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With the rapid growth of power demand, the conductor ampacity calculation meth-
od based on the dynamic thermal rating (DTR) becomes more and more important.
Based on the shortcomings of the current DTR models, a new DTR model that does
not need to measure the wind speed and the operating state of conductor is pro-
posed, which is called the equivalent heat transfer (EHT) model. However, there
are still shortcomings in the accuracy of the EHT model in application. In this pa-
per, the EHT model is improved at first according to the consideration of the effect
of air physical parameters and the redetermination of the experimental parameters
of the EHT equipment. Then, the operation of EHT equipment is simulated through
the established experimental platform. The improved EHT model is verified by the
IEEE standard. Finally, the sensitivity analysis of the improved EHT model is car-
ried out. The results show that the improved EHT model is greatly improved on ap-
plication accuracy compared to the original EHT model. Moreover, the improved
EHT model can choose the steady-state temperature at any position on the surface
of the aluminum ball to calculate the conductor ampacity, and the relative error
does not exceed 6%. The improved EHT model is reliable and can meet the safe
operation requirements of the power system in practical engineering applications.

Key words: conductor ampacity, improved EHT model, sensitivity analysis,
overhead lines, and heat transfer

Introduction

With the rapid economic development, the demand for electricity continues to in-
crease. However, limited by the challenges such as long construction period, difficult land ac-
quisition, ecological and environmental protection requirements, efc., it is difficult in investment
and construction of new overhead lines to meet the urgent demand of electricity for economic
development [1, 2]. As a result, taking full advantage of the transmission capacity of existing
overhead lines can alleviate this urgent demand [3, 4].

The transmission capacity of the overhead lines can be characterized by the ampac-
ity. The ampacity refers to the maximum current that meets the design safety standards of the
overhead lines, while the conductor is at the maximum allowable operating temperature [5]. At
present, the static thermal rating (STR) technology has been widely used, while the calculated
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conductor ampacity is generally conservative [6]. Practically, the heat dissipation conditions
of overhead lines in the actual operating environment are far better than the hypothetical con-
ditions of STR. Therefore, a DTR technology has been proposed [7]. The DTR technology is
to calculate the actual conductor ampacity according to the real-time weather conditions and
conductor operating conditions [8-10]. It can give full play to the power transmission capacity
of the conductors [9, 10].

In recent years, many DTR models have been developed [11]. For example, models
based on weather parameters need to measure the weather parameters such as ambient
temperature, solar irradiance, and wind speed [12]. However, many sensors have to be involved.
Especially, for wind speed sensors, there are problems such as large measurement errors and
expensive cost [13]. The model based on the operating state of the conductors needs to measure
the temperature and sag of the conductors [14, 15]. For this type of DTR model, the sensor
requires to be installed or serviced after power outage, which makes daily operation and main-
tenance difficult [16].

Liuetal. [17] proposed a DTR model that did not need to measure the wind speed or
the operating state of the conductors, which was called the EHT model. The model indirectly
reflected the convective heat loss rate of the conductors by monitoring the steady-state thermal
behavior of an ideal aluminum, Al, ball, so as to realize the evaluation of the conductor
ampacity. Since the convective heat loss rate changes in real time, the steady-state thermal
behavior of Al ball is also variable in real time. In this situation, the calculated conductor
ampacity changes in real-time. The verification of the model was finished based on finite
element modelling. In this case, the thermal behavior of the ideal Al ball can be obtained by
the finite element method. However, in practical applications, there are structural differences
between the Al ball in the EHT model and the ideal Al ball. At present, the calculation error
caused by this structural difference is not clear. In addition, in the process of establishing the
relationship between the Al ball and the conductor, the influence of the air physical parame-
ters is also not considered.

In this paper, the EHT model is improved firstly. On the one hand, the correlation
between the conductor and the Al ball is reestablished through theoretical analysis. The influ-
ence of the air physical parameters is emphatically considered. On the other hand, according
to the theoretical calculation formula of the Al ball convection heat transfer, the experimental
parameters of the Al ball of the EHT equipment are calculated. Then, the operation of the EHT
equipment (including the Al ball) in application is simulated through the wind tunnel exper-
iment platform. By comparing with the calculation results of the conductor ampacity in the
IEEE standard, the improvement effect of the EHT model is analyzed, and the accuracy of the
improved EHT model is verified. Finally, the sensitivity analysis of the improved EHT model
is presented, and the critical condition of model reliability is determined.

The equivalent heat transfer model
Calculation process of the equivalent heat transfer model

The EHT model is a model that realizes the DTR calculation of the overhead lines
based on the correlation of heat loss between the heating Al ball and the conductors in the
same environment. This model involves a heating Al ball, which is placed near the overhead
conductor. Since the Al ball and the conductor are in the same environment, their weather con-
ditions (including ambient temperature, solar irradiance, and wind) are the same. Based on this
situation, the heat loss of the Al ball can be calculated by the thermal behavior of the Al ball
(i.e., steady-state temperature) in a certain environment. According to the correlation of the heat
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loss between the Al ball and the conductor, the convective heat loss of conductor is obtained.
Then the ampacity of conductor in this environment can be evaluated. As a result, the Al ball is
used to indirectly calculate the convective heat loss of conductor.

The steady-state thermal behavior of the Al ball can be expressed by the heat balance
equation:

Ges T s = dss T4y (1)
where q., g5, g5, and g, respectively, are the convective heat loss rate, the radiant heat loss
rate, the solar heat gain rate, and the internal heat source rate of the Al ball. The solar heat gain
rate g, and the radiant heat loss rate ¢, of the Al ball can be easily calculated according to the
monitored weather parameters [17].

After setting the heat source power in the Al ball (i.e. g,), the steady-state tempera-
ture results of the Al ball can be used to calculate its convective heat loss rate ¢.,. Through the
Newton cooling formula, the convective heat transfer coefficient of the Al ball can be obtained:

q
h: cS
nl*(T, -T,) @

where / is the convective heat transfer coefficient of the Al ball, / and 7, are the diameter and
surface temperature of the Al ball, respectively, and T, is the ambient temperature.

In the heat transfer theory, the convective heat transfer coefficient is related to a series
of dimensionless parameters. The convection heat transfer includes two forms: natural-convec-
tion and forced convection. The natural-convection can be equivalent to the forced convection
with wind speed not exceeding 0.2 m/s [17, 18]. Therefore, the convective heat transfer of the
Al ball can be treated in the form of forced convection. That is, the relationship between the
convective heat transfer coefficient of the Al ball and the related dimensionless parameters can
be written [19]:

hk

Nu = ls 3)

Hy

where k; is the thermal conductivity of air, u, and u,, are the dynamic viscosity of air at the
characteristic temperature and the average surface temperature of the Al ball, respectively, a
and b are constant parameters. The Re,, Pr, and Nu are all dimensionless parameters, which are
the Reynolds number, Prandtl number, and Nusselt number of the Al ball, respectively. Whita-
ker [19] provides the parameters (i.e., &, i, i, Pr, @ and b) in eqgs. (3) and (4), where a = 0.4,
b=0.06in [19].

The correlation of Reynolds numbers between the conductor and the Al ball [17]:

Re,="Re, 5)
where Re, is the Reynolds number of the conductor and D, is the diameter of the conductor.
Therefore, after determining the convective heat transfer coefficient of the Al ball, the Reynolds
number, Re,, of Al ball can be obtained according to eqgs. (3) and (4). Furthermore, the Reynolds
number, Re,, of the conductor can be calculated based on eq. (5).

Similarly, the steady-state heat balance equation of the conductor is shown:

1/4
T .

I’R(T,)+q,=q, +q, (6)
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where ¢, q., ¢., are the solar heat gain rate, the convective heat loss rate, and the radiant heat
loss rate per unit length of the conductor, respectively, / is the AC current of conductor, and
R(T,) is the AC resistance of the conductor per unit length when the conductor temperature is 7..
When the conductor temperature 7; takes the maximum allowable operating temperature 7%
(70 °C), the calculated current value is the ampacity /., of the conductor:

4. t4. 4
I — C I S 7
amp R(TC ( )

,max )

The solar heat gain rate g, and radiant heat loss rate ¢, of the conductor can be eas-
ily determined by weather parameters, and the convective heat loss rate ¢. is determined by
the equations related to the conductor Reynolds number, Re.. The expressions of the afore-
mentioned parameters, including R(7T), ¢s, ¢., ¢, etc., can be found in the IEEE standard [18].

Combining with the flowchart of calculating the conductor ampacity in the EHT mod-
el in fig. 1, this model can avoid the shortcomings of inaccurate calculation of the conductor
ampacity caused by the measurement error of the wind speed sensor. In this paper, the type of
conductor is ACSR 240/30 mm? for the ampacity calculation.
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Figure 1. Calculation flowchart of conductor ampacity in the EHT model
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The basic composition of the EHT equip-
ment includes a power module, a data transmis-
i Albal sion system, and an Al ball system, as shown
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central control system, and the TCP protocol
is used to transmit data. For the Al ball sys-
tem, a heating resistor is placed in the center
of the Al ball, and the heating resistor and the power supply are connected by copper wires.
The Al ball needs to be supported and fixed, so a support rod made of polyether ether ketone

Figure 2. Schematic diagram of
the EHT equipment
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matrix composite with good thermal insulation performance is designed at the bottom of the
Al ball [20].

Improvement of the equivalent heat transfer model

In the EHT model, the physical parameters such as the air density and the air dynamic
viscosity are ignored in the process of establishing the correlation of the Reynolds numbers
between the conductor and the Al ball. Moreover, the determined experimental correlation pa-
rameters in the Al ball convection heat transfer are derived based on the ideal Al ball. Howev-
er, the Al ball in the actual EHT equipment is different from the ideal Al ball. Therefore, it is
necessary to improve the existing EHT model to reduce or eliminate the errors caused by the
previous two points.

Improvement of correlation befween the conductor and the Al ball

According to the Reynolds number egs. (8) and (9) of the conductor and the Al ball,
the relational expression of the Reynolds numbers between the conductor and the Al ball is as
shown:

D,
Rec — Oprw (8)
Hi
lpV.
Res — pS W (9)
H
D,
Re, = 2 Z0Re. (10)
pflus l

where p, and py, represent the air density at the characteristic temperature of the Al ball and
the conductor, respectively, u, and u;, represent the air dynamic viscosity at the characteristic
temperature of the Al ball and the conductor, respectively. The characteristic temperature of the
Al ball is equal to the ambient temperature 7,. The characteristic temperature of the conductor
is equal to the average value of the conductor temperature and the ambient temperature [18]:

" p@)#[n;mj
o(1) =2 — (11)
0
Peby p(Taj jua;)

Let eq. (11) as a correction function of the correlation eq. (5) between the Al ball
and the conductor. It is a function related only to the ambient temperature. Compared with the
correlation eq. (5), the correlation eq. (10) improved by the correction function considers the
differences for the air density and air dynamic viscosity of the Al ball and the conductor. The
improved model can get a more accurate calculation result of conductor ampacity.

Improvement of experimental correlation parameters
in convection heat transfer of the Al ball

Through the introduction of the EHT equipment in section The equivalent heat transfer
equipment, it is found that the Al ball in the EHT equipment is connected by a support rod. This is
the structure difference from the ideal Al ball. The heat insulation of the supportrod is not absolute
(0.25 W/mK). The influence of the support rod on the thermal behavior of the Al ball is ana-
lyzed by the finite element modelling.
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According to the structure of the EHT equipment, a finite element simulation model of
the Al ball system is established by using the finite element software COMSOL. The radius of
the Al ball is 1.5 cm. There is a cylindrical heating space with a radius of 0.3 cm and a height of
0.5 cm in the center of the Al ball. The size of this cylindrical heating space is the same as that
of heating resistor. The heating resistor is connected to the power supply through two copper
wires, and the heat source power is 0.75 W. In addition, the length of the support rod is 15 cm.
The boundary conditions of the thermal field contain the heat radiation and heat convection on
the surface of Al ball. The simulation of heat radiation is achieved by setting the emissivity of
the Al In this section, the emissivity is set as 0.2 for calculation. The simulation of heat con-
vection is realized by thermal-fluid coupling. Then, the standard k-¢ model of the turbulence
model is adopted to solve the fluid field. Moreover, it is noted that the effect of air gravity is also
considered during the solution of fluid field.

Figure 3 shows the steady-state temper-
Leewardside 1220 ature distributions of the ideal Al ball and the Al
LT 761 |2 ball with a support rod with the ambient tem-
A |, perature of 20 °C and a wind speed of 1 m/s.
Mié"ﬁg?::tﬂ'%é oo zo  On the left side of the picture is the ideal Al
Ton=2793 T Tn=2583. NS %5 ball, and on the right side of the picture is the
Al ball with a support rod. From the figure, the
Figure 3. Thermal behavior of ideal Al ball and ‘Femperature of the Al ball.With the support rod
Al ball with support rod is lower than that of the ideal Al ball overall.
Therefore, the support rod can affect the ther-

mal behavior of the Al ball.

In the EHT model, the parameters a and b in the convection heat transfer of the Al ball
as shown in eq. (4) are determined by the experimental correlation formula [17, 19]. First, based
on the heat balance eq. (1), the thermal behavior of the Al ball under different environmental
conditions is obtained through experiments. Combining the Al ball temperature with the weath-
er data obtained from the measurement, the Nusselt number of the Al ball can be derived from
egs. (1)-(3). On the other hand, according to the calculation eq. (9), the Al ball Reynolds number
under the corresponding conditions can be obtained. Defining the parameter Y according to eq.
(12), and based on eqs. (4) and eq. (12), eq. (13) can be derived, which shows a set of data points
of Y and Reynolds number that are related to each other. The least square method can be used
to solve the parameters a and b in the equation. When the experimental object is an ideal ball,
the parameters a and b are determined to be 0.4 and 0.06 [19]:

~ Leeward side
A 7\ - temperature
Tmax = 30.06

Nu-2
- 1/4
Pro4 [ Hy ] (12)
Hy
Y = aRe!” + bRe2® (13)

There is a structural difference between the Al ball of the EHT equipment and the
ideal ball. In other words, the research object of this paper is the Al ball with a supporting
structure. Therefore, the parameters @ and b obtained by the ideal ball are not suitable for the
actual model. It is necessary to re-determine the values of parameters a and b for the Al ball
of the EHT equipment in practical applications. Firstly, the temperature distribution of the Al
ball under the operating conditions is obtained through finite element simulation, in which, the
ambient temperature is in the range of 0-40 °C, and the wind speed is in the range of 0-10 m/s.
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In this section, the calculation result of the minimum surface temperature of the Al
ball is used for the fitting analysis. According to the method of determining the parameters a
and b in the EHT model, the data correlation between Y including Nusselt number and Reynolds
number is obtained by egs. (1)-(4) and eq. (12), as shown in fig. 4. It is found intuitively from
the figure that there is a linear relationship between Y and Reynolds number in logarithmic
co-ordinates. According to the principle of the least square method and combining with MAT-
LAB to fit this set of data, the parameters a and b are 0.6401 and 0.1534, respectively.

To test the adaptability of the obtained parameters and ensure the effectiveness and
practical applicability of the curve fitting, it is necessary to carry out residual analysis on the
fitting results. The R? is introduced to reflect the fitting degree of the curve, and the result is
0.9966, which is close to 1. This shows that the fitting is good and the reliability is high [21].

To sum up, based on the improvement of the correlation between the Al ball and
the conductor by the correction function, and based on the improvement of the experimental
correlation parameters in the convection heat transfer of Al ball, an improved EHT model is
obtained.
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Figure 4. Correlation between Nusselt number and Reynolds number;
(a) linear co-ordinate and (b) logarithmic co-ordinates

Experimental verification
Experimental system and scherme

For the purpose to verify the accuracy of the improved EHT model in practical ap-
plication and the improvement effect of the model, a wind tunnel experimental platform is
designed and built to simulate various weather conditions. The schematic diagram of the wind
tunnel experimental platform is shown in fig. 5.

The entire experimental system is divided into two parts: the Al ball temper-
ature rise measurement system and the wind tunnel experimental system. The Al ball tem-
perature rise measurement system includes a DC stabilized power supply, a temperature re-
corder, thermocouples, and an Al ball system. The DC stabilized power supply can adjust the
power of the heating resistor. The temperature measurement range of the thermocouples is
—200~350 °C, and its error is £0.5 °C. Thermocouples are, respectively placed on the windward
side, leeward side, and crosswind side of Al ball (i.e., points of 7}, 75, and 75 in fig. 6) to meas-
ure the temperature distribution of the Al ball.

The wind tunnel experiment system is a fully enclosed circulation system, which
can make the air-flow of the operating platform stable, and the wind speed tends to be sta-
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Figure 5. Schematic diagram of wind tunnel experimental platform;
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bilized [22]. The dimension of the operating
platform is 1250 mmx= 1100 mm X900 mm,
which is enough to ensure that the temper-
ature field around the Al ball is not affected
by the wind tunnel wall. The wind tunnel ex-
periment system includes two parts: a wind
speed control system and a temperature con-
trol system. The wind speed control system
is composed of a negative pressure fan and
a speed console. The speed console controls
the speed of the negative pressure fan through
a servo motor to adjust the wind speed. A
thermosensitive anemometer is used to meas-
ure the wind speed during the experiment
with the range of 0.2-10 m/s, the resolution of
0.01 m/s, and the error of £0.1 m/s. The rotate
speed of the motor (i.e., n in fig. 7) has a linear
correlation with the measured wind speed (i.e.,
V. infig. 7), as shown in fig. 7. The temperature
control system consists of an air conditioner and
a cooling module. The air conditioner can ad-
just the temperature range of the experiment en-
vironment. The power of the cooling module is
0~600 W, which is used to discharge the heat
generated by the motor out of the operating
platform.

To achieve the verification of the im-
proved EHT model, the thermal behavior of the

Al ball should be obtained. Therefore, the following experimental scheme is set up in this paper.
A constant heat source power of 0.75 W is applied to the Al ball within the range of ambient
temperature of 20-34 °C. The steady-state experiment of the Al ball equipment at the rotate
speed n of 250 rpm, 500 rpm, 750 rpm, and 1000 rpm are conducted, respectively, and the
steady-state temperature at the windward side, leeward side, and crosswind side of Al ball are

recorded.
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Discussion of experimental results

The thermal behavior of the Al ball is obtained by the wind tunnel experiment plat-
form. The recorded Al ball temperature and the corresponding wind speed and ambient tem-
perature are brought into the original EHT model to calculate the ampacity of conductor, and
the ampacity is compared with the ampacity calculated by the IEEE standard under the same
meteorological conditions. The result is shown in fig. 8. The black dots (V) represent the am-
pacity result I, calculated by the IEEE standard. The red (e), blue (A), and green (m) points,
respectively represent the ampacity results calculated from the windward side temperature,
leeward side temperature, and crosswind side temperature of Al ball, respectively.

In fig. 8, no matter whether the temperature calculation on the windward, leeward
or crosswind sides of the Al ball is selected, the calculated ampacity curves are all above the
IEEE standard. In other words, the ampacity calculated by using the EHT model at any point on
the surface of the Al ball is greater than that calculated by the IEEE standard. This is because
the heat loss of the Al ball is not only composed of the radiation heat loss and convection heat
loss, but also part of the heat is lost to the support rod through heat conduction. This leads to a
decrease in the overall temperature of the Al ball. Therefore, the heat loss of the current envi-
ronment is overestimated, and then a higher ampacity value is calculated.
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Figure 8. Comparison of ampacity results from original EHT model and IEEE standard;
(a) V,,=0.56 m/s, (b) V,,=1.12 m/s, (¢) V,,=1.67 m/s, and (d) V,, = 2.22 m/s

Figure 9 shows the relative error between the ampacity results of the original EHT
model and the IEEE standard in the form of a bar graph. In the figure, the red — 2, blue — 3, and
green — 1 bar graphs, respectively represent the relative errors between the ampacity results
calculated from the windward side temperature, leeward side temperature, and crosswind side



Peng, X., et al.: Improvement and Sensitivity Analysis of Equivalent Heat ...
4678 THERMAL SCIENCE: Year 2022, \Vol. 26, No. 6A, pp. 4669-4683

temperature of the Al ball. They are represented by err,., err.., and errgq., respectively and
calculated by eq. (14). With the increase of wind speed, the error shows an upward trend. The
ampacity error calculated from the temperature on the leeward side of the Al ball is less than
that on the windward and crosswind sides. However, in all the results calculated by the original
EHT model, the minimum relative error is more than 16% and the maximum is 37%. Therefore,
excessive conductor ampacity results can lead to the incorrect assessments in engineering. In
this situation, the conductor may overheat. This is unacceptable to the power system:

1 -1
err, = |xl—m|x 100%, (x =ww,lee,side) (14)
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Figure 9. Relative errors of ampacity results from original EHT model and IEEE standard;
(a) V, =0.56 m/s, (b) V,,=1.12 m/s, (¢) V,,= 1.67 m/s, and (d) V,, = 2.22 m/s

Then, the experimental data is brought into the improved EHT model to calculate the
conductor ampacity, the IEEE standard calculation is conducted under the same meteorological
conditions, and the relative errors are also calculated. The results are shown in figs. 10 and 11.

In fig. 10, the ampacity results calculated by the improved EHT model decrease with
the increase of ambient temperature and increase with the increase of wind speed. The ampacity
calculated from the temperature measured at any position on the surface of the Al ball is basi-
cally below the calculation result of the IEEE standard. In other words, the conductor ampacity
results calculated by the improved EHT model are all lower than that of the IEEE standard
calculation results.

In fig. 11, the maximum error of ampacity calculated by the leeward side temperature
is no more than 6%, while the ampacity errors calculated from the windward and crosswind
sides temperature of the aluminum ball are relatively small, and the maximum is not more than
5%. This is because the improved EHT model is obtained through the experimental correlation
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formula, i.e., eq. (4), based on the finite element simulation data on the windward side of the Al
ball. In addition, the temperatures on the windward and crosswind sides measured during the
experiment are relatively close.

750 - — 850 —a
V. T T side v side
—_ u Sv.
= 720 f§lﬁv T = '\'l"\ T
= \ \.}'v>' —a— £ 8201 ._.\ v. —A—
lee -~ () n lee
A N
6901  a A:\/ ‘\-\v —v— 1, A \.><\'/ —v—,
a \A\ 790 - N\
660 | i - \ .\I
\A\\ \A/ . N
630 \' 7e0r \
A
A
600 1 1 1 1 1 1 1 730 1 1 1 1 1
20 22 24 26 28 30 32 34 20 2 24 26 28 30
@ (AN (b) 7.[°q
9207 .
™~ —a— L o —u— l
—_ P — —e—
= goor .\ . % -
¢ 890 £ 960} —a—
- R .\ V. —A— . =~ o, .\\' fee
AN ° —v— | 4 ™
» %

N\
=<

860
\ \'<:><. '\
Ay A\ \. L—A >
830 A— ¢ 900t Am .
“:/\ )
N \
A
800 : . : . ! 870 . . . )
20 22 24 26 28 30 20 22 24 26 28

(9 [Axe! (d) 7,[°q

Figure 10. Comparison of ampacity results from improved EHT model and IEEE standard;
(a) V,,=0.56 m/s, (b) V,, = 1.12 m/s, (¢) V,, = 1.67 m/s, and (d) V,, =2.22 m/s

To sum up, in practical applications, the improved EHT model calculates ampacity by
selecting the temperature of any point on the surface of the Al ball. Compared with the IEEE
standard, the maximum error is no more than 6%, which can meet the requirements of actual
engineering applications. It shows that the improved EHT model calculation results are reliable
and can meet the safe operation requirements of the power system in practical engineering
applications.

Sensitivity analysis of the improved equivalent heat transfer model
Sensitivity calculation

According to the ampacity calculation process of the improved ETH model, the input
parameters of the model include the Al ball temperature, 75, the ambient temperature, 7,, the
solar irradiance, Q;, and the wind direction, ¢. In practical applications, the deviations in the
measurement of these parameters can result in inaccurate calculation of ampacity by the im-
proved EHT model. As a result, the sensitivity analysis can be used to determine the degree of
influence for this interference on the improved EHT model. The following analysis focuses on
the sensitivities of the Al ball temperature, the ambient temperature, the solar irradiance, and
the wind direction the ampacity results calculated by the improved ETH model.

The ampacity result calculated by the improved EHT model has a functional relation-
ship I (T, T,, O, @). Taking the sensitivity of the parameter x to the ampacity as an example,
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Figure 11. Relative errors of ampacity results from improved EHT model and IEEE
standard; (a) V,, = 0.56 m/s, (b) V,, =1.12 m/s, (¢) V,,=1.67 m/s, and (d) V,, = 2.22 m/s

the partial derivative of the parameter x to the ampacity needs to be solved to calculate the
sensitivity. The calculation for the sensitivity of ampacity relative to the parameter x is shown:

ol

olx |

St=—"="=4
CaT T (15)

X

Bring T, T,, O,, ¢ into x, respectively to get the sensitivity of ampacity relative to these
parameters. According to the improved EHT model and eq. (15), the ampacity and sensitivity
are calculated. In the calculation process, the parameters values and ranges are shown in tab. 1.

Table 1. Value range of parameters in sensitivity calculation

Sensitivity T, [°C] T, [°C] Qs [Wm?] o [°]
I relative to T, 38-70 35 0 90
I relative to T, 45 0-40 0 90
I relative to Qs 40 35 0-1000 90
[ relative to ¢ 40 35 0 0-90

The ampacity and sensitivity are represented by /., and S, respectively, and the anal-
ysis results are shown in fig. 12.

In figs. 12(c) and 12(d), the sensitivity of solar irradiance and wind direction current
carrying capacity is about 0, and the change of current ampacity is relatively small. This shows
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that the solar irradiance and the wind direction are weak correlation parameters of the improved
EHT model. When there is a measuring error in the solar irradiance and the wind direction, the
influence on the model is small. Therefore, the influence of the disturbance from solar irradi-
ance and wind direction on the model are no longer discussed in this paper. In figs. 12(a) and
12(b), the ampacity is more sensitive to the Al ball temperature and the ambient temperature,
especially for the Al ball temperature. When the Al ball temperature is low, the sensitivity is
high. When the temperature of the Al ball changes by 1%, the ampacity calculated by the mod-
el changes by more than 6%. The ampacity changes dramatically as the Al ball temperature
changes. Therefore, the Al ball temperature is a strong correlation parameter of the improved
EHT model. The improved EHT model is greatly affected by the temperature disturbance of the
Al ball. Based on the aforementioned analysis, it is necessary to determine the application scope
of the improved EHT model.
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Figure 12. Sensitivity analysis of improved EHT model; (a) Al ball temperature,
(b) ambient temperature, (¢) solar irradiance, and (d) wind direction

Reliability critical conditions

In order to evaluate the reliability of the improved EHT model in practical application,
the application scope of the improved EHT model is determined. In this paper, the sensitivity of
calculated ampacity relative to the Al ball temperature is controlled within —3 to +3. According
to this restricted condition, the range of model parameters is determined.

It can be seen from fig. 12(a) that the absolute value of the ampacity sensitivity rela-
tive to the Al ball temperature decreases with the increase of the Al ball temperature. When
the Al ball temperature exceeds the critical value T, the sensitivity can be limited within +£3.
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Therefore, the critical Al ball temperature needs to be determined to evaluate the reliability of
the model. The temperature range of the Al ball is changed under different ambient temper-
atures. When the heat source power of the Al ball is constant, the determined critical Al ball
temperature is a function related to the ambient temperature.

According to the improved EHT model and the designed MATLAB program, the
related function between the critical Al ball temperature and the ambient temperature is deter-
mined. The ambient temperature is 0-40 °C, and under each ambient temperature value, the Al
ball temperature is higher than the ambient temperature but not more than 70 °C. Then, a series
of sensitivity values can be obtained. When the sensitivity is within +3, the Al ball temperature
is the critical value at this ambient temperature. Using this method, a set of Al ball critical tem-
perature T, and ambient temperature 7, data are obtained. The curve fitting is performed on
the obtained data to get the correlation between the critical Al ball temperature and the ambient
temper ature:

T = 1.146T, +0.5341 (16)

The residual analysis of the fitting results shows that R? is equal to 0.9994. This result
indicates that it has good fitting and high reliability.

In summary, the reliability of the improved EHT model can be evaluated according to
the correlation between the critical Al ball temperature and the ambient temperature. In prac-
tical applications, if the measured Al ball temperature is lower than the critical Al ball temper-
ature, it indicates that the reliability of the model is low, and the influence of the disturbance
caused by the measuring error cannot be ignored. Moreover, the Al ball temperature can be
higher than the critical temperature by adjusting the heat source power of the Al ball in the EHT
equipment to meet the reliability requirements of the model.

Conclusions

At first, the EHT model proposed in [17] is improved in this paper. The improvement
includes two aspects. One is that the effect of air density and air dynamic viscosity are consid-
ered when establishing the correlation between the conductor and the Al ball. The other is that
the experimental correlation parameters of the Al ball are determined again according to the
theoretical calculation formula of convection heat transfer. Subsequently, combined with the
experimental platform, the operation of the Al ball in the EHT equipment is simulated, and the
improved EHT model is verified by IEEE standard. Finally, the sensitivity of the improved EHT
model is analyzed, and the critical conditions of the model reliability are determined.

The results show that the improved EHT model has greatly improved the result ac-
curacy in application, and the improvement effect is significant. Moreover, compared with the
original EHT model, the improved EHT model can choose the steady-state temperature at any
position on the surface of the Al ball to calculate the conductor ampacity, and the relative er-
ror does not exceed 6%. Based on the sensitivity analysis results, the Al ball temperature is a
strong correlation parameter of the improved EHT model. The improved EHT model is reliable,
which can meet the safe operation requirements of the power system in practical engineering
applications.
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Nomenclature

IEEE - Institute of Electrical and Electronic Engineers DTR - dynamic thermal rating

EHT - equivalent heat transfer STR - static thermal rating
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