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Thermal modeling and RMS current measurement
in electrical power lines using IR thermography

Abstract

Thermal modeling in frequency domain and experiments using IR
thermography are performed to evaluate RMS current in electrical power
lines. The model implements interface thermal resistance between the
metal core and insulation layer. This allowed matching the results of
simulations and measurements with acceptable accuracy. The proposed
method requires the use of known values of heat transfer coefficient and
thermal parameters of the cable and its insulation. In consequence the
proposed method requires calibration.
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1. Introduction

The RMS value of AC current is one of the main parameter of
electrical power lines [1, 2, 3, 6, 8]. There are various methods to
measure this current. The first one used shunts to measure voltage
over a small electrical resistance. It was a problem for higher
frequency harmonics due to the inductive reactance of such shunts
[21]. Current transformers are currently the most used for current
measurement. They are mounted in transformer or distribution
stations allowing permanent monitoring and measurement [15].
There are popular electrical current sensors operating on Hall-
effect principles [22, 23, 24]. Nowadays, optical fibers are used
for both power line current and temperature measurements [16].
At present, IR thermography becomes more useful in electrical
energy systems as a contactless method allowing monitoring
systems during normal operation, sometimes in high voltage
conditions [18, 19, 20]. Today, IR thermography is mainly used to
locate faults and damages [17]. In addition, there are applications
of IR cameras to maintain electrical systems running continuously,
and to predict possible abrupt damages [17].

The purpose of this article is an application of IR thermography
to estimate the value of the RMS current by measuring mean
temperature of a cable with and without insulation. In order to use
IR thermography for power lines, the thermal resistance of a cable
has to be determined [4, 5, 7, 9, 10].

2. 2D thermal model of insulated electrical
cable with an interface thermal resistance

An electrical cable can be modeled as an infinite cylinder made
of metallic conductor, with or without insulation. In this work two
steel cables were modeled as it is shown in Fig. 1. Radius of the
steel cable is Ry, while the outer radius of the insulation layer is R,.

Fig. 1. Two modeled cables with and without insulation

The insulation covers the metal conductor. At first, the heat
transfer model assumed an ideal thermal contact between metal
and insulation material. In this case, temperature measurements at
the outer surface of insulation could not match the simulation
results. In consequence, an additional interface thermal resistance
R¢ni between metal and polyvinyl insulation layer was introduced —
Fig. 2. For each cable, the value of Ry; has to be chosen properly

to achieve agreement between simulation and measurement results
[8, 13].
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Fig. 2. A cable with insulation separated by an air gap (thermal interface
resistance Rii)

The heat transfer model used in this work is defined in the
frequency domain using Laplace transform. In steel electrical
conductor for r<R;, where the power is dissipated, the Fourier-
Kirchhoff equation can be expressed as [11, 18, 19]:

k1V2T1 (r) — jwCep T(r) = —py €h)

where: p, — power density, k; — thermal conductivity of steel,
Ciw1 — o thermal capacity of the cable, p - density, ¢ specific heat
and o — angular frequency [4].

For insulation layer, where no power is dissipated, R;<r<R,, the
heat conduction equation takes a form:

kyV2T,(r) — jwCep,T(r) = 0 (2)

where k, and Cy,, are thermal conductivity and thermal capacity of
insulation material, respectively.

Due to the cylindrical symmetry, 3D heat transfer model is
reduced and presented by 1D egs. (3), (5).

For O<r<R,
92T, 10T, .
k1 (a%ir) + ;a_;) —jwCep T (1) = —py 3
For Ri<r<R,
2T, 10T, ,
k; (‘ argr) + ;W) — jwCepyTo(r) =0 (C)]

Partial differential equations (3) and (4) have their analytical
solutions in the following forms:

Ty(r) = Alo(bi7) + 52— ®)
T(r) = Bly(by1) + CKo(by1) (6)

where: A, B, C are the integration constants, lo, K, are the
modified Bessel functions of zero order and the parameter
b:,/j(uCth/k.

The integration constants are calculated using boundary and
interface conditions. Typically, it is assumed the continuity of
temperature and heat flux at the boundaries and interfaces.
However, at the interface between metal cable and polyvinyl
insulation, the additional thermal resistance Ry, causes the
temperature discontinuity.

Ty()lr=g, = T2(Mlr=g, + ReniP (7

where P is the power transferred from the cable of length L
through insulation material to ambient.
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P=-k2

2nR,L 8
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Heat flux continuity conditions are established for the interface
between the layers and the outer surface, where the convection
and radiation cooling transfers thermal energy to ambient [12,
13, 14].

aT, aT,
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Vel = ©

ke, 2| = hT(Ry) (10)
or =R2

The simulations were performed for the parameters of the cable
and environment as close as it was in the experiment [8, 9, 12].
They are listed in Table 1.

Tab. 1. Values of parameters of the thermal model chosen for the simulation

Metal core Polyvinyl insulation

k; =54 W/mK k, = 0.5 W/mK

p1 = 7800 kg/m® 2 = 1300 kg/m®

€1 =490 J/kgK c, =800 J/kgK

p=1.43107 Om -
Ry = 0.00065 m R, =0.0014 m
h=9.5 Wim’K,
Rthi =23 KW
L=1m

The results of simulation are shown in Figs. 3, 4 and 5, as well
as in Table 2. Fig. 3 presents thermal impedance in the form of the
Nyquist plots for 2 surfaces of the multilayer structure of the
cable: on the insulation and in the metal core. As temperature in
the core is almost constant, there is no significant difference
between thermal impedances for different positions in the metal
conductor. One should notice that thermal impedance is expressed
as Z(jw) = T(w)/P, where P is the Dirac impulse with the
amplitude P = 12gus*pL/nR,% Power P dissipated in the cable,
thermal impedance and resistance vary with its length L. In
consequence, temperature does not depend on the cable length and
for practical reasons it is worth to evaluate the thermal impedance
and resistance per meter length [9, 10].

Insulated cable, omega=0,00001-1 1/s

On insulation
0r — — In the core |

ImZm, KW
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Fig. 3. Nyquist plots of thermal impedance for electrically insulated cable on the
insulation and for the point between the core and insulation layers,
lrvs=46A L=1m

In the simulation presented in this paper, one estimated the
thermal resistance as the thermal impedance for @—0,
Rin = Zn(jw—0). As the Nyquist plot approaches vertically Ox
axis for low values of angular frequency (Fig. 3), practically one
can assume that Ry~abs{Z(©<0.00001)}.

In Table 2, simulated temperature for core and insulation is
presented. In fact, it is temperature surplus over the ambient one.
Both temperature and temperature difference between core and
insulation agree with the measured values at the acceptable
accuracy (Table 2 and 3).
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Tab. 2. Simulated temperature for the cables with and without insulation for different
current RMS values (ambient temperature T,=20.5°C)

Irms Tinsulation Teore AT
46 A 39.48°C 43.53°C 4.06°C
56 A 48.67°C 54.68°C 6.01°C
6.7A 60.87°C 69.48°C 8.60°C

Finally, the importance of the interface thermal resistance Ry
was reported. It was impossible to fit the simulation and
measurement temperature with Ry, =0. It means that the electrical
insulation were not tightly put on steel core of cable. It was made
intentionally in order to model the more general thermal
configuration with a small air gap between the metal core and
polyvinyl insulation layer. Such air gap can appear due to the
aging or thermal cycling especially in overhead cables.

In order to compare the cable with and without air gap and
different values of interface thermal resistance, 2 simulations were
performed for Ry,=2.3 K/W and Ry,=0 K/W for 1 m length cable.
The temperature distributions along radius of the cable for both
cases are shown in Figs. 4 and 5. As expected the large
discontinuity is observed for a cable with an air gap and non-zero
interface thermal resistance both in the model and measurements.

As it can be noticed, the significant temperature drop is on the
interface or on the insulation layer. For non-zero thermal interface
resistance the discontinuity of temperature at the junction between
metal core and insulation layers is observed.
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Fig. 4. Temperature difference Teore-Ta Versus position along the cable radius r for
electrically insulated cable with thermal interface resistance Ryn=2.3 K/IW
forL=1m, lpus=4,6 A
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Fig. 5. Temperature versus position along the cable radius r for electrically
insulated cable without thermal interface resistance Ryi= 0 K/W
forL=1m, lgus=4,6 A

3. Experimental measurements

The procedure of RMS current evaluation using IR
thermography is based on measuring temperature of electric cables
and thermal modeling to get temperature of the heat source (metal
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core). The thermal interface resistance is a novel element of the
model which allows matching the simulation and measurement
results much easier with better accuracy. The core temperature
corresponds directly to the power dissipated in the cable, and in
consequence to RMS value of current. The proposed method
needs to be calibrated, because temperature depends not only on
current, but on the insulation and cooling by convection and
radiation, as well. In this work, one assumed that the heat transfer
coefficient is known as well as the thermal parameters of the cable and
its insulation. The overall proposed procedure is shown in Fig. 6.

Temperature measurement at the outer
surface of the cable (IR camera)

Choosing the appropriate heat transfer
coefficientand thermal parameters of the
cable and its insulation

Evaluating core temperature by modeling
heat transfer of the cable with thermal
interface resistance

1

Calibration - relation of RMS current versus
core temperature

Fig. 6. Proposed procedure of measuring RMS current using temperature
measurement by IR camera

All the experiments to verify the method was performed in the
laboratory. The cable was connected to the transformer delivering
the appropriate power to heat up the element up to 50°C above the
ambient temperature in the conditions of natural convection and
radiation. In order to verify the model, the cable was partly with
and without insulation — Fig. 7. Exemplary thermal image is
presented in Fig. 7.

Fig. 7. Experimental setup and exemplary thermal image for estimating RMS current
in the electric cable with insulation

4. Results

Thermal images generated by an IR camera were registered and
analyzed to determine the mean temperature of a cable with and
without insulation for different RMS values of current. The results
are presented in Table 3. It can be noticed that the PVC insulation
lowers temperature in each of the investigated case by a few
degree C in comparison to the cable’s core temperature. As
expected, the difference of temperature AT between the cable’s
core and ambient temperature rises with increasing current. The
expected linear dependence between AT and square of RMS
current was obtained — Fig. 6.

Temperature calculated using the proposed model shown in
Table 2 is very close to the results of the measurement presented
in Table 3. It confirms the theoretical assumption of the
correlation between temperature changes and RMS current values.

Fig. 8 shows characteristics of temperature changes and RMS
current flowing in the cable. This line is practically straight and
starts almost from the point (0,0).

The collected data is burdened with errors resulting from the
precision of the measuring apparatus and statistical nature of the
measurement. On the basis of the following relationships, the
uncertainties of average temperature and measured RMS current
values were determined [16]. The combined standard uncertainty
depends on A and B-type uncertainties and is given as:

ur = Jui +ui (11)
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Tab. 3. Temperature measured by IR camera for the cable with and without insulation
for different current RMS values

Insulation Core Insulation Core Insulation Core
lrws = 4,6 A lrvs = 5,6 A lrms = 6,7 A
38.65°C 42.49°C 48.45°C 54.87°C 60.57°C 69.00°C
39.38°C 43.44°C 48.37°C 54.76°C 60.60°C 68.86°C
38.96°C 43.05°C 48.75°C 55.20°C 60.47°C 68.81°C
39.43°C 43.50°C 48.66°C 55.06°C 60.92°C 69.34°C
Mean Mean Mean Mean Mean Mean
39.11°C 43.12°C 48.56°C 54.97°C 60.64°C 69.00°C
AT =4.02°C AT =6.42°C AT =8.36°C
ATIT =9.31% ATIT =11.70% ATIT =12.12%

50

y = 1,0878x - 0,0229
R? = 0,999

20 25 30 35 40 45
[

Fig. 8. Measured core temperature surplus over the ambient temperature for the
insulated cable

The measurement uncertainty was determined based on the
expanded uncertainty Us.
Ur = kpur (12)

In this research, the temperature was averaged using 2248
samples extracted from a large sequence of recorded images. All
the calculations were made for the core temperature and cable
insulation taking N=20 averaged measurement of temperature with
2248 samples each. For such number of measurements the
expansion factor k,=2.13 [16] .

A-type uncertainty for the averaged measurements can be

expressed as:
— C- — Z?’:1(Ti_f)z
Uy =S = ’71\,(1\,_1) (13)

The maximum error of an IR camera used to measure
temperature is Ar=2%R, where R is the camera range of
measurement. It leads to the B-type uncertainty ug.

= Arg
Uup = ‘/g (14)
Table 4 presents the values of uncertainty of measurement of
average temperature values for the cable with and without
insulation. In addition, the uncertainty for the measured RMS
current was determined using the following equation.

T
IRMS = m (15)

In consequence the expanded uncertainty Urrws) for the RMS
current is given as:

_ OIgms _ 1
UT(RMS) = ar T — Zm UT (16)

For Igms=4.6 A, mean temperature of the cable’s core is about
43°C. For steel cable of L=1 m length, the thermal resistance is Ry,
= 14.5 K/W (Fig. 3). It denotes that dlgms/0T~0.073 A/K and for
lrvs=4.6 A, the total expanded uncertainty is equal to
QT(RMS):iO.lg A.
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The comparison of the measurement uncertainty for average
values of temperature and RMS current value allows concluding
that using IR camera one can measure RMS current at high
accuracy. It is a result of high temperature difference between the
tested object and environment and registration and temperature
averaging of relatively long sequence of images. One should
notice that uncertainty of emissivity and ambient temperature was
neglected. The cable and the insulation were covered by highly
emission paint and ambient temperature was measured by high
quality meter.

Tab. 4. Uncertainties of measured mean temperature registered by IR camera
and RMS current for the cable with and without insulation for different
current values

Irms Tinsulation Teore
459+0.18 A 39.38 +£1.74°C 43.44 +1.85°C
545+0.18 A 48.75 +1.99°C 55.2+2.17°C
6.66£0.13 A 60.48 +£2.35°C 68.81 £ 1.69°C

5. Conclusions

Actual methods of measuring the RMS current value require
proper selection of measuring equipment. Most of the methods
need contact with the tested objects that are often under high
voltage. The use of an IR camera allows contactless temperature
measurement. The analysis of the recorded signal with knowledge
of heat exchange coefficient, thermal parameters of the cable and
insulation allow measurement of the RMS current value. The
measured value agrees with results of thermal modeling using
analytical approach. It leads to the conclusion, that RMS current
can be measured with acceptable accuracy using IR thermography.
During this research, one noticed 100 Hz harmonic of temperature
spectrum in the registered sequence of the thermal images. In the
next step research, the authors plan to measure this harmonic and
verify its dependence from the RMS current and power dissipated
in the cable. The first measurements have already been done and
are very promising.
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