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Internal-caused cable fires are one of the most common cable fires, and anomalous temperature increase of the cable core is one of
the first signs. However, when a cable is operating with electricity, the temperature of the core conductor cannot be monitored
directly; therefore, this characteristic cannot be used in detection and prediction of internal-caused fire in electric cable effectively.
An analogous transient thermal circuit model is created, simplified, and optimized to properly compute the temperature of the
cable core. Afterward, by using the cable internal-caused fire experimental platform and adjusting current carrying capacity of the
tested cable, an experiment is conducted for stimulating the very early stage of three-core cable internal-caused fire./emaximum
relative errors of the transient thermal circuit model and the trisection transient thermal circuit model are less than 10% when
comparing the experimental data with the calculation results, and the average relative error of the calculated value of trisection
transient thermal circuit model is 1.08% after layered optimization. /e algorithm model can satisfy the requirement for early
detection and prediction in the very early stage of cable internal-caused fire.

1. Introduction

Cable tunnel engineering has advanced significantly in re-
cent years, for example, 220 kV Jiulong-Nanzhan cable
tunnel project, 220 kV Ninghai-Mochou cable tunnel
project, and 220 kV Qiuteng-Shanjiang cable tunnel project
[1]. /e electromagnetic environment in the cable tunnel is
complicated, the air includes a considerable volume of
flammable gas, and the humidity is high [2]. Power cables
are usually laid crowded on cable tray in tunnel; thus, the
probability of fire accidents would rise accordingly. Once a
cable fire occurs, it becomes easy to spread and would cause
serious losses [3–5]. In 2016, a fire broke out in the 66 kV
cable tunnel in Dalian, Liaoning Province. /e accident
caused a large area of power failure in Dalian for more than 6
hours. /e road signal lights, waterworks, hospitals, banks,
and supermarkets were influenced by power failure and
could not operate normally, which seriously impacted the

normal operation order of the city. In Holborn, London, UK,
a cable fire broke out in a cable tunnel in 2015. It took
firefighters seven hours to basically control the fire. /e fire
forced the evacuation of 5000 people in the city center, left
over 3000 families and enterprises without power supply,
and halted the urban operation [6]. Power line fires account
for 36.8% of all fire incidents, and casualties account for 47.1
percent of total injuries, according to a statistical analysis of
significant fires from 2008 to 2016 [7]./us, timely detection
of cable fire especially before the fire and reduction of the
probability of fire are of great significance to reduce casu-
alties and economic losses [8–11]. Nevertheless, it is difficult
to detect the fire as early as possible because cable tunnels are
unattended and the fire detectors currently utilized cannot
accurately detect the temperature of the cable in operation.
When a fire is found, the fire has generally turned to the stage
of intense combustion, and extinguishing the fire will be-
come very difficult [6]. Figure 1 shows photos of three-core
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cable laying, cable fire, cable insulation damage, and
structural damage.

To date, various studies were carried out on cable fire but
primarily paid attention to the prevention, identification,
and disaster reduction of power cable fire. Wang et al. in-
vestigated the performance of both fireproof cable tray and
fire penetration prevention material and proposed that the
performance of fire penetration prevention material is quite
better than that of fireproof cable tray [12]. Pascal et al.
investigated the ability of the FLASH-CATmodel to predict
the HRR for such configuration and proposed a video fire
analysis method [13]. Zheng et al. studied the live

combustion of power cable, evaluated the development
process of the current numerical model of live combustion of
power cable, and highlighted the fact that the current nu-
merical simulation model of power cable fire is primarily
concerned with the dynamic process after the fire [14].
Huang et al. investigated the vertical spread of cable fire in
restricted space and proposed a jet temperature prediction
for vertical cable fire that can estimate the harm of vertical
spread of cable fire [15]. Zhang and Zhao mastered the
changing rules of temperature and smoke in the fire process
and highlighted the fact that the maximum ceiling tem-
perature and the distributions of smoke are related to fire

(a) (b)

(c) (d)

(e)

Figure 1: (a) Picture of cable laying; (b) photo of cable fire; (c) picture of cable insulation damage; (d) picture of structural analysis of three-
core cable; (e) picture of cable radial section.
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sealing and ventilation mode, by numerically simulating the
smoke flow direction and temperature in the utility tunnel
cable fire’s development process [16]. /ere exists no de-
tailed research on the very early detection and prediction of
internal-caused cable fire.

Following the different fire sources, power cable fire is
often split into internal-caused fire and external-caused fire.
External-caused fire occurs when a cable is pushed to burn
due to the activity of an external heat source. A cable fire
caused by the high heat exceeding the ignition point of in-
sulating material generated by the cable itself is known as the
internal-caused fire [17]. Protective layers such as the insu-
lation layer and the sheath layer surround the core conductor
of power cables. /e cable core temperature should be kept
within the temperature range that insulating material can
tolerate for an extended period of time./e high temperature
of the core conductor would damage the insulating medium’s
stability, diminish insulation capacity, and readily form
electrical trees, resulting in leakage, short circuits, and in-
ternal cable fire [18, 19]. /e highest working temperature of
XLPE cable core is 90°C.When the temperature is higher than
137°C, there is a risk of cable internal-caused fire. At this time,
the cable is in the very early stage of internal-caused fire [20].
It could be illustrated that the abnormal temperature rise of
cable core in an internal-caused firemakes it possible to detect
the fire in the very early stage.

Using the existing methods, it becomes difficult to
measure the temperature of cable core conductor directly
when the cable is running with electricity [21–23]./erefore,
precise assessment of the cable core’s transient temperature
is critical for early detection and forecast of cable fires caused
by internal causes./ere are two types of approaches that are
widely used for calculating cable core temperature: analytical
and numerical methods [24–26]. To calculate the cable core
temperature, some researchers utilize a finite element model
based on a numerical technique. However, the finite element
model has a large amount of calculation, the accuracy would
be influenced by the structure division and mesh size, and
the real-time performance is poor, so it is not suitable for
engineering applications [27].

To attain the goal of detection and prediction of internal-
caused fire in electric cable and decrease the risk of cable fire,
the objectives of this work are twofold: constructing an
algorithm model for calculating the core temperature from
the surface temperature of the outer sheath of cable; veri-
fying the feasibility of the algorithm model in the very early
detection of cable internal-caused fire by experiment. We
present a trisection transient thermal circuit model based on
the radial section structure of three-core cable to reduce the
complexity of the model and establish a transient thermal
circuit model algorithm to calculate the core temperature
from the surface temperature of the outer sheath of cable in
this study. Subsequently, we optimize the algorithm model
by layering method for decreasing the influence of the in-
ternal temperature gradient within the cable material and
the error of the algorithm model. Finally, a cable internal-
caused fire experiment is conducted to verify the feasibility
of the algorithm model in the very early detection and
prediction of cable internal-caused fire.

2. Theoretical Algorithm Model

2.1. Transient 0ermal Circuit Model. /is paper takes the
three-core power cable as the research object to investigate
the corresponding relationship between the core tempera-
ture and the surface of outer sheath temperature and uses a
three-core XLPE power cable as an example. Figure 2 depicts
the structure. Considering that the diameter of the radial
section is much smaller than the length of the power cable
and the cable core has good thermal conductivity, the axial
heat transmission of the power cable is not considered.
Because the three-core power cable’s radial sections are
distributed in a triangle, radial thermal transfer is varied at
different angles, and temperatures of the outer sheath sur-
face are different. Assuming that the febrile responses of the
three core lines of the cable are the same, the shortest path of
thermal conduction on the radial section is investigated, and
the temperature at the position shown at point “a” in Fig-
ure 2 is chosen as the surface temperature of the cable’s outer
sheath [27–31].

Accurate estimation of the transient temperature of cable
core is the key to the very early identification and prediction
of internal-caused fire in a cable, so a transient thermal
circuit model is constructed based on the microstructure
thermal transfer theory to examine the dynamic thermal
transfer process of cable./e heat conduction stage in which
the cable’s internal heat is carried outward but has not yet
reached equilibrium is referred to as transient thermal
transfer of power cable. Each cable layer is treated as the
cylinder wall, and the cylinder wall is also separated into
microstructure, so that the cable’s transient thermal circuit
model can be established. According to the Fourier thermal
transfer law, the thermal passage through the unit cross
section per unit time is proportional to the area of the unit
cross section and the temperature gradient in the direction
of the vertical cross section. /en, the thermal dQ passing
through the area of dA microstructure is shown in

dQ � −R ·
zt

zx
dA. (1)

According to (1), the minus sign shows the direction of
thermal transfer and R represents thermal resistance. Take
the three-core cable sheath per unit length as an example; its
longitudinal section radius is r and c is specific thermal
capacity. Assume the microstructure’s thickness is dr. /e
volume is dV; the thermal inflow and outflow in time dτ are
dQi and dQ0, respectively; and the dQp is thermal generated
by itself. Equation (2) depicts the temperature rise Δt of the
microstructure.

Δt �
dQi + dQp − dQ0

c · dV
. (2)

In (2), dV � 2πr · dr; the thermal outflow is shown in

dQ0 � R ·
zt

zx
· dA · dτ. (3)

In (3), dA � 2πr. Equation (3) can be substituted into
(2).
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dQi

dτ
+
dQp

dτ
� 2πr · R

zt

zr
+
2πrc · dr · Δt

dτ
. (4)

If Pi � (dQi/dτ) and Pp � (dQp/dτ), (4) can be re-
written as

Pi + Pp � 2πr · R
zt

zr
+
2πrc · dr · Δt

dτ
. (5)

Equation (5) is a cable sheath distributed parameter
transient thermal circuit model. 2πr · R(zt/zr) shows the
heat flowing through thermal resistance Pr;
(2πrc · dr · Δt/dτ) is the heat flowing through the heat ca-
pacity Pc. /e microstructure transient thermal circuit
model represented by (5) is depicted in Figure 3.

As an example, consider the cable sheath’s distributed
parameter thermal circuit model. /e model can be applied
to other layers of the power cable. Assuming the thermal
capacity of each layer of the cable, the transient thermal
circuit model of the power cable (YJV22-6/10 kV−3 × 50) is
established, as depicted in Figure 4. Each layer of the cable’s
material is considered a layer of thermal resistance, and
adjacent layers with the same thermal resistivity are grouped
together. /e cable’s three core conductors have the highest
and identical temperature, and their thermal resistance and
thermal loss power are in parallel; as a result, the cores of the
cable are the starting point of the thermal circuit, and the
three cores are grouped together as a node. /e insulation
shielding layer of the three core lines is classified as the
second node in the thermal circuit model, the armored layer
as the third node, and the surface of outer sheath of the cable
as the fourth node. In order to facilitate the calculation of
thermal circuit model, it uses the following assumptions:

(1) /e cable’s material properties are stable, and its
parameters are time-independent.

(2) Each layer of the cable is tightly bonded with no
contact thermal resistance.

(3) /e metal material has no thermal resistance.
(4) /e cable’s febrile response is uniform, and the

heating power of the three cores of the cable is the
same.

In Figure 4, Pc, Pd, λ2Pca, and λ2Pc are the thermal loss
power of core conductor, insulation layer, insulation
shielding layer, and armored layer of cable, respectively;
C1′, C1″, C2′, C4′, and C5′ are the core conductor’s thermal
capacity, insulation layer, insulation shielding layer, ar-
mored layer, and outer sheath of the cable; C3′ is the cable
filler’s thermal capacity, wrapping tape, and inner sheath;
θ1, θ2, and θ3 show the temperature of core conductor,
insulation shielding layer, and armored layer of cable; θ0
indicates the surface temperature of outer sheath of the
cable; R1 and R3 are the symbols of thermal resistance of
cable insulation layer and cable outer sheath; and R2 depicts
the thermal resistance of cable filler, wrapping tape, and
inner sheath. According to the principle that the total
thermal does not vary, the parallel branch is equivalent to the
series branch, and the cable’s transient thermal circuit model
is also simplified. /e total heat flux on the left side of the
thermal resistance of the insulation layer is 3Pc + 3Pd, the
total heat flux on the right side of the thermal resistance of
the insulation layer is 3λ1Pc, and the thermal resistance of
the insulation layer is R1/3. /en, the thermal circuit model
is simplified, as illustrated in Figure 5.

In Figure 5, C1 � 3C1′ + 3C1″, P1 � 3Pc + 3Pd, P2 � 3λ1Pc,
C2 � 3C2′ + C3′, P3 � 3λ2Pc, C3 � C4′ + C5′. /e transient
thermal circuit model is identical to the structure of the circuit.
Each portion of the cable has a heat loss power that is com-
parable to the power supply; the heat flux, temperature dif-
ference, thermal resistance, and thermal capacity are regarded
as current, voltage difference, resistors, and capacitance, re-
spectively, and each part’s thermal capacity is comparable to its
capacitance. /e equations of the simplified transient thermal
circuit model are illustrated below.

Conductor

Insulation layer

Insulation shielding layer

Wrapping tape

Inner sheath

Cable armored layer

Outer sheath

Filler
b

a

(a) (b)

Filler

Figure 2: (a) Picture of cable radial section; (b) schematic diagram of cable radial section.
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dθ1
dt

+
3θ1
R1

−
3θ2
R1

� P1,

−
3θ1
R1

+ C2
dθ2
dt

+
3

R1
+

1
R2

 θ2 −
θ3
R2

� P2,

−
θ2
R2

+ C3
dθ3
dt

+
1

R2
+

1
R3

 θ3 −
θ0
R3

� P3.
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

In (6), t indicates time. Equation (6) is organized into
matrix form, as shown in the following equation:

_θ � Aθ + BP. (7)

If θ(t0) � β, then (7)’s solution is

θ(t) � e
A t− t0( )β + 

t

t0

e
A t− t0( )BPzτ. (8)

According to (8),

e
At

� E + At +
1
2!
A2

t
2

+
1
3!
A3

t
3

+ · · · � 
∞

k�0

1
k!
Ak

t
k
,

_θ �
dθ1
dt

dθ2
dt

dθ3
dt

 

T

,

θ � θ1 θ2 θ3 
T
,

A �

a1,1 a1,2 0

a2,1 a2,2 a2,3

0 a3,2 a3,3

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(9)

In matrix A, a1,1 � −3(C1R1)
− 1, a1,2 � 3(C1R1)

− 1,
a2,1 � 3(C2R1)

− 1, a2,2 � −C−1
2

(3R−1
1

+ R−1
2

), a2,3 � (C2R2)
− 1,

a3,2 � (C3R2)
− 1, a3,3 � −C−1

3
(R−1

2
+ R−1

3
).

B �

C
−1
1 0 0

0 C
−1
2 0

0 0 C
−1
3

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (10)

P � P1 P2 PX 
T
. (11)

In (11), PX � θ0R−1
3 + P3. According to the surface

temperature of the cable’s outer sheath, the temperature of
the cable core is calculated.

2.2. Trisection Transient 0ermal Circuit Model. /e tran-
sient thermal circuit model is complex because the impacts
of mutual thermal transfer and respective external thermal
transfer of three cable cores must be considered. In order to
make the model less complicated, the radial section of cable
is separated into three equal parts, and each part is equiv-
alent to a single-core cable, as illustrated in Figure 6./ermal
is transported from core to point “a” on the surface of the
outer sheath through insulation layer, insulation shielding
layer, wrapping tape, inner sheath, armored layer, and outer
sheath. Because the filler is not on the quickest thermal
transfer path, only the thermal capacity of the filler is cal-
culated instead of its thermal resistance. As shown in Fig-
ure 7, a trisection transient thermal circuit model from core
conductor to point “a” on the surface of the outer sheath is
created.

In Figure 7, P1′, P1″, P2′, and P4′ mean the thermal loss
power of core conductor, insulation layer, insulation
shielding layer, and armored layer of cable; θ1′, θ3′, and θ4′ are
temperatures of core conductor, insulation shielding layer,
and armored layer of cable; θ2′ is the temperature of the cable
insulation layer’s outer skin; θ5′ shows the surface temper-
ature of the outer sheath of the cable; R1′ and R4′ indicate the
thermal resistance of the cable insulation layer and outer
sheath; and the thermal resistance of the cable wrapping tape
and inner sheath is denoted by R2′.

Micro-structure transient thermal circuit model

Q

A

∂r
∂t2πr·R·

2πrc·dr·Δt
dτ

Thermal transfer on the sheath of the cable

Pi

Pp

Figure 3: Transient thermal circuit model of cable sheath with microelement distributed parameters.
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2.3. 0ermal Circuit Model Layered Optimization. /e
thermophysical properties of the cable body material are
important factors that have a significant impact on the
calculation accuracy of the thermal circuit model

algorithm. /e thermal diffusivity, for example, in a ma-
terial is a measure of the thermal transfer rate inside the
material, indicative of the thermal change inside the
material.

Conductor Insulation layer
Insulation
shielding

layer

Filler, wrapping
tape and inner

sheath
Outer sheathArmored layer

θ1

θ2 θ0

Pc

Pc

Pd

Pd

R1

R2 θ3
R3

R1

C′1 C″1 C′2

C′1 C″1 C′2
C′3

C′4 C′5

C′1 C″1 C′2

λ1Pc

λ1Pc

Pc Pd R1 λ1Pc
3λ2Pc

Figure 4: Transient thermal circuit model of power cable.

θ1 θ2 θ3 θ0R1/3 R2

p1
C1

p2
C2 C3

p3

R3

Figure 5: Modeling of a power cable’s transient thermal circuit simplified.

A complete core wire

a

Figure 6: Schematic diagram of trisection of cable radial section.

Conductor Insulation layer
Insulation
shielding

layer

Filler, wrapping
tape and inner

sheath
Armored layer Outer sheath

θ′1

p″1
C″1 C′2 C′3 C′4 C′5

p′1 p′2 p′4
C′1

θ′2 θ′3 θ′4R′1 R′2 R′4 θ′5R′4

Figure 7: /ermal circuit model of power cable temperature field.
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a �
λ
ρc

. (12)

/e parameters a, ρ, λ, and c in (12) represent thermal
diffusivity, density, thermal conduction coefficient, and
specific thermal capacity of the material. /e thermal
diffusivity is mostly determined by the parameter char-
acteristics of the material, which is directly proportional
to the thermal conduction coefficient and inversely pro-
portional to the product of density and specific thermal
capacity. Materials having high thermal conduction co-
efficient have better thermal conductivity. As a result, the
temperature difference inside the material is minimal. /e
insulation layer, inner sheath, and outer sheath all have a
low thermal conduction coefficient, resulting in large
internal temperature gradients. /e insulation layer, inner
sheath, and outer sheath all have a low thermal conduction
coefficient, resulting in large internal temperature gra-
dients. If the temperature of the innermost layer of ma-
terial is used to represent the temperature of the entire
layer of material in the calculation, it will undoubtedly
result in a significant calculation error of the algorithm
model, and the calculation error is positively associated
with the temperature gradient. /erefore, a layered tri-
section transient thermal circuit model of power cable in
which insulation layer, inner sheath, and outer sheath are
layered is constructed, to reduce the influence of the
internal temperature gradient within the cable material.
/e insulation layer, inner sheath, and outer sheath of the
cable are separated into L layers, M layers, and N layers,
respectively, and L, M, and N are positive integers. /e
layered trisection transient thermal circuit model is
depicted in Figure 8.

In Figure 8, C11′ ∼ C1L
′ show the thermal capacity of each

layer of the cable insulation layer; the thermal loss power of
each layer of the cable insulation layer is indicated by
P11′ ∼ P1L

′; R11′ ∼ R1L
′ denote the thermal resistance of each

layer of the cable insulation layer; R3′ indicates the thermal
resistance of the cable wrapping tape; C41′ ∼ C4M

′ denote the
thermal capacity of each layer of the cable inner sheath;
P41′ ∼ P4M

′ are the symbols of thermal loss power of each
layer of the cable inner sheath; R41′ ∼ R4M

′ are the repre-
sentations of thermal resistance of each layer of the cable
inner sheath; the symbol P5′ indicates the thermal loss power
of the cable armored layer; C61′ ∼ C6M

′ represent the thermal
capacity of each layer of the outer sheath of the cable;
P61′ ∼ P6M

′ depict the power loss of each layer of the outer
sheath of the cable; R61′ ∼ R6M

′ represent the thermal resis-
tance of each layer of the outer sheath of the cable; and 0

θ is
the surface temperature of the outer sheath of the cable. As
indicated in Figure 9, the multilayer thermal circuit model is
integrated and simplified.

/e node equations of the thermal circuit model are
listed, and the following equations are obtained, based on
similar properties of the thermal circuit model and the
circuit.

C1
dθ1
dt

+
θ1
R1

−
θ22
R1

� P1,

−
θ1
R1

+ C22
dθ22
dt

+
1

R1
+

1
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 θ22 −
θ23
R22
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−
θ22
R22
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dθ23
dt

+
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R22
+

1
R23

 θ23 −
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⋮

−
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dt
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+
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R2L

 θ2L −
θ3

R2L

� P2L,

−
θ2L

R2L

+ C3
dθ3
dt
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dt
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dt
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+
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θ62
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� P5,

−
θ5
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+ C62
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+
1

R5
+

1
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 θ62 −
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R62

� P62,

⋮

−
θ6N−1

R6N−1
+ C6N

dθ6N

dt
+

1
R6N−1

+
1

R6N

 θ6N −
θ0

R6N

� P6N.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

In (13), t indicates time; the other variables are shown in
Figure 9. /e equation is converted into matrix, and the cable
core temperature is calculated using the samemethod as in (7).

3. Experimental Test

3.1. Experimental Apparatus and Tested Cable. /e cable
internal-caused fire experimental platform which includes a
current increasing module and a temperature monitoring
module is powered by 380V AC./e current raising module
supports low-voltage and high current output through the
use of an automatic voltage regulator and current raising
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device./e temperature measurementmodule contains real-
time collection of 16 channels of temperature data. By
connecting external thermocouple sensors, temperature data
from each point of the tested cable can be collected and
recorded [32]. Picture and system diagram of experimental
platform are shown in Figure 10. /e following are the main
technical parameters: output current range, 0–1000A;
temperature measurement range, −80∼+500°C; temperature
measurement error range, ±0.1°C.

In this experiment, the XLPE power cable (YJV22-6/
10 kV−3 × 50) is selected as the tested cable. On the radial
part of the cable, the three core lines are symmetrically
arranged in a triangle. /e structure of the cable includes
core conductor, insulation layer, insulation shielding layer,
filler, wrapping tape, inner sheath, cable armored layer, and
outer sheath. Table 1 lists the cable parameters.

3.2. Experimental Processes

3.2.1. Experiment Preparation. /ree hours before the test,
the air conditioner was adjusted to 20°C to guarantee that the
experimental environment and the starting temperature of
the cable under test were both 20°C. /e tested cable was
connected with the cable internal-caused fire test platform.
One end of cable is connected to large current output port of
test platform, and the other end is short-circuited.

3.2.2. 0ermocouple Installation. To monitor the temper-
ature of the tested cable, thermocouple sensors are placed
on the surface of the outer sheath and core conductor.
/ree holes in the cable are drilled to expose the core
conductor, and thermocouple sensors are installed in these
holes to measure temperature of core conductor of cable.
/ermocouple sensors are pasted within 5 cm from drilling
position on the surface of cable outer sheath to measure

surface temperature of cable outer sheath. Figure 11 depicts
a picture and structural schematic of a thermocouple
installation.

3.2.3. Loading Experimental Current. In this experiment,
continuous currents of 180A and 380A are used, and three-
phase current is balanced. A 180A experimental current is
utilized to mimic the normal functioning condition of the
cable, and then 380A step currents are used to model the
fault currents of the cable. At first, experimental current is
set to 180A to simulate normal working state of cable under
test. After temperatures of core conductor and surface of
outer sheath tend to be stable, output current of cable in-
ternal-caused fire experimental platform is adjusted to 380A
for stimulating the fault state of cable. When the fault
simulation current is applied on the cable, the temperature
of cable core rises and slowly exceeds the maximum al-
lowable temperature of 90°C./e experiment is terminated if
the observed temperature of the cable core exceeds 137°C.
Figure 12 depicts the experimental current.

4. Results and Discussion

4.1. Cable Core Temperature and Outer Sheath Surface
Temperature. Under normal and fault circumstances, the
experiment replicates the change in cable core temperature
and outer sheath surface temperature. Both the core tem-
perature and the surface temperature of the outer sheath of
the cable begin to rise, and the core temperature is greater
than the surface temperature of the outer sheath of the cable,
but the rate of temperature rise for both is very slow. When
the load current is continuously loaded for about 2.8 hours,
the temperature of the core and the surface of the outer
sheath tend to remain steady. When a current of 380A is
applied, the core temperature and the surface temperature of
the outer sheath of the cable begin to rise again and the
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Figure 8: Layered trisection transient thermal circuit model of power cable.
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Figure 9: Simplification of layered trisection transient thermal circuit model of power cable.
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temperature rise of the outer sheath surface of the cable is
lagging relative to the cable core; the temperature rise rate of
outer sheath surface is less than that of the cable core.
Figure 13 depicts the temperature change of the cable core
and the surface temperature of the outer sheath.

4.2. Verification of the ProposedModel by Experimental Data.
/e current values and the surface temperatures of the outer
sheath measured in the experiment are substituted into the

transient thermal circuit model, and the core temperature of
the cable is calculated. When the calculated value of cable
core temperature is compared to the experimental observed
value, it is discovered that the estimated value of cable core
temperature is lower. /e error analysis of the experimental
and calculated values of the cable core temperature is shown
in Table 2. Calculation error of the transient thermal circuit
model rises as the load current, yet the typical relative and
absolute errors are less than 10%, and the average absolute
errors are less than 10°C.

~220V

CA B N

Automatic
voltage

regulator

Current
raiser

High-current output

Tested cable

Short
circuit

A
N

N

N

B

C

Figure 10: Picture and system diagram of experimental platform.

Table 1: Parameters of layers of YJV22 6/10 kV cable.

Structure Inner diameter (mm) Outer diameter (mm) /ermal conductivity (W(km)− 1)
Volumetric heat capacity

(104(JK− 1m− 3))

Conductor 8.6 400 434.14
Insulation layer 8.6 17.6 0.32 303.12
Insulation shielding layer 17.6 19.2 400 434.14
Wrapping tape 44.4 45.4 0.2 196.00
Inner sheath 45.4 49.2 0.2 124.2
Cable armored layer 49.2 50.2 48 372.88
Outer sheath 50.2 55.6 0.2 124.2

Conductor of phase B

Conductor of phase C

Conductor of phase A
(a) (b)

Sensor b

Sensor c

Sensor a

Sensor h

Sensor i

Within 5cm

Within 5cm

Figure 11: (a) Picture of thermocouple installation; (b) schematic diagram of thermocouple installation.
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Similar to this, we plug the data in the experiment into
trisection transient thermal circuit model and analyze the
error between the calculated value and the experimental
value. Table 3 shows the error analysis of experimental and
estimated cable core temperature data. Calculation error of
the trisection transient thermal circuit model is bigger as
compared to the transient thermal circuit model and in-
creases with the increase of the load current; the average
absolute errors are less than 10°C, while the average relative
errors are still less than 10%.

/e systematic measurement error, the contact thermal
resistance, and the temperature gradient inside the material
are the major causes of mistakes, with the temperature
gradient being the most important component. Take insu-
lation layer of cable as an example; it is assumed that the
innermost temperature of the cable insulation layer is θx, the
outermost temperature is θy, the inner diameter of the cable
insulation layer is d1, and the outer diameter is d2, so its
corresponding radius is r1 � (d1/2) and r2 � (d2/2).
Equation (14) should be filled up using the above
parameters.

d
dr

r
dθ
dr

  � 0. (14)

/e following equation can be obtained by solving (14).

θ � θx +
θy − θx

ln r2/r1( 
ln

r

r1
. (15)

Take the derivative on both sides of (15).

dθ
dr

�
1
r

·
θy − θx

ln r2/r1( 
. (16)

From (16), temperature gradient is inversely pro-
portional to the radius, the closer the thermal source, the
greater the temperature gradient, and the greater the
influence of layering on the calculation accuracy of the
transient thermal circuit model. As a consequence, lay-
ered optimization of the thermal circuit model can de-
crease the impact of temperature gradient on calculation
results while also increasing the model’s calculation ac-
curacy. Using the controlled variable method, the insu-
lation layer, inner sheath, and outer sheath of the cable
are calculated successively from 1 to 100 layers and
compared with the measured core temperature of the
experiment. Figure 14 shows the variation of computa-
tion error with the number of layers. It could be seen that
the layered optimization of the algorithm model can
effectively decrease the calculation error and the layered
insulation layer holds a greater impact on the calculation
accuracy of the algorithm model as compared to the other
two layers.

Increasing the number of layers can reduce the calcu-
lation error of the model; however, if the number of layers is
sufficient, the temperature gradient in each layer becomes
extremely tiny. When this occurs, increasing the number of
layers has minimal effect on computation accuracy and
would increase the calculation amount of the model. Hence,
the appropriate number of layers must be selected in the
layering optimization of algorithm model. Because the
thermocouple sensor’s measurement precision is 0.1°C in
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Figure 12: Cable current curve.
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Figure 13: Change curve of cable core temperature and outer
sheath surface temperature.

Table 2: Calculation error of transient thermal circuit model under
various load currents.

Simulative current (A)
Average error

Relative error (%) Absolute error (°C)
180 −2.49 −5.12
380 −7.98 −7.82

Table 3: Calculation error of trisection transient thermal circuit
model under various load currents.

Simulative current (A)
Average error

Relative error (%) Absolute error (°C)
180 −3.74 −7.73
380 −9.92 −9.55
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this experiment, the maximum value of the improved
calculation accuracy value relative to the front stage
layering is chosen to determine the appropriateness of the
number of layers. When the maximum value approaches
0.1°C, we believe that the number of layers at this level is
the appropriate number of layers. As illustrated in Table 4,
when the numbers of layers are 50, the maximum value
approaches 0.1°C. /us, the numbers of layers of insu-
lation, inner sheath, and outer sheath are all 50 in this
study.

As a consequence, stacking the cable sheath can effec-
tively minimize the trisection transient thermal circuit
model’s calculation circuit. When L�50, M�50, and N�50,

the relative error of the thermal circuit model algorithm is
analyzed. /e estimated core temperature has a maximum
relative error of less than 2 percent with an average relative
error of 1.08 percent, meeting the calculation requirements
of extremely early detection and prediction of cable internal-
caused fire.

4.3. Response Time of the Model. It can be seen from the
above analysis that the calculated value of the cable core
temperature is less than the experimental measurement
value. When the temperature is 137°C, the time difference
between the calculated value and the measured value is
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Figure 14: (a) Variation curve of relative error with the number of layers of insulation layer; (b) variation curve of relative error with the
number of layers of inner sheath layer; (c) variation curve of relative error with the number of layers of outer sheath layer.
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called the response time of detection and prediction. /e
response time of cable internal-caused fire early detection
and prediction is an indicator to measure the rapidity of the
model’s response. /e layered trisection transient thermal
circuit model is equivalently combined into a first-order
thermal circuit model of a single heat source, as shown in
Figure 15.

According to the heat balance theory in heat transfer, the
heat balance equation is established.

Pz � Cz

dθ1
dt

+
θ1 − θ0

Rz

. (17)

Assuming that the initial temperature of the cable core
when the fault current is loaded is θ01, the general solution of
(17) is

θ1 � PzRz + θ0 + θ01 − θ0 − PzRz e
− t/RzCz( ),

t � RzCz ln θ01 − θ0 − PzRz  − ln θ1 − θ0 − PzRz(  .

(18)

/e expression of t is a function of time as

t(τ) � RzCz ln θ01(τ) − θ0(τ) − PzRz  − ln θ1 − θ0(τ) − PzRz(  ,

(19)

where t1 and t2, respectively, indicate the time when the
measured value and the calculated value reach 137°C. Re-
sponse time of cable internal-caused fire early detection and
prediction is

tY � t2 − t1. (20)

In the formula, θ0(τ) is the surface temperature of the
outer sheath of the cable at different times; θ01(τ) is the
temperature of the cable core at different times; and θ1 is

137°C. /e response time of cable internal-caused fire early
detection and prediction of the model is 148 s when the
experimental current is 380A./e response time is less than
3min, which meets the needs of cable internal-caused fire
early detection and prediction.

5. Conclusion

Early detection and prediction technology of cable internal-
caused fire may significantly minimize cable fire probability
in tunnels and ensure cable tunnel safety. An algorithm
model for estimating the core temperature from the surface
temperature of cable outer sheath was developed in this
work, and it was shown to be viable in the early detection of
cable internal-caused fire by experiment. /e main con-
clusions are as follows:

(1) Error analyses illustrate that the calculated value of
cable core temperature is less as compared to the
measured value. /e reason is that the temperature
of inner surface of the material has been chosen to
calculate the thermal capacity of the material, leading
to the calculated thermal capacity of each layer of
material being greater than the actual thermal
capacity.

(2) To solve the problem that the temperature of the
cable core cannot be directly measured, a transient
thermal circuit model has been suggested, so that
the abnormal temperature rise characteristics of
the cable core could be utilized for the very early
detection and prediction of the cable internal-
caused fire. /e trisection transient thermal circuit
model decreases the transient thermal circuit
model’s complexity while simultaneously in-
creasing calculation error. It is noteworthy that the
calculation errors of the two models are less than
10%, which could cater to the needs of very early
detection and prediction of internal-caused fire of
cable.

(3) Layered optimization can lower the calculation error,
but once the number of layers of cable material
exceeds a certain order of magnitude, increasing the
number of layers has a limited impact on the cal-
culation accuracy of the model. /e highest relative
error of the estimated value of the model is less than
2 percent, and the average relative error is 1.08
percent in this article when the number of layers of
cable insulation layer, inner sheath, and outer sheath
is 50 layers.

(4) /e response time of cable internal-caused fire early
detection and prediction of the layered trisection
transient thermal circuit model is less than 3min,
which meets the needs of early detection and pre-
diction of the cable internal-caused fire.

Data Availability

/e data used to support the findings of this study are
available from the corresponding author upon request.

Table 4: /e maximum value of the increased calculation accuracy
value relative to the front level layering.

Number of layers
Maximum value (°C)

Insulation layer Inner sheath Outer sheath
5 5.23 3.1 2.7
10 1.81 1.36 1.15
20 0.7 0.54 0.51
30 0.2 0.16 0.16
50 0.1 0.11 0.1
100 0.01 0.021 0.021

θ1 θ0
Rz

pz

Cz

Figure 15: Equivalent first-order thermal circuit model of cable.
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