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Abstract: The overload degree of a transmission line is represented by currents in traditional
overload protection, which cannot reflect its safety condition accurately. The sudden rise in
transmission line current may lead to cascading tripping under traditional protection during
power flow transfer in a power system. Therefore, timely and accurate analysis of the transient
temperature rise of overhead transmission lines, revealing their overload endurance capability
under the premise of ensuring safety, and coordination with power system controls can effectively
eliminate overloading. This paper presents a transient temperature calculation method for overhead
transmission lines based on an equivalent thermal network. This method can fully consider
the temperature-dependent characteristics with material properties, convective heat resistance,
and radiation heat and can accurately calculate the gradient distribution and response of the conductor
cross-section temperature. The validity and accuracy of the proposed calculation method are verified
by a test platform. In addition, a multi-parameter thermal protection strategy is proposed on the basis
of the abovementioned calculation method. The protection can adequately explore the maximum
overload capability of the line, and prevent from unnecessary tripping to avoid the expansion of
accidents. Finally, the validity of the proposed protection is verified by the modified 29-bus system.

Keywords: overhead transmission line; overload cascading tripping; equivalent thermal network;
transient temperature; thermal protection

1. Introduction

Large-scale blackouts have constantly resulted in catastrophic consequences. How to effectively
avoid power grid cascading tripping has been a research focus all over the world [1,2]. Removal
of a single faulty line or equipment causes power grid structural changes, thereby resulting in
power flow transfer and sudden rise in the currents of several transmission lines [3]. Lack of
information exchange between security and operation time of protection will lead to undesired
results [4]. Traditional overload protection depends on a pre-set current value. When the current
flow (non-fault current) is greater than the pre-set value, the relay protection trips immediately and
further cause a new sequence of power flow transfers which will eventually develop into a cascading
tripping event. In recent years, overload protection has boosted the development of cascading tripping
in several blackouts, such as the USA /Canada blackout on 14 August 2003, the Italian blackout on
8 September 2003, and the two power outages in India on 30 and 31 July 2012 [5-7].
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The electrical and mechanical properties, strength loss, and sagging of overhead transmission
lines during overloading are influenced by conductor temperature and overload duration [8-10].
The conductor temperature can be a more accurate reflection of the safety condition of transmission
lines than current. Two main approaches based on conductor temperature are used to characterize the
overload degree of the line. The first one is by gathering real-time data from conductor temperature
measuring devices installed on the line as the operating criterion for overload protection [11,12].
The second is by adaptively adjusting the setting value of protection delay time based on a dynamic
thermal line rating (DTLR) calculation model [13-16].

The measured temperature cannot completely represent the actual maximum temperature
for long-distance lines that run across multiple meteorological regions given the limited location
and quantity of conductor temperature measuring devices. Temperature gradient distribution and
different responses, which are influenced by factors, such as skin effect, external forced convection,
and various twisted materials, exist in the conductor cross-section. Moreover, existing temperature
measuring devices can only collect the surface temperature of the conductor, and its sampling
interval, data transmission, and processing speed cannot satisfy the time requirements of actual
protection strategies.

DTLR calculation models are mostly constructed on the basis of IEEE and CIGRE standards [17,18],
which simplify the heat transfer of conductor and treat the conductor as an isothermal body to obtain
its surface or average temperature. Although DTLR models can reflect the electro-thermal coupling
effect of transmission line under steady ambient meteorological conditions, it cannot characterize the
difference in conductor inner transient temperature rise responses [19-21].

A serious deviation occurs when the safety assessment and protection of overload transmission
lines are set on the basis of a single point temperature. Therefore, there is a need to establish a
transmission line transient temperature calculation method that can not only reflect the gradient
distribution and transient responses of conductor cross-section temperature, but also meet the
calculation time requirements of protection, which is of great significance to accurately assess the
safety of transmission lines.

So far, numerous studies have been conducted on conductor transient temperature calculation,
which considers the structural characteristics of a conductor with several materials that can affect heat
transfer [22-28]. For example, in [23-25], conductor temperature calculation model was established
by thermal circuit model on the basis of thermal-electrical analogy theory. Full consideration of heat
transfer characteristics of different materials, the model put the analysis of heat transfer process into
the solution of electrical circuit to grasp the operation of overhead transmission line conveniently and
rapidly. By contrast, this model ignores the temperature-dependent properties of several conductor
parameters during the dynamic thermal process. Radial or axial temperature calculation models in the
form of state equation were established based on thermal equilibrium principle under the condition of
constant environment temperature and constant humidity in [26-28]. Whereas, the radial and axial
temperature distributions of a conductor were obtained under an ideal natural convective heat transfer
condition, and the calculation methods demonstrate a remarkable precision. However, transmission
lines mostly operate in a complex environment, which corresponds to a forced convective heat transfer
situation. Several factors, such as wind and solar radiation, affect the heat transfer of transmission
lines. Thus, the temperature calculation method obtained from ideal natural convection conditions
cannot accurately and comprehensively reflect the influence of ambient meteorological environment
on the transient temperature rise response of the conductor.

Several researchers have used a finite element model to solve the transient temperature field
of conductors [29]. However, the accuracy of the finite element model depends on grid sizes and
structure division. The finite element model has large computation and poor real-time calculation
capacity and cannot satisfy the time requirements of a power system protection. Thus, this model is
unsuitable for practical projects.
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Through the above analysis, this paper proposes a transient temperature calculation method for
overhead transmission lines based on an equivalent thermal network (ETN). The ETN completely
considers the influence of the external environment on the radial and circumferential heat transfer of a
conductor cross-section. The calculation method fully considers the influence of temperature-dependent
characteristics of material, convective heat resistance, and radiation heat on the temperature difference in
the conductor cross-section by adopting nonlinear iteration. Moreover, the proposed transient temperature
calculation method is applied to a multi-parameter thermal protection (MPTP) of transmission lines.
A temperature-time integral of the MPTP can effectively indicate the transient temperature rise and
its thermal incubation effect. The protection can adequately prolong the operation time in a safe way.
Consequently, line overloading can be eliminated by coordination with the power system control measures,
and large-area cascading tripping accidents can be effectively avoided.

The remainder of this paper is organized as follows: in Section 2, the ETN characterizing the
transient temperature of overhead transmission lines is established. In Section 3, the transient
temperature calculation method based on the ETN is proposed. In Section 4, the validity and
accuracy of the ETN and calculation method are verified by the transmission line test platform.
In Section 5, the realization and functions of the MPTP based on the transient temperature calculation
of transmission lines are given. In Section 6, the modified 29-bus system (Hydro Quebec) is adopted to
verify the rationality and applicability of the proposed protection strategy. Finally, the conclusions of
this paper are presented in Section 7.

2. ETN Modeling of Overhead Transmission Lines

2.1. Heat Transfer Analysis of Overhead Transmission Line Cross-Section

At present, the commonly used conductor for transmission lines are aluminum conductor
steel-reinforced (ACSR) [30], which consist of multiple twisted steel core and aluminum layers.
In Figure 1, the existing temperature calculation models of overhead transmission lines mostly consider
the entire conductor as an isothermal body or only considers the radial heat transfer path of the
conductor cross-section, and each radial layer is regarded as an isothermal body [23,24,26,27].

External External '

Figure 1. Simplified heat transfer analysis of the overhead transmission line cross-section. (a) Conductor
is considered isothermal; (b) Only the radial heat transfer path is considered.

However, different zones of the conductor cross-section are differently influenced by forced
convective heat and radiation heat transfer in actual operations as demonstrated in Figure 2. There are
temperature differences between the windward, upper surface, leeward, and lower surface zones of
the conductor cross-section.

A Circumferential
_ Heat Transfer Path

Conductor

r Radial Heat Transfer Path Angle

Figure 2. Heat transfer analysis and geometric division of overhead transmission line cross-section
considering radial and circumferential heat transfer paths.
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2.2. ETN of Overhead Transmission Lines

The physical variables in heat transfer have a similar correspondence with the physical variables
in electricity. Thus, thermal-electrical analogy can be used to simulate the heat transfer process [31].
The conductor cross-section is divided into 7 layers (the nth layer is the central layer) in the radial
direction. The heat loss generated by each layer of conductor is the heat source, and the heat transfer
of heat flux in each physical layer can be equivalent to the thermal network. Where each physical layer
is represented by a pair of R and C, to obtain the ETN by considering the radial and circumferential
heat transfer paths of the conductor cross-section, as depicted in Figure 3.

r Radial Heat Transfer Path

-

-w

Layer 1 Layer 2 cee Layer n-1
R, T, R, w2 R, . : R, Ton1 =]
k Zﬂ
Z,
External
Environment

A Circumferential Heat Transfer Path _

Figure 3. ETN of the overhead transmission lines considering radial and circumferential heat
transfer paths.

In Figure 3, Tr and Ty denote the ambient temperature and temperature of the nth layer of the
conductor, respectively. Ty1, Tag, ... , Tan—1 denote the temperature of the first layer (surface) to the
(n — 1)th of the conductor in the windward zone Z,. Similarly, Typ1, Tpo, - - -, Tpn—1, Te1, Tea, - - Ten—1,
and Ty1,Ts2, - .., Tgy,—1 denote the temperature of each layer of the conductor in the upper surface zone
Zy, leeward zone Z., and lower surface zone Z;. Ca1, - -, Can—1, Cp1, - - - Cp—1, Cc1, - - , Cen—1, and
Cg1, ..., Cgy—1 are the equivalent thermal capacities in the corresponding position of each layer of the
conductor. Qa1, Qa2, - -+, Qan—1, Qp1, Qv2, - -+ » Qon—1, Qe1, Qe2, - -+, Qen—1,and Qa1, Qa2, - -+, Qan—1
represent the heat flux in the conductor layer, in which Qu1, Qp1, Qc1, and Q1 include the heat flux
variation in the conductor surface given the joint action of current and radiation. Qrand Cr denote the
heat flux and capacity of the nth layer (central layer), correspondingly. Ry1, Ry7, ... , Ryy—1 are the radial
thermal resistances between the conductor layers. Ry1, Ry, ..., Ry,—1 denote the circumferential
thermal resistances of each layer between zones Z, and Z;. Ry, Ryp, Ry, and Ry represent the thermal
convection resistances between each zone of the conductor surface and environment.
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Kirchhoff’s current law and Kirchhoff’s voltage law can be analogized to the thermal network.
The time domain differential equations of nodes in the ETN can be expressed as Equations (1)—(3):

ai gt Ryia Ry i i
. Tyi—Thi Typi—Thi Tpi—Toi  Tpi—Tu
,7b1 — o tbi bi—1 _ b bi+1 _ 1lpi ai __ 2bi ci
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Cdl Qai — Ri1  Ri Ry Ry
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Cra T - - -
dt anfl anfl anfl anfl

wherei=2,3,...,n
into a matrix form:

aTy _ = Qu — Tn—Te _ Tpn-Tp Tn-Tn _ Tn-Tn
Can dt al Ryq Rn Ry Ry
dTy _ Ty =Te _ Tpn—Tp Tn-Tan _ Tn—-Tn
Cbl Sdt = Qn Rpp R Ry Rn
alq _ = Qu — Ta—Tg _Tu-To Ta-Tn Ta-Ty
Ce1 dat cl Rpe Rn Ry R
dT, dl _ _In-Te _ Tyn-Tp _Tn-Ta _ Tn-Tn
C’ﬁ = Qu Rya R Ry Ry

C dT — Qm _ Tm Tm 1 _ leifTuiJrl _ Tai_Tdi _ Tai_Tb[

M

2

®)

—lLand Ty =Tp =Ten =Ty, = Tf. The equations presented above are rewritten

L Ann Ap A -0 Ay [T ] [ Byl |
: Ay Ay Ay - Ay : :

T, | =| A1 Az Az - As T; |+ | BU;
T, An Ap Apz o Am || T, | | Buly |

In Equation (4), the expressions of all variables are defined as follows:

Submatrix Aj in Equation (4) (j, k=1, 2,.

T
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,n)is a4 x 4 matrix. The values of elements in Aj

are expressed in Equation (6), and the specific parameter values are given from Equation (A1)-(A5)

in Appendix A.
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The ETN of overhead transmission lines can be established on the basis of the above-mentioned
derivation. The equation of state can be expressed as follows:

T=AT+BU 7)

where T is the 4n-dimension state vector. T is the first derivative of T. A is a 4n x 4n coefficient matrix.
Bis the 4n x 4n input matrix. U is the 4n-dimension input column vector. State column vector T reflects
the temperature of each node in the ETN of overhead transmission lines. Coefficient matrix A and input
matrix B reflect the influence of factors, such as the material, structure of overhead transmission lines,
and external meteorological conditions on heat transfer. Input column vector U reflects the influence
of line current and radiation on heat transfer. When current of conductor, ambient temperature,
wind velocity or radiation intensity changes, the time-domain response of model can be solved to
obtain the radial and circumferential temperature distribution and temperature rise response by
simply modifying the matrix parameters of the model. The ETN of overhead transmission lines
transforms the radial and circumferential temperature calculations into a high-order, multi-input,
and multi-output system.

3. Transient Temperature Calculation Method for Overhead Transmission Line Based on the ETN

3.1. Determination of ETN Parameters

The cross-section of the conductor is divided into 7 layers through the ETN and is divided into
four zones Z,-Z; in the circumferential direction. The parameters of nodes are described by subscripts
xandy(x=a,b,c,d;y=1,2,...,n — 1), and the parameters of the central layer are described by
subscript f. Heat flux (Qx, and Qy), thermal capacity (Cxy, and Cy), and thermal resistance (R, Rry,
and Ry,;,) of each node in the ETN can be determined on the basis of the principle of heat transfer.

The cross-section area of the aluminum or steel wire Sy of each node and the cross-section
area Sy of a central node can be obtained using a geometric division in accordance with the actual
conductor specifications.

(1) Heat Flux Parameters

The heat flux of conductor surface (y = 1) comprises Joule heat Qj, radiant heat Qf, and solar heat Qs.

Qx1 = Qjx1 — QFx1 + Qsa1, (8)

where the heat flux of the layers (y > 1) only comprises Joule heat:

Qxy = Q]xy/' Qf = Q]f 9

According to the definition of resistance, the resistance of each node, the node resistance of the
central layer, and the equivalent resistance of the entire conductor are calculated as follows:

{ Quy = (oxyL) /Sxys Qf = (‘TfL>/Sf , (10)
Q=Qqn//-//Qy// - //Qf

where L is the length of the conductor. 0y, and oy are the node resistivity of the conductor material in
the ETN, and the relationship between its value and temperature is expressed as follows:

o (T) = oa[1 + (T — 20)], (11)

where 7y is the conductor material resistivity at 20 °C, and « is the resistivity temperature coefficient;
these variables are related to the commonly used material of conductor [29].
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According to the definition of Joule heat power, the Joule heat at each node is calculated by the
following formula:

Qpy = (PO?) /0 Q= (1207) /€0y, (12)

where I is the current of the conductor.
According to Stefan—-Boltzmann law, the radiant heat loss Qry; of a conductor surface is related to
the temperature difference between the conductor surface and the surrounding environment:

O = 4.45LDos{ [(Ty1 +237)/100]* — [(T 4 237) /100]4}, (13)

where Dy is the conductor’s outer diameter, and conductor emissivity € ranges from 0.23 to 0.91 [29].
For conductor solar heat Qgy1:

Qsx1 = (5A/LQse sin Gx) /4, (14)

where ¢ is the solar absorption rate, Qs is the corrected radiation power of per unit area above sea
level, 8y is the effective incident angle of sunlight in Z,-Z;, and A’ is the illumination area per unit
length. The values of the above-mentioned parameters can be found in [17].

(2) Equivalent Thermal Capacity Parameters In accordance with the definition of thermal capacity,

thermal capacity parameters Cy, and Cy are expressed as:
ny = prysxycxy; Cf = LpfoCf, (15)

where pyy, pf, cxy, and ¢y are the density and thermal capacity of conductor material contained in the
nodes of the ETN [29].

(3) Equivalent Thermal Resistance Parameters The circumferential and radial thermal resistances can

be calculated by the principle of heat transfer:

B 7T(1’y + T’y+1) 1 27’; ln(f’y/ry+1)
R/\y - rRry = > -1, (16)
4K)\L(ry —1y11) K, L 15— T

where r,, is the radius of the yth layer of the conductor, and K, and K; correspond to the equivalent
thermal conductivity along the circumferential and radial directions of the conductor; these variables
are related to the conductor material [30].

(4) Equivalent Thermal Convection Parameters Thermal convection resistance Ry, are expressed as:

Ry =4/(nDgLhy), (17)

where hy is the convective heat transfer coefficient of Z,~Z;. The change in /1, becomes complicated

when laminar flow sweeps across the conductor; these variables can be calculated by using the
following equation:

Sa-(Nug ) Apx-(Nup) Kair | b, 1/3

py = L) e (M)  (Nug) =a(GrePr)'; (Nup), = Ap(Re)" (Pr)"/

g(Tx _TE)DS . _ . o ,
Rrsi (T Ty)72) LT = #/KRe = Dovpa/ i

(18)
Gry =

where Niusand Nuy, are the Nusselt numbers of natural and forced convective heat transfers, respectively.
Nuy and Nu,, are different when the fluid sweeps across various parts of the conductor surface and
must be corrected by fy and py. Gry is the Grashof number of different parts of the conductor, g is the
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acceleration of gravity, k,;, is the air thermal conductivity, vy is the kinematic viscosity, p, is the air
density, Re is the Reynolds number, y is the air viscous coefficient, and v is the wind speed. Under air
cooling conditions, a and b are constants determined by wind direction ¢. A, and n are constants
determined by the Reynolds number and can be obtained from [31].

3.2. Transient Temperature Calculation Method with Nonlinear Iteration

On the basis of the derivation of the above-mentioned parameters in the ETN, the following factors
must be considered in solving transient temperature: (a) convective thermal resistance and radiant heat
are the functions of temperature difference between fluid and solid interfaces; (b) conductor resistivity
is related to temperature, and Joule heat is the function of temperature. Therefore, nonlinear iteration
is adopted to solve the time domain response of the ETN. The concrete steps are exhibited in Figure 4.

C St;m ) ]

[ Determine the initial R, C, and O values | | Modify R, C, and O values |

Y
|Ca]cu]ate each node temperature by Lquation (7)|

|Calculme each node temperature by Lquation (7)|

| Use Equation (11) to correct resistivity | Use Equation (11) to correct resistivity |

| Use Equation (13) to correct radiant heat | | Use Equation (13} to correct radiant heat |

| Use Equation (18) to correct thermal-convection resistance | | Use Equation (18) to correct thermal-convection resistance |

|Calculate cach node temperature by Equation (7)|

|Ca1culale each node temperature by Equation (7)|
No, t,=t,.+t

No, /=1/+1

The initial values of the temperature |( Jutput the temperature rise calculation 1'esu|ts|
rise calculation are obtained

| C LEnd )

Figure 4. Transient temperature calculation method of overhead transmission line with nonlinear iteration.

The transient temperature calculation of ETN involves two stages of iterations, namely,
convergence iteration and marching-on-in-time algorithm. The specific steps are presented as follows:

Step 1: Acquire conductor parameters, meteorological parameters, and current, and determine the
initial values of Q, C, and R of the ETN by Equations (8)—(18). The initial temperature of each
node is ambient temperature TE.

Step 2: Calculate temperature of each node by Equation (7), and modify resistivity, radiant heat of
nodes, and thermal convection resistance by Equations (11), (13) and (18), correspondingly.
Thus, the temperature values of each node of the ETN can be solved.

Step 3: Assess whether the temperature difference between two adjacent iterations satisfies the control
precision (considered 0.01 °C in this paper). Otherwise, set the number of iterations [ to
I + 1, and continue the calculation until the temperature difference is less than that of the
given precision.

Step4: Adjust the Joule heat of nodes of the ETN by current. Use the temperature value outputted
in Step 3 as the initial value of the transient temperature rise response calculation for
subsequent iterations.
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Step 5: Determine whether the calculation is completed. Otherwise, set time t,, = f,_1 + At for the
calculation until the calculation time is equal to the prescribed time.

Step 6: Obtain the calculation results of the transient temperature rise response, and the calculation
is completed.

4. Experimental Verification of the Model and Calculation Method

4.1. Temperature Rise Test Platform of Overhead Transmission Lines

A test platform of conductor temperature rise is designed to verify the effectiveness of the
proposed model and calculation method, as displayed in Figure 5a,b. The test platform mainly
consists of a triangular column steel frame, large current generator, controllable blower, current
transformer, temperature sensor, ultrasonic anemometer, radiation intensity measuring instrument,
and multi-channel data acquisition device. The main parameters of experimental equipment are shown
in Table A1l of the Appendix B.

Tl

(0 =

Insulator

- o Temperature Sensor || ACSR LGJ400/35
Current Transformer /ACSR |l \ o
Ml A P — Laaal ‘
Clamp \?/Temperalure Sensor
E
S -
e
“ontrollable Blower, mi = = B
Insulated o : ; S |
T o= | Copper Wire Data Processing I A %
“ 1 B 4 N
St ]:: ) Large Current Generator Steel Fram The Multi-Channel }4 ";
el Frame eel Frame Data Acquisition I Generator g
(a) (b)
Zy
T .
-y bl Temperature Sensor
- PR AN Ty > Y e i | K 34— Aluminum
ST ST AR SR G G T [ — T TR | Layer |
EZiTa Tl I T Tl 2o 5 o Hole | Aluminum
P R el ! A Y Layer 2
— \ \ e w : . o \
N sz ! Tf(/-\\ i Hole A Steel layer
4 " o
T dl - Take for examples: Ty 75, 7}
Zy

(©

Figure 5. Test platform of overhead transmission line temperature measurement. (a) Platform
schematic; (b) Platform photo; (c) Diagram of temperature measuring point position.

The conductor type in the test is ACSR LGJ400/35, and the parameters are listed in Table A2 of
the Appendix B. The emissivity € and solar absorptivity § of the conductor increase with age from
about 0.2-0.5 when new to about 0.8-0.9 within several years [17]. The conductor used in this test is
not a new one. Hence, the values of € and ¢ are both 0.9 in this test platform.

The tested conductor is divided into three layers (1 = 3), and temperature monitoring probes
are installed in the conductor surface, aluminum layer, and steel layer in Z,~Z;, as is shown in
Figure 5c. Taking T}, Tz, and Ty for examples, three temperature measuring points (Ty in hole-A,
Ty in hole-B, T},1 on the surface) are placed at equal intervals along the axial direction. The internal
temperature sensors are attached by drilling a small hole (its diameter is smaller than 1.2 mm) through
the aluminum and steel layers. The temperatures of the conductor are collected by platinum film
resistance temperature probes (PT1000) and uploaded to PC computer via the multi-channel data
acquisition unit with the sample frequency of 50 Hz.
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In Table 1, the experimental groups are evaluated under the influence of forced convection and
current. The step current is from 0 A to 300 A or 900 A, and the average wind velocity is from 0 m/s
to 3 m/s (range of difference must not exceed £0.1 m/s). A total of 49 sets of tests are evaluated.
The ambient temperature is 25 °C (0.1 °C), humidity is 40% (£0.1%), and radiation intensity is
400 W/m? (5 W/m?). These parameter values are constants during the tests.

Table 1. Test group parameters (7 x 7 = 49 groups).

Current (A)  Wind Speed (m/s)

300 0

400 0.5
500 1.0
600 1.5
700 2.0
800 25
900 3.0

Figure 6 presents the temperature distribution and the difference of temperature rise response of
the conductor under experimental conditions.

1800 A, 2.5m/s
800A, 0 m/s
1 800 A, 0.5m/s
| =2 700 A, 0.5 /s

Temperature (C)

\ 600 A, 0.5m/s

—— Ty

—a— Ty

Ta

g —a—Tp
g

= —w— T2
g

g —s— T
5

= 1—o— T,

25 . . . . . . — Ty

0 600 1200 1800 2400 3000 3600
Time (s) —s— Ty

Figure 6. Temperature result of overhead transmission lines in the test case. (a) Radial circumferential
steady-state temperature gradient distribution; (b) Difference in radial circumferential temperature
rise response.

In Figure 6a, the radial and circumferential gradient distributions of temperature inside the
conductor and the temperature differences increase with current. The temperature difference between
the windward zone and steel layer reaches 9.8 °C when the current is 600 A and it reaches 14.9 °C when
the current is 700 A. Although the temperature of each point presents a downward trend in general,
the temperature difference between different zones shows a non-monotonic change with the increase
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in forced convection intensity. Under natural convection (i.e., 0 m/s), the maximum temperature
difference between the conductor surface and steel core is only 5.3 °C. The maximum temperature
difference is 21.7 °C when the wind velocity is 0.5 m/s. However, the maximum temperature difference
is 13.4 °C when the wind velocity is 2.5 m/s. In Figure 6b, the heating rate of the conductor steel core
is the largest, whereas the heating rate at the windward zone of the conductor surface is the smallest.
The heating rate is constantly smaller in the outer layer than in the inner layer.

The test of temperature rise response verifies that radial heat transfers occurs inside and outside
the conductor in forced convection. Circumferential heat transfers of the conductor occurs due to
different intensities of forced convection. Neglect of circumferential heat transfer paths in model
establishment will inevitably cause the calculation errors.

4.2. Verification of the Model and Calculation Method

To confirm the effectiveness of the model, the test results of conductor temperature rise response
T(t)!*s! are compared with the calculation results of model T(+)°°!c under the condition where the current
is 900 A, and the wind velocity is 0.5 m/s.

Figure 7a illustrates the comparison of temperature results obtained by the calculation method
and test. The calculated curves are basically consistent with the test curves. Furthermore, in order to
make quantitative analysis on the difference between tested and calculated, absolute relative error J. and
average absolute relative error d,,¢ are defined in Equation (19), where m is the total number of samples:

T(t)test o T(t)culc

be =

m
X 100%, Saog = %Z(se (19)
i=1

T(t)test

T, tested
T, tested
T, tested
T tested
T tested
T tested
T.» tested
T tested

Titested

-+ —T, calculated
o |—5— T, calculated
T |—<—T, calculated
. |—P—T, calculated
—sw— T ,» calculated

. |—e— Ty calculated
ot | ——1T > calculated
--»-—Tcalculated
- |-+~ T calculated

Temperatur

i 00"
JTb] pI Time (s)

o

e

i &

o)

.
Sy Sel b e

Figure 7. Cont.
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Figure 7. Verification of temperature calculation methods based on ETN. (a) Comparison of temperature
rise test and calculation results; (b) Absolute relative error é, in different zones of the conductor
cross-section; (c) Comparison of average absolute relative error dgye between non-linear iterations and
standard calculations.

As depicted in Figure 7b, absolute relative error J, of nonlinear iteration nearly ranges from 5%
to 10%, and the maximum J, is less than 13%. This indicates that the ETN has a huge calculation
precision and can preferably reflect the transient temperature changes in overhead transmission
line cross-section.

In the same experimental condition, the calculated results of the ETN are compared by adopting
the IEEE and CIGRE standards [17,18]. The average absolute relative error &wg of the conductor steel
core and aluminum layer are plotted in Figure 7c.

Both the IEEE and CIGRE standards take account of the temperature-dependent resistance. But the
CIGRE is more detailed in the selection of other model parameters, the accuracy of IEEE is little lower
than that of CIGRE. The IEEE and CIGRE standards simplify the conductor to concentric cylinders
and treat it as an isothermal component, which ignores the influence of radial and circumferential heat
transfer paths and only can calculate the single point temperature of conductor (surface or average
temperature).

Therefore, comparing with the ENT model, the d4ye of the calculated results of the IEEE and
CIGRE standards are relatively higher. The maximum &,y in the conductor steel core can reach
23.78% and 16.29%, respectively. The proposed ENT model not only can consider the influence of
temperature-dependent parameters (material properties, convective heat resistances, and radiation
heat fluxes) in the calculation of transient temperature rise, but also can reflect the transient temperature
distribution of different parts of the conductor cross-section. Thus, the ENT with nonlinear iteration
method has a relatively higher accuracy. The 4y of the calculated results of the ENT are below 7%.

4.3. Extrapolation and Validation

In order to verify the adaptability of model, more confirmatory tests are added by changing the
current, ambient temperature, and wind velocity. In Table 2, 27 groups of tests are conducted to obtain
243 groups of temperature rise test data of nodes under different conditions. Make a comparison
between calculation method of the ETN and test data, and the average absolute relative error Oavg of
each node is obtained.

Table 2. Parameters of the additional extrapolation verification tests (3 x 3 x 3 = 27 groups).

Current (A)  Air Temperature (°C)  Wind Speed (m/s)

1000 15 0.5
1100 20 2.0
1200 35 3.0

The frequency distribution histograms of 243 groups are fitted by the normal distribution, and the
curves are plotted in Figure 8. The dgyg of the ETN is subjected to N (4.92, 1.86). According to the
definition of normal distribution, the maximum J4y of the ETN is 7.59% when the confidence interval is
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95%, thereby satisfying the calculation requirements of temperature distribution and temperature rise
response of overhead transmission lines. The &, of CIGRE is subjected to N (12.88, 6.46). The 4y of IEEE
is subjected to N (15.87, 13.86). The computational accuracy of the standards is all lower than the ETN.

025 T T L) L] T L) L]
ETN: N (4.92, 1.86
0.2}k 7\ ( ) ]
] CIGRE: N (12.88, 6.46)
L0 15t /f — ]
z
L3
2o} ' | |
| | IEEE: N (15.87, 13.86)
0.05p - ]
=
0 L1 .—Z_I e I N N I O I_r e ey |
0 5 10 20 25 30

.15
G g (%)

Figure 8. Frequency distribution histogram of the average absolute relative error d;, of the methods
under the verification test conditions.

Therefore, the ETN with radial and circumferential temperature distributions and the nonlinear
iteration can improve the accuracy of the temperature simulation of overhead transmission lines.
The temperature test provides sufficient evidence to validate the effectiveness and precision of the
proposed model.

5. MPTP Based on the Transient Temperature of Overhead Transmission Lines

5.1. Transient Temperature Estimation of the Entire Overhead Transmission Lines

The transient temperature rise of each layer of conductor cross-section can be accurately calculated
by the abovementioned ETN. The transmission lines in the actual operation frequently span a very
long area. The diversity of meteorological conditions around the transmission lines must be completely
considered in calculating the transient temperature rise response. Therefore, the entire line can
be divided into N segments in accordance with the geographical environment and surrounding
meteorological distribution characteristics of transmission lines. Real-time meteorological parameters
in each segment can be obtained by refined numerical weather forecast technology and on-line
monitoring devices of transmission lines [32-35].

As depicted in Figure 9a, a transmission line is divided into N segments according to the
number of strain sections, and each strain section corresponds to an equivalent meteorological region.
Real-time meteorological parameters can be acquired by all kinds of on-line monitoring devices,
such as micrometeorological stations located along transmission corridor, monitoring stations on tower
and monitoring devices installed on the transmission line:

x(i) = [Te()), Se(d), o), ¢@)] (20)

In Equation (20), real-time equivalent meteorological parameters x(i) of each segment of line can
be determined. The main meteorological parameters related to temperature rise response containing
ambient temperature Tr(i), solar radiation Sg(i), wind velocity v(i), and wind direction ¢(i) can
be obtained by on-line monitoring devices including environment temperature thermistor sensor,
total-radiation solar radiation sensor, ultrasonic anemometer and micrometeorological stations.
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Particularly, the wind velocity v.(i) measured by micrometeorological stations should be converted
to obtain equivalent real-time wind velocity v(i) of corresponding tower height by Equation (21) since
micrometeorological stations are not at the same height as transmission line. However, the conversion
is unnecessary for the wind velocity measured by monitoring stations on tower and monitoring devices
installed on the transmission line:

o(i) = v (i) -ﬁ(Z)ZO, (21)

where H is the average height above ground of each segment of line, . is the height above ground of
micrometeorological stations, Zy and B are wind shear exponent and correction factor respectively and
both are influenced by surface roughness. The values of Zj and f are available in the [36].

Meteorological Meteorological Meteorological Mecteorological numerical prediction grid point covering
| Region I | Region2 | = | chion N the overhead transmission line corridor (1km * 1km}
| == [ | | =5 | Meteordlogical Reaibn
N - N e i cteorological Region i
Ij:_,,.’l# —— L1 P 4' L (il 2., N)
T B e

¢ Tower meteorological station ! ‘
Overhead transmission line path

® Monitoring device of conducotr
® Ground micrometeorological station

(2) (b)
Current
Information £
Conductor : S J_ ‘
Paramelers AT BRI Output
m— R R () = | T i) Tund DI
M}:Legmlog:cal S Ak il by Fquation (22)
egion x(1) Establish or Modify the
: Equivalent Thermal Network

by Equations (1)-(18
Metecrological Y= * (1)-(18)

Region x(V Modify R, C, O

(c)

Figure 9. Transient temperature estimation of overhead transmission lines. (a) Acquisition of real-time
meteorological parameters of each segment by on-line monitoring devices; (b) Acquisition of real-time
meteorological parameters of each segment by refined numerical weather forecast; (c) Real-time
feedback calculation and modification based on the ETN.

For the case where there are no monitoring devices along transmission line, meteorological
division can be realized according to grid partition of modern refined numerical weather forecast
technology, as described in Figure 9b. Based on the combination of the location of transmission
line and grid of refined weather forecast (e.g., 1 km x 1 km), long-distance transmission line is
divided corresponding to N grids and equivalent meteorological parameters in each divided grid
can be obtained from weather forecast. The equivalent real-time meteorological parameters also
should be converted by Equation (21), and h. in Equation (21) is substituted with the height of
automatic meteorological stations. Moreover, combining historical meteorological data and long-term
meteorological statistic data from the same geographic location with weather forecast technology,
the real-time meteorological parameters of each segment of line can be modified by intelligence
algorithms to improve the accuracy of x(i).

On the basis of acquired real-time meteorological parameters x(i) of i segment of line in different
regions, the transient temperature of conductor T(7) = [Tsteer (1) Ty ()]T of the i cross-section can be
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calculated by the proposed ETN model with feedback correction. Finally, comprehensive consideration
of calculated results of transient temperature of multiple segment of line provides estimation of
temperature rise response of the entire transmission line T = [Ty Typ,]7. The flowchart of calculation
is plotted in Figure 9c:

T(i) = f(L x(i), £) = [Togear (i) Tuh,(')]T i=12--- N
Tsteel - [ steel(l)/ steel( ) : steel( )]
Tou = [Talu(l)/' o /Tulu( ) : ulu( )] ' 22

T
T= [Tsteel Talu]

where T is the transient temperature vector of the entire line, which is a 4Nn x 1 time-varying
matrix. Tge and Ty, represent the transient temperature vectors of the steel core and aluminum layer,
correspondingly. These vectors are 4nsN x 1 and 4n,N x 1 time-varying matrices, respectively (n is
the number of layers of the conductor cross-section in the ETN. 75 is the number of steel core layers,
and 7, is the number of aluminum layers, n = n; + ;). The function f describes the calculation process
of the ETN:

{ Tsteel(max) = HTsteel”oor Talu(max) = ”TaluHoo (23)

Tjine = max Tsteel(max)l Talu(max)

The maximum transient temperatures Titee/(max) and Ty (max) €an be obtained by solving the
infinite norms of Ty, and Ty, and the maximum value between Teei(max) and Typy(max) can be used
to characterize the transient temperature of the entire line Tj;,.

5.2. MPTP Strategy of Overhead Transmission Lines

Regarding the safe operation of the transmission line, the maximum allowable value of the
operating temperature of the conductor is usually set. The maximum allowable temperature is
determined by many safety constraints, such as mechanical strength loss, stressing, and sagging.
For rated or normal current-carrying lines, Ty represents the long-term allowable temperature.
For overload lines, a higher temperature value Ty, is set as the short-term allowable temperature of
the conductor. However, the temperature of the transmission line causes permanent damage to its
mechanical strength when it exceeds the limit temperature T}, of the conductor, which requires a timely
removal of the line. The values of Ty, Ty, and T1, depend on many factors, such as types and operating
conditions of the conductor. For ASCR, Ty is typically set to 70 °C, Ty = 100 °C, and Ty, = 120 °C [37].

Therefore, Ty—Ty—T11 set the “safe range” for the temperature rise of the conductor. The MPTP
logic of the line is designed on the basis of the transient temperature calculation trajectory of overhead
transmission lines in Equations (22)—(23), as exhibited in Figure 10.

When Tj;,,, exceeds the alarm temperature Ty, it shows that transmission line is in a state of alarm
condition but safe, and an alarm signal is sent to the dispatching system. When Tj;,, exceeds the
emergency temperature T, taking short-term heat accumulation effect in transient temperature rise
process into account, the temperature—time integral Wy;,,, during overloading is calculated by Equation
(24). The line is tripped off by protection when Equation (25) is satisfied and the real-time calculated
integral is greater than that of Wy, which is the setting value of the thermal integral. The line is
immediately cut off by protection when Tj;,,, exceeds the limit temperature Ty :

Wiine = f (Tiine — Tm)dt, Tiine > Tt (24)

Wiine > Weet (25)
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Figure 10. Logic block diagram of the MPTP based on transient temperature of overhead
transmission lines.

The temperature of transmission lines may fluctuate in a range of emergency temperature
Ty given the change in ambient meteorological condition and power flow of the power system,
as displayed in Figure 10. The transient temperature changes are expressed in t,—t3—t4—t5. Considering
the heat accumulation effect, time ;)5 is recorded when the transient temperature of a transmission
line is under an alarm condition. The previous temperature—time integral Wj;,,, cannot be ignored
when t1ay, is small (for example, ta1arm, < 10 min). Therefore, the previous calculation value must be
stored when the line temperature reduces below Tys. When line temperature is higher than Ty, again,
the temperature-time integral must be calculated on the basis of the previous integral value. However,
when t415m, is large (for example, 4141y > 10 min), the previous integral value should be set to 0 for a
new integral calculation. The mathematical expression is displayed in Equation (26):

0, tiarm > 10 min
Wiine { Wiine,  talarm < 10 min @)
The steel core inside the conductor bears stress and it is the critical factor that affects the sagging
security of the line. Temperature differences are observed between the steel core and aluminum layer of
a conductor cross-section. The standards require that the maximum allowable operating temperature
of the conductor must be reduced to guarantee security when the temperature difference between the
steel core and aluminum layer is greater than 10 °C. Consequently, the setting value of W, must be
adjusted on the basis of the difference between Tiee1(max) and Typy (max), @s expressed in Equation (27).
The common ASCR is allowed to run dozens of minutes under 100 °C-120 °C [38]; thus, W and Wy
can be set to 6000 °C-s and 5000 °C-s in this protection strategy:

We — Wi, Tsteel(max) - Tulu(max) <10 ZC o
Wi, TSifEl(mﬂx) - Talu(max) > 10°C
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The MPTP algorithm for overhead transmission lines is proposed on the basis of the
above-mentioned analysis, as presented in Figure 11. The proposed MPTP includes the following steps:

( Start )
L]

| Initialise (fa]ann = 0» mhw = 0) |

Establish and Update the
Equivalent Thermal Network
by Equations (1)-(18)

Multi-Parameter
Acquisition
(conductor parameters,
real-time meteorological

parameters )

COmPUIC T= [Tslc‘el Talﬂ]l
by Equation (22)

\

Get T line T steel{max) Tm’u(max)
: by Equation (23)

L
Check #,um

by Equation (26)
Y

Sending alarm
signal to dispatch
system and starting
HIMINg #yjamm

A

Set 7190 = 0 and Compute
Wine = Wine + 7 (Tiine = Taf)dlt
¥

- Check W,
by Equation (27)
Sending emergency Yes
- signal to dispatch |-
system
Sending tripping signal
- to dispatch system and [«
Y line breaker
C End )
Cheek faaem ||l Cheek Woor ||
by Equation (26 i |Iby Equation (27) :

[ set Wy, = Wu| [ set W, = W],
L, P ErEere s F

Figure 11. MPTP strategy flowchart of overhead transmission lines.

Step 1: Initialize ta1ary and Wy, to 0. Determine whether the operating current I is greater than
the maximum load current I} max. Proceed to Step 2 when the start-up criterion of protection
I > I} max is satisfied.

Step 2: Obtain the meteorological parameters around the transmission line and conductor parameters.
Then, modify the ETN in real-time by Equations (22) and (23), and calculate the transient
temperature rise response. Proceed to Step 3.
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Step 3:

Step 4:

Step 5:

Step 6:

Assess whether the calculated T};,, is greater than the limit temperature T;. Send a trip signal
to the dispatching system and the breaker of the transmission line to remove the line when
criterion Ty, > Ty is satisfied. End the MPTP algorithm. Proceed to Step 4 when the Tj;;,, does
not exceed T7y.

Determine whether the calculated Tj;,, is greater than the emergency temperature Ty;.
Otherwise, proceed to Step 5. Evaluate the t,1,,, using Equation (26) when criterion Ty,
> Ty is satisfied, and calculate the temperature-time integral Wj;,,.. Then, verify the emergency
thermal setting value W;,; using Equation (27), and compare the values of Wj;,, and Wq,;. If the
criterion Wi;,,, > Wi is satisfied, a trip signal to the dispatching system and the breaker cuts
off the line, and the algorithm ends. If the criterion Wj;,,, > Wy is not satisfied, an emergency
warning signal is sent to the dispatching system, and the algorithm returns to Step 2 to
continue the calculation of transient temperature rise and thermal safety assessment for
transmission line.

Assess whether the calculated Ty, is greater than the alarm temperature Ty. Send an alarm
signal to the dispatching system and start the .., when criterion Tj;,, > T} is satisfied.
Furthermore, return to Step 2. Proceed to Step 6 when criterion Tj;,,, > Ty is unsatisfied.
Determine whether operating current Iy, is lower than return current Kyelr max (Kre is the return
coefficient, generally set to 0.9). End the protection algorithm when criterion I} < Kyel max is
satisfied. Otherwise, return to Step 2, and continue the calculation of the transient temperature
rise response and thermal safety assessment of the transmission line.

6. Case Study for Protection of Overhead Transmission Lines

6.1. Test System

In order to verify the validity and applicability of the above protection strategy, a simulation is
carried out on the modified 29-bus test system (Hydro-Quebec) as shown in Figure 12.

North West Network North East Network

e oo

L EUE STE STE

Brel 5% Relay | >
elay , 11 elay F
T | |
D ) D Iy
MTL Load QUE Load

: Meteorological Region /=1, 2, 3.

Figure 12. Modified 29-bus test system.

The detailed network parameters can be found in [39]. The system assumes that all lines are
LGJ400/35. The conductor parameters are listed in Table A2.

In this case study, the MPTP is applied to Line L2 to verify its feasibility and effectiveness.
Considering that long-distance transmission lines span to different meteorological and geographical

regions, Line L2 is divided into three segments, that is, N = 3. The main meteorological parameters are
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assumed to be known exactly and listed in Table 3, and the relevant meteorological parameters remain
constant during overloading. On the basis of the conductor and meteorological parameters, the ETN
of transmission lines is established in whichn =2,n; =1, and n, = 1.

Table 3. Parameters of meteorological regions.

Regions  Air Temperature (°C)  Wind Speed ! (m/s)  Radiation Intensity (W/m?)

x(1) 30 40 800
x(2) 35 2.0 1200
x(3) 40 1.0 1000

! 1t is assumed that the wind is vertical to the conductor in the case study.

6.2. Results and Discussion

The following situations are analyzed in the modified 29-bus test system (Hydro-Quebec).

Casel: Line L3 is in a normal operation, Line L1 trips at t = 120 s due to a fault, and Line L2
is overloaded.

Case II: Line L3 is disconnected due to maintenance, Line L1 trips at ¢ = 120 s due to a fault, and Line
L2 is overloaded.

Case Ill:Line L3 is disconnected due to maintenance, Line L1 trips at ¢ = 120 s due to a fault, and Line
L2 is overloaded, which is in accordance with Case II. However, the power flow is adjusted
by power system security and stability controls. Thus, the current of Line L2 is reduced at

t=600s.

A specific analysis of the characteristics of MPTP in three cases is expressed as follows:

In Figure 13a, the currents in all cases are greater in Line L2 than the maximum load current.
The start-up criterion of MPTP is satisfied, and the protection calculates and monitors the transient
temperature rise of Line L2. The calculated results of transient temperature rise response of Line L2
during overloading after t = 120 s are plotted in Figure 13b.

In Case I, the transient temperature of Line L2 does not exceed Ty, of 100 °C and T}, of 120 °C,
thus indicating that Line L2 is in a safe operation during overloading. However, the transient
temperature of Line L2 reaches Ty of 70 °C for the first time after 385 s. Thus, the protection sends an
alarm signal to the dispatching system at ¢, = 505 s.

In Case 11, the transient temperature of Line L2 exceeds T of 70 °C after 77 s, exceeds T of 100 °C
after 308 s, and exceeds T, of 120 °C after 514 s. On the basis of the protection strategy, the protection
sends an alarm signal to the dispatching system at t,;, = 197 s, sends an emergency signal to the
dispatching system at ¢,, = 428 s, and calculates temperature-time integral Wy;,,.. Wi, does not exceed
Weet within the interval between Ty of 100 °C and T, of 120 °C. The protection sends a trip signal to
the dispatching system and the breaker to cut the line opportunely when the temperature exceeds 17,
of 120 °C at tys = 634 s.

In Case I1I, the transient temperature of Line L2 is the same as Case II before the operation of
security and stability controls. Therefore, the protection sends alarm and emergency signals to the
dispatching system at t,; = 197 s and t,, = 428 s, correspondingly. The line current is reduced with the
effect of power system security and stability controls. The protection continues to monitor the transient
temperature change trajectory during the operation of controls. The temperature-time integral Wi;,, is
calculated. Wi, = 4420 °C-s in the range of Ty of 100 °C-T}, of 120 °C, which is lower than the thermal
integral setting value W, and the temperature difference between the steel core and aluminum layer
does not exceed 10 °C. Thus, the line can operate safely and stably.

Figure 13c depicts the relevant action signals of protection. MPTP-ALARM represents the line
multi-parameter overload protection alarming signal, MPTP-EMER is the protection emergency signal,
MPTP-TRIP is the protection tripping signal, and TOP-TRIP represents the line traditional overload
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protection tripping signal. The line is cut at t,; = 120.2 s (after a short 0.2 s delay) for the three
above-mentioned cases when the traditional overload protection is applied to Line L2. However,
the action time of protection is increased by 513.8 s when the line adopts MPTP in Case II. In Cases I
and III, the protection does not operate, but the alarm and emergency signals are sent to the dispatching
system at tp, = 197 s and t,, = 428 s, respectively, to ensure the safe and stable operation of the power
grid after the fault.
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Figure 13. Simulation results of transmission line protection in three cases. (a) Current results; (b)
temperature in different zones of the conductor cross-section; (c) Action signals of the MPTP and TOP.

On the basis of the above-mentioned simulation analysis, the MPTP of overhead transmission lines
is different from the traditional overload protection. On the premise of ensuring safety, the MPTP of the
line can maximize the ability of transmission lines to withstand overloading and maintain the integrity
of the power grid. Thus, considerable time is available for the dispatching system to take measures,
such as power flow adjustment and load shedding to eliminate overloading. Moreover, the protection
can constantly monitor the transient temperature trajectory during overloading, and alarm and
emergency signals are sent to the dispatching center appropriately to effectively prevent unnecessary
trips and avoid accidents.

The MPTP calculation time is mainly affected by the values of N, ng, and n,. The average
calculation time of the above-mentioned cases on an Intel i7 computer is approximately 170 ms,
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which satisfies the engineering requirements. In actual projects, the calculation entails a reasonable
selection of N, n,, and n, values based on the meteorological distribution and conductor structure.
Actual engineering application of the proposed protection and effective division method of
meteorological regions are the future work. The effective use of the MPTP delay time to coordinate
power system security and stability control measures also will be investigated in the future work.

7. Conclusions

This paper presented a transient temperature calculation method for overhead transmission
lines based on ETN. This method was applied for overload protection to establish an MPTP strategy.
This protection strategy could reflect the dynamic safety state of transmission lines well during
overloading, which could effectively avoid cascading tripping and ensure the safe operation of a
power grid. The following main conclusions were drawn from this study:

e  Conductor cross-section heat transfers under overloading conditions can be characterized in three
types, namely, radial and circumferential heat conduction, convection, and radiation. The ETN
can integrate the above-mentioned types and simultaneously reflect the temperature-dependent
characteristics of resistivity, thermal convection resistance, and radiant heat flux. The comparison
of the calculated results with the experimental results shows that the calculation precision of the
ETN is better than the IEEE and CIGRE standard models. The calculated relative error does not
exceed 7.59% under 95% confidence interval.

e The transient temperature estimation of transmission lines based on ETN can objectively
characterize the dynamic safety state of the entire line. In comparison with the DTLR, the proposed
method can better reflect the effects of non-uniform meteorological distribution along the line and
the different temperature rise responses in different parts of the transmission line.

e The MPTP of the transmission line can provide more time than the TOP when eliminating
overloads. The delay time of the MPTP does not reduce transmission line security, which is
derived from the electro-thermal coupling analysis of the line. The MPTP calculation time can
satisfy the engineering requirements, as confirmed by the case study.

The finer temperature modelling and calculating of entire line under complicated environment
(e.g., coupling between wind, rain, ice) will be researched in the follow-up study.
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Appendix A
The specific parameters of submatrix Ay (j, k=1,2, ..., n)in Equation (4) are expressed as follows:
A k=1 A/]{fl k:i_.l
where ifj=1, Ay = { Ap k=2 ,ifj=2,3,...,n—1, A4 = Ji ) ifj=n,
0 k=else i
0 k = else

A1 k=n-1
Apk = Ann k=mn
0 k = else
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By adopting the form of Equation (6), the corresponding elements of submatrix Aj; are:

a?lu - (Caltha + Calerl + Ca12R)\1 )’Q?ZH - afl‘1411 - #RM

aélZ“ - (Cblthb + Cblerl + szRAl)’a?l“ - aél?}l - ﬁ

agl = - (Clehc +ory T ok )f”gzn = aylt = R (A1)
ail“ - (Cdlthd + Cd11Rr1 T Cd12R/\1 ),alel - agl - ﬁ

Remaining elements are 0

The corresponding elements of submatrix Ay, are:

Ap 1 Ap 1 Ap 1 Ap 1

1" = CuRy"2° = TRy 738 T TRy Mad” T TR, . (A2)
Remaining elements are 0

The corresponding elements of submatrix Aj;; are:

N — I
11 Ca] rj—1 722 Cth,]',]
/- 1 y/ - 1 . (A3)
33 TR, 1 44 CyRri

Remaining elements are O

The corresponding elements of submatrix Aj; are:

”?{j == (c,,/-I%,]-,1 + c[,le,/- + ca]%zAj)/”?éj = ”ﬁj = caleM-
”?éj =- (Cbﬂ%y}-,l + chle,]- + cbﬁzM-)f“?{i = ”12? = ﬁ
il = - (chI%rH tow Ccﬁ%’)’ay =] = Ry (A9
ay = - (c,;,jz%,]-,1 + cdler]- + CdﬁzM)/%ﬁ =y = ﬁ
Remaining elements are 0
The corresponding elements of submatrix Ajj,1 are:
”ﬁm = or -r“?ém = or;
aj bj™rj
“?:gjﬂ = ﬁ/“ﬁm = cdle,j ) (A5)

Remaining elements are 0
All the elements in submatrix A, _1 are 1/(Cme_1), and Ay, = (—4/(Cme_1))diag(1,1,1,1).

Appendix B

Table Al show that the main parameters of the experimental equipment in temperature rise test
platform. Table A2 show that the main parameters of ACSR LGJ400/35 conductor.
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Table A1. Main parameters of experimental equipment in temperature rise test platform.

Name Model Number Main Specification

Steel frame Self-made 0.8 x 0.8 x2.0m

Rated capacity: 30 kVA

Large current generator SDDL-5000Q Output current: 0-5000 A

Accuracy: 0.1 %

Controllable blower HB-429 Wind speed: 0-10 m/s
Ratio: 3200/5 A

Current transformer LXZK-0.66 Rated Burden: 15 VA

Accuracy: 0.2 %
Range: —70 °C—+500 °C

Temperature sensor PT1000 Accuracy: £0.03 °C (class 1/10B)
. Range: 0-60 m/s, 0-359°
Ultrasonic anemometer HY-WDS3 Resolution: 0.01 m/s, 0.1°
Radiation intensity SPN1 Range: 0-2000 W /m?
measuring instrument Resolution: 0.6 W/m?
Multi-channel data Agilent 34970A & 34901A Scan rate:250 Channels/s

acquisition device Resolution: 22 bits

Table A2. Main parameters of ACSR LGJ400/35 conductor.

Parameter Value
Conductor outside diameter Dy (mm) 26.82
Steel core diameter (mm) 7.5
Aluminum outer strand diameter (mm) 3.22
Sectional area (mm?) 425.24
Emissivity ¢ 1 0.9
Solar absorptivity 6 2 0.9
Steel specific heat capacity at 20 °C, ¢ (J/kg- °C) 481
Aluminum specific heat capacity at 20 °C, c, (J/kg- °C) 897
Steel mass per unit length, m; (kg/m) 0.267
Aluminum mass per unit length, m, (kg/m) 1.079
Mass per unit length of steel (kg/m) 1.349

! The new or light conductor emissivity ¢ is in the range of 0.2-0.5; the old or black conductor emissivity e is in the
range of 0.9-0.95; 2 the conductor solar absorptivity d is in the range of 0.2-0.95.
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