.

Fig. 1. The procedure for transformer risk calculation.

. INTRODUCTION [5]-[9]. An advanced transformer diagnostic system including
N TODAY’s competitive electric energy market environpoth software and hardware is described in [10], in which trans-
I ment, the incentive to heavily load power transformers fermer loss of life and coil integrity could be predicted based
being driven by the need to achieve increased profits and @2 historical data. Reference [11] provides a transformer load-
related reluctance to invest in new facilities. Hence, there 8ility study by simulating transformer thermal behavior con-
considerable interest in identifying decision-making criteria sddering the correlation between loading profiles of the trans-
that they can be fully, but safely utilized [1], [2]. We addresformer and ambient-temperature profiles. References [12] and
this issue by describing a method for computing risk as a fund-3] show some economic models to provide cost-benefit anal-
tion of transformer loading. The computed risk can be used ¥sis of transformer overloading capability. References [14] and
identify individual transformer loading limits. It can also bd15] give some practical guidelines for overloading the trans-
used, together with risk calculation for transmission line oveformer based on both industrial standard and experience. All
load, voltage collapse, voltage out-of-limit, and transient idhese studies are based on the assumption that the ambient tem-

stability to obtain a composite risk as a function of operatingerature and loading profile are known; they do not take into
conditions [3]. account the probabilistic nature of time-varying ambient tem-
The condition that limits the transformer loading capabilitieBerature and loads.
is the temperature of the winding and the insulation [4]. This !N Section II, we provide an overview of how we compute
condition is characterized by the winding hottest-spot tempdfansformer risk, and Section Il provides the corresponding
ature (HST). The winding HST in the top or in the center ginalytical concepts. We identify reference risk levels corre-
the high or low voltage winding is the worst (highest) tempeﬁponding to defined industry loading levels in Section IV. In
ature for which the transformer insulation system is subjectedgctions V and VI, we provide component level analysis and
It is a function of ambient temperature, load shape, and traf¥stem level analysis to compute short-term risk and long-term
former characteristics. Higher winding HST causes degradatig#mulative risk. Section VIl shows an example of composite
in the strength of the winding insulation material. High tempefYStem overload risk which includes the risk of transmission
atures decrease the mechanical strength and increase the Big-and transformer overload, as a function of system load.
tleness of fibrous insulation, increasing the potential for tranS€ction VIII gives the conclusions.
former failure. Gas bubbles may also form which facilitate the
dielectric breakdown characteristic of the transformer oil. Il. OVERVIEW

Many studies have been done to explore the effects of highin this section, we develop a systematic method to compute
loading under the motivation of loading transformer beyond thgsk of transformer loading capability [16]. We treat the loads
nameplate rating. Most of these studies focus on improving Hahd ambient temperatures as uncertainties. A Monte Carlo tech-
calculation models or developing methods for assessing the filque is employed to calculate the probabilistic distribution of
fluence of transformer thermal delays on short term high loadifige winding HST. Based on the transformer HST, we calculate

loss of life and failure probability of the transformer. The total
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B. Uncertainties in Hottest-Spot Temperature Model

In this section, we develop a risk assessment model for transWhen using the preceding model to calculate the transformer

former overloading.

A. Hottest-Spot Temperature Model

HST, there is typically some uncertainty regarding loading and

ambient temperature. In the following, we provide probabilistic

models to describe these uncertainties.

Transformer insulation deteriorates as a function of time < Probabilistic Transformer Loading ProfileSransformer

and temperature [5]. Since the temperature distribution in most
transformers is not uniform, the most common practice is to
consider the aging effects produced by the winding hottest-spot
temperature. We use the following method for calculating
steady state and transient temperature, based on [17]-[19].
Given the transformer MVA loadings and the ambient tem-

daily load patterns in the future can be obtained by load
forecasting, but load forecasting always has errors, and
this error can be significant in today’s deregulated envi-
ronment. We assume that this uncertainty can be described
by a normal distributioh with the forecasted value as its
mean [20].

perature, the ultimate steady state top oil temperatureffise
over ambient temperature is computed as:

K2+ 1\" S
b=tn(it) s K- @
where

64  transformer top oil temperature rise over ambient tem-
perature at “full” or rated load,;

K ratio of MVA loading to transformer nameplate rating
(i.e., the ratio of load current to the rated load current
if the voltage is assumed constant);

R ratio of loss at rated load to no-load loss;

n exponential power of loss versus top oil temperature

risel

Distribution of Ambient Temperatur&imilarly, for tem-
perature uncertainty caused by weather forecasting error,
we assume that it can also be described by a normal dis-
tribution with the forecasted value as its mean [21].

¢ Correlation between Loading Profiles and Ambient Tem-
perature Profiles:It is observed that loading profiles are
correlated with ambient temperature profiles [11]. For ex-
ample, winter peak loads usually occur on the coldest days
of the year; while summer peak loads occur on the hottest
days of the year. So in winter the correlation between load
and temperature should be negative; in summer it should
be positive.

For transient temperature calculations, the top-oil temperatdre Obtaining Probabilistic Distribution of HST

rise over ambient afterhours is:
Bo(t) = 6., (1 . e_t/m) 4 et/ @)
where g is oil thermal time constant for rated load, afidis

the initial top oil temperature rise over ambient. The HST ris

above top oil temperature rise will be
0(t) = 0oy K™ 3)

In this section, we obtain the probabilistic distribution of
transformer winding HS®},,;. There are generally two kinds
of approaches for obtaining distributions for parameters that
are functions of random variables: analytical and Monte Carlo
§imulation. Monte Carlo simulations are typically more attrac-
tive than conventional analytic methods when dimensionality
or model complexity make the analytical computation difficult.

wheref, sy is hottest-spot conductor rise over top oil tempeth this study, although either approach will work, we employ a
ature at rated loady is the exponential power of winding lossMonte Carlo technique due to its mathematical simplicity and
versus winding gradientFinally the HST6,,,,(¢) of the trans- its ability to include more complex probabilistic models for the
former aftert hours is ambient temperature and transformer load. The calculation time
Onst () = Oo(t) + 0,(t) + 0, (1) 4) for obtaining the HST probability distribL_Jtion i; not a serious
. . _— : concern as we can obtain a converged simulation result for one
whered, (t) is the ambient temperature. If the initial top oil tem

transformer in less than 1 minute on a Pentium 266 MHZ PC

peraturef; is unknown, then it can be estimated based on the. - 4 1\ 0\r risk calculation

knowledge of 24-hour load cycle using the following iterative Monte Carlo methods are based on the random sampling of
method. o scenarios, followed by the analysis of each sampled scenario
* Step L:Assume an initial HST. [22], [23]. In our approach, we must obtain a distribution of
* Step 2:Follow the preceding procedure to calculate thgmpjent temperature and load over each hour. We assume this
HST of each hour, including the HST of the 25th hour (firsgjistribution is multivariate normal (MVN), and we generate it
hour, next day). according to the following two steps:
’ Shteggzﬁﬁmpalrfe tt_]he assurlned initial ':lST withfthe HST Or: » Step 1:Generate a univariate normal distributiof(0,1).
the 25th hour. If they are close enough, stop; if not, use the ; ; . )
25th hour HST as the initial HST. Go to step 1. A simple scheme is the Box-Muller method [22]:
Our experience indicates that usually, convergence is olg-— (_2111(1/1)1/2 cos(27Va) Y:(_an(vl)l/Q sin(27Va)
tained in four to five iterations.
whereX andY are a pair ofindependent random variables
of N(0,1), andV; andV; are a pair of independent random
variables of uniform distributiof/(0,1).

1Typical values are: = 0.8 in the case of OA (self-cooled) operation;=
0.9 in the case of OA/FA (forced-air operation), OA/FA/FA;= 1.0 in the case
of FOA (forced-oil-cooled), OA/FA/FOA, and OA/FOA/FOA operation [17].

2Typical values aren = 0.8 in the case of OA, OA/FA, OA/FA/FA, and
nondirected FOA, OA/FA/FOA, OA/FOA/FOA operatiom = 1.0 for di-
rected flow FOA operation [17].

3|t is possible to choose any other distribution if it provides a better represen-
tation of this uncertainty.
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» Step 2:Obtain the27” dimensional MVN distributionZ where

by the following transformation At = D(8,) — D(6);

Z=AZo+p (5) t, expected pgrcgntage of transformer remaining life;

C,  cost of re-winding the transformer.

2) Dielectric Failure: For power transformers rated above
100 MVA, there are many other stress factors such as me-
cpanical (short-circuit) stresses, bushing dielectric stress, and
o ?eakage flux density, all of which increase with transformer
the MVN distribution; : .

loading. If proper prevention measures are adopted, these

A 2T x 2T matrix which satisfiest AT = 3; : . .
: . S . factors are considered less severe than dielectric stress on
> covariance matrix characterizing the correlation be-

tween load and temperature o@hours insulation volume caused by the HST [17]. Therefore, we only
: . ' . consider the risk of dielectric failure caused by transformer
Aiter sampl!ng the amblen.t temperature gnd load in ea k}erloadingi. It is believed that operating at insulated winding
hour, the HST in each sample is computed using the HST mogelr 556 140C may cause gassing in the solid insulation
des_cribed in Sectionlll_—A. Finally, we nged to repres_entthe S_irﬁ'nd oil. Gassing produces a potential risk to the dielectric
ulation results of HST in each hour using the de_nsny f.unCt'OE_trength of the transformer. The test results in [24] indicate that
The most commonly used nonparametric density estimatoniy, e s a gradually increasing probability of dielectric failure

based on the simple binomial distribution [27]. For a given nenever normal operating temperatures are exceeded, and the

we defined; as the number of observations falling in the tems .oyl of failure is significantly increased at temperatures
perature interva{6y,s:; — h, 05,5t; + k). A natural estimator for above 150C

probability density function which represents the hourly HST

where
T  number of hours to be studied;
Zy 27 independentv(0,1);
7 27 x 1 dimensional vector representing the means

' The probability of transformer failure during the next time

is given by period [o, #1] is
- d; Pr(to < T < t1]6)
f(Onsei) " (6) t(to < T <t |T > to, 6) 1— Pr(T < to|0) )
wheren is the total number of observations. We use the Hazard function to approximate the above proba-
_ bility. Whent, and¢; are close enough, eqt. (9) can be approx-
D. Impact of Transformer Overloading imated by the following equation
In our approach, we consider two impacts due to the trans- Pr(to < T < t1|T > to, ) = H(to|6) x At (10)
former overloa(_jmg: loss of life and o_llelectr_lc fallure._ whereAt = #, — to andH (£o]6) is the Hazard function
1) Loss of Life: The transformer insulation deteriorates as F(to)
a function of time and temperature. The relation of insulation H(to|) = ——~2 (11)

deterioration to changes in time and temperature is assumed to _ o 1= _F(tO) _ _
follow an adaptation of Arrhenius reaction rate theory as staté¢fere f(-) is the probability density function an#(-) is the
in the ANSI guides [17]-[19], which give the following expresfumulative distribution function of dielectric failure.

sion for transformer insulation loss of life during tinte To compute eqt. (10), we need to kngi:) and *(-). Since
D(6) = 100 x  x 10~ (A+B/6) 7 Weibull Hazard plots have been successfully applied to analyze

BPA transformer life data [25], we assume that the Weibull dis-
Here,D(f) is the percentage of total life logt,= 6y,;: +273  tripution can be used to describe the probability of transformer
is the absolute temperatur,,; is the hottest-spot temperaturegielectric failure in its life cycle. Further, as we mentioned in
in°C, andA andB are constants from the life expectancy curveection 111-D-1, the transformer insulation degradation is as-
[17]. sumed to follow the Arrhenius relationship [17], which is a
If a transformer is operated within rated capacity, it coulgjigely used model describing the effect that temperature has on
be reasonably expected to last in excess of 30 years if routif@ rate of a chemical reaction [27]. Therefore, we assume that
maintenance and testing are conducted. It is considered thatiffie thermal related failure probability of a transformer can be

normal loss of life are from loadings that result in a daily l0ss Qfescribed by the Arrhenius—Weibull mode[&6], [27], which
life equal to that of a continuously loaded winding hottest-spgf

temperaturé, (110°C for 65°C rise and 95C for 55°C rise 1
transformer, respectively)If the transformer hottest-spot tem- fit) = = ¢(z) F(t) = d(x) (12)
perature is higher tha#y, the aging rate of the transformer ex- ot
ceeds the normal value, which reduces the transformer workingereg(z) = =", ®(z) = 1—¢~¢",z = ((log(t) — p)o), &
life and increases depreciation cost. So we consider the impathe scale parameter,= i, —log[AF(6)], pre, = 11605/60,

due to loss of life of thermal overloading is and AF'(8) is the Arrhenius acceleration factor which is
At . 11605 11605
IInl (9) — Z X Ct If 9 > 90 (8) AF(Q) = €exp |:Ea < 90 — 9 >:| .
0 otherwise

SFor cases when it is deemed necessary, risk of other factors may be included
4Transformers with an average winding rise of not more than®%55°C)  as well.

and hottest-spot winding rise of not more than*@D(65° C) are referredto as  SThis assumption could be verified experimentally or by analyzing existing

65 °C (55°C) rise transformers. data from industry.
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Here, E, is the activation energy in electron volts (eV) of the TABLE |
insulation material, having range from 0.3 to 1.5 depending on TRANSFORMERCHARACTERISTICS
the type of the insulation material [28].

A catastrophic failure of a transformer results in consider- P a"’;meter 3\?{;‘;2
able costs. When such a failure occurs, the event is sudden, and 99{,’1) 28.6°C
the consequence can be substantial particularly if the system is R 4.87
stressed. The impact associated with transformer failure is the o 3i5 oh
cost of replacing transformer capacity (including loss of load, ,Z 0.8

loss in produced energy, process down-time and penalties). It
can be quantified as

rise. Here, the parameters are defined as in Section IlI-A. We
(13) also make the following statistical assumptions:

« The deviation of loading profile is 10 percent of its mean.
whereCyq.c IS the cost of replacing transformer capacity due « The deviation of ambient temperature is 30 percent of its

T — {Cfailure if failure
Iy = .
0 otherwise

to the transformer failure. mean.
¢ The correlation between load and ambient temperature is
E. Risk Calculation 0.01.

Risk has been defined as the product of probability and impdBtPractice, one would obtain these values using historical data.
[3]. The total impact of transformer thermal overload includes )
both the impact of loss of life and failure. Under a specifieB- Reference Loading Levels

operating condition¥ (typically characterized by transformer The following are four types of loading defined in IEEE Stan-
loading in terms of current) which is a function of timethe dard C57.115-1991 [17].

risk over a period of” is « Normal Life Expectancy Loading
' _ ' Normal life expectancy loading (NLEL) is loading for
Risk(Im|X) = Risk(Im,;|X) + Risk(Im2|X) (14) which the winding HST and maximum top oil temper-

atures permitted in IEEE C57.12.00-1987 [32] are not
where Risk(Im| X) is the risk corresponding to the operating exceeded, although the loading may exceed nameplate
condition X. The risk corresponding to loss of life is: rating. This loading can be continued indefinitely; it is
considered to be risk-free to remain in NLEL. To remain
in NLEL, it is suggested that the winding HST be kept in
the range of 116C-120°C.
* Planned L oading Beyond Nameplate Rating
where P(4]X) is the probability density function @fgiven X. Planned loading beyond nameplate rating (PLBNR) is
The risk corresponding to transformer dielectric failure is: loading for which the winding HST or top oil temperature
exceeds the levels suggested for NLEL. It is accepted by
) . T ro . the user as an anticipated, normal, reoccurring loading.
Risk(Ima].X) = /0 /9 Pr(6]X) > H(#[6) x At x Im; df dt. This loading is allowed with all components in service,
’ (16) yet some risk is associated with. To remain in PLBNR,
it is suggested that operation not exceed 4 hours per day
|V TRANSFORMERREFERENCER|SK LEVELS When the W|nd|ng HST iS in the I’ange Of 120—1300C
¢ Long-Time Emergency Loading
Long-time emergency loading (LTEL) is loading for
which the winding HST or top oil temperature exceeds
those permitted for rated load operation. It is usually al-
lowed only under conditions of prolonged outage of some

T 0
Risk(Imy | X) = / / Pr(0)X) x Imy (8)dfdt  (15)
0 Jeg

Power system load is typically cyclic in nature with both daily
and annual cycles. For the daily cycle, it is usually assumed
that transformers operate on a load cycle that repeats every 24
hours. The load cycle changes with seasons. It is usually appro-
priate to assume that the duration of the same load cycle extends system elements. To remain in LTEL, it is suggested one
over 90 days [8]. IEEE Standard C57.115-1991 [17] defines four 24-hour period contains no more than six hours operation

types of loadings with progressively increasing degrees of risk when the winding HST is in the range of 136-140°C

(see S_ection _IV'B)' In this section, we use the_approa_ch devel- together with no more than four hours operation when the
oped in Section Il to compute the risk associated with these winding HST is in the range of 120C-130°C.

types of loadings. We then use these risk levels as benchmarks,

. X o ) Short-Time Emergency Loading
on which to judge acceptability of transformer loading.

Short-time emergency loading (STEL) is loading for
which the winding HST or top oil temperature exceeds
the limits given for PLBNR. It is an unusually severe con-

The sample transformer characteristics are shown in Table |, dition typically acceptable only after the occurrence of
most of which are extracted from [17, Appendix C]. The trans-  one or more unlikely events that seriously disturb normal
former is rated FOA, 400 MVA, with 65C average winding system loading. To remainin STEL, it is suggested that

A. Sample Data
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X107 NLEL PLBNR
TABLE I . ‘2
LiMITS FOR DIFFERENT TYPES OF LOADING | Total sk = 0010740 0.0v5] Total Risk = 0.134306
g =
Types Winding Top oil Duration §°'3 §
HST.°C | Temp.°C | (per day) o6 3 oo
NLEL | 110-120 105 74h % o4 %
PLBNR | 120-130 110 4h . * 0005
LTEL 120-130 110 4h
]30'140 6h 5 10 15 20 5 10 15 20
STEL 120-130 110 4h Time(hour) Time(hour}
130-180 th LTEL STEL
130-140 6h 0.06 02 1
0.05} Totai Risk = 0.305417 Tolal Risk = 0.61189: |
= 2015 |
S o004 g |
NLEL PLBNR 8 8
2 2 : 0.03 : 01 '
o002 3 !
15 15 e To0s i
5 - 0.0t
2 H
g 1 T 1 0o 0
8 5 10 15 20 5 10 15 20
- - Time(hour) Time(hour)
05 05
IIII Fig. 3. Risk of different types of loading.
° 5 10 15 20 ° 5 10 15 20
Time(hour) Time(hour)
a5
LTEL STEL

Duration {Hour)

5 10 15 20 5 10 15 20
Time{hour) Time{hour)
1or 9 hours
Fig. 2. Four types of loading, in p.u. of transformer rating.
st
one 24-hour period contains no more than one hour Rated load
operation when the winding HST is in the range of 0 : = >
130 °C- 180°C, together with no more than six hours tosd (p)

operation when the winding HST is in the range Ofig. 4. Short-term loading capability based on equal risk criterion.
130 °C-140°Cand no more than four hours operation

When the W|nd|ng HST iS in the range Of 120—1300C V COMPONENT LEVEL ANALYS|S
Table Il provides the maximum temperature and duration
limits per day for the above four types loading suggested 81’3
[17]. Fig. 2 shows an example of these four types of Ioadir]g
for a sample transformer [17].

In this section, we provide component level risk analysis to
termine the transformer short-term loading capability and
ng-term loading capability.

A. Short-Term Risk Assessment

C. Reference Risk Levels Fig. 4 provides iso-risk curves. The points on each curve have

Fig. 3 shows the risk of each hour in one day for four differenfie same risk value. For example, the points on the curve NLEL
types of loading for the sample transformer. It can be seen th@fave the same risk value as the loading profile NLEL, which is

in each day the highest risk always appears around the time With10 740 x 10— p.u. Similar curves can be drawn for other
heaviest load. It also shows, as expected, that the risk increassis values, if desired.

with increasing load. _ _ If one accepts that the risk of NLEL as the maximum risk
For example, the total risk for NLEL is only 0.010 740 p.u.value for the next 9 hours, then Fig. 4 indicates that the con-
while for STEL it is 0.611894 p.u. tinuous loading of the transformer should not exceed its rated

value. For one hour of loading, the same risk level would allow
“Limits for other metallic HST, which refers to the hottest-spots temperaturedout 25% above nameplate loading. If one accepts the risk of

of all grounded metallic structural parts whether in contact with solid insulatiquBNR then the transformer can be operated for 9 hours at 25%
or not, are also given in [17]. These limits are given because itis believed that gas ’ .
evolved at other metallic hot-spots does contribute significant risk, especia%i’ove nameplate loading.

under the condition of LTEL and STEL [29]-[31]. We do not consider its effect

in our risk calculation. B. Cumulative Risk Assessment
8We normalize the impact by choosing the cost of replacing transformer ca-
pacity Cstare = 100 and the cost of re-winding the transformercs = The method we developed can be used to compute cumula-

1.00. tive transformer thermal risk over a specified time period. Some
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15 - 400 - -
——  Total Risk
Risk 1 (loss of life) + A7
- - Risk 2 (failure) 350 ° Al4
x A1S
200} - A16
o A7

Risk(p u.{doltar))
Load(MVA)

0S|

n o " N s L L 1 L L
0.8 1 1.1 1.2 13 15 2 q 6 8 10 12 14 24

Fig. 5.

Load multipiier F

Risk with different loading profile multipliers.

TABLE Il

Fig.

Time(hour)

6. Hourly load without outage.

x107"

CORRESPONDINGLOAD MULTIPLIERS FORDIFFERENT TYPES OFLOADING

H

Total Risk(1.691e~3)

NLEL PLBNR LTEL

STEL ok + A7(7.333e~4)
F 1.00 1.258 1.337  1.400 ° A14(1.079e-4)
x A15(1.830e-4)
. A16(2.165e-4)

" A17(4.499e-4)

transformers that serve to interconnect different portion of a
transmission system may require studying over a time interval
of a year or more to appropriately capture the risk variation, es-
pecially when the system is subject to uncertain flow patterns
caused by the market. However, for transformers serving cyclic
end-user demand, a time interval of 24 hours is sufficient to cap-
ture risk variation. We focus on this latter case to illustrate cu-
mulative risk calculation for transformers.

We desire to enable identification of a load multipli€y for
a given repetitive 24-hour loading profile, corresponding to a
maximum cumulative risk. Fig. 5 shows the risk of one day with
different loading profile multiplierg” on NLEL. It can be used F'9- 7:
to identify how much additional risk is incurred as the demand
grows. Conversely, it can be used to identify how much addrmer A7 suffers the most risk of all five transformers since it
tional demand can be accommodated if one decide to accephas the highest loading level. In addition, we observe that small
increased risk. For example, Table Il gives the correspondiittgreases in loading can result in disproportionately large in-
load multipliers, using NLEL as a base to maintain the sanggeases in risk, as illustrated by comparing the hour 20 loading
total risk as that indicated in Fig. 3 for each loading type. ~ peak with the hour 20 risk.

Figs. 8 and 9 give the results under a very serious operating
condition when both transformer A16, in parallel with A17, and
line 104-109 are outaged. Compared with the no outage case

There are five transformers altogether in the single ared . h | f Sk is i d ab
model of the IEEE RTS-96 system [33]. We assume all to F|g. 7, the tota.system transtormer risk is Increased a out
' times, and the risk related to transformer A17 is 1.190 e-2,

transformers have the same characteristics and conditions .

. ) . which exceeds the reference risk for NLEL.
as given in Section IV-A, and the same cost of transformer
replacements for failures. The system load condition is normal
winter weekdays. In order to accentuate the problem being
studied, we modify the system by increasing the total systemWe have developed methods to compute the risk of transmis-
load to 110 percent, or 2172.56 MW. Fig. 6 shows the hourgjon line overload [34], [35], voltage collapse [36], [37], voltage
loadings of five transformers of the IEEE RTS-96 system iout-of-limit [36], [37], and transient instability [38]-[40] for de-
normal winter weekdays. fined operating conditions. Because our risk calculation for each

Fig. 7 gives the quantitative risk of each hour for these fiyeroblem type has the same unit, $/hr, we can add them together
transformers. Since all the transformers are loaded far beltovget a composite evaluation of security. Here, we illustrate
their rated value (400 MVA), the risk values of these trand®y composing transmission line overload risk with transformer
formers are much lower than the reference risk levels develerload risk to obtain a total system overload risk. Fig. 10
oped in Section IV-C. But we still can observe that the transhows the composite overload risk with system loading for the

Risk(p.u.{dollaryhr)

s L
12 14
Time({hour)

Hourly risk without outage.

VI. SYSTEM LEVEL ANALYSIS

VIl. COMPOSITERISK ANALYSIS
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Fig. 8. Hourly load with outage A16 and line 104—109.

24

ox 0 4+

Total Risk(1.366e~-2)
A7(1.386e-3)

A14(2.528e~4)
A15(1.273e-4)
A17(1.190e-2)
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Fig. 9. Hourly risk with outage A16 and line 104-109.
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x
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Fig. 10. System overload risk.
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transmission line risk curve rises much more steeply than the
total transformer risk curve.

Such an evaluation is useful to operators for monitoring
overall system stress. In addition, it provides a much needed
bridge between engineering reliability and market economics.
We are currently developing a risk based optimal power flow to
illustrate this bridge.

VIIl. CONCLUSION

We provide a risk-based assessment method of transformer
thermal loading capability. Compared with the traditional de-
terministic methods, this method has the following advantages:

* It determines a realistic estimate of transformer thermal
loading capability by using probabilistic characterization
of uncertainty rather than using conservative deterministic
values.

« It provides a guantitative risk index that can be used to
detect high risk situations.

* Itcan also be used, together with risk calculation for trans-
mission lines overload, voltage collapse, voltage out-of-
limit, and transient instability to obtain a composite risk
as a function of operating conditions.

We believe this risk calculation method is helpful in making
decisions related to balancing risk against the economic benefits
that may result from a transformer loading level.
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