G Model
EPSR-5361; No.of Pages 13

Electric Power Systems Research xxx (2017) XXX—XXX

journal homepage: www.elsevier.com/locate/epsr

Contents lists available at ScienceDirect

Electric Power Systems Research

£ ELECTRIC POWER
B8 SYSTEMS RESEARCH

An approach to dynamic line rating state estimation at thermal steady
state using direct and indirect measurements

David L. Alvarez®*, F. Faria da Silva®, Enrique E. Mombello¢, Claus Leth Bak®,

Javier A. Rosero?, Daniel Le6 Olason

3 Electrical Machines & Drives Group, EM&D, Universidad Nacional de Colombia, Carrera 30 No. 45-03, Edificio 453 Oficina 208, Bogotd, D.C. 11001,

Colombia
b Department of Energy Technology, Aalborg University, Aalborg, Denmark

¢ Instituto de Energia Eléctrica, CONICET, Universidad Nacional de San Juan, San Juan, Argentina

d LANDSNET, Iceland

ARTICLE INFO ABSTRACT

Article history:

Received 24 January 2017

Received in revised form 28 August 2017
Accepted 22 November 2017

Available online xxx

Dynamic line rating has emerged as a solution for reducing congestion in overhead lines, allowing the
optimization of power systems assets. This technique is based on direct and/or indirect monitoring of
conductor temperature. Different devices and methods have been developed to sense conductor tem-
perature in critical spans. In this work, an algorithm based on WLS is proposed to estimate temperature

in all ruling spans of an overhead line. This algorithm uses indirect measurements - i.e. weather reports
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and/or downscaling nowcasting models as inputs as well as direct measurements of mechanical tension,
sag and/or conductor temperature. The algorithm has been tested using typical atmospheric conditions
in Iceland along with an overhead line’s real design, showing robustness, efficiency and the ability to
minimize error in measurements.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Overhead lines (OHLs) are facing new challenges in planning,
operation and control. For instance, power system operators seek
to push the operational limits [ 1] while maintaining high reliabil-
ity levels. Under normal operating conditions the capacity of short
and medium OHLs is commonly restricted by the minimum clear-
ance between the conductor and the ground [2], which is defined
by the sag of the catenary. To optimize OHLs capacity given this
kind of restriction, dynamic line rating (DLR) can be used [3]. With
this technique a more realistic ampacity limit can be calculated. DLR
sets dynamically ampacity limits using the actual atmospheric con-
ditions, in opposition to the traditional approach (called Static Line
Rating (SLR)), where the conductor’s capacity is computed taking
conservative or worst atmospheric conditions scenarios, that sel-
dom occurs. The dynamic limit is commonly higher than the SLR
limit; in Ref. [4] a higher ampacity (compared to the SLR limit) is
measured 99% of the time when DLR is used. Consequently, a reduc-
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tion in power congestion or bottlenecks and an increment of the
margin of maneuver under contingencies is achieved when DLR is
implemented. This is particularly beneficial when wind power is
connected to the grid [5], because of the relation between wind
speed, power generation and conductor ampacity. Indeed, given
DLR advantages, applications for control, planning and operation of
power systems are available in order to optimize these systems [6].
Examples of such applications are: inclusion of OHL temperature as
a constraint to compute optimal power flows [7] or incorporating
DLR into the scheduling [8,9]. These applications can be added to
the nowadays energy management systems [10].

Direct and indirect methods are used for DLR. Indirect methods
are based on computing the conductor’s temperature using data
from weather stations close to the OHL and/or using atmospheric
models coming from the area of influence of the line [11]. In con-
trast, direct methods take measurements directly from the OHL
(frequency of vibration, mechanical tension, sag position, among
others [3]) in order to compute either the sag, the mechanical ten-
sion or the temperature over the conductor [10]. An additional
option to increase reliability is the adoption of hybrid systems
(direct and indirect measurements); for instance, in [12] both
weather and tension measurements are used to monitor ampac-
ity in OHLs spans. Although a set of DLR technologies is already
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available [13], a methodology to integrate both kinds of measure-
ments to obtain a reliable overview of the entire line capacity is not
available.

The conductor’s resistance changes as a consequence of varia-
tions in temperature, which impacts the power flow [14] and the
OHLs protections [15]. To model this, variations in temperature
values along OHLs have been included in the line model in Ref.
[16] by means of dividing the line into sections, based on gradi-
ents of temperature along the entire line. Given the relationship
betweenresistance and temperature, the introduction of PMU mea-
surements to estimate average conductor temperature along OHLs
is proposed in Ref. [17]. Here the Weighted Least Square method
(WLS) is applied. In a similar way, in [18] the average conduc-
tor temperature is computed at steady state and during thermal
transients using only PMU, by means of linearizing the state esti-
mation problem. In Ref. [19], an improved model based on PMU
is presented. It considers the atmospheric conditions along the
line route through sr-equivalent circuits connected in series. These
series represent sections of the OHL. Temperature is computed in
the different sections.

In Ref. [20] the performance of PMU as DLR method is assessed,
concluding that even though state estimation techniques are used,
the error in the computed temperature is larger than acceptable
margins as a result of both atmospheric changes along the line
and error in measurements. To improve the conductor temperature
estimation when applying PMU, different DLR methods can be used
on the same OHL. For instance, in Ref. [21], the thermal resistivity
coefficient is optimized through PMU and temperature measure-
ments located in specific points of the line. This optimization is
carried out as consequence of computing negative resistances when
only PMUs are used. In Ref. [22], PMU and tension monitoring
systems are used for DLR. This way, an overview of the line’s tem-
perature can be obtained using PMU and critical spans are directly
monitored by the mechanical tension system.

As a consequence of the fact that critical span changes in time
and space (which limits the OHL capacity), the number and loca-
tion of spans to monitor have to be defined. In Ref. [23] a heuristic
methodology to identify critical spans based on computing con-
ductor temperature in each span is proposed. In that study the
span temperature is estimated using data from historical weather
reports and climate models. In Ref. [24] a similar methodology is
developed considering the clearances to ground, instead of the con-
ductor temperature. Although methodologies to identify critical
spans tend to use optimization algorithms, a risk level is assumed
in the spans that are not being monitored. In consequence, it is
desirable to know or at least to estimate the state of all spans in
an economical and reliable way. An option to estimate weather
conditions along the line is to interpolate atmospheric parameters
in space (nowcasting) using meteorological models and/or a set of
atmospheric measurements [25] taken close to the influence area
of the OHL. Thus, with a set of monitoring stations covering crit-
ical spans and nowcasting along the OHL, a reliable overview of
the entire conductor temperature can be achieved. However, even
assuming that a complete conductor capacity monitoring system
is available in each span, errors in the computing of conductor
temperature as a result of uncertainties in both measurements
and conductor parameters are presented [26]. Moreover, error is
higher for low currents [27]. This is common in OHLs that oper-
ate at low capacities in order to guarantee the reliability criteria
N — 1. Consequently, various efforts have been carried out in order
to quantify the impact of different kinds of errors over tempera-
ture estimation. In Ref. [27] a methodology to analyze the influence
of conductor temperature measurement errors over the computed
ampacity is presented. In Ref. [28] an estimation algorithm based
on the Monte Carlo method is developed. It considers uncertainty
in the heat transfer model and in atmospheric measurements. A

similar analysis is presented in [29], by applying affine arithmetic
in order to identify critical spans and to find out the corresponding
temperature.

The previous state estimation algorithms only apply to direct
[17,18] or indirect measurements [28,29], but not to hybrid sys-
tems. Therefore, to minimize errors in temperature estimation of
all spans of an OHL, this work proposes a state estimation (SE) algo-
rithm based on WLS. In this algorithm the elements of the Jacobian
matrix, the elements of the measurement weight matrix and the
measurement functions are presented in a novel way. It uses the
available direct and indirect measurements and adds the advan-
tage of including redundant measurements as numerical weather
prediction (NWP) and downscaling atmospheric nowcasting mod-
els, thus increasing reliability. This is important, since reliability
is affected when DLR devices are included in the system [30]. In
Fig. 1 the SE problem is shown. It is expected that the measure-
ments (z) and the OHL parameters contain errors (e). The SE issue
is stated with the objective of obtaining the best estimated both of
the electrical RLC parameters and of the temperature (Ts) in each
ruling span of the OHL. This paper is organized as follows: the dif-
ferent methods to compute the average conductor temperature are
discussed in Section 2. In Section 3, the proposed methodology is
presented and the algorithm to minimize errors in temperature
estimation along the entire OHL is developed. Finally, simulation
results obtained from testing this algorithm under typical atmo-
spheric conditions are presented in Section 4. The simulations are
based on real OHL data.

2. Review of dynamic line rating methods

In this section, mathematical models and approximations
employed to calculate the temperature of OHL conductors using
direct and indirect measurements are presented. These expres-
sions are used as measurement functions in the formulation of
the proposed SE algorithm. This algorithm estimates the conductor
temperature in steady state, which occurs during normal operating
conditions. In steady state, it is assumed that the current intensity
and environmental conditions are constant during a certain period
of time, typically 1h [10]. Thus, the thermal transient term can be
neglected. To use steady state analysis, temperature is estimated at
the moment that the conductor reaches the thermal equilibrium,
which is a conservative assumption. With this temperature value,
the maximum conductor ampacity can be calculated. However, if a
short-term overload occurs, the state estimation is affected, being
necessary to do a continued estimation. The possibility of including
thermal transients in a dynamic state estimation problem will be
object of future research.

2.1. Indirect measurements — heat transfer equilibrium

Indirect method refers to the use of atmospheric conditions to
compute the conductor temperature. This method is based on the
heat transfer between the conductor and the environment as a
consequence of heat losses and heat gains. Any change in the ther-
mal conditions produces a thermal transient until the conductor
reaches the thermal equilibrium. This equilibrium can be described
by the heat balance

Q+Qs=Qc+ Qg (1)

where Q; and Qs are the heat gains by Joule effect and solar radia-
tion, and Q¢ and Qg are the heat losses by cooling and radiation. The
inputs of (1) are the wind speed and direction, the solar radiation,
the ambient temperature and the current intensity. As a conse-
quence of wind variations in time and space, it is recommended to
use average values [31]asinput for the heat balance equation. These
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Fig. 1. Dynamic line rating estimation using WLS, an overview using direct and indirect measurements.

average values are commonly available in weather reports. Addi-
tionally, a set of conductor parameters must be included as inputs.
They increase error in the computing of temperature if not correctly
chosen. For instance, in [26] a linear statistical model is proposed
with the aim of improving accuracy, which can be influenced by
errors in the physical parameters and by the approximations used
to compute both heat gains and losses in (1). In this paper the CIGRE
model [32] is used as measurement function.

2.2. Tension measurements — state equation

To relate changes in temperature with variations of tension in
OHL conductors the state change equation can be used [33]. In this
work, the tension is assumed equal in each tensioning section of the
OHL and thus the ruling span approximation is used [34]. Because
of conductor creep has low impact in the sag calculation [35], this
is considered as a source of error in estimation. Therefrom, only the
linear thermal and elastic elongation models are considered in the
state change equation (2).

EA(Rsmcg)?
24

EA(Rsmcg)?
2
Tref

=Hs? |Hg —Hr, + + EAgt (Ts — Trer )

Tref
(2)

In Eq. (2) E is the modulus of elasticity, A is the conductor cross
section, Hand HTref are the horizontal tension at temperature Ts and
at reference temperature Ty, R; is the ruling span length, mc is the
conductor mass per unit length, g is the gravitational acceleration
and ¢&; is the coefficient of thermal expansion.

2.3. Sag measurements - catenary equation

Sag measurements are used to obtain the clearance between the
OHL conductor and the ground in order to assess the OHL thermal
capacity. Another way to calculate the OHL rating is to compute the
mechanical tension with sag measurements and use these values
to compute the conductor’s temperature by using the state change
equation. This methodology is proposed in [36] using the parabolic
approximation. However, for large spans the catenary solution is
used, which relates sag (D) with tension (H) through (3), where s is
the span length.

(3)

To express mechanical tension as a function of sag, Eq. (3) is
expanded as a Taylor series in (4), where the first term is equal to
the parabolic approximation.

p_Smeg  s'me)’  sS(meg)®
T~ 8H ' 384H3 ' 46080 H

In this work, the first and second term of the series (4) are used
to compute tension as a function of sag, obtaining the polynomial
form (5). This expression has the form of the polynomial of degree
three ax3 +bx2 +cx+d=0, where a=D, b=—s%2m.g/8, c=0 and d =
—s%(m.g)?/384.

(4)

Szmcg H?2 34(mcg)3 ~0

8 384
The solution to the polynomial (5) is (6)

H (D)= §/q+\/q2+ (r—p2)3+3\/ @+ (=)’ +p (6)

where p=—b/3a, q=p3 +(bc—3ad/6a?) and r=c/3a. This equation
expresses analytically the tension (H) in function of the sag (D),
allowing to compute the conductor temperature using sag mea-
surements. To compare the performance between the parabolic
approximation (first term) and the use of the two first terms
of the catenary series expansion proposed to compute sag, the
error between the exact solution (3) and these approximation is
contrasted under common values of span length and tension, sup-
posing a m.=1.294[kg/m]. Fig. 2a shows the error (e) between
the catenary function and the parabolic approximation. Similarly,
Fig. 2b shows the error between the catenary function and the
approximation using the first two terms of the series. To use the
first two terms of the catenary series expansion results in an error
inferior to 0.05%. When the parabolic approximation is used, an
error around 3% is obtained for long sags and low tensions. Conse-
quently, a high accuracy is reached when only the first two terms
of the catenary series expansion are considered, since it allows to
analytically express the tension as a function of sag with an error
lower than 0.05%.

H3D (5)

2.4. Temperature measurements

The temperature of the conductor can be measured directly with
sensors installed on the OHL. However, in spite of directly sensing
temperature, it is necessary to install a set of measurement devices
along the span because of the fact that temperature changes [37].
This as a consequence of the wind behavior, the presence of clouds,
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Fig. 2. Error in the computing of sag using Taylor series expansion of cosh.

close objects, among other factors which affects heat transfer. Con-
sequently, the conductor temperature is assumed as the average of
the set of measurements.

2.5. Synchrophasor measurements

The computing of conductor ampacity with PMU is based on
indirect measurements of temperature. This method takes the syn-
chronized values of voltage (v, vm) and current (i, i) at the ends
of the OHL to calculate its impedance. Thus, using the resistive part
of impedance the average conductor temperature along the OHL
can be calculated, provided that the relationship between resis-
tance and temperature is known. When a 7 line model is used, the
impedance (Z = R(Ts) + jX;) and admittance (Y=jY¢) are related to
voltages and currents by means of (7) and (8).

. zZ-Y zZ-Y .
lk=Y(T+1)vm—(T+l)lm

zZ-Y .
Vi = (T+]>Um—zlm

(7)
(8)

3. Proposed method for DLR state estimation (SE)

Both economic and reliability considerations must be taken into
account for implementing DLR systems. For lowering costs, a solu-
tion is to use weather nowcasting and PMU when available, and
in order to increase reliability, direct measurements on critical
spans are necessary. Considering these aspects, a new algorithm
to estimate conductor temperature in each ruling span of an OHL is
proposed in this work using PMU, weather nowcasting and direct
measurements.

3.1. Definition of the estimation problem

In this proposed method, the definition of the SE problem is
based on the measurement model functions h(z, x) (9), which
model the errors (e) in a set of measurements z (10) by means of the
state vector (x). In other words, the measurement functions com-
pute the error between measurements and state variables using
known relationships. If the values of either temperature, tension,
or sag along the entire OHL are known, it is possible to compute
the thermal state of the line [6]. Therefore, both the temperature
in each ruling span (Ts, ) and the RLC parameters of the equivalent
OHL 7 circuit were chosen as state variables (11) in this paper.

O0=h(z,x)+e (9)

T
x=[R L C Ts Ts, Tsy ] (11)

The reason for selecting the conductor temperature as state vari-
able is because of the direct relationship between losses, resistance
and temperature. It allows the integration of all DLR measurements
(PMU, weather, temperature, tension and sag). These relationships
are described by (12) and (13)

2 2 N
= S R 5 ] o (1) (12)
n=
N
R=> R (Ts,) (13)
n=1

where Ry is the resistance and Ty, is the temperature of the con-
ductor in the ruling span n.
The elements of the measurement vector z (10) are:

1. vand i are the complex values of voltage and current at ends (k,
m) of the OHL, measured at the same time.

2. The vectors zy (14) are the set of atmospheric parameters w =
[Ta S v 8] in each ruling span. T, is the ambient temper-
ature, S is the solar radiation, ¢ is the wind speed and § is the
attack angle of the wind. N is the number of ruling spans.

Zy = [W1 Wy WN] (14)

3. The vector zy; (15) is the set of temperature measurements
over the conductor. These measurements are located in specifics
ruling spans (FTS) along the OHL. N7 is the number of measure-
ments.

(15)

4, The vector zy (16) is the set of tension measurements avail-
able on the OHL. Ny is the number of tension devices located
on specific ruling spans (Fg).

zy=[H Hy -+ Hp

ZT5=[T51 Ts, -+ Ts -+ TSNT] n e Fg

Hy, | neFy (16)

5. The vector zp (17) is the set of sag measurements available on
the OHL located in (Fp). Np is the number of devices that are
sensing the sag.

zp=[Dy D - Dy Dy, | n € Fp (17)
Finally, with the state variables (x) defined and with the DLR

measurements functions addressed in Section 2, the SE is stated

z=[Re(y) Im(vy) Re(iy) Im(i) Re(vm) Im(vm) Re(im) Im(im) zw 2z, zu zp]

(10
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as follows: if X is assumed to be the best estimates of x, a residual
vector € (18) is obtained to evaluate the measurement functions
h(z, X). These functions are formed as in (19) and are described in
the Appendix A.

e=h(zx) (18)
h(z, x) = [Re (hy(z, X)) Im (hy (z, X)) Re (h; (z, X)) Im (h; (z, X)). ..

hg(z,X)hp (z,X)hq (z, X)hr (z,X)hy (2, X) hp (2, x)] ! (19)

3.2. Weighted least squares — WLS

To compute the best estimate of the temperature in each ruling
span, the most common error norm is applied in this paper: Least
Square Error norm or Squared Euclidian norm [38]. Thus, the least
square estimated is the vector X that minimizes the norm |e|2 (20)
(also called measurement residual J (x))

Nm
g2 = Y waha(z. %) = [h(z, )] [W] [h(z. %)] (20)
n=1

D.L. Alvarez et al. / Electric Power Systems Research xxx (2017) XXX—xXX 5
r oRe(h,(z,x)) ORe(h,(z,x)) ORe(h,(z, X)) o b
dR X, dYc
olm(h, (z,x)) olm(h,(z,x)) dlm(h,(z,X)) o
oR X, aYe
ORe(h;(z,Xx)) ORe(h;(z,x)) ORe(h;(z,Xx)) o
OR X, aYc
olm(h; (z,x)) dlm(h;(z,x)) dlm(h;(z, X)) o
JR X, dYc
ohg (z, X) ohg (z, X)
oR 0 0 s
H=1 on, (z,X) 0 Ohg (z, X) oh (z, x) (23)
R dYc OTs
dhp (z, X) ohp (z, X)
0 0
aYe aTs
o 0 0 ohrg (z, X)
8T5
0 0 0 ohy (z, X)
BTS
o 0 0 Bhl? (z, X)
aTs

where N, is the number of measurement functions and equal to
the size of vector (19). W is a diagonal matrix whose elements are
the measurement weights w,2 which are calculated using the mea-
surement’s standard deviation. Equations derived to compute wy,
are in the Appendix B. Finally, the cost function to obtain the best
estimated is given by (21).

minyJ (x) = [h(z, %)]" [W] [h(z, %)] 1)

The minimum value of J (x) is found when 9] (X) /9x = 0, or the
gradient V4] (x) = 0[39], as shown in (22),

Vi (x) = [H]" [W] [h(z, %)] (22)

where H is the Jacobian matrix, defined as H= dh(z, x)/0x. The pro-
posed H matrix has the form of (23) assuming that all kind of DLR
measurements are available. The partial derivatives that form H are
in Appendix C.

As the relationships between the states x and measurement
functions h(z, x) are nonlinear in almost all cases, an iterative
process is necessary in order to estimate X numerically. In this
work the iterative Newton’s method is used to compute the states
Xy = Xk_1 — AX, where AX is defined by (24).

Ax = [[H]" (W] [H]] " [H]" [W] [h(z, %)] (24)

The number of state variables is Ny=3+N (size of the
vector (11)) and the number of measurement functions is
Nm=6+N+Nr+Ny+Np. Therefore, provided that at least PMU
measurements and weather nowcasting are available the system
is overdetermined, because N >Ns. To summarize, algorithm 1
shows the procedure developed to estimate the conductor tem-
perature in each ruling span and the OHL’s RLC parameters. During
the evaluation of the algorithm non-convergence was detected
when the initial guess of temperature was far away of the true
temperature, and when the direct measurements had opposite
sign (consider bad data). This induces to either the computing of
negative tension forces, which generate complex residuals, or to
estimating temperatures below of the absolute zero. Two IF state-
ments are included into the algorithm to avoid these negative
outcomes. However, the identification of other possible conditions
of non-convergence will be subject of future research.
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Algorithm 1. Proposed algorithm for DLR state estimation using WLS.

> z is the measurement set
> OHL has the line parameters
> Xg is the initial guess of the state vector

1: procedure DLRSE(z, OHL,Xg)
2.

3

4: X < X

5: €+ 0.01

6 e 4 00

7 while ¢ > ¢ do

8 if 3x.Tg < —273 then

9: return error
10: break
11: else
12: h(z,%) < h(z,%x,OHL)
13: W+ diag ([1/012 1os? ... 1/0i2]T)
14: H + 0h(z,x)/0x

15 Ao 117 (W] )] ()" (W] [h(z, %)
16: X<+ x—Ax

17: e < max |AX]

18: if 3Im (Ax) #0 then
19: return error
20: break
21: end if
22: end if
23: end while
24: return x

25: end procedure

> Measurement functions
> Weights matrix

> Jacobian matrix

4. Case study

Due to the fact that methods to minimize error in conductor
temperature computing along OHLs using direct and indirect mea-
surements are not available in literature, the proposed algorithm
could not be compared to similar ones. Thus, in order to evaluate the
performance of the algorithm, it was implemented in Matlab® and
tested with the data of a real OHL under typical atmospheric con-
ditions, assuming both weather measurement theoretical values
and values of direct measurements done at critical spans. Random
errors were added to that set of measurements in order to esti-
mate the conductor temperature in all ruling spans by means of
the algorithm. These results were contrasted with values of tem-
perature computed using the assumed theoretical measurements.
The random errors were added assuming a normal probability dis-
tribution with mean 0 and a standard deviation (o) assumed as one
third of the measurement’s accuracy. The accuracy for each kind of
measurements is shown in Table 1.

The data used in the simulations corresponds to the OHL iden-
tified as BR-1 located in Iceland and operated by LandsNet. This
OHL has 30 ruling spans as shown Fig. 3, with a rate voltage of

Table 1
Direct and indirect measurements accuracy.
Name Accuracy Units
NWP Ta 2 [K] [40]
¥ 35 [%] [3.40]
$ 11.25 [°] [3]
Down scaling Ta 1 [K] [11]
D4 20 [%] [11]
) 11.25 [°] [3]
Direct measurements Ts 0.5 K] [5] . . .
D 25 [cm] [41] Fig. 3. Location of BR1-OHL ruling spans (blues squares) and nearby weather sta-
H 0.03 1%] tions (red diamonds). (For interpretation of the references to color in this figure
v i 0:3 1%] legend, the reader is referred to the web version of the article.)
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Table 2
Weather station measurements at 18:00 18.04.2016.

Name Ta [°C] ¥ [m/s] Wind direction [°] Name Tq [°C] ¥ [m/s] Wind direction [°]
Rvk 3.0 3 225 Moshe -0.5 4 —68
Holms 2.1 4 225 Tingv 25 3 270
Korpa 2.7 3 202 Akrfj 1.7 6 202
Geldn 3.1 3 202 Tyril 2.0 3 135
Kjaln 2.0 5 247 Botns -3.5 5 270
Skrau 2.1 7 202 Skahe -3.5 7 225
Blikd 1.8 5 247 Hamel 13 4 225
Sfell -4.7 4 —68 Hveyr 1.5 5 225
Table 3 251
Direct measurements at 18:00 18.04.2016. —o— Ts - Estimated
. . w ——&—Tg - Theor.
ZTheor. Zmeasured ZTheor. T € RUllﬂg Span Span Units 20 ’/% l:l e= ]TS — fsl
v —12578+j26.667 —12560+j26.63 - [kV] g ‘ J// |
ix ~518.32+j486.70  —517.26+j486.07 - - [A] . / ‘ P
Um  —111.32+j37.853 —111.39+j37.95 - - [kV] O 45t ﬂ / A
in  513.00-j50626  511.86-j505.74 - - [A] e [\ / \
s 168 16.7 17 1 [°C] : e ‘,‘
H; 25356 25.353 1 1 [kN] g 10l [
His 15698 15.696 15 1 [kN] £ \@\ / N
Dy 1038 10.39 11 1 [m] g N ,,N e,
g \ A
g \
& -

220 [kV]. More information about OHL design and location is avail-
able in [20]. Close to the influence area of BR-1 there are identified
16 weather stations. Thus, to simulate the atmospheric conditions,
the reports of those stations are used to interpolate the wind speed
and direction and the ambient temperature through biharmonic
splines (nowcasting). The atmospheric conditions were interpo-
lated in the middle of each ruling span and assumed constant along
that same span. A more complex model of weather nowcasting is
out of the scope of this work because of the aim of this simulation
is to evaluate the proposed SE algorithm under typical conditions.
The interpolation were carried out at 18:00 18.04.2016 with atmo-
spheric values got from Icelandic Met Office (as shown in Table 2).
Finally, availability of two models of weather nowcasting were sup-
posed: one to down scaling [11,40] and other from a numerical
weather prediction model (NWP), commonly found on the Web.

For direct measurements, a set of critical ruling spans was
defined based on the weather variation for a typical day [20]. These
critical ruling spans are 1, 10, 11, 12, 14, 15, 17. However, the spans
10, 11, 12 and 14, 15 are close to each other, hence it is assumed
that only four measurement devices are installed in spans 1, 11,
15, 17. The initial guess values of Xq for starting the SE algorithm
are R=3.83[Q2], X, =25.2[Q2], Yc=164 [uS] and Ts=40[°C]. These
were taken from the OHL datasheet and Ty is the design maximum
allowable temperature of the conductor.

4.1. Performance of the algorithm in a generic application
example

A generic example was chosen to evaluate the algorithm perfor-
mance, adding random errors to the assumed theoretical values.
The location and the values for both theoretical and simulated
direct measurements are shown in Table 3. It is assumed that the
PMUs are located at the ends of the OHL and the direct measure-
ment devices are located at the ruling spans 1, 11, 15, 17. These
measurements are simulated adding random errors to the theo-
retical values as previously explained. The interpolated indirect
measurements are shown in Table 4. Under these conditions, the

estimated values of T obtained with the algorithm and the theoret-
ical values of Ts in each ruling span are shown in Fig. 4, along with
the errors between them. The algorithm converged in 4 iterations
and the maximum error was e~ 2 [K] in the ruling span 16.

Sl
o

5 s ‘ . ‘ . |
Ruling Span

Fig. 4. Estimated temperature by using the proposed algorithm, theoretical tem-
perature values and error between both for each ruling span of the OHL BR-1.
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Fig. 5. Box plots for estimated temperatures with proposed algorithm in each ruling
span.

4.2. Impact of measurement error on SE accuracy

To assess the overall performance of the algorithm, 1000 cases
were run adding normal random errors to the measurements. The
procedure was executed on a standard laptop with 8 GB of RAM
memory and a processor Intel® Core i5-1.70 GHz, obtaining an aver-
age time of 2.6 [s] with 3 or 4 iterations in each run. Fig. 5 shows
the temperature estimated through standard box plots, where the
maximum distance between the upper and lower whiskers was
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Fig. 6. Comparison of temperature estimated using the proposed algorithm, com-
puted from NWP and from downscaling atmospheric models in each ruling span.
Uncertainty was assumed as three times the standard deviation of error.

~8 K] located in the ruling span 13. Fig. 6 shows the comparison
between uncertainties obtained by using the estimation algorithm
and computed with the two assumed weather models. The uncer-
tainty was assumed as three times the standard deviation. The
standard deviation in each ruling span was computed with the
errors obtained in each one of the 1000 runs. As a result, in all ruling
spans the uncertainty obtained in the computed temperature was
lower (closer to the theoretical value) when the proposed algorithm
was used (in comparison to using only weather reports). Addition-
ally, the influence of direct measurements can be appreciated in
the ruling spans 1, 11, 15 and 17.

4.3. Influence of direct measurements on close spans

The influence of direct measurements in the estimation of tem-
perature in spans that are not directly monitored is analyzed
through a comparison of three scenarios:

1. Using only PMU and nowcasting
2. Adding direct measurements to PMU and nowcasting
3. Adding a nowcasting update using direct measurements

A new interpolation is carried out for weather update, assum-
ing the ambient temperature, solar radiation and wind direction
of the previous weather nowcasting (in this work, the down scal-
ing model) and including a new wind speed in the spans with
direct measurements. This new wind speed is an average wind
speed [42] computed according to [12] using the previous assumed
atmospheric values. As a result, of considering a new weather now-
casting, which is based on results of a previous interpolation a
higher weight is added to these measurements in the state estima-
tionimpacting the results. With the aim of avoiding this undesirable
effect that changes results, the computing of the matrix of weights
W is modified, multiplying by +/2 the standard deviation in both the
previous and the new nowcasting. Hence, the average wind speed
update only influences the estimation of ruling spans located close
to direct measurements. The cost of including the weather update
is an increase in processing time (3.1 [s]) as a consequence of using
a new nowcasting.

The uncertainty computed in the three scenarios with 1000
simulations is shown in Fig. 7, where the influence of the direct
measurements at local level (ruling spans 1, 11, 15 and 17) is
observed. The influence of weather update over ruling spans 8, 9,
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Fig. 7. Comparison of accuracy between temperature estimated using PMU and
weather nowcasting, direct measurements in ruling spans (1, 11, 15, 17), and a
weather nowcasting carried out means of updating from direct measurements.

10, 12, 13, 14, 16 and 18, which are close to the location of direct
measurements, can be observed, lowering uncertainty. The error
increases in ruling spans 2-4 as a consequence of using biharmonic
spline to update weather nowcasting. In these locations, it was
observed that wind increased its value when the interpolation was
carried out, thus that error can be associated to the weather now-
casting model instead of the state estimation algorithm. Authors
believe that with a more accurate model of weather nowcasting
update, the estimation of conductor temperature can be improved.
This matter for future research and therefore, out of the scope of
this work.

According to the previous simulation, the maximum errors
obtained are +4.2[K] and #+2.9[K] with confidence levels of
99.7% (30‘1-5) and 95% respectively. Assuming the acceptable error
margin given by the CIGRE [10] of £20 [cm]insag estimation which
is equivalent to 3.8[K] in the ruling span 13 (where the maximum
error was obtained) at a conductor temperature of 20 [°C]; this
margin is achieved in all ruling spans, provided a confidence level
of 95%. If higher reliability is required, a direct measurement device
must be installed on ruling span 13 or a more accurate nowcasting
model must be used.

5. Discussion and conclusion

This paper proposes the integration of direct and indirect DLR
measurements by means of incorporating the equivalent resistance
and the total losses into a new algorithm to estimate tempera-
ture of all OHLs ruling spans, thus minimizing measurement errors.
The presented algorithm takes advantage of the developments in
weather nowcasting as well as benefitting from the high accuracy
of devices used for direct measurement.

The SE algorithm can be used with the aim of both reducing
congestion and increasing reliability in OHLs. This algorithm runs
if at least PMU measurements and a weather nowcasting are avail-
able. Furthermore, the algorithm has the ability of including direct
measurements in critical spans in order to improve estimation’s
accuracy. These measurements (tension, sag and temperature)
have a high impact in the temperature estimation’s accuracy in the
spans where devices are located. Additionally, redundant measure-
ments can be included to increase reliability and security of the DLR
systems. Nevertheless, if the algorithm is operated only with PMU
measurements and weather nowcasting exist the risk of increasing
the error in the estimation.

In this work, the expressions to implement the SE algorithm
were derived, for example, a state equation to compute the tem-
perature in the conductor using tension and sag measurements,
the derivatives of CIGRE standard to compute temperature from
atmospheric conditions, the approximation of cosh to the first two
terms of the Taylor series expansion and approximations in the
computing of uncertainty propagation. All these expressions can
be changed in the proposed algorithm, according to research needs.
As an example, linear, simplified or complex models such as plastic
elongation can be used, as well as heat transfer equilibrium approx-
imations, among others. To carry out these changes it is necessary to
formulate the measurement functions, the Jacobian and the weight
matrix.

Finally, the algorithm was tested in a real OHL configuration
and simulating typical atmospheric conditions. Simulations show
that it is fast and computationally efficient, with computing times
less than 3 s. This is a short time considering that a set of nonlinear
equations must be solved and a complete overview of the conductor
temperature along the OHL is provided, with errors less than +4[K].
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Appendix A. Measurement functions - h(z, X)

The vector (19) related the DLR measurements with the state
vector as follows:

1. Re(h,(z,x)) (A.1), Im(h,(z,x)) (A.2), Re(h;(z,x)) (A3),
Im(h; (z, X)) (A.4) are the measurement functions that related
the state variables RLC with PMU measurements. These
relationships are obtained from (7) and (8).

_Re(m)XiYc

Re(hy(x,z))= Re(vy)-— e(Vm)
- IOmYER | i (i) X, Re(im)R) o
Im(hy(x,2))= Im(v)— —w +1Im(vp)
+w —Im (im)R — Re(im)XL) 2
Re(hi(x,2)) = Re(ix)— (7“"(”’"‘1)“52 — M (Um) Ye—
Re(wn) YR | Re(in)XiYe g lm(im)YcR> (A3)
4 2 " 2
Im(hi (. 2)) = Im(iy) - (—W +Re () Yo
1M (Un) YR Tm (i) X, Ye Re (im) YR (A4)
4 2 ~ Im (im) - f)

2. hg(z,x) (A.5) and hp (z, X) (A.6) are the equations of integration
which relate the temperature in each ruling span with the equiv-
alent OHL resistance (13) and the losses on the entire conductor
(12).

N
hg(z,X)=R — ZRn (Ts,) (A.5)
n=1
. pY)? mY P
hp (2, X) = zk—T‘ R—‘T—lm ZRn (Ts,) (A.6)
n=1
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3. hq (z, x) (A.7) is the set of measurement functions used to model
the heat transfer equilibrium on each ruling span, related the
atmospheric conditions and the current intensity with the tem-
perature of the conductor.

hq (2,%X)=Qc + Qr — (Q +Qs)

4. hr(z,Xx) (A.8) is the residual between temperature measure-
ments on the conductor and the state variables of temperature.

(A7)

hr (z,x) = z[Ts] — x[Ts] (A.8)

5. hy (z,x) (A.9) relates the mechanical tension measurements
with state variables of temperature by means of using the state
change Eq. (2).

hy (2, %) = 2 [H] - H(X[Ts]) (A9)

6. hp (z, X) (A.10) relates the sag measurements with temperature
through the centenary series expansion (5) and state change
equation (2).

hp (2, %) = H(z[D]) - H (x[Ts]) (A10)

Appendix B. Least square weights - matrix [W]

The following assumptions are made in this work for selecting
the weights in the Least Square estimation:

1. Direct o.
Standard deviations for voltages oy, currents o;, and direct
measurements of temperature o7, and tension o are assumed
as a third part of the measurement accuracy.

v (RN (RN (RN
k= v ! " iy Jm

OR cos (lek — Zikm)

£ i
[ ‘ (B.3)
OR _ cos(Lum — Zikm)
allm |ikm|
oR _ |Uk| COS (L — Ligm) — [Vm| €OS (LVm — Zigm)
Oiem lin |2

For function hp (z, X) it is assumed that the losses i?R are indirectly
measured. Consequently, the standard deviation is calculated with
(B.4), where R and o, are taken from (B.2) and (B.3).

2
Ohp(z,x) = \/(2 M Rai)z + (MZUR)

For sag measurements, hp (z, X) represents the tension in func-
tion of sag, thus, the uncertainty is computed with (B.5), provided
that the parabolic approximation in (4) is used.

(B.4)

s2meg

Ohp(z,x) = 8D2 op (B.5)

The standard deviation for heat transfer equilibrium is com-
puted with (B.6), where the derivatives are approximated using
the expressions given in [32]. For wind speed below of 0.5 [m/s]
0Qc/0T,=0, and 0Q¢/08=0. Due to stability problems presented
in the estimation for values of o5 greater than 6 [°], in this work,
0Qc/08 was assumed as 0. This problem will be addressed to future
research.

Qg Q¢
O'hq(z,x) = \/<3Ta or, + TTU

2 2 2 2
a
O'm) + (aan; Uﬁ) + <8an; 05) + (81?4 Gikm> +0§

0 -

5 = 2igmR, ¢ (140 (Ts = Trey) )

00 _ —4ndeoy(T, + 273)°

0T,

0Qc 2 4 n ; (B.6)

T ~2.42 x 107%71B; (7.58 x 10%p;0d) " (A + B, sin 8™ )

0Qc  2.42 x 10 %nn (Ts — T4) By 4 n .

a5~ 5 (7.58 x 10 pr9d) " (A + B, sin 8™ )

0Qc  2.42 x 10727 (Ts — Ta) By 4 n .

¥ ~ i3 (7.58 x 10 prﬁd) (32 sin 8™ m; cos 8)
2. Indirect o Finally, the weight matrix W has the form of (B.7).

W] =diag[1/0,?> 1/0,%® 1/0% 1/0? 1/oy.2...1/04,2
Given that Due to the remaining measurement functions are (W] g[ /o /o /o /o /e /Oy
calculated using indirect measurements, the uncertainty is propa- 10,2 1/o1.2 1/ou® 1/ay, 2] T (B.7)
Q N D :

gated. Therefore, the uncertainty is computed by means of (B.1).

dh(z, 2z, g n(z, 2
Uh(z,x)=\/<8(;X) Uzl) +(% O'zz) +'“+(% O'ZN) (Bl)

For function hg (z, X), it is considered that the resistance is indi-
rectly measured by PMU. This can be approximated by means of
(B.2), assuming that the shunt capacitance is negligible. As result,
the standard deviation is computed with (B.3).

R~ Re (M)

lem

(B.2)

Appendix C. Partial derivatives of the measurement
Functions-Jacobian matrix [H]

Due to the complexity of deriving dH/dTs from (2) in an analyti-
cal way, the derivative of inverse function (C.1) is used in this work
for computing dH/dTs, where Ts = f (H) (C.2).

1/ 1
(™) 0 =

(C1)
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CRemegy (11 H —Hr,,
=%z |12 Hr, 2 FAe, s (€2)

The derivative dTs/dH is shown in (C.3).

dls  (Rmeg)? 1
dH =~ 12&H3 EAée;

Partial derivatives for heat transfer equilibrium (C.4)-(C.7) were
calculated using expressions presented in [32], where d is the diam-
eter of the conductor, &y, is the solar emissivity of the conductor
surface (in this work assumed as 0.5), o is the Stefan-Boltzmann
constant, « is the temperature coefficient of resistance, R} _is the

rej
resistivity per unit length at temperature T, and B1, A3 n, and m;
are constants described in [32].

(C3)

0Q; 2,

s = iRy, (C4)
35

877‘5 -0 (C5)
0 _ Andemop(Ts + 273)° (C6)
OTs

The partial derivative for natural cooling is shown in (C.7).

9Qc _ 6.41 x 10- 174, K ™ KoTs* + K3Ts> + K4Ts? + KsTs + Kg + K7
3Ts Kg
« 2gD* (Tq — Ts) (=0.75 + 1.25 x 107*(Ts + Ta))
=
(Ts + Ta+546) (1.32 x 107 + 4.75 x 105 (Ts + o))
2—-my
o= ——
K3 = 2T, +3.87 x 10°m;y —3.23 x 10°
Ky= 2(1+my)Ts* + (8.66 x 10*m; — 6.23 x 10°) Ty + 3.94 x 10°m;, — 4.35 x 10° (c7)
Ks= 2F8M2p3 (957, 103 2.78 x 103) T,2 - 5.51 x 10% (1 Ty +4.99 x 108 1.68 x 10°
5_?a—(.x my +2.78 x )a—.x (14+my)Tq +4.99 x my — 1.68 x

Ks = myT* +(2.24 x 10 - 6.87 x 103m2) Ty® — (9.46 x 10°m; +1.16 x 10°) Ty?
K7 = —(1.07 x 10° 4 3.25 x 109m;,) Ty — 2.04 x 10" (1 + my)

Kg = (Ts+Tq+546) (132 x 107> +4.75 x 107° (Ts + Tg)) (1.25 x 10~*(Ts + Tq) — 0.75)

During forced cooling, the partial derivative (C.8) is used, where
the parameter k, depends on wind attack angle (8) and wind speed

() [32].

n -8 _s5
0Qc _ kB, prid 7.2x10-5T5 + 0.0242 — 4.75x107%n (3.6x107> (Tq + Ts) + 0.0242) (Ts — Tq)
aTS 4.75)(1078 (Ta+TS)+1-32X1075 4.75><1078 (TS+Ta)+1.32><1075

(C.8)

Finally, the elements of the Jacobian Matrix (23) are computed
by means of (C.9)-(C.30).
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PMU aRggm - M +Re(im) (c9)
dRe(hy) Re(vm)Y .

dRe(hy(z.x)) C

SUTEES BXLV = 2’” —Im (i) (C.10)
dRe(hy) _ Re(vm)Xe +Im (vm)R (€11)
aYc 2 ’

PMU 3“31(2”“) - _w +1Im (i) (€12)

dim(fu(2.) a"g;h“) = 71"1(”2’")% +Re(im) (C13)
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