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Abstract: The transmission line parameters vary with the change of temperature, which has a
significant impact on power system state estimation (SE). Based on the theory of electro-thermal coor-
dination (ETC), this paper proposes two ETC-SE approaches with the consideration of transmission
line temperature. The heat balance equation (HBE) is combined with the conventional weighted least
square SE for establishing an ETC-SE model. Moreover, an augmented Jacobian ETC-SE approach is
developed by integrating the HBE into pseudo measurements and the line temperature into state
vectors. The Jacobian matrix is augmented correspondingly and the partial differential coefficients
of measurements to line temperature are provided, which enables to calculate line temperature and
voltage phasors simultaneously. Furthermore, in order to accelerate the solving process, an improved
two-step ETC-SE algorithm is proposed, in which the SE and temperature estimation are decoupled
and solved via alternate iteration. The effectiveness of the proposed ETC-SE approaches is verified
by the IEEE 14-, 39-, and 118-bus systems. The results show that the proposed ETC-SE approach is
effective to reduce the calculation errors and possesses good convergence performance with varying

environmental circumstances and ill-conditioned branches.

Keywords: state estimation; electro-thermal coordination; heat balance equation; transmission
line temperature

1. Introduction

In recent years, the development of renewable generations and power electronic
devices has been accelerated [1,2]. The outputs of renewable generations are uncertain and
fluctuant [3]. In addition, the response velocity of power electronic devices is faster than
conventional synchronous generators [4]. With the development of renewable generations
and power electronic devices, states of the power system are becoming more complicated
and variable. The estimation of power system states is necessary under both the normal
operation and contingencies [5,6]. Therefore, it is necessary to attain power system states
for the security and economic operation.

State estimation (SE) serves as an essential part in the advanced application of the en-
ergy management system, whose main role is to provide a reliable and sufficient database
for other applications, e.g., power flow analysis, economic dispatch, and stability con-
trol [7,8]. The main factors influencing the accuracy of SE include measuring devices and
transmission line parameters [9]. The rapid development of the phasor measurement
unit (PMU) and advanced communication infrastructure has improved the precision of
measured data [10]. However, parameters of transmission lines are often regarded as
constant values and the effect of line temperature is ignored, which will result in parameter
inaccuracy and has become an obstacle restricting the precision of state estimation. Failure
to modify line parameters according to temperature may lead to significant errors in the
calculation of power flow and network loss, whose errors may even exceed 30% [11,12].
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Electro-thermal coordination (ETC) that combines line temperature with electrical
quantities is capable of decreasing temperature-dependent errors in power flow, SE, and
related analysis [13]. The basic ETC principle is to establish an analytical relationship of
the line temperature, current, and weather conditions through the heat balance equation
(HBE) [14]. Line temperature is calculated by the HBE, and then line parameters can be
corrected correspondingly.

Studies on ETC in the power system mainly focus on the thermal rating [15-17], power
flow analysis [18-20], and estimation of power system states and temperature [21-24].
Based on dynamic thermal models, a real-time thermal rating method for the lines of the
distribution network was proposed [15]. Considering the scenarios of normal operation
and contingency, the performance of different real-time line monitoring devices on dynamic
thermal rating has been assessed [16]. The dynamic thermal-line rating is conducted using
online measurements so as to adjust the operational tripping scheme [17]. In addition,
a temperature-dependent power flow algorithm was proposed, where the augmented
equation set is solved by the Newton-Raphson method [18]. ETC was combined with
optimal power flow, on which economic losses can be reduced [19]. With the consideration
of temperature-related resistance and thermal rating, a weather-based optimal power
algorithm was designed [20].

Moreover, the influence of temperature on SE performance was analyzed, and the
results verify that the errors caused by temperature are not negligible [21]. Using Monte
Carlo simulation and a variance reduction method, the critical line temperature in the
presence of fluctuating power flows was estimated probabilistically [22]. Based on the
analytical solution and numerical weather prediction, a simulation method for the evolution
of line temperature was proposed [23]. In addition, a constrained nonlinear optimization
model for estimating both the voltage phasors and the temperature of transmission line
conductors was established and solved by a predictor—corrector interior point method [24].

With regard to SE, there are extensive efforts devoted to its performance modification
techniques [25-33]. A hybrid state estimator using the measurements of remote terminal
units (RTUs) and PMUs was designed with bad data detection [25]. Considering the
parameter errors and bad measurements, a robust SE method was proposed, which is
formulated as a tractable mixed-integer linear programming optimization problem [26].
The distributed SE operates locally with minimal data exchange with neighbors and is
applicable for multi-area power systems [27]. Based on the iterative reweight least square
algorithm, a distributed SE method was proposed, where the improved alternating direction
method of multipliers is utilized to improve result accuracy and convergence speed [28]. In
addition, the placement of PMUs was optimized to improve the reliability of SE results [29].
Considering bad data and missing measurements, a multi-objective PMU allocation method
was presented for achieving the desired accuracy of SE [30]. The unscented Kalman filter
was used to estimate the states of a permanent magnet synchronous motor (PMSM) [31]. In
addition, a multi-area distributed SE method was proposed with the use of the data-driven
Kalman filter [32]. In order to estimate the states of electric vehicle batteries (EVBs), a
robust adaptive filter, an adaptive smooth variable structure filter has been designed [33].
The aforementioned SE methods are summarized in Table 1.

For the sake of reducing the temperature-dependent errors, this paper proposes
two ETC-SE approaches with the consideration of transmission line temperature. In the
augmented Jacobian ETC-SE (AJ-ETC-SE) approach, line temperature is integrated into
state variables, and the HBE serves as a pseudo-measurement. Compared to the weighted
least square SE (WLS-SE), the dimension of the measurement and state vectors increases,
but the equation set is still overdetermined. Additionally, the elements in the augmented
Jacobian matrix are provided, and the equation set is solved using the Newton method.
On the other hand, the improved two-step ETC-SE (ITS-ETC-SE) approach decouples the
calculation process of voltage phasors and line parameters. Compared with the AJ-ETC-SE
approach, the SE and temperature estimation are solved via alternate iteration so as to
reduce the iteration number and computation time.
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Table 1. Comparative literature survey on state-of-the-art SE methods.

Reference Method/Model Characteristic/Application
[15] State space model Thermal rating with demand response
[16] HBE Thermal rating to detect line overload
[17] Transient thermal rating equation Thermal rating with tripping scheme
[18] Newton-Raphson method Temperature-dependent power flow
[19] ETC Power flow analysis for system security
[20] Primal-dual interior point method Weather-based optimal power flow
[21] ETC Influence analysis of temperature on SE
[22] Monte Carlo method Probabilistic simulation of line temperature
[23] Analytical solution method Simulation of line temperature
[24] Predictor-corrector interior point algorithm Line temperature estimation
[25] Weighted least square SE SE considering bad data detection
[26] Robust optimization SE considering parameter errors
[27] Bilinear optimization SE with nonlinear measurements
[28] Iterative reweight least squares method SE with bad data
[29] WLS SE for the placement of PMUs
[30] Modified Jaya algorithm SE for the placement of PMUs
[31] Unscented Kalman filter SE for PMSM
[32] Data-driven Kalman filter Multi-area and distributed SE
[33] Adaptive smooth variable structure filter SE for EVBs

Therefore, the main contributions of this paper are three-fold. Firstly, an ETC-SE model
integrating the HBE and WLS-SE is established to consider the impact of line temperature
on power system states. Secondly, the AJ-ETC-SE approach is proposed to simultaneously
solve the problems of SE and temperature estimation through an augmented Jacobian
matrix. Finally, the ITS-ETC-SE approach is proposed to accelerate the solving process, in
which the SE and temperature estimation are decoupled and solved via alternate iteration.

The rest of this paper is organized as follows. Section 2 develops an ETC-SE model
with the consideration of the HBE and meteorological data. The procedure of the AJ-ETC-
SE approach is presented in Section 3. Moreover, Section 4 gives the ITS-ETC-SE approach.
The case studies of the IEEE 14-, 39-, and 118-bus systems are conducted in Section 5.
Finally, conclusions are drawn in Section 6.

2. ETC-SE Model
2.1. Measurement and State Vector of the ETC-SE Model

The lumped parameter model of the transmission line / is shown in Figure 1, supposing
that the two terminal ends are bus i and j, respectively. P; and Q; are the active and reactive
power injection of bus i, respectively; P; and Q; are the active and reactive power injection
of bus j, respectively; P;; and Q;; are the active and reactive power flow of the line /,
respectively; U; and U; are the voltage amplitudes of bus i and j, respectively; Ij; ., and
Lij imag are the real and image parts of the current from bus i to bus j, respectively; Ij; ., and
Lii imag are the real and image parts of the current from bus j to bus i, respectively; ¢;; and b;;
are the mutual conductance and susceptance of the line /, respectively; and Sije and bi]-,C are
the self-conductance and susceptance of the line [, respectively.

PH0; PO
¢ Pytioy gitiby Joﬁ

.
‘ | IN— l
{‘r,rga/'l'_] I:;__ imag Lfir er/'l'_]Ir: imag

I g,'j,t+jb,'j,t g,;r’,t+jbii.( ]_:

Figure 1. Lumped model of the transmission line.
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Considering the influence of line temperature, the vectors of measurements and states
are augmented in the ETC-SE model. The augmented measurement vector z,,¢ can be
represented as,

Zaug = (Zelec Zmeteo}T 1)

with .
Zeee = (Ui P; Qi Pyj Qjf ()
Zmeteo = [Qsolur ¥ Vi Ta (P]T 3)

where z,,. and zyeteo are the measurement vectors of electrical and meteorological quanti-
ties, respectively; Qsoiar, 8, Vw, Ta, and ¢ are the solar irradiation intensity, solar incidence
angle, wind speed, ambient temperature, and wind directions, respectively.

Then, the augmented measurement function vector hg,e can be represented as,

haug = [helec hHBE}T 4)

where h,;,. and hyjpr are the measurement function vectors of electrical and HBE, respectively.
In addition, the augmented state vector Xaug Can be represented as,

Xug = [UOT]T (5)

where U, 6, and T are the voltage magnitude, voltage angle, and line temperature vectors,
respectively.

2.2. Measurement Functions of the ETC-SE Model

With the consideration of the line temperature, the measurement functions are modi-
fied in the proposed ETC-SE model, and can be listed as,

u; = U
0; =0
P =1U; Z UJ[GZ](T) cos 91']' + Bij(T) sin 61]] =0

jei

~ 6

Qi = U; ¥ Uj[Gy;(T) sin 6;; — Bj(T) cos 6;] = 0 (6)

IS
P = U?(g + gc) — U;U;jg cos 0;; — U;Ujbsin 6
Qij = —UZ(b+ bc) — U;U;g sin 6;; + U;Ujb cos 6

with
Gy(T) = —gy(T) = ———A)__ Q
! ! Rii(T)? + X2
X..
i(T) = =bij(T) = ————— 8
Bjj(T) i(T) R (T + X, ®)

The measurement functions are the nonlinear functions of line temperatures, which
can be calculated via the HBE. The meteorological data zmeteo are used to calculate the heat
parameters, which can be represented as [10],

hupe = PR(T) + s — 4e(T) — q:(T) = 0 ©)
Ge = Ac(T — Ta) (10)

gr = A(T +273)* — (T, +273)4] (11)
R(T) = Ry[1 + oy (T — T,)] (12)

where R is the unit resistance of transmission line; gs, 4., and g, are the solar heat gain,
convective heat loss, and radiated heat loss, respectively; A. and A, are the coefficients for
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convective heat loss and radiated heat loss, respectively; « is the temperature coefficient of
resistance; T, is the reference temperature; R, is the rated resistance at temperature T,.

3. Augmented JACOBIAN ETC-SE Approach
3.1. Augmented Jacobian ETC-SE

The AJ-ETC-SE approach calculates line temperature and voltage phasors simultane-
ously. The state vector is consistent with Xaug, and the augmented measurement vector zg
is expressed as,

T
zaug = [4i Pi Qi Pij Qjj 0] (13)
The HBE is taken as pseudo measurements into the measurement vector like zero-
injection measurements. Additionally, the measurement equations of the AJ-ETC-SE ap-
proach can be written as,
Zaug = h(xuug) + v (14)

where v, is the vector of measurement errors.
Using Taylor expansion at the initial value, h(xa,) can be expressed as,

h(xaug) = h(xaug,()) + H<xaug,O)Axaug (15)

where Ax,,g and H(xy,4,0) are the correction vector and Jacobian matrix, respectively.
In order to minimize the residuals between z,,¢ and h(xa), the objective function is
established by WLS and expressed as,

](xaug) = [Zaug - h(xuug)}TRil[zuug - h(xaug)] (16)

where R is the weighting matrix.
By substituting (15) into (16), the correction vector in the kth step Ax,q x can be written
as,

- -1 -
Axuug,k = [HT(xaug,k)R lH(xaug,k)] 'HT(xaug,k)R 1Azuug,k (17)

Thus, the state vector in the kth step Xqug k can be calculated as,
Xaugk+1 = Xaugk + Axuug,k (18)

3.2. Augmented Jacobian Matrix Incorporating Line Temperature

With the augment of measurement and state variables, the Jacobian matrix H is also
augmented. In order to determine the elements related to line temperatures, the augmented
Jacobian matrix Hpyg is partitioned, which can be represented as,

Haug =

oh(x) _ [ Hn Hpp Hp } _ [ ohrry/oU  Ohrry /00  Ohgrry/dT (19)

ox | Hy Hy Hy Ohype/oU  Ohypp/00 OJhypg/dT

Moreover, the submatrices H11 and Hq; are identical to the Jacobian matrix of WLS-SE.
Taking H3 ; as an example, the magnitude of a branch current flowing through the line
I can be obtained directly via a current magnitude meter. Further, the partial differential
coefficients corresponding to the line temperature T; can be expressed as,

- 1T
0 0
H23,i — % % alij,real aIij,imag (20)

9T, oI, ~ 9T, ~oT
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with au; Y 1)
T,

;’% ~0 (22)

alg’ﬁ”l = —(U;cos6; — Ujcos 6;) aGg;lTl) + (U;sin6; — Ujsin 6;) aBg;fl) (23)

E)Ig;;mg = —(U;cosb; — Ujcos ;) 83;;17“1) — (Ujsin6; — U;sin ;) acgj(fl) (24)

It should be noted that only when temperature T; corresponds to transmission line /,
is the partial differential coefficients not equal to 0, i.e., merely one element in each row of
91ij,real/ OT and 9ljj jyugq /9T is not equal to 0.

Moreover, regarding the submatrix H3;, at most two elements in each row are not
equal to 0. Then, the submatrix H3; can be expressed as,

Hy ) = [() ah{;ibl;iﬁl R | I ahﬁ??ll 0} (25)

]

In addition, the corresponding partial differential coefficient is calculated as,

ohypE, 2. B2
au; (Gj; + Bjj) (2U; — U cos 0;)R 20

Similarly, in the submatrix H3,, at most two elements in each row are not equal to 0,
the submatrix Hs; can be represented as,

oh oh
Hs ) = [() gféﬁl R 5791351 0} (27)
Then, the corresponding partial differential coefficient is calculated as,

ohHBE, 2, p2 i
o0, — (Gij T Byj) (2Ll sin ;)R @

Since the HBE of the transmission line / is merely relevant to the corresponding line
temperature T}, the submatrix H3j is a diagonal matrix and represented as,

0
ohypE, . 0
Hs; = o ONHBEm *)
9T
0
with I 3G dB;;
51]%51 = (2G; 57 + 2BijTTl]])(ui2 + U]-Z — 2U;U; cos 0;) R+ (30)
(Gizj + B?])(ulz + u].z — Zuiu]' Ccos 91']')'3713] —Ac— 4A1’(Tl + 273)3
2
9Gy(Ty) _ aiRpy1 +a(Ty — To)l” — iRy X (31)
oT, 2 ’
] [R2,[1+ (T — Ty + X2
0Bij(T))  —20XyR} [+ ay(Ty — Ty)] (32)
o, 2 ’
bR (T - TP 4 k)
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3.3. Solving Approach for Augmented Jacobian ETC-SE

As aforementioned, the AJ-ETC-SE is an overdetermined equation set. With the
augmented Jacobian matrix H, the AJ-ETC-SE can be solved by the Newton method, as
shown in Figure 2. Thus, the detailed solving procedures of the proposed AJ-ETC-SE
approach can be listed as,

(1) Obtain system topology and network parameters.

(2) Input the measured electrical and meteorological data.

(3) Initialize the voltage phasors, line temperature, and corresponding parameters.

(4) Form the admittance matrix, and calculate the augmented Jacobian matrix Hpyg
according to (19)—(32).

(5) Calculate the correction vector Ax,,g by (36) and update the state vector x4,¢ by (18).

(6) If [| A xaug |0 <C, output the state vector x4,g, otherwise, return to step (4).

Start v _
Calculate correction
vector AxXy,g

Y
Obtain system topology
and network parameters

A 4

Update state vector x,,g

Y

Input measurement data

A gll 0 <E

A 4

Initialize parameters

P Output state vector Xaug
Y
Form admittance matrix and
augmented Jacobian matrix v

End

Figure 2. Flowchart of the proposed AJ-ETC-ES approach.

4. Improved Two-Step ETC-SE Approach
4.1. Framework of Improved Two-Step ETC-SE

The framework of the proposed ITS-ETC-SE approach can be illustrated in Figure 3.
The SE and temperature estimation are decoupled and solved via alternate iteration. At each
iteration, the SE is first conducted. The nodal voltage and line current are calculated, which
serve as the input for calculating the HBE. Then, line temperature is calculated according to
the outputs of SE and meteorological data, and utilized to modify line parameters and the
admittance matrix for SE. The process is carried out repeatedly until both state variables
and line temperatures converge.
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Power System SE line current | Transmission Line HBE
V00=PRITO]+ 4, ~q.[T (O]~ ¢,[T(®)]
N —Tr (Y R — hi v =4 [T(H-T
J()=[z-h()] R7[z-h(x)] | |- temperature g, =4 [T(1)-T,]
AP =(H'R'HY'H'R'A; ((———————q,= 4 {[T()+273] —(T, +273)’}
X 2 x5 4 A Y RIT(1)] =R, {l+a, [T(~T,]}

z=h(x)+v fﬁ.-(r)

Figure 3. Framework of the proposed ITS-ETC-ES approach.

4.2. Procedure of Improved Two-Step ETC-SE

Similar to the proposed AJ-ETC-SE approach, the estimation of voltage phasors can be
solved by the Newton method, and represented as,

Mg = [HT (xR "H(x)]  HT ()R Az (33)
Xpp1 = X + Axg (34)
Furthermore, according to (9)-12), the HBE can be rearranged as,

f(T) = IPR(T) + g5 — q+(T) — qc(T) = (35)
PRy[1+a(T = Ty)] +qs — A/ [(T+273)* — (T, +273)4] = A(T—Tu) = 0

where A, and A, are coefficients of radiated heat loss and convective heat loss, respectively.
In the (k+1)th iteration, the estimation of line temperature can be calculated by the
Newton method. According to (35), the calculation process can be represented as,

T,
Test = T+ ATi = T — j{/((ﬁ)) (36)
() = a2 Ry — 4A,(273 + T;.)® — Ac (37)

Iizj,k+1 = [Gizj,k(Tk) + Bizj,k(Tk)] Uy + uj2,k+1 —2U; gy 1Uj g1 08055 541) (38)

With the combination of the (17), (18), and (36)—(38), the procedures of the proposed
ITS-ETC-SE approach can be demonstrated in Figure 4, and listed as,

(1) Obtain system topology and network parameters.

(2) Input the measured electrical and meteorological data.

(3) Initialize the voltage phasors, line temperature, and corresponding parameters.

(4) Form the admittance matrix and Jacobian matrix, calculate the correction vector Ax
by (33), and update the state vector x by (34).

(5) Calculate the current of transmission lines by (38), and the correction vector of tem-
perature AT by (36) and (37).

(6) If [|Ax||o<¢ and ||AT |l <¢, output the state vector x, otherwise, update the line
parameters according to (31) and (32), and return to step (4).
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Start

Update state vector x

Y
Obtain system topology
and network parameters v

Calculate line current

A

Input measurement data I

Calculate temperature

correction vector AT .
Y Update line parameter

Initialize parameters A
[Axl,<¢ and
AT <E

Output state vector x

A
Form admittance matrix and
augmented Jacobian matrix

A
Calculate correction
vector Ax

Figure 4. Flowchart of the proposed ITS-ETC-ES approach.

5. Case Studies

The IEEE 14-, 39-, and 118-bus systems are utilized to verify the effectiveness of the
proposed AJ-ETC-SE and ITS-ETC-SE approaches. The WLS-SM method in [19] is used for
comparison. Moreover, the algorithms are developed on the MATLAB R2019b. Further, the
calculation is conducted on a 2.33 GHz Intel (R) Core (TM) 2 Quad CPU Q8200 processor
with 16 GB of RAM. Additionally, the convergence threshold & for the Newton method is
set as 0.0001.

Voltage amplitude, power injection, branch power flow, and currents are incorporated
in the measurement vector. Then, 2% and 4% Gaussian-distributed white noise are added
to the voltage and power measurements, respectively. Meteorological parameters remain
constant, which is reasonable for the short simulation time.

Furthermore, the root mean square (RMS) error of estimation results erps is calculated,
and can be expressed as,

2
1 MMy
€RMS = WZZ(W) (39)

i=1j=1

where N is the group of measurement data, M is the number of buses, x; is the value of the
jth state variable, and x; ; , is the estimated value of the jth state variable with the ith group
of measurement data.

5.1. Estimation Results of Proposed ETC-SE Approach

The simulation and estimation of the three systems are conducted 10,000 times. The
probability density functions (PDFs) of the estimated voltage U; with the proposed AJ- and
ITS-ETC-SE approaches are depicted in Figure 5. For comparison, the PDF of the WLS-SE
method is also depicted.
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Figure 5. PDF of estimated voltage U; with different methods. (a) ITS-ETC-SE approach, (b) AJ-ETC-
SE approach, (¢) WLS-SE method.

Table 2 shows the RMS and maximum estimated errors of the 10,000 samples with
different methods. The errors of the proposed ETC-SE approaches are almost the same and
smaller than the errors of the WLS-SE method, whose voltage amplitude and phase angle
errors are merely 0.13% and 6.18%, respectively. In addition, the averaged voltage errors of
the IEEE 39-bus system with the proposed ITS-ETC-SE approach and WLS-SE method can
be depicted in Figure 6. The temperatures are considered in the ITS-ETC-SE method but
not in the WLS-SE method. Due to the influence of variable temperatures, the fluctuations
of the WLS-SE method are more serious than the ITS-ETC-SE method.

Table 2. Estimated errors with different methods.

Method ITS-ETC-SE AJ-ETC-SE WLS-SE
Voltage err rvs (%) 0.13 0.13 0.41
amplitude etrmax (%) 0.63 0.58 1.54
€9 RMS (O/o) 6.18 6.23 6.48
Phase angle eomax (%) 27.66 28.03 44.20
Line er rums (%) 0.86 0.85 \
temperature eTmax (%) 2.26 2.23 \
. ep rus (%) 4.99 498 5.32
Active power epmax (%) 39.70 32.88 42.02
. e %) 5.43 5.40 6.51
R Q,RMS (
CACHVEPOWEL e (%) 31.36 37.73 36.57
& x1073
= 6
'E o ,-,.Fr;r" o)
ot . D et =, a o A AT,
"ﬁ _1. e .-'_. 1, i 4 -_\f.'éﬁd&,:{"ﬂ dﬁy ! fﬁ"*&"—_ﬁ" _.'E*.
»
= 2t
= 0
é 5 10 15 20 25 30 35 39

Bus number ()

Figure 6. Averaged voltage errors of the IEEE 39-bus system.

Furthermore, the estimated temperature and power loss of transmission lines in the
IEEE 39-bus system are demonstrated in Table 3. It is obvious that the temperature varies
greatly on different lines, ranging from 34 °C to 68 °C, which is affected by branch power
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flow. Similar results have been obtained in power loss, with an increase over 10% in the

proposed ITS-ETC-SE approach compared with the WLS-SE method.

Table 3. Estimated results of the IEEE 39-bus system.

Power Loss of

Power Loss of

Power Loss

Branch WLS-SE(pw)  ITS-ETC-SE (pu) Change (%) reo
1-2 4.742 x 1073 4994 x 1073 5.32 38.08
1-39 1.355 x 103 1.433 x 1073 5.751 39.2
2-3 1.669 x 102 1.879 x 1072 12.61 54.55
2-25 3.925 x 1072 4397 x 1072 12.02 50.8
34 2.228 x 1073 2.348 x 1073 5.372 39.89
3-18 1.475 x 104 1.561 x 10~* 5.825 34.89
4-5 2.112 x 1073 2.351 x 1073 11.27 42.03
4-14 5.646 x 1073 6.409 x 1073 13.51 54.53
5-6 4638 x 1073 5.355 x 1073 15.45 56.55
5-8 827 x 1073 9.746 x 1073 17.84 65.14
6-7 1.122 x 102 1.264 x 1072 12.65 51.22
6-11 8.241 x 1073 9.753 x 1073 18.35 68.97
7-8 1.47 x 1073 1.624 x 1073 10.49 44.89
89 2.702 x 1073 2.957 x 1073 9.448 36.84
9-39 4956 x 10~ 5.452 x 10~* 10.01 34.65
10-11 4.867 x 1073 5282 x 1073 8.539 435
10-13 3.601 x 1073 4205 x 1073 16.77 60.95
13-14 7.677 x 1073 8917 x 1073 16.15 59.35
14-15 4.692 x 10~ 4.829 x 10~4 2917 34.98
15-16 9.33 x 1073 1.085 x 102 16.3 63.86
16-17 2903 x 1073 3.179 x 1073 9.518 4593
16-19 3.107 x 1072 3.64 x 1072 17.14 64.25
16-21 8.176 x 1073 9.587 x 1073 17.25 64.56
16-24 3.177 x 104 3.332 x 107* 4871 37.24
17-18 2.438 x 1073 2,677 x 1073 9.8 4433
17-27 2.365 x 10~ 2525 x 1074 6.772 34.79

21-22 2.803 x 102 3.253 x 1072 16.08 61.32

22-23 1.969 x 104 2.068 x 10~* 5.003 35.7

23-24 2.524 x 1072 2.999 x 102 18.81 68.48

25-26 1.8 x 1073 1.963 x 1073 9.05 36.11

26-27 9.707 x 1073 1.115 x 102 14.83 55.09

26-28 7.906 x 1073 8.453 x 1073 6.92 39.59

26-29 1.899 x 102 2.071 x 102 9.078 43.88

28-29 1.543 x 1072 1.827 x 102 18.39 67.25

Estimated errors of line resistance and temperature in the IEEE 39-bus system are
demonstrated in Figure 7. Line resistance errors refer to the deviation between the actual
resistance and its rated value. Compared with its rated values, the actual values of most
line resistance increase over 10% when taking ETC into account. The resistance errors of
the WLS-SE method are over 10% and the maximum error even reaches 19.1%. Estimated
temperature error of most lines with the proposed ETC-SE approaches are less than 1%.
Furthermore, the voltage and temperature errors of the IEEE 118-bus system are depicted

in Figure 8.
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Figure 8. Resistance and line temperature error of the IEEE 118-bus system. (a) Voltage amplitude
error, (b) phase angle error, (c) line temperature error.
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5.2. Performance Analysis

A comparison of the computation time and iteration numbers on the proposed ETC-
SE approaches and WLS-SE method was performed, as shown in Table 4. The ETC-SE
approaches need more iteration numbers than the WLS-SE method. Line temperature
converges more slowly than state variables. As for the computation time, the proposed
ITS-ETC-SE approach is shorter than the AJ-ETC-SE approach.

Table 4. Comparison of iteration numbers and computation time.

Method ITS-ETC-SE AJ-ETC-SE WLS-SE
14-bus 6 6 4
Iteration numbers 39-bus 6 6 4
118-bus 7 8 4
14-bus 0.057 0.141 0.018
Computation time (s) 39-bus 0.089 0.264 0.037
118-bus 0.966 3.432 0.316

Table 5 shows the computational complexity of the AJ-ETC-SE approach and WLS-SE
method. With the consideration of line temperature, the number of measurements and
state variables, and the dimension of the Jacobian matrix increase sharply and even over
100% compared with the WLS-SE method.

Table 5. Comparison of computational complexity of the AJ-ETC-SE approach and WLS-SE method.

Index 14-Bus 39-Bus 118-Bus
Number of ETC lines 15 34 170
WLS-SE 27 77 235
Number of States AJ-ETC-SE 42 111 405
Change (%) 55.6 442 72.3
Number of WLS-SE 42 165 403
umber o AJ-ETC-SE 57 199 573
measurements Change (%) 357 20.6 422
Dimension of WLS-SE 42 x 27 165 x 77 403 x 235
“E.ensm to. AJ-ETC-SE 57 x 42 199 x 111 573 x 405
Jacobian matrix Change (%) 111.1 73.9 145.0

Figure 9 shows the maximum unbalance of state variables || Ax||o during each iteration.
It can be seen that the index || Ax||« first declines linearly, and then nearly remains constant.

107
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Figure 9. Maximum unbalance of state variables.
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Furthermore, different scenarios are conducted in order to explore the convergence
performance of the proposed ETC-SE approaches, including varying environmental condi-
tions and the existence of ill-conditioned branches. For each scenario, 1000 simulations are
performed in the IEEE 118-bus system.

The environmental conditions vary with the ambient temperature T, and wind velocity
Vw. More specially, the ambient temperature T, increases from 25 °C to 50 °C and the wind
velocity Vy, increases from 1 m/s to 20 m/s, which will lead to changes in convective heat
loss g¢. The iteration numbers of the proposed ETC-SE approaches can be summarized in
Tables 6 and 7, respectively.

Table 6. Iteration numbers of different algorithms under different ambient temperatures.

T, (°O) ITS-ETC-SE AJ-ETC-SE
25 7 8
35 7 8.04
40 7.01 8.21
45 7.02 8.43
50 7.02 8.69

Table 7. Iteration numbers of different algorithms under different wind velocities.

Vi (m/s) ITS-ETC-SE AJ-ETC-SE
1 7 8
2 6.98 7.38
5 6 6.47
10 6 5.59
20 52 5.01

Furthermore, the ill-conditioned branches are added to the IEEE 118-bus system. More-
over, the ill-conditioned branches refer to the high-resistance branches whose R = 0.5X. The
iteration numbers of the proposed ETC-SE approaches are shown in Table 8.

Table 8. Iteration numbers with ill-conditioned branches.

Number of I11-Conditioned Lines ITS-ETC-SE AJ-ETC-SE
1 7 8
3 7 8.53
5 7 8.60
8 7.03 8.61
10 7.05 8.63

6. Discussion

The proposed approach is to estimate the power system states considering electro-
thermal coordination, and the calculation results include the power system states and
transmission line temperature. The performance of the proposed approach in terms of
efficiency, effectiveness, and accuracy can be verified by the comparison analysis in the
above case study.

From Figure 5, it is clear that the PDFs with the proposed ETC-SE approaches are
nearly identical and more concentrated compared with the WLS-SE method. Additionally,
compared to the WLS-SE method, the results in Table 2 and Figure 6 show that the proposed
AJ- and ITS-ETC-SE approach is effective to decrease the errors. Moreover, the iteration
numbers and computation time are compared in Table 4. The results show that the proposed
ITS-ETC-SE approach is effective in accelerating the solving process. Since the dimension
of the measurement vector, state vector, and Jacobian matrix increases to a larger extent
after integrating line temperature into the SE model, the computation time of the AJ-
ETC-SE approach is much longer than the ITS-ETC-SE approach and WLS-SE method.
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Figure 9 verifies the superior computational performance of the ITS-ETC-SE approach when
compared to the AJ-ETC-SE approach. Furthermore, the sensitivity analysis is conducted
by considering different scenarios in terms of ambient temperature, wind velocity, and
ill-conditioned branches. The iteration numbers of different methods are summarized
in Tables 6-8, and the results show that the proposed ETC-SE approaches show good
convergence performance with environmental condition variation and ill-conditioned
branches. The iteration numbers increase as the ambient temperature increases and wind
velocity declines. Moreover, reliable convergence can also be achieved when ill-conditioned
branches exist, and there are merely tiny increases in iteration numbers, which will facilitate
the utilization of the proposed ETC-SE approaches in practical application.

7. Conclusions

The SE considering the influence of line temperature is studied, and the ETC-SE
approaches are proposed to reduce the temperature-dependent errors. An ETC-SE model
integrating the HBE and WLS-SE is established. In addition, the AJ-ETC-SE approach is
presented to simultaneously solve the problems of SE and temperature estimation through
an augmented Jacobian matrix. For the sake of accelerating the solving process, the ITS-
ETC-SE approach is proposed, in which the SE and temperature estimation are decoupled
and solved via alternate iteration.

The effectiveness, efficiency, and convergence performance of the proposed ETC-SE
approaches are verified through the IEEE 14-, 39-, and 118-bus systems. Results show
that the proposed ETC-SE approaches can reduce estimated errors evidently and estimate
line temperature precisely. The accuracy of the AJ-ETC-SE approach is slightly higher
than the ITS-ETC-SE approach. Further, the ITS-ETC-SE approach is able to accelerate
the calculation process. Furthermore, the ETC-SE approaches possess good convergence
performance with varying environmental circumstances and ill-conditioned branches.

In future studies, the influence of the measurements of PMUs on the SE will be
considered, and an ETC-SE approach will be provided based on hybrid measurement data.
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Nomenclature

PMU phasor measurement unit

ETC electro-thermal coordination

HBE heat balance equation

RTU remote terminal unit

SE state estimation

PMSM permanent magnet synchronous motor

EVB electric vehicle battery

AJ-ETC-SE augmented Jacobian ETC-SE

WLS-SE weighted least square SE

ITS-ETC-SE improved two-step ETC-SE

PDF probability density function

P;and Q; the active and reactive power injection of bus i, respectively
Pjand Q; the active and reactive power injection of bus j, respectively
Pjjand Qj; the active and reactive power flow of the line I, respectively
U; and Uj the voltage amplitudes of bus i and j, respectively

Iij,reul and Iij,imag
Iji,reul and Iji,imag

the real and image parts of the current from bus i to bus j, respectively
the real and image parts of the current from bus j to bus i, respectively
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gij and b;; the mutual conductance and susceptance of the line I, respectively
Sij,c and bj; ¢ the self-conductance and susceptance of the line I, respectively
Zolee AN Zppeteo the measurement vectors of electrical and

meteorological quantities, respectively
Qsotars ¥, Vw, Toand ¢ the solar irradiation intensity, solar incidence angle, wind speed,
ambient temperature, and wind directions, respectively

haug the augmented measurement function vector
Betee and hpypE the measurement function vectors of electrical and HBE, respectively
Ufand T the voltage magnitude, voltage angle, and line
temperature vectors, respectively
R the unit resistance of transmission line
gs, gc and g, the solar heat gain, convective heat loss and radiated heat loss, respectively
Acand A, the coefficients for convective heat loss and radiated heat loss, respectively
o the temperature coefficient of resistance
Ty the reference temperature
R, the rated resistance
Axgyg and H (Xaug,0) the correction vector and Jacobian matrix, respectively
R the weighting matrix
Ayand A, the coefficients of radiated heat loss and convective heat loss, respectively
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