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ABSTRACT The fully insulated busbar has been extensively used in power and shipboard applications due
to its favorable economic efficiency and excellent performance. Because of contact resistance and larger
insulation thermal resistance, the joint, in certain circumstances, form a hotspot in the circuit. For hotspot
temperature monitoring, therefore, this paper proposed an indirect approach which consists of radial direction
temperature calculation (RDTC) in the busbar and axial direction temperature calculation (ADTC) in the
conductor. The RDTC is to calculate the conductor temperatures from the surface temperatures of busbar in
two different spots near the joint through the transient thermal network. The ADTC is to estimate the hotspot
temperature from the conductor temperatures obtained in the RDTC using a fitted functional expression.
The influence of solar radiation on the temperature distribution is greatly reduced by averaging the surface
temperature in the RDTC and adjusting the functional form in the ADTC. A temperature-rise test on a
practical insulated busbar taped joint was performed outdoors in hot summer to validate this approach. The
calculated hotspot temperature agrees well with the measured result with a maximum error of only 3.8 K,
indicating the high model precision and strong robustness to the solar radiation impact. Some factors in
the applications of temperature monitoring are also discussed. This method is expected to be applied to the
engineering application, thus improving the condition monitoring of the fully insulated busbar.

INDEX TERMS Fully insulated busbar taped joint, solar radiation, temperature monitoring, transient thermal

network, thermal analysis.

I. INTRODUCTION
The solid insulated busbar, commercially available mainly
in Europe [1]-[3], is normally intended for the electrical
connections of power equipment with rated current from
several to over 10 kA. In power utility and shipboard appli-
cations, the solid insulated busbar offers many advantages
over conventional cable or gas insulated busbar, such as
high ampacity, excellent dielectric property, compact dimen-
sion with reduced bending radius and so on [4]-[6]. There-
fore, this product has been widely used around the world,
such as Austria, Switzerland, Japan, USA and especially
China, where the total length of the solid insulated bus-
bar up to 35 kV was nearly 200 km in 2014 for various
applications [2], [4], [7]-[9].

In terms of the insulation modes, solid insulated busbars
can be categorized into two types, namely fully insulated
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busbar and partially insulated busbar [10], [11]. The former
one is fully electrically shielded by the use of earth screen and
thus touch safe throughout the whole length under operational
conditions. On the other hand, the conductor in the partially
insulated busbar is only covered by a layer of oversheath with
no earth screen so that it is not fully grounded for personnel
safety. Similar to the power cable, a fully insulated busbar
consists primarily of the current-carrying conductor, tubular
insulating layer and earth screen as well as oversheath [12].
But for a fully insulated busbar, the conductor is a hollow
conductor rather than stranded conductors, and conductive
layers are embedded in the insulation to reach an optimized
electric field distribution at the busbar ends [4].

The length of the individual busbar is limited by the man-
ufacturing process, transportation as well as installation con-
ditions and usually no more than 10 meters. Hence, most of
the practical solid insulated busbar routes consist of dozens or
even hundreds of single busbar segments connected in series
through joints. According to the assembly methods, there are
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mainly two types of joints, including prefabricated type and
taped type. The key element of prefabricated joint is the fully
insulated connecting sleeve, inside which there are capacitive
gradings and earth layer to guarantee a homogenous electric
field inside the joint [9]. As for the taped joints, the semi-
conducting and the insulating tapes are wounded around
the busbar to form the conductor screen and the insulation
layer [13], [14].

Although the solid insulated busbar has been commercially
available in Europe for more than half a century, its wide
application in China and USA has emerged since the late
2000s. Owing to lack of industry standards and operational
experience, more and more faults caused by poor insula-
tion design, manufacturing defects, overheating and moisture
ingress have been reported recently in China [11], [15]-[19].
Based on the above background, lots of Chinese scholars
have carried out a preliminary study on the condition mon-
itoring and fault diagnostic for solid insulated busbar. The
current researches mostly focus on the partial discharge
detection [20]—[24], electric field simulation of defective
busbar [25], [26], and thermal ageing [7], [27].

In fact, the joint would probably form a hot spot of the
solid insulated busbar circuit due to unqualified design or
assembly [14], which accelerates the thermal ageing and
shortens its insulation lifetime. Therefore, it is necessary to
measure the temperature inside the joint. However, the direct
conductor temperature measurement is technically difficult
to perform because of the high potential in the conductor.
As a result, the indirect approach is the only feasible way for
on-line temperature monitoring of the joint. Since the surface
temperature needs to be measured through the temperature
sensor in the indirect method, only the fully insulated busbar
is considered for security in this paper.

However, there is almost no reported literature regarding
the temperature monitoring of the fully insulated busbar joint.
Fortunately, the fully insulated busbar is considerably similar
in structure to the power cable, of which the temperature
monitoring for the joint from cable surface temperatures is
basically achieved [28]. The main difference between them
lies in that the busbar may be installed outdoors and the
temperature profile will be easily affected by the solar heat-
ing. It could be expected that indiscriminately imitating the
method utilized in cable joint will lead to a large temperature
error for the fully insulated busbar joint. For this reason,
taking the taped joint as an example, this paper puts forward
an approach for monitoring the hotspot temperature inside the
fully insulated busbar joint, which could effectively overcome
the thermal impact of the solar radiation.

Il. METHODOLOGY

For better understanding of the temperature monitoring
method, it is necessary to analyze the heat flux distribution
within the insulated busbar taped joint. As seen in Fig. 1,
due to the high thermal conductivity of the conductor, most
of the heat flux will be transported in the conductor from
connector to both sides. Meanwhile, in the radial direction of
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FIGURE 1. A conceptual diagram of the temperature monitoring for an
insulated busbar joint.

the busbar, the heat will be transferred from the hot conductor
to the cold surface. Based on the above principle, the hotspot
temperature could be estimated along the radial and axial heat
fluxes mentioned above from the surface temperatures.

The first step is to calculate the conductor temperatures
(T, T>) using the surface temperatures (71, Ts») in two dif-
ferent axial positions along the radial heat flux. Subsequently,
the obtained conductor temperatures (77, 72) in the busbar
can be adopted to estimate the hotspot temperature7y inside
the joint in the axial direction. The former step is named as
radial direction temperature calculation RDTC) in the busbar
while the latter one is called axial direction temperature cal-
culation (ADTC) in the conductor. In this approach, the inputs
that need to be measured contain two surface temperatures
and current.

A. RDTC

1) TRANSIENT THERMAL NETWORK OF

THE INSULATED BUSBAR

The typical structure of the 10 kV insulated busbar is
illustrated in Fig. 2, where the insulation consists of two
parts, Polytetrafluoroethylene (PTFE) layer and Cross-linked
polyethylene (XLPE) layer. The structural and thermal
parameters of the busbar are given in Table 1 [29]-[31],
where the thermal properties of air are approximated by
linear functions with temperature ranging from 273 to 363 K
considering their temperature dependences [32].

Air
Copper conductor
PTFE insulation

XLPE insulation

WO

Aluminum earth screen

/

XLPE oversheath

FIGURE 2. The structure of the 10 kV insulated busbar.

Due to the similarity between the cable and fully insu-
lated busbar, the conductor temperature in the fully insulated
busbar can be calculated through a 1-D transient thermal
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TABLE 1. The structural and thermal parameters of the insulated busbar.

Outer Thermal Volumetric

Components radius conductivity specific heat

(mm) (W/(m'K)) (kJ/(m*K))

Air 26 0.0036+7.346x10°T  2.267-0.00359T
Copper conductor 30 383 3450
PTFE insulation 32 0.259 2290
XLPE insulation 36.5 0.286 2400
Aluminum earth 368 218 2500
screen

XLPE oversheath 40.1 0.286 2400

network from the surface temperature. The major difference
in their structures lies in that there is internal air inside the
hollow conductor of the busbar involving both heat conduc-
tion and convective heat transfer. Due to the closed ends of
the busbar, the convective heat transfer is natural convection,
where any fluid motion occurs by buoyancy. Since the Copper
conductor is nearly isothermal and the air thermal diffusivity
is quite large due to its extremely low density, the temperature
gradient of internal air is considerably small. Accordingly,
the convective heat transfer can be almost neglected due to
the low temperature gradient. As for the heat conduction,
the thermal resistance of internal air can be ignored due to
the isothermal inner surface of Copper conductor while the
thermal capacitance of the air is also negligible because of
its considerably low density. That is to say, not only the
convective heat transfer but also the heat conduction of the
internal air can be ignored in the thermal analysis. To verify
the above analysis, two 2-D transient thermal analyses on
the fully insulated busbar are carried out. One of the models
sets the air inside the conductor as a fluid while the other
one does not build the air region in the model involving
only heat conduction. It is found that conductor temperatures
obtained using two models are pretty close to each other with
maximum temperature difference less than 0.3 K. Apparently,
the internal air can be completely neglected in the thermal
network of the busbar.

The other layers can be easily represented by lumped
m-type RC thermal circuit branches as per IEC 60853 [29]
and thus the transient thermal network is provided in Fig. 3.

| | | | |
| | | | |
Tclli R T, i Ry i T i Ry i
T \ \ \ !
| | | | |
| | | | |
Power C(LJ G Ciw| 377C1n Cow | i G| i |Cin i Surface
loss @ [ — N [ ! temperature
w i i i | ! T,
1 1 el
Conductor i PTFE i XLPE i Earth i | l
! Insulation ! Insulation | screen! Oversheathi =
I I ! I

FIGURE 3. Transient thermal network of the insulated busbar.
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For each layer, the thermal resistance per unit length is
calculated as

In(Z

Ti—1
—_— 1
27‘[)»1' ( )

]
where A; is the thermal conductivity of ith layer. r;_; and r;
are the inner and outer radius of ith layer.
The thermal capacitance is allocated at inner and outer side
of each layer as follows [29]

Cin = piC;
Ciw=(1-p)C;
Ci = cy'r(rl.2 — rizfl)

bi = — 5
(i) () -

where ¢ is the volumetric specific heat and C; is the total
thermal capacitance per unit length of ith layer.

Based on formula (1), (2) and Table 1, the lumped thermal
resistances and capacitances per unit length of the insulated
busbar from Fig. 3 can be calculated as Table 2.

@)

TABLE 2. The thermal resistances and capacitances per unit length of
insulated busbar.

R(K/W  R(KAW  Ry(K/(W  C(K/(W  Cra(KA
Parameters m)) m)) ‘m)) -m)) W-m))
Values 0.0397 0.0732 0.0478 2428 436
Parameters SV CaJ/(W - GuIAW - GUAW: - Ca(J/(W
‘m)) ‘m)) ‘m)) m)) ‘m))
Values 456 1111 1213 457 929

In practical application, both the load current and the sur-
face temperature change over time. Hence, the first step for
solving the thermal network is to approximate these continu-
ous variables by a series of single-step functions with the step
size of 1 min in this paper. In each substep, the conductor
temperature can be obtained by calculating the single-step
response where the initial temperatures of each layer are
the corresponding temperatures in the last moment of the
previous substep.

Based on the theory of dynamic circuit, the single-
step response can be solved by state variable analy-
sis. As per Kirchhoff’s law, the state equations can be
written as

chO Teo — Tey

C C — —W=0
(TO+T1n) dtT . T fa dT,
c0 — Lcl c2 — Lcl cl
—(C C =0 3
Rl R2 ( 1w+ Zn) dt ., ( )
T — T Ty, — T Te
—(C C3+ C =0
% + & (Cow + C3 + Can) o
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Putting the above equations in the standard form leads to

dTeo
s
dlc
“dr
Ri(Co+C)  Ri(Co+Cin)
B 1 ~(R1+R») 1
R1(C1w+Con) R1R2(Crw+Con) Ro(Crw+Can)
0 1 —(R2+R»)
L Ry (Cow+C3+Cypn) RyRy(Cow+C3+Cyn )l
1
T, _— 0
X TCO C0+Cln w
cl +
, 0 0 T
< 0 R3(Caw+C3+Can)

“

The standard way to represent the state equations is to
arrange them as a set of first-order differential equations

X =AX +BU, X(0_)=Xo 5)

where X=[To Te1 Te2]” is the state vector and the dot rep-
resents the first derivative with respect to time. U is the input
vector. A and B are respectively 3 x 3 and 3 x 2 matrices.

By taking the Laplace transform, equation (5) can be
arranged as

X(s) = [sI — A" (X0 +BU(5)) 6)

where [ is the identity matrix.

After the inverse Laplace transform of the equation (6),
the state vector can be obtained. Step by step, the con-
ductor temperatures over time can be calculated. Because
of the matrix computation and Laplace transform involved,
MATLAB was adopted to solve the equations in this paper.

2) THE EFFECT OF SOLAR RADIATION ON RDTC

As mentioned in Introduction section, the main difference
between power cable and insulated busbar is that the latter
is assembled outdoors and thus directly exposed to the solar
radiation. This radiation will increase the overall temperature
of the busbar and also result in the uneven surface temper-
ature, which may lower the precision of thermal network.
Hence, the impact of solar radiation on RDTC is discussed
and examined in this part by comparison of the calculated
temperature based on transient thermal network and finite
element method (FEM).

Firstly, FEM-based transient thermal analysis is carried out
to obtain the temperature rise, which can be deemed as the
theoretical value. Actually, it is difficult to accurately take
into account the solar radiation. Because the solar power
absorbed by an object is time-varying and strongly dependent
on its spatial location, direction of placement, surface nature
and even the weather conditions. Nevertheless, since the main
attention of this part is drawn to the solar radiation effect
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rather than the actual conductor temperature in practical sit-
uations, this problem can be greatly simplified.

As per IEC 60287 [33], the intensity of solar radiation
should be taken as 1000 W/m? for most latitudes, and the
solar absorptivity of the busbar surface « is set to 0.4 for
XLPE oversheath. In fact, the solar radiation changes over
time in the daytime. Considering the time dependence of the
solar radiation, it is reasonable to assume that the solar heat
flux varies sinusoidally with time from sunrise to sunset as
follows

. (2t 2
=1 —_—
q 000 sin < 7 ) W /m @)

Create a Cartesian coordinate system with the origin
located in the center of the busbar as shown in Fig. 4. X-axis is
defined to be perpendicular to the sunlight while Y-axis points
to the sun. 6 is defined as the angle between X-axis and the
line connecting the surface point and origin. Then, the solar
heat flux absorbed by the surface point with any angle of 9 is
expressed as

gs = g sin(6) @)
\I/ \I/ \I/ \I/ \I/ \I/ Solar irradiation ¢
y
Absorbed heat flux
Agsin(0)
[
o »

=

FIGURE 4. The schematic diagram of the busbar absorbing the solar
radiation.

The ambient temperatureand the initial temperatureof the
insulated busbar are all set to 25°. When ¢>0, a load current
of 1300 A is injected into the conductor and the busbar is
exposed to the sun at the same time.

As the lower surface of the busbar does not involve solar
radiation, this boundary typically satisfies combined convec-
tion and radiation condition, which can be as [32]

aT )
—hom = h(Too = T) +£0(T, = T4 ©)

where To, and T are the ambient temperature and surface
temperature, respectively. i is the convection heat transfer
coefficient and ¢ is the emissivity of the surface, usually set
to 0.95 for the oversheath [34]. ¢ = 5.67 x 10~8 W/m?2-K*
is the Stefan-Boltzman constant. The first term of the right
side of the formula (9) represents the convective heat transfer
between the surface and air while the second one is the
surface-to-ambient radiation.

The convective heat transfer coefficient depends greatly on
the variation of temperature and geometry of the surface as
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well as its orientation and the thermophysical properties of
the air. The complexities of air motion make it quite difficult
to obtain simple analytical relations for convective heat trans-
fer coefficient, but fortunately, there are some empirical cor-
relations for the average convective heat transfer coefficient.
The fully insulated busbar is representative of a horizontal
cylinder, of which the convective heat transfer coefficient is
expressed as [32]

2

0.387Ral/®
AL (10)

[1 + (0.599/ Pr)?/1618/27
where L is the diameter of the cylinder, m and Pr is the Prandtl

number of air, almost 0.73 in the temperature range from
10 to 40° [32]. Ra is the Rayleigh number, which is

T —Too)L? P
_ 88( & )L” Pr (11

h= {O.6+

Ra

v

where g is gravitational acceleration, nearly 10 m/s*; g is
coefficient of volume expansion, 1/K, which is equal to 1/T
for the air; v is the kinematic viscosity of the air, nearly
1.85 x 107> W/m*-K* between 10 and 40° [32]. It should
be noted that only if Ra is no more than 10'%, could the
formula (10) be suitable for the horizontal cylinder.

As for the upper surface of the busbar, not only air convec-
tion combined with surface radiation but also solar radiation
are involved, and the latter one can be represented by speci-
fied heat flux. Hence, the upper surface satisfies the general-
ized boundary conditions involving convection, radiation and
specified heat flux, and can be expressed as

oT 4

—A— =hTo —T) + 0 (T,

on

With the determined boundary conditions and power loss
in the conductor, the transient temperature field can be eas-
ily solved by FEM. The obtained surface temperatures are
adopted to calculate the conductor temperatures by transient
thermal network while the conductor temperatures from FEM
are taken as the theoretical value to analyze the calculation
error of transient thermal network.

However, the surface temperature of the busbar is not
uniform in the circumferential direction as seen in Fig. 5.

The maximum surface temperature difference can reach
over 7 K due to the solar radiation. Moreover, the surface
temperature is not symmetric because of uneven solar heat
flux absorbed by the upper surface as shown in Fig. 4.

Obviously, it is difficult to obtain the average surface
temperature using only one measuring point. To reduce the
measurement error, a common practice is to take the arith-
metic average value of multiple temperature sensors evenly
attached on the surface. Let us consider n measuring points
with the starting angle 6in Fig. 4 and thus the average surface
temperature Ts,( 6) can be expressed as

—TH + agsin@®) (12)

Ta(®) =Y Ty(® +360° x i/n)/n (13)
=0

where T( 0) represents the surface temperature of angle 6.
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FIGURE 5. Steady-state busbar surface temperature obtained by FEM.
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FIGURE 6. The average surface temperatures with different starting
angles and number of measuring spots.

Apparently, Tg( 0) is related to the starting angle 6.
Since X-axis is defined to be perpendicular to the sunlight,
the starting angle € changes over time and is dependent on the
position of the busbar in practice. That is to say, the starting
angle fis arandom number. If the average temperature T, ( 6)
changes significantly with 6, this method will be unsuitable
for practical engineering. Fig. 6 shows the average surface
temperatures with different starting angle # and number of
measuring points n. This result demonstrates that three tem-
perature sensors are adequate to measure the average surface
temperature of the insulated busbar with temperature differ-
ence less than 0.3 K regardless of the starting angle.

In this section, the average surface temperature used for
thermal network is obtained from the FEM result with the
starting angle & = 0° . The conductor temperatures obtained
from transient thermal network and FEM are illustrated in
Fig. 7 for comparison. It can be seen that the calculation
temperature based on transient thermal network agrees well
with the FEM-based result. The solar radiation effect on
RDTC can be efficiently overcome by the use of the average
surface temperature obtained from three temperature points
evenly placed around the busbar surface.
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FIGURE 7. Copper conductor temperature rises of the insulated busbar
without the joint calculated by thermal network and FEM.

B. ADTC

1) BASIC PRINCIPLE

As mentioned before, ADTC is utilized to estimate the
hotspot temperature Ty inside the joint from the conductor
temperatures (71, T2) in the busbar obtained from RDTC.
Apparently, it is inconvenient to calculate Ty by means of
thermal network like RDTC, especially for the prefabricated
joint, where the natural convection occurs.

Fortunately, the thermal conductivity of the conductor is
considerably high and it could be expected that there is a
clear correspondence between the hotspot temperature and
the conductor temperatures in busbar. This correspondence
can be expressed as the following functional relationship

To =f(T1,1T2) (14)

The fitting samples are all extracted from the FEM-based
transient thermal analysis of the insulated busbar taped joint.
In consideration of the current effect, multiple thermal anal-
yses are conducted out under single-step load currents rang-
ing from 100 A to the rated current. In all the simulations,
the hotspot temperature 7 inside the joint and conductor
temperatures (71, T2) in the busbar are extracted every 1 min
to constitute the overall fitting samples. Afterwards, a proper
function form should be selected to determine the final
expression of formula (14).

2) THE EFFECT OF SOLAR RADIATION ON
CONDUCTOR TEMPERATURES
The above analysis does not take into consideration the solar
radiation effect, which will in fact increase the conductor
temperatures and thus change formula (14).

For this reason, this part focuses on the effect of solar
radiation on the conductor temperatures through FEM.

The insulated busbar taped joint is depicted in Fig. 8 and its
thermal properties are also given in Table 1. The Steel hoop
is used to increase the pressure between Copper connector
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Copper XLPE Copper Steel PTFE XLPE XLPE
conductor screen  connector  hoop  insulation oversheath sealing

FIGURE 8. The model of the insulated busbar taped joint.

and the conductor for a better electrical connection. The
equivalent resistance between the Copper connector and the
conductor was measured to be 1.5 u€2 through Micro-Ohm
Meter after the electric connection was finished during the
assembly of a practical joint. The other boundary conditions
and load current are assumed to be the same as that utilized
in RDTC section.

When the busbar is not subject to solar radiation, the ther-
mal analysis can be easily conducted by a 2-D axisymmetric
model, which contains joint and its adjacent busbars with
the length of 5 m for axial heat flux to be zero. But while
considering the solar radiation effect, a 3-D model must be
resorted to. After solving the two transient thermal fields
mentioned above, it is easy to obtain the temperature rise
caused by the solar radiation, which equals the temperature
difference between these two models.

10

9| 4

Conductor temperature rise (L)
W
T
L

2r —ATO
— AT
1r 1
_AT2
0 L L L L L
0 2 4 6 8 10 12
Time (h)

FIGURE 9. Conductor temperature rises caused by solar radiation.

The distances between measuring spot 1, 2 in the conductor
and the end of joint are assumed to be 0.2 m and 2.2 m, respec-
tively. The conductor temperature rises ATy, AT andAT>
caused by solar radiation are shown in Fig. 9. It can be seen
that the conductor temperature rises due to the solar radiation
in either the joint or busbar are almost the same with the
maximum difference of about 1 K. Thus, the solar radiation
effect can be equivalent to an identical increment AT in all
the conductor temperatures.

VOLUME 7, 2019



L. Tang et al.: Hotspot Temperature Monitoring of Fully Insulated Busbar Taped Joint

IEEE Access

3) THE SELECTION AND DETERMINATION

OF FORMULA (14)

Formula (14) should satisfy the following constraints in the
sunlight according to the previous analysis.

To+ AT = f(Ty + AT, T» + AT) (15)

On the basis of Taylor’s theorem, the expression on the
right side of formula (15) can be expanded as follows.

F(T) + AT, Tr + AT)
3
=f(T1,T2) + (AT — + AT—)f(Tl 1)

AT,
3
—{AT57~+AT——)ﬂﬂ,E)+ ...... (16)
where
3
MT——+AP—WWHTQ_Z:mM%mfAW"

By combining formula (14), formula (15), and for-
mula (16), those formulae can be simplified as

2 2

af of 1 Y 5

AT = AT— 4+ AT—+—Y Ci—L _ AT>+......
8T1+ 3T§+2!§% 2 9xigy2 +

A7)

In order to make the above formula constant, the quadratic
and higher order coefficients must be equivalent to zero,
namely

m . gm f
Y Che =0 m>2 (18)
4 ) xtaym i
i=0

In the light of Taylor series, any function can be expressed
as the sum of polynomials. Apparently, only when all high
order (>2) coefficients of the function f are equal to zero can
equations (18) be constantly satisfied. That is to say, the func-
tion f must be a linear function, which can be expressed as
follows

f(T, Ty) =aTl1 + bTr +c 19)

where a, b and ¢ are all undetermined constants. By substi-
tuting formula (19) into formula (15), one can acquire the
following formula
To+ AT = a(Th + AT) +b(Tr + AT)+ ¢
=aTl1 + bTr 4+ c+ (a+ b)AT
f(T1, 1) + (a+ b)AT (20)

Combining the above formula and formula (14), the fol-
lowing constraints can be readily obtained

a+b=1 1)

Thus, the final form of the function can be written as
follows

fT, D) =al1 +(1—a)T2+c (22)
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Apparently, the above function form is based on two fixed
measuring spots in the conductor. For the sake of parameter
optimization, it is necessary to discuss the effect of the num-
ber and location of measuring spots in the busbar. Similar
to formula (22), the general function form of ADTC with
multiple measuring spots can be written as

n—1 n—1
ST Ty =) aTi+ (=Y a)T,+c  (23)

If only one measuring spot is selected, the first-order coef-
ficient a on the right side of the formula (23) is equal to one
and the unique undetermined coefficient is c. In this case,
however, c is not a constant at all. For example, when the load
current is zero, the steady-state temperature of the busbar is
the ambient temperature, which means that c should be equal
to zero. In the other situations, ¢ is always a positive number
depending on the current because the hotspot temperature 7
in the joint is clearly higher than the conductor temperature
in the busbar. That is to say, only one measuring spot in
the busbar is insufficient to calculate the hotspot temperature
using our approach.

In order to evaluate the performance of ADTI with multiple
spots, two assessment indexes are introduced in this paper.
The first one is the coefficient of determination R* used to
quantify the accuracy of the data fitting. The second one is
the maximum absolute value of first-order coefficient, which
is max|q;| in formula (23), to estimate the anti-disturbance
capacity of ADTI. This is because that the input of ADTI
is the output of RDTI so that the calculated error of T;
from RDTI will be magnified by a factor of |g;| in the
ADTI. Obviously, a higher value of maximum absolute value
of first-order coefficient indicates a more sensitive thermal
response to the temperature disturbances together with a
worse robust performance of ADTI and vice versa.

To determine the number and location of measuring spots
in the busbar, five fixed spots were selected in the conductor
of the busbar with the corresponding conductor temperatures
named 7., Tca, T¢3, Teq and Ts. The distances between these
points and the joint end are set to 0.2 m, 0.3 m, 0.45 m, 0.7 m
and 2.2 mrespectively so that these temperatures are nearly an
arithmetic progression outlining the rough temperature distri-
bution of the conductor. All these temperatures are extracted
from the FEM-based transient thermal analysis as described
in “Methodology B.1)” section. The formula (23) is adopted
for the data fitting in ADTI with different measuring spots
combining together. There are totally 26 possible combina-
tions from five spots and each combination can constitute an
independent and complete ADTI.

It is found that the coefficients of determination of data
fittings are all over 0.99, but the maximum absolute values of
first-order coefficient, as shown in Table 3, differ from each
other. In this table, a;23 means the maximum absolute value
of first-order coefficient using 7., 7> and T3 and the others
can be understood similarly. Two main conclusions can be
intuitively obtained from this table. The first one is that the
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TABLE 3. The maximum absolute values of first-order coefficient with
different measuring spots combination.

an as ayy as ar azxy ass asq ass

Ass anns a4 aps aizg aiss ay4s 34 anss

135 992 481 277 402 165 161 778 320

A24s Q345 1234 Q1235 di4s dizas d23as d1234s

234 4533 451 233 106 103 193 510

maximum absolute values of first-order coefficient with three
or more measuring spots are quite large while those with two
measuring spots are relatively much lower. The second one
is that in the case of only two measuring spots, the greater
the distance between the measuring spots, the lower their
maximum absolute values of first-order coefficient. It can
be observed that a5 is the minimum according to this table.
Thus it is recommended that ADTI needs only two measuring
spots in the busbar, with one spot adjacent to the joint end
and the other one sufficiently distant from the joint to be
thermally independently of it. Based on the above analysis,
the formula (22) is the optimal function form for data fitting
in ADTL

The formula (22) is essentially the combination of for-
mula (14) and formula (15), That is to say, even if the training
samples used for fitting formula (22) come from the thermal
analyses where no solar radiation is applied, the fitted formula
is also suitable for a busbar joint that is exposed to the sun.

For better understanding of the above statement, let us
assume that 77 and T are the conductor temperatures without
considering the solar radiation effect. When the busbar is
exposed to the sun, all the conductor temperatures in the bus-
bar will have almost an identical increment AT as analyzed
before. In this case, the temperature inside the joint estimated
using formula (22) is as follows

f(T + AT, T, + AT)
= a(T) + AT)+ (1 — a)(Ty + AT) + ¢
—ali+ (1 —a)Ts +c+ AT = (T, T)+ AT (24)

This formula implies that the temperature rise AT in both
T, and T, caused by the solar radiation will also give rise to a
same temperature rise AT in the estimated temperature inside
the joint. As mentioned in “Methodology B.2)” section, all
the conductor temperatures, including the hotspot tempera-
ture inside the joint, will increase by approximately AT. Con-
sequently, the estimated temperature can always be deemed
as a good approximation of the real temperature inside the
joint, no matter how the solar radiation changes.

To sum up, the final expression of formula (22) in ADTC
can be derived through the following steps:

Step 1: Perform transient FEM thermal analysis of
the insulated busbar taped joint under single-step load
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current of 100 A. The boundary conditions are based on
formula (9)-(12). After completing the solution, extract the
hotspot temperature Ty inside the joint and conductor tem-
peratures (71, T>) in busbar every 1 min.

Step 2: Repeat the above thermal analyses with single-step
currents of 200 A, 300 A, 400 A ..., 1300 A and then
extract the temperatures the same as those in Step 1. All of
those extracted temperature data constitute the entire training
samples.

Step 3: Fit formula (22) by the use of the above training
samples and then the final functional expression is calculated
as follows

To = f(T1, To) = 3.521T} — 2.521T> + 0.0006  (25)

For comparison, the functional expression based on for-
mula (19), which does not consider the solar radiation effect,
is also given as follows

To =f(T1,T,) = 1.6481T1 — 0.4357T, — 5.4036 (26)

It should be noted that one approximation function from
the FEM calculation cannot be valid for all types of joints and
their initial joint resistances. This is because that the fitting
samples all come from the thermal analyses, which are clearly
dependent upon the structure and thermal parameters of the
object, including the joint types and their contact resistances.
For this reason, in practical applications, it is necessary to
perform thermal analyses for each type of joints to obtain
their corresponding approximation functions. It is also rec-
ommended to measure the initial contact resistance during the
assembly of joint to build a more accurate calculation model
for the approximation function in ADTC.

IIl. TEST ARRANGEMENT

In order to verify the validity of the proposed approach,
this paper conducted the temperature-rise test on a practical
insulated busbar taped joint in the outdoors. The dimension
and material of this object are identical to that described in
Methodology section.

A. GENERAL OVERVIEW

The test arrangement is illustrated in Fig. 10. As seen from
these figures, four separate busbar segments were connected
together to form a rectangular test loop through Copper bus,
inducing transformer and two taped joints. The metering
class current transformer was connected to a data logger
for collecting the current generated by inducing transformer.
The length of each busbar element is 5 m to ensure that
the temperatures of joints and surface temperature measuring
spots are unaffected by the end of the busbar.

The Platinum resistance thermometers with tolerance class
of A [35] were selected for temperature measurement. The
distances between surface temperature measuring spots and
the joint end were 0.2 m and 2.2 m; three sensors were evenly
attached on the surface for each measuring spot, which is
consistent with the previous analysis. To reduce the impact
of the surrounding environment on the surface temperature
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FIGURE 10. The test arrangement. (a) Schematic diagram, (b) Photo.

measurement, each measuring spot was covered by a rubber
tube with the width of 3 cm and thickness of 4 mm. Another
two temperature sensors were placed in air to obtain the
ambient temperature near the taped joint. Besides, since the
circuit was not energized, two more sensors were inserted into
the joint for hotspot temperature measurement, which will be
described in detail in the following passage.

B. THE ASSEMBLY OF THE INSULATED

BUSBAR TAPED JOINT

A common practice for temperature measurement in the joint
is to put thermometers on the outer surface of the connec-
tor [14]. In this situation, the lead wire of thermometer will be
sandwiched between the joint and the busbar, thus changing
the structure and temperature profile of the original joint.
This paper cleverly utilizes the hollow structure of the busbar
to achieve temperature measurement without affecting the
original structure of the taped joint.

(2) (b)
FIGURE 11. Arrangement of thermometers for hotspot temperature

measurement. (a) Drilling a hole on the terminal, (b) Fixing sensors on
the inner surface.
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As shown in Fig. 11(a), a hole was drilled on the flat termi-
nal on one end of the insulated busbar for two thermometers
to pass through. Afterwards, the two sensors were pushed
out of the other end of the busbar where a joint would be
installed. Finally the sensors were bonded to Copper sheets
with thermally conductive adhesive tape, and fixed to the
inner surface of the conductor with thermally conductive
grease as seen in Fig. 11(b). Since the thermometers were
attached on the inner surface, the structure of the joint as well
as the temperature distribution was not affected.

The first step of joint assembly is the electrical connection
between two conductors. In Fig. 12(a), the end of conductor
on the right side was designed into a connector with four
petals that were prised to cover the conductor on the left
side. In order to increase the contact pressure between the
connector and conductor, a cylindrical Steel hoop, which is
always a part of the joint, was utilized to clamp the outer
surface of connector, as shown in Fig. 12(b).

(2)

(b)

FIGURE 12. The connection method of the conductors. (a) Prise the petal
type connector, (b) Clamp the connector using Steel hoop.

After connecting the conductors, the conductor screen,
sealing, PTFE insulation and so on were successively
wrapped on the joint according to Fig. 8 for the insulating
and waterproof purpose as seen in Fig. 13.

IV. RESULTS

The temperature-rise test was performed in Wuhan University
at the beginning of August with the strongest solar radiation
in a year. The test results and the calculated hotspot temper-
atures based on RDTC and ADTC are shown in Fig. 14. The
first graph shows the change of conductor current with time
and the second graph illustrates the measured and calculated
hotspot temperatures and ambient temperature. The last graph
represents the temperature errors between the measured tem-
perature and calculated ones. All of the collected data were
recorded every 1 min and for comparison both formula (25)
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(@)

(b

FIGURE 13. The insulation and waterproof treatment of the joint.
(a) Wrap the PTFE insulation, (b) Shrink the oversheath.

and formula (26) of ADTC are used to estimate the hotspot
temperature in this figure. During the test, the ambient tem-
perature ranged from 25 to 40° and the load current varied
between 0 and 1350 A.

According to this figure, the calculated temperature based
on formula (26) is obviously larger in the daylight with
maximum error of about 7 K whereas that of formula (25) is
much closer to the measured result with error less than 3.8 K.
It can also be found from the error curves that the temperature
obtained from formula (25) is nearly an unbiased estimate
of the measured value with the average error of 0.55 K.
Moreover, when the conductor temperature reached the max-
imum, about 74 °C, the calculated temperature error is quite
small. This point is essentially important because during the
temperature monitoring it is the maximum temperature that
really matters. Thus, the accuracy of the presented approach
based on formula (25) is always high, especially for con-
ductor temperature over 70 °C, regardless of varying load
current, ambient temperature and solar radiation, meeting the
requirements for engineering application. On the other hand,
the overall temperature based on formula (26) is larger than
the measured result of which the mean error is nearly 2.5 K.
The result indicates that the proposed approach based on
formula (25) is suitable for temperature monitoring for the
insulated busbar joint considering the solar radiation effects.

A. DISCUSSIONS
1) THE FUNCTION OF COVER ON THE SURFACE
TEMPERATURE MEASUREMENT
The proposed model requires two inputs, namely current
and two surface temperatures. The former one can be accu-
rately obtained by current transformer while special attention
should be paid to the latter ones.

If the temperature sensor is directly laid on the busbar
surface without any cover, the temperature sensor will absorb
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FIGURE 14. The measured results and calculated hotspot temperatures.

the heat from the surface while dissipating heat into the
surrounding air. That is to say, the temperature measured by
the sensor will be between the real surface temperature and
the ambient temperature. For a better understanding, let us
perform a steady-state 3-D thermal analysis. The structure of
the fully insulated busbar is identical to that in Fig. 2 with the
length of 1 m. The sensor is modeled as a cylinder with the
height of 2 cm and diameter of 2.5 mm. The busbar surface
and the sensor are tangent to simulate the mutual contact.
The resistance thermometer usually consists of Platinum
wire, a ceramic mandrel (in most cases Alumina) and a metal
protective sheath [36] . Since the wire and sheath are quite
thin, the thermal conductivity of the whole resistance ther-
mometer can be regarded as that of Alumina, which is about
30 W/(m-K) [37] . The heat source and boundary conditions
are the same as those in the preceding passage except that the
solar radiation is not applied so as to reveal the measurement
error at night, when the temperature difference between the
surface and surrounding is less noticeable. The steady-state
temperature profile is depicted in the blue part of Fig. 15. The
temperature in the sensor is clearly lower than neighboring
surface temperature, and the difference between real surface
temperature and the measured one is over 5 K. This is because
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FIGURE 15. The axial surface temperatures along the paths passing the
temperature sensor with or without a cover.

that most part of the sensor is exposed to the air, which is
equivalent to increasing the local surface area of the busbar,
causing a significant temperature drop.

To avoid the aforementioned measurement error, the tem-
perature sensor is covered by a rubber tube with width of
3 cm and thickness of 4 mm to prevent the heat from being
dissipated to the surrounding air. The thermal conductivity of
rubber tube is nearly 0.035 W/(m-K). The simulation results
are sketched in the red line of Fig. 15. It can be found that the
temperature difference between the real surface temperature
and measured value is considerably lower. This comparison
strongly illustrates the role of the cover in improving the
measurement accuracy of surface temperature.

2) THE EFFECT OF RAIN ON THE PROPOSED METHOD
Except for solar radiation, the busbars are also affected by
wind and rain in practice. Unlike the solar radiation, both
wind and rain are equivalent to enhancing the heat dissipa-
tion between the surface and the surroundings. In this part,
the FEM thermal analysis is utilized to simulate their effects
on our approach. Since the cooling capacity of water is much
stronger than that of water, only the rain effect is considered
here.

The solar radiation can be obviously ignored in a rainy
day. Furthermore, the convective heat transfer coefficient of
water is so large that the surface temperature can be taken as
the ambient temperature. In the simulation, both the ambient
temperature and the initial temperature of the insulated busbar
are all set to 25°. When ¢ >0, a current of 1300 A is injected
into the conductor in a rainy day. After solving the transient
temperature field, collect the temperature inside the joint and
two surface temperatures of busbar. With the above surface
temperatures and current, the temperature inside the joint
can be estimated using the developed approach, as shown
in Fig. 16. The result obtained by FEM, deemed as the
theoretical value, is also provided for comparison.
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FIGURE 16. The conductor temperature rises obtained by FEM and the
proposed method considering the rain effect.

It can be observed that calculated temperature by the pre-
sented method is invariably lower than the FEM result with
maximum difference of 3.5 K. The underlying cause is that
the functional relationship for ADTC is obtained from the
thermal analyses without wind and rain. Consequently, if the
convective heat transfer coefficient changes due to wind or
rain, the functional relationship between hotspot tempera-
ture and conductor temperatures will also vary. Fortunately,
although the proposed method cannot accurately estimate the
temperature inside the joint with strong wind or heavy rain,
an error of less than 4 K is usually acceptable, because in
this case the conductor temperature is not sufficiently high to
accelerate the insulation thermal ageing.

V. CONCLUSION

This paper develops an approach to indirectly monitor the
hotspot temperature inside the fully insulated busbar taped
joint from busbar surface temperatures and load current. The
solar radiation effect is discussed in detail and successfully
overcome theoretically and experimentally.

The temperature-rise test on a practical insulated busbar
taped joint was carried out under multi-step currents outdoors
in hot summer. The calculated hotspot temperature based on
the proposed method is in good agreement with the measured
result with maximum error of nearly 3.8 K. This demonstrates
that this approach can greatly reduce the impact of solar
radiation and satisfy the accuracy requirement with the busbar
being directly exposed to the sun.

This paper focuses mainly on the taped joint, and future
attention will be paid to validating the applicability of the
presented approach on the prefabricated busbar joint.
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