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ABSTRACT
ANSOVINUS AKUMAWAH NCHE. Temperature modeling and control algorithm for
high voltage underground cables. (Under the direction of Dr. Maciej Noras)

The use of underground cables in transmission and distribution of electric energy
is growing. The most commonly installed is the cross-linked polyethylene known as XLPE
as an insulator. The XLPE insulation has excellent dielectric properties. However, the
XLPE insulator can lose properties prematurely under excessive thermal stress. XLPE
cables are designed to operate at 90 °C and 105 °C for emergencies. Temperature limits the
current carrying capacity of this cable. This is due to the maximum temperature of the
insulating material. Beyond the maximum insulation temperatures, the XPLE insulation
ages and consequently breakdown.

Thermal stress occurs in the cable is due to the copper losses from the load current
and core conductor. These losses occurred in the form of heat. It can be investigated by
performing a heating cycle test. The test is implemented by circling enough current through
a cable to generate heat to a specific temperature value for a given period. In this thesis, a
heat cycle test will be investigated and a model and an algorithm to control the load current
to produce a specific conductor temperature given jacket temperature, ambient

temperature, bonding, load current, and cable surrounding as inputs will be developed.

Keywords: high-voltage cable, XLPE cable, type test, load cycling, heat cycle test,

ampacity.
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CHAPTER 1: INTRODUCTION

There are two main ways of transporting electrical energy. One is the overhead
transmission, and the other is the underground transmission. The overhead transmission
uses wires while underground uses cables. Overhead transmission wires can be noticeable
from their high structures, and wire. Unlike underground transmission cable, there are
buried under the ground and cannot be seen. Underground cable installations are more
expensive than overhead wires. Urbanization does not like the fact of having high tower
structures and high voltage wire running beside homes and businesses. Underground cables
have a lower forced outage rate than overhead wire, but the outage durations are typically
much longer. For these reasons, there is a high demand for underground cable projects.
However, underground cable has a high dielectric loss; this loss is present any time the
cable is energized, and it reduces the amount of power that can be transferred on the cable.
Hence, power transfer levels for underground cable are lower than those for overhead
wires. This is because the XLEP insulation has a temperature limit of 90 °C under normal
load conditions.

There are four kinds of underground cables system; pipe-type cable, self-contained
cable, cross-linked polyethylene or ethylene-propylene (XLPE/EPR), and gas insulated
lines. Each of the cables used in these cable systems has four main parts, which are the
conductor, the semiconducting shield, insulation, and the outer layers (shielding and

sheath). The insulation is the one component of a cable that distinguishes the different
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kinds of underground cable systems. For XLPE/EPR insulation, the insulation material is
extruded over the conductor shield. More detail on XLPE cables will be coming in chapter
two of this document. For impregnated paper cables, individual paper or laminated paper
polypropylene (LPP) tapes are helically wrapped around the conductor. For gas cables,
rigid epoxy spacers and gaseous (SF6 or nitrogen/SF6 mixtures) are used to provide the
insulation between the tubular conductor and the tubular enclosure[1]. In this paper, the
investigated sample is an XLPE. Studies have shown that XLPE insulation for high voltage
and extra high voltage cables last for about forty years[1-3]. However; XLPE cable suffers
from thermal and electric stresses while in use.

In most high-voltage cable designs, the operating current is lower than its rated
values[4]. One of the restraining factors on the amount of current that can be transferred
through a high voltage XLPE cable is the maximum operating temperature. Although there
are other limiting factors, the most significant limitation is the maximum operating
temperature on the dielectric. The reason is, heat energy generated at the core of the cable
is transferred to the surface, and the heat around the cable also tries to move back to the
core. In between the core and the surface is the XLPE insulation. Consequently, with heat
generated on both sides, the cable operating temperature increases and as a result its current
carrying capacity reduces. The operating temperature of XLPE cables dielectric material
according to IEEE and IEC is 90 °C and 105 °C for emergency [4, 5]. Beyond these
temperatures, degradation processes begin to occur on the XLPE material. Studies have
shown that XLPE cable has a long-life expectancy. Unfortunately, the life expectancy can

be drastically shortened due to thermal stress.



1.1. Research Statement

High voltage cables are essential components of today’s energy transmission networks.
They are also an important element of the electric power systems in modern cities. There
are millions of miles of high voltage cables installed in the US and around the world[1],
these cables are mostly XLPE. Studies have shown that long electrical life characterizes
XLPE insulation for high voltage and extra high voltage cables; however, there are other
insulation types been used (impregnated paper and EPR). To keep the reliability and long-
life of an XLPE cable, it is critical for these cables to maintenance a low thermal and
electric stress.

There are many methods of testing a cable before and after it is installed; however,
these methods do not predict the age or remaining live of a cable. Since cable experiences
temperature variation depending on how much current is pushed through it, the monitoring
of the cable temperature can show deterioration and aging.

1.2. The Objective

The aim of this master thesis is to develop a model and an algorithm to control the load
current of an underground cable to produce a specific conductor temperature given the

jacket temperature, ambient temperature, bonding, load history, and cable surrounding.

1.3. Research Question
How can the load current and temperature of an underground power cable be predicted
based on the jacket surface temperature, given the thermal properties of the cable and its

surroundings?



1.4. Research Motivation

Due to the increase in demand and the competitive deregulated electricity market, the
cable industry is being pushed to their design limit, and utilities are being forced to
maximize the use of their assets (cable). According to IEEE and IEC reports[5-7], one of
the common modes of high voltage unground cable failure generates from high thermal
stress. Thermal stress occurs in cables due to the copper losses from load current,

installation technique, bonding technique, nearby circuit, soil temperature and ambient.

Designing an underground cable network requires the understanding of it thermal and
other problems. The current rating of cable dependents on the, operating temperature of the
conductor, the dielectric losses, sheath, bonding system and its surrounding environment.
With that been said, as the cable temperature rises, thermal energy is transferred to the local
environment. On the other hand, if the local environment temperature is higher than the
cable; the cable will absorb heat. For this reason, the rating must, therefore, be evaluated,
this evaluation balance between heat generated in the cable core and then the transfer of
this heat to the local environment as well as the heat produced by the local environment to
the cable core. This evaluation will determine the critical point at which the temperature
limit on the cable might be exceeded. High voltage cables are rated according to some
specifications; the most straightforward is the ampacity; which is the maximum continuous
or the steady state AC load current that the cable conductor can carry without exceeding

the specified temperature limit.



CHAPTER 2: XLPE CABLE

Cross-linked Polyethylene, also denoted as XLPE, is an insulating material that is
created through both heat and high pressure. The first cross-linking methods emerged in
the 1930s [1]. In general, polyethylene has some excellent electrical properties, with its
low dielectric losses it is a suitable insulating material for high voltage. The construction

of an XLPE cable is explained below.

2.1. Structure of XLPE Cable

A typical XLPE Cable is constructed as shown in Figure 1 (a) of a conductor either
(copper or aluminum), insulated with the cross-linked polyethylene (XLPE), shield wires,
and then shielded with metallic screen (corrugated and seamless aluminum or copper wires
with open helix copper tape as a binder). Then it is covered with PVC or polyethylene for

anticorrosion (HDPE, LLDPE, MDPE).



Conductor

Conductor

Insulation
Insulation

Metallic Screen or
Shield Wire

Jacket

Figure 1: (a) XLPE Cable layers

2.1.1. Conductor

The conductor is the part of the cable that carries the current. It is the most important
layer in the cable. This conductor consists of annealed copper or hard aluminum stranded
wires; there are classified into three major types: concentric, compacted circular and
segmental compacted circular see Figure 1 (b). The concentric design is when the wires are
wound up concentrically; the compacted circular conductor consists of segments wound
up and then compacted. Normally the segmental compacted circular conductor has four
segments to prevent the increase of A.C. resistance caused by skin effect when the

conductors cross-sectional is less than 630 mm?; the compacted circular is applied [1].



Conductor Construction
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Figure 2: (b) Conductor construction

2.1.2. Conductor Screen

The conductor screen is a semiconducting polyethylene compound extruded around the
conductor. This semi-conducting compound minimizes the electrical stresses in the
conductor. These are due to the stranded configuration of the conductor. The semi-
conducting material used for conductor screen has no deleterious effect on the
conductor[1]. In some cable designs, an additional layer of a semi-conducting tape is

applied as a separator between the conductor and the semiconductor.

2.1.3. Insulation

The insulation is the layer of the cable that electrically insulates and protect the
conductor. The thickness of the insulation defines the maximum rated AC or DC voltage
and impulse voltage of the cable. Also, the insulation should be able to withstand switching
over-voltage during transients. The insulation material is an extruded cross-linked
polyethylene (XLPE) produced from a polyethylene under high pressure and temperature
with organic peroxides as additives. Using heat and pressure, the extrusion process is
carried out under strictly controlled atmospheric conditions. The individual molecular

chain to link with one another which in turn cause the material to change from a
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thermoplastic to a flexible material[1]. Hence, the XLPE material will still be
thermoplastic, but now it will also be polymerized and crosslinked, which gives it
flexibility.

2.1.4. Insulation Screen

The insulation screen is the semi-conducting layer over the insulation. Just like the
conductor, this semi-conducting compound is extruded concentrically and circularly to
minimize the possibility of ionization on the outer surface of the dielectric (insulation)[5-
7]. The conductor-screen, the insulation, and the insulation screen are extruded
simultaneously in one process to ensure that the screen and XLPE are intimately bonded
together and free from all possibilities of voids between these layers. VVoids in XLPE cables
causes partial discharge and eventually lead to higher voltage stress on the insulation.

2.1.5. Metallic Screen

This layer of the cable consists of shield wire, and it is the short circuit current carrying
component. The metallic screen can be a copper wire with open helix copper tape as a
binder or a lead alloy sheath it can also be a corrugated aluminum sheath[5-7]. The cross-
sectional area of this metallic screen/shield wires is design to satisfy the phase to earth fault
level in the network.

2.1.6. The Jacket

The jacket is the protective layer of the cable; it protects the metallic sheath and all
other underlying layers from physical abuse, sunlight, flame, or chemical corrosion. The

jacket is a nonconductive material made of PVC or PE (HDPE, LDPE, MDPE).

2.2. XLPE Cable Benefits and Challenges



2.2.1. Benefits

The benefits of an XLPE cable compared to other high voltage insulating material from
EPRI green book [1]are:

The increase in the operating temperature of 70 °C for PE to 90 °C for XLPE

The increase in the emergency operating temperature (105 °C).

The increase in short circuit temperature of 250 °C.

2.2.2. Challenges

The challenges of XLPE cable are concentrated in the manufacturing process of the
XLPE insulation according to the EPRI green book[1]. Some of these challenges are:
e The high crosslinking temperature increases the insulation contraction strain that
acts at accessories.
e The residual core temperature at the end of the CV process locks the take-up reel
curvature into the insulation. A heat straightening process is required immediately
e prior to the assembly of the accessories.
e The increased risk of impurities and voids in the insulation requires increased
process control and sample testing.
e The crosslinking process requires a synchronized CV (continuous vulcanizing)
line; this is a large machine requiring significant capital investment.
e The crosslinking process is comparatively slow and reduces factory output.
e The crosslinking process is a chemical reaction that increases dependence on high
standards in material and manufacturing quality control.
e The CV tubes in VCV (vertical continuous vulcanizing) and in CCV (catenary
continuous vulcanizing) lines require periodic cleaning to remove acetophenone,

which condenses on the surface as fat.
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e The pressure applied to the cable in the extruder and CV tube increases the risk of

the melt flowing through the conductor between the wires (“fall-in™).



CHAPTER 3: AMPACITY

According to EPRI Green Book 2006[1], ampacity or current rating, of a cable is one
of the most important concepts for the cable engineer to understand. Ampacity is a term
given by Del Mar in 1951 to the current-carrying capacity of a cable[8]. There are two
major standards (IEEE & IEC) These two standards have three standardized ampacity
rating: steady state, transient (or emergency) and short-circuit. In this chapter, we will be
talking about the steady state ampacity ratings. The ampacity calculation in this chapter
and further sections in this paper will be based on a 1957 paper by J. H. Neher and M. H.
McGrath (Neher and McGrath 1957)[9]. Also, the work by CIGRE documented an
ampacity procedure in the International Electrotechnical Commission (IEC) standard (IEC-
60287 and IEC- 60853), which provides a step-wise approach to calculating ampacity
based upon cable construction. Both methods based their ampacity calculations on the
following parameters:

e The load current and load cycle

e Conductor size, construction and material type (Copper and Aluminum)

e Dielectric loss in the insulation

e Current-dependent losses in the conductor, metallic shields (screens), sheath

e Thermal resistances of conductor, insulation, sheaths and jacket, filling medium,

conduit, and the various earth layers
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e Thermal capacitances of conductor, insulation, sheaths and jacket, filling medium
of the thermal circuit
e Mutual-heating effects of other cables and other heat sources

e Ambient earth temperature

3.1. The IEC 60287 and Nether-McGrath method

The calculation procedures in this section follow the IEC 60287 approach, with roots
in Neher-McGrath including the use of the loss factor method to account for daily load
cycles. This approach based its calculation on the idea of the thermal, electrical analogy of
a cable; it subdivides the cable into layers. This technique replaced the generated heat
sources with the current sources, the thermal resistances with electrical resistances and the
thermal capacitances with electrical capacitances. Figure 2 shows the correspondence
between the cable insulation components and electrical equivalent circuit for steady state

calculation.
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Figure 3: Extruded underground Cable Thermal to Electrical equivalent circuit

Calculation principles

The ampacity as explained above is the solution to the heat transfer problem in a cable
at a rate which allows the conductor temperature to reach but not exceed the maximum
allowable temperature of the insulation. The heat in a cable is generated from ohmic losses
in the conductor, the shield/sheath wire, and in the other metallic layers. The “steady-state”

ampacity is the rating of the cable under normal operation.



14

To determine the ampacity according to IEC 660287 and Neher-McGrath[9, 10], using
the electric circuit in Figure 3 every node in the circuit is analog to the temperature the
boundary between the layers. Hence, from the circuit, the potential difference between the
terminals of the circuits and the innermost current source represents the temperature rise
of the core (conductor) of the cable with respect to the ambient temperature[8]. From the
circuit shown in Figure 3, the temperature of the cable’s core (conductor) is the ambient

temperature plus the difference in temperature between the core conductor and the

surrounding.

At
Ti T2 T3 Ta

A

>
>

>

g

t jacket surface

t ambient

W, 2w, 12y,

t conductor

Figure 4: Extruded underground cable electrical equivalent circuit

According to IEC 660287 and Neher-McGrath[9, 10], the procedure to calculate ampacity

of an underground cable is summarized as follows:

1. Select a cable construction and conductor size that are anticipated to meet the
ampacity requirements for the expected installation conditions.

2. Refer to industry standards (IEC, AEIC) or manufacturer’s limits for the maximum
allowable conductor temperature for the cable insulation material. Determine the

temperature rise over ambient earth temperature that will give this value At =

Leconductor — tambient -
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Calculate dielectric loss.

Calculate the electrical resistances of each current carrying component of the
system for the expected operating temperature of that component.

Calculate the thermal resistance of each component of the system, including the
earth.

Calculate the temperature rise due to dielectric loss flowing through the thermal
resistances, and subtract that number from the total available temperature rise.
Solve the Ohm’s law equivalent of the core conductor, to determine the ampacity
that achieves the allowable temperature rise.

If calculated ampacity is too high or too low, make adjustments in conductor size
and installation parameters, and repeat these steps as necessary to achieve the

desired ampacity.

From IEC 660287 and Neher-McGrath[9, 10], the ampacity of an underground AC cable

is derived from the expression for the temperature rise of the cable conductor above

ambient temperature using the circuit in Figure 3:

At = (W, + SW)Ty + (W, + Wy + WonT, + (W, + Wy + W + Wo)n(T;s + T,) (1)

W = I?Rg,
W, = wCU,*tan §
Ws = . W,
We = 1, W,

Equation2to5in 1

At = (I?Rge + SWT; + [I?Rac (1 + A1) + WynT, + [I2Ry.(1 + A1 + Ay) + WyIn(T5 + Ty)

AB = 6, -8,
0.= A +6,

)
©)
(4)
Q)

(6)
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(7)

I _ Ae_Wd [0.5T1+n(T2 +T3 +T4_)]
T A Rae[Ty +n(14+ )Ty +n(14 2, +2,)(T5+T,)]

Where:

At is the temperature rise in the cable

Wj is the dielectric losses

©Oa is the ambient temperature

I is the load current

Rac is the AC electrical resistance of the conductor
T1 is the thermal resistance of the insulation

T2 is the thermal resistance of the shield/sheath

T3 is the thermal resistance of the jacket

T4 is the thermal resistance between cable surface and ambient
A is the Loss factor of screen

n is the number of cables

Note: the detail of this formula and it paraments will be explained below.

3.1.1. Calculation of Losses

Just like any other electric component with heat properties, cable is one of the electric
components that has heat losses. The heat losses in the cable are due to the Ohmic (I°R)
losses and the losses in the dielectric due to charging and discharging of the cable
capacitance. This section describes the losses in a cable and how it affects the ampacity at

steady state.

3.1.1.1. Dielectric Losses
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A high voltage power cable is known to be a large capacitor. Energy is supplied through
the conductor by current flow to charge and discharge the capacitor at a power frequency
of 50 or 60 Hz. Dielectric losses are generated on a per-meter basis and increase the
radial heat generated in the cable, ultimately reducing typical ampacity[1]. The dielectric

loss is express as:
Wd = OJCUOZtan5 [W/m]

Where:

w = 2muf

tand = the dissipation factor
U, = the voltage to earth

C =the capacitance of the cable

C=—35—10" [[/i] ®)

181/,
Where:
¢ = the relative permittivity of the insulation;

Di = the external diameter of the insulation (excluding screen) [mm];

dc = the diameter of conductor, including screen [mm].

3.1.1.2.  AC resistance of conductor
The biggest energy losses in a power cable are the copper losses. These losses occur in the
conductor and the shield wires. They are also known as ohmic (12R) losses. Ohmic losses
arise from the flow of current through an electrical resistance, such as conductor currents
and induced currents in short-circuited cable sheaths or other parallel conductors having a
return path[1]. The AC resistance of cable consists of three components; DC resistance, the

skin effect, and the proximity effect. The DC resistance is expressed as a function of the
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cross-sectional area, length and the electrical resistivity of the material. It can be calculated

per unit length of the cable based on IEC 60287-1 clause 2.1 [10]as:

Raczo = 22200020 [1 1 g0 (0 - 20)]  [2/m] ©)

Where:
p = electrical resistivity of metal in ohm/m at 20°C
For copper conductors, = 1.7241 x 108
For aluminum conductors, = 2.8264 x 108
A = cross-sectional area of metal in mm?
@, = the temperature coefficient of the conductor material per K at 20°C.
For copper conductors, = 3.93 x 103
For aluminum conductors, = 4.03 x 103

© = the conductor operating temperature (°C)

3.1.1.2.1. AC Skin (ys) and Proximity (yp) Effects
There is an unequal current distribution in an AC current carrying conductor; this is due to
the magnetic field induced by the flow of electrical current. As a result, losses in the
conductor are affected by self and mutual inductance[1]. The self-inductance causes the
current to concentrate near the conductor surface, and the result is called “conductor skin
effect.” The magnetic field of neighboring conductors affects the distribution of current

across the conductor called “conductor proximity effect”[1].

The AC resistance of a power cable is defined as:

Rac = RDC(]- + Vs + yp) (10)



Where:
Rac = the DC resistance at the conductor operating temperature 6 (€2/m)
ys = the skin effect factor

yp = the proximity effect factor

The skin effect factor is computed as:

4

Vs = 192+0.8xx2 (11)
Where:

8
X, = \/(Rif 10-7 - ks) (12)

Rac = the DC resistance at the conductor operating temperature 6 (€ / m)

f = the supply frequency (Hz)

ks = a constant (see Table 1 below)

Note equation 11 above is only accurate provided xs < 2.8

The proximity effect factor of a cable varies depending on the conductor geometry. In a

case where the conductor is round, the proximity effect factor is.

_ % dc)?
Vs = 192+0.8xx} ( s ) x2.9 (13)
Where:

_ 8rf -7
xp = \/(R_dc 10 7 kp) (14)

Radc = the dc resistance at the conductor operating temperature 6 (€ / m)
f = the supply frequency (Hz)
ko = a constant (see Table 1 below)

s = the distance between conductor axes (mm)

19
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dc = the diameter of the conductor (mm)

Note equation 13 above is only accurate provided when x, <2.8

Table 1: Skin and proximity effect constants EPRI Green Book [z].

Type of conductor Dried and
impregnated?
Copper
Round, stranded Yes 1 0.8
Round, stranded No 1 1
Round, 4 segmental - 0.435 0.37
Sector-shaped Yes 1 0.8
Sector-shaped No 1 1
Aluminum
Round, stranded Either 1 1
Round, 4 segment Either 0.28 0.37
Round, 5 segment Either 0.19 0.37
Round, 6 segment Either 0.12 0.37

3.1.1.3.  Loss factor for the screen (L)
The loss factor for the screen according to IEC 60287-1-1 section 2.2 is defined as (A1),

this loss consists of the circulating current (A1’) and eddy current (A1”)[10].

/11 - /11, + /11” (15)
Where:
r_Ra 1
M= Roe 1+(ﬁ)2 (16)
Xs1
Xg = 201077 InZ (17)
Where:

X1 = the reactance per unit length of the sheath or screen per unit length of cable [€2/m]
o = 2nf [rad/s]

s = the distance between conductor axes in the electrical section being considered [mm]
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d = the mean diameter of the sheath [mm]
A, =0. The eddy-current loss is ignored according to IEC 60287-1-1 section 2.3.1 [10]
Rsi s the resistance of the screen per unit length of cable at its maximum operating

temperature [{2/m].

Rs = Rsol1+ azo(6sc — 2001 [*/m] (18)
Where:
Rso is the resistance of the cable screen at 20 °C [Q/m].

6. = the cable screen operating temperature (°C)

3.1.2. Thermal Resistances
Thermal resistance is a heat property of mediums that limit the transfer of heat. The thermal
resistance for the different layers of the cable is expressed as follow.
3.1.2.1.  Thermal resistance of the insulator
The thermal resistance of the insulator is the thermal resistance between the conductor and

the sheath. According to IEC 60287-2-1[10], this resistance is express as

o
T, =0.00522p,G or T, =2LIn (DD—) [ C/W] (19)
And,
G = In(D, + 3T;) — 0.86 In(D,) + 0.05 (20)
Where:

G = the geometric factor according to IEC 60287
p; = the thermal resistivity of insulation [K.m/W]
D. = the diameter over conductor [mm]

T; =the insulation thickness [mm]

D,; = the diameter over insulation [mm]
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3.1.2.2.  Thermal resistance of the sheath T»
The power cable in this investigation did not contain an armour. However, it did have a
sheath. From EPRI green book 2007 [1], studies have shown that metallic shields and
sheaths, steel casings and pipes, and metallic conduits have negligible thermal resistances.
Therefore, the thermal resistance of the metallic shield and sheaths is considered to be zero

in the experiment.

T, =0 [ oc/w] (21)

3.1.2.3.  Thermal resistance of the jacket Ts

The thermal resistance of the jacket is the resistance between the sheath and the cable
surface.

_2 2t3 _ 2 gy (Do °c
T; = - In (1 + D,U) or Tz = - In (D,U) [ /W] (22)
Where:

p; = the thermal resistivity of jacket material [K.m/W]
t3 = the thickness of jacket [mm]
D’0j = the outer diameter of the jacket [mm]

D’ij= the internal diameter of the jacket [mm]

3.1.2.4.  Thermal resistance of the surrounding T4
The thermal resistance of a cable surrounding depends on where the cable is
installed. If the cable is installed in a duct system, the thermal resistance of the surrounding
consists of three parts. T’4, the thermal resistance of the air space between the cable surface
and the duct’s internal surface; T”4. the thermal resistance of the duct itself; and T4 the

external thermal resistance of the duct.

T4_ == T,4_ + T”4_ + T,”4_ (23)



23
3.1.2.4.1. Thermal resistance between cable surface and duct inner
surface T',

ro_ u 0
Ty = 140.1(V+Y6,,,)De [°C.m/W] (24)

Where:

De = the external diameter of the cable [mm]

Om = the mean temperature of the medium filling the space between cable and duct (air,
or nitrogen gas, or dielectric liquid). An assumed value should be used initially and the

calculation repeated with a modified value if necessary [°C]
U, V, and Y as defined in Table 2.

Table 2: Duct Thermal Resistance Constants from EPRI Green Book 2007[1]

Configuration U V | Y

Fiber Duct (PVC or PE) in Concrete 5.2 0.91 0.010
Asbestos Cement in Concrete 5.2 1.1 0.011
Earthenware Ducts 1.87 0.28 0.0036

Table 3: Thermal Resistivity of Common Cable Materials from EPRI Green Book
2007[1]

Material Range(°Cm/W) Typical (°Cm/W)
XLPE 3.5-4.0 3.5
EPR 4.5-5.0 4.5

PVC 4.0-4.5 4.0
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3.1.2.4.2. Thermal resistance of the duct "',
DO

T, =2=in (1 + 5) (25)

Where:

Do = the outside diameter of the duct [mm]

Dq = the inside diameter of the duct [mm]

Pt = the thermal resistivity of duct material [°Cm/W]

3.1.2.4.3. The external thermal resistance of the duct

T, =2in (%) (26)

21 o
Where:
pr = the thermal resistivity of the soil see table 4 [°Cm/W]

Do = the outside diameter of the duct [mm]
H = the placement depth [mm]

Table 4: Typical Soil Thermal Resistivity from EPRI Green Book 2007[1]

Thermal Resistivity

5% Moisture 0% Moisture

Soil Type

(°Cm/W) (°Cm/W)
Fluidized Thermal Backfill 0.4 0.75
Concrete 0.6 0.8
Stone Screenings 0.4 1.0
Thermal Sand 0.5 1.0
Uniform Sand 0.7 2.0
Clay 1.0 2.5
Lake Bottom 1.0 (50% moisture) >3.0
Seabed (typical) 0.7 (100% moisture) >3.0

Highly Organic Soil >3.0 >6.0



In this investigation, the cable was in the air with a length of 15.25m. The thermal

resistance of air in natural or free convection is:

1
hxAgir

[*C/W]

Toir =

h = heat transfer coefficient of air [10 w/m?°C]
L = Sample cable length 15.25m

LZ
Agir = —
41T

25



CHAPTER 4: LOAD CYCLE HEAT TEST

Load cycle heat test is a test designed to raise and control the temperature of a closed
loop solid dielectric cable and other closed loop electrical conductor. The load cycle heat
test aims to simulate the current loading conditions in an electrical circuit (Cable). The
heating in this kind of test is achieved by using the test loop as the secondary winding of a
current transformer. The secondary loop of the current transformer should have a low
inductive resistance. In a power cable heat test, the cable is used as a secondary loop of the
current transformer as shown in Figure 4 below. A small current is passed through the
primary winding of the current transformer, and the current is the induced to the secondary
of the transformer which is the test object. Since the ratio of the secondary is one, a higher
current then flows through the cable and generates energy in the form of I1°R. See Equation
2 in section 3.1.2 about ohmic losses.

The current transformers shown in Figure 4 below operate on a low voltage but high
current. Typically load cycle heat test require the test sample to have a high voltage applied
to it simultaneously with the heating current. If a high voltage is applied to the test sample
during the test cycle, the high voltage will prevent the direct measurement of the conductor

temperature during the test.
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Figure 5: Sample cable looped as secondary

4.1. System Specifications

The test equipment used in this investigation was manufactured by Automation System &
Diagnostics (ASD). The equipment is designed to raise and control current induced in a
loop of a sample cable or any other conductor sample. This test equipment is an automated
PC-based Load Cycle Test System. The specifications of the ASD power load cycle test

system are:

Primary Winding: 480 VAC, 1 PH, 60 Hz

e Secondary Winding: 12 VAC, 4000 Amps,one turn

e Current transformer window is 10” x 10”

e Two current transformers installed on a platform with caster wheels

e Transformer platform dimensions are 16” x 24” and can be wheeled around or
forklift/crane lifetable.

More detail on the ASD cable test system can be found in Appendix B

4.2. Test sample specification
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The sample cable is an XLPE cable manufactured by ABB Huntersville plant
acquired by Southwire in 2015 and continued with the manufacturing of cables. The

XLPE cable was delivered on a cable drum, and a 50ft sample was cut from the drum.

Figure 5 shows the XLPE cable drum and the 50ft sample on the floor.

Figure 6: XLPE Cable Sample.

The cable sample shown in Figure 5 is 138 kVV XLPE power cable with copper conductor.
It has a transitional wall of 850 MIL XLPE copper neutrals with Copper Composite
Laminate Sheath. The jacket is Polyethylene with Extruded Semi-Conductive Outer

Layer[11, 12].

e Nominal voltage 138 kV

e Max. voltage 145 kV
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e Relative permittivity 2.3

e XLPE loss factor 0.05%

e Cable length 15.25 m

e Conductor size 1000 mm?

e Conductor diameter 40.9 mm

e Insulation thickness 15.011 mm

e Diameter over insulation 86.4 mm

e Cross-section of shield 180 kcmil

e Diameter over sheath 96.2 mm

e Overall jacket dia. 104.3 mm

e Capacitance 56.3 pF/ft
The complete specification of the cable can be found in Appendix C. The test sample was
installed in the EPIC Flex power lab.

4.3. Experimental setup

The setup for this experiment was prepared following all the safety requirements for a
high current and temperature test assemblies. The current transformers, measuring

components were installed following the layout is shown in Figure 6 below.
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The layout in Figure 6 shows the positions and locations of the different component
and measuring equipment use in this experiment. The components and measuring
equipment on this layout are the sample test cable, an ASD power loads cycle test system,
a data logger (USB-TC), and thermocouples (TP-01).

The specification of the sample cable is listed above in section 4.1.1. The 50 feet
sample cable is connected as a loop through two current transformers of the ASD power
load cycle test system. The data logger is an eight input, 24-bit resolution logger (USB-
TC). It means the data logger can measure eight temperature inputs and store the data. A
brief detail of the logger will be explained later in the report, and the specification is in
Appendix E. The thermocouple used in the experiment is the K type with a temperature
range -40 °C to 250 °C. The set-up had a total of 19 thermocouples connected in locations
shown in Figure 6. The locations were chosen to have the acquired result. The temperature
was the key data for this investigation, so the installation is critical to the experiment. The
locations and installation of the thermocouples will be explained in section 4.3.1 below.

4.3.1. Thermocouples Installation

The test cable sample in Figure 6 and 7 has 19 K-type thermocouples which were
installed in 9 different locations. The thermocouple placement was chosen to obtain the
acquired results and to get the temperature changes in the test sample and its various layers.
As shown in Figure 6, a total of 19 thermocouples used for temperature measurement, one
was used to measure the ambient temperature, and the others were used to measure the
temperature of the sample cable. The thermocouples on the cable sample were installed in
four different locations, three of the locations namely A, B, and C were used to measure

the temperature of the conductor, insulation, and jacket to see if there is any significant
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variation in temperature. This includes installing thermocouples both at the top and bottom
of the cable sample. Figure 7 (a) shows top drilling of the cable sample at location A, and
Figure 7 (b) shows bottom drilling. The depth of the drilling was all the way to the

conductor. Another hole was drilled to the depth of the insulation to measure the insulation

temperature.

(b)

Figure 8: Thermocouple installation location A; (a) 12 o’clock conductor drilling; (b) 6
o’clock conductor drilling

After all the drilling at the different location had been completed, insertion was
made with 2 mm drill bit. Figure 8 shows the cross-section A-A of location A. to measure
the conductor temperature thermocouples were inserted into the cable so that it contacts
conducting part and a high-temperature silicon sealant was used to secured in position. See
Figure 9. For measuring the surface, temperature thermocouple was placed on the cable
surface and was seal with high-temperature silicone and tape. See Figure 10, and Figure 11

show the complete installation of Section A



Insulation
temperature
@11 O’clock

Conductor
temperature
@12 O’clock

Conductor
temperature
@ 6 O’clock

Figure 10: Conductor thermocouple installation

Jacket
temperature
@1 O’clock

Figure 9: Cross-section A-A; Thermocouples installation positions
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Figure 11: Jacket thermocouple installation

~

~ Jacket
temperature
measuring poin

Conductor %%

- temperature
measuring point

Figure 12: Complete Thermocouple installation location A
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The same installation and measuring points were done in locations B and C as shown in
Figure 11. The temperature at the cable joint was measured, and Figure 12 show the
measuring point. The joint was made of two cable terminations, the speciation of these

terminations can be found in Appendix F

Figure 13: Cable joint temperature measurement

After installation, all the thermocouples were tested to make sure it is functioning properly

and accurately. The cable sample was then tested; the detail is explained in the next section.

4.4. Heat cycle sample test

4.4.1. Safety Requirements

As it is known safety is the first thing in a high current/ voltage lab. Considering
the level of current involved in this test setup, it is, therefore, necessary to comply
with the safety requirements of the lab. The safety measures for the load cycle heat

test are:

1. At least two people should be present at this lab at all time.
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2. Test setup and all test equipment shall be clearly marked with warning signs
to prevent unauthorized personnel from entering test area.

3. There shall be indicator lights displaying the operational status of the test
equipment. Red color indicating the test circuit is active and green indicating
test circuit is inactive. This light should be visible at any location in the lab.

4. The test installations controls and test circuits shall be clearly marked.

5. Entrances shall be provided with a warning sign “No unauthorized persons
beyond this point.” The setup shall have an interlock in case an unauthorized
person find themselves close to the marked area.

6. Anemergency switch-off facility shall be provided both inside and outside the
test area to cut-off the electricity in case a situation arises that could
compromise the safety of personnel or cause damage to testing equipment.

7. There should be means provided to prevent unauthorized turning on of the test
circuit.

8. There shall also be interlocks to prevent automatic energization of the test
circuit when the mains power is resumed after a power failure.

4.4.2. Test procedure

After making sure the safety requirements are in place, the general requirement for

operation of test station should be implemented

1. The operation of the test equipment should only be performed a person who
was trained on the equipment’s use.
2. Operating manual of the test devices should be provided to the operator. This

should contain adequate information on how to conduct the test safely.
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3. The test installations used shall be inspected prior to the operation.
4. An authorized person shall inspect all the safety devices at suitable intervals
of time and record all these inspections shall be maintained.
5. Only authorized and trained persons may work with test installations.
6. All personnel involved shall be instructed in the safety requirements, safety
rules and school instructions applicable for their work.
7. A written record of the training provided to the operators should be
maintained
8. Test areas should only be entered by authorized personnel and any other
persons who have received adequate safety training.
From the safety requirements and the current level of this setup, the operator station is
located outside the test area. The system is remotely operated using a laptop. Figure 13

shows the operator screen
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Figure 14: Load cycle heat test operator screen

Heat cycle test takes an extended period, for this reason, it is mostly run unsupervised. The
test area shall be barricaded These barriers shall have wheelable around the test area, and
they shall also have lifting hooks. Emergency doors, gates shall be able to be opened from

the inside of the test area.



CHAPTER 5: CABLE TESTING AND RESULTS

In this chapter, the ampacity according to IEC 60287[8] will be calculated, and the
results are compared with the measured results. From the measured and calculated values,
a model will be designed to predict the conductor temperature given a load current and
cable location. Also, the model will be able to predict the load current from the desired
conductor temperature. The calculations for this experiment were perform taken into
consideration the cable was installed in the air, and other calculations were done with the
cable insulated in an insulated duct and an icy environment around a section of the cable.
The environmental conditioning section shown in Figure 6 is used to simulate the cable
surrounding conditions

5.1. Measured Results

The measured result of the first experiment was performed with a load current at
approximately 1530A for a duration of 19 hours. The sample cable was placed in air, the
data collected from the data logger are shown in Appendix G, and the graph in Figure 14
shows the results.

The result in Figure 14 represents the data collected at measuring point A on the cable
sample. The light blue curve represents the conductor temperature; gray, the insulation
temperature; yellow, the jacket temperature; orange, the load current; and blue, the ambient
temperature. The current was on for approx. 11.5 hours and was turn off for 7.5 hours. The
conductor, insulation, and jacket temperature rose and became steady after eight hours of

running at about 58.6, 45.2, and 41. °C respectively.
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The second experiment was carried out with a load current of, 2030 A for 24 hours.
The collected result is shown in Figure 15 and logs data in Appendix H. From the results
in Figure 15; the current was turned on for 15 hours and off for 9 hours. The following
temperature reading was obtained from the conductor, insulation, jacket, and ambient at
point B. The blue curve represents the load current; light blue represents the conductor
temperature; orange, the insulation; gray, the jacket; and yellow, the ambient temperature.
The conductor temperature reaches 90.5 °C at 13 hours while the insulation, jacket, and
ambient are at 58.6, 54.9, and 20.9 degrees respectively. The cable took 9 hours after the

current was cut off to cool down to ambient temperature.

A third test was done with a variable load current of 2030A for three cycles. For
each cycle, the current was on for four hours and was off for next four hours. The curves

in Figure 16 show the results and the data are in Appendix I.
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5.2. Gathering and calculation of ampacity data
From the cable specification in section 4.2 above and other physical data, the cable
ampacity at steady state is computed using the approach in section 0 above:

1. Dielectric losses

From equation 3
Wd = OJCUOZtan5 [W/m]

Where:
w = 2nf (f= 60 Hz) = 2760 rad/s
tand = 0.004

_ 138

V3
C =the capacitance of the cable

U, 10 = 79.67x103v

_ € 1 -9 __ 2.3
18 lnDi/dc 181n(86-4/, o)

107° = 1.708x1071° [F/m]

W, = wCU,*tan §

W, = 2160 x 1.708x1071°%(79.67%x10%)?% 0.004 = 1.63[W /m]

2. DC resistance

From equation 9, the DC resistance is

6
Raczo = P22 [1 4+ age (0 = 20)]  [0/m]

1.02x10%%x1.7241%x1078x15.25

Rac20 = 1000 [1+3.93x1073(90 — 20)]

=3.42107* [Q/m]

Where:

A = cross-sectional area of metal in mm?



p = electrical resistivity of metal in ohm/m at 20°C

For copper conductors, = 1.7241 x 108

a,, = the temperature coefficient of the conductor material per K at 20°C.

For copper conductors, = 3.93 x 103
For aluminum conductors, = 4.03 x 103
o = the conductor operating temperature = 90°C)
The AC resistance from equation 10
Rac = Rpc(1+ ¥s + ¥p)
Where:
Roc = the dc resistance at the conductor operating temperature 6 (£2/m)
ys = the skin effect factor (see below)

yp = the proximity effect factor (see below)

The skin effect factor is computed as:

4

xS
Ys =192 + 0.8xx?
Where:
8nf
Xe = 1077 -k )
s (Rdc S

x. = (L 10—7x1) = 0.664
s 3.4210°

Radc = the dc resistance at the conductor operating temperature 6 (€ / m)

f=60Hz

46
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ks = a constant (see Table 1 above)

0.664*

= =0.0010
192 + 0.8x0.664*

Ys

The proximity effect factor of a cable varies depending on the conductor geometry. In a

case, while the conductor is round, the proximity effect factor is.

i (ﬁ)2 X2.9

Yo = 192+0.8xxp \ s

Where:

X, = \/(% 1077 - ky)

%, =\/(ﬂ1o—7-kp) = 0.6641

dc

Rac = the dc resistance at the conductor operating temperature 6 (€ / m)
f=60 Hz

ko = (see Table 1 below)

$=55.9mm

dc = 102.5 mm

0.6641% 40.8\2
Yo = Tomnaocar (is) X29=0.0016

55.9

The AC resistance from equation 10

Rac = RDC(1 + Ys + Yp)

R,. = 3.42 10~4(1 + 0.0010 + 0.0016) = 3.43 1074 Q

Loss factor for screen (L)



48

The loss factor for the screen according to IEC 60287-1-1 section 2.2 is defined as (A1),
this loss consists of the circulating current (A1’) and eddy current (A1”)[8].
M=24"+1"

Where:

R 1

/11,=_

2
i)
N

Xg = 20107 In=

X, =2w-1077 n 2222 = 5.977x10-6[]

1043

Where:

o = 2nf [rad/s]

$=55.9 mm

d =104.3 mm

A, = 0. The eddy-current loss is ignored according to IEC 60287-1-1 section 2.3.1 [8]
Rsi s the resistance of the screen per unit length of cable at its maximum operating
temperature [{2/m].

Rsi = Rsol1 + azo(6sc —20)] L [2]

1.02x10°%1.7241x10"8x15.25
Rsl =
1400

[1+3.93x1073(90 — 20)] = 2.433x107* [2]

Where:

Rso is the resistance of the cable screen at 20 °C [Q/m].

8., =90 °C
v _Ra_ 1 2.433x107% 1 4 28104
= = = 4. X
! Rac 14 (&)2 3.43107* 1 <2.433X10_4)2
Xs1 5.977x10-6
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Al = All + A:l”

A =4.28x10"* +0=4.28x10"*

Thermal Resistances

Thermal resistance is a heat property or mediums that limit the transfer of heat. The thermal
resistance for the different layers of the cable is expressed as follow.

Thermal resistance of the insulator

The thermal resistance of the insulator is the thermal resistance between the conductor and

the sheath. According to IEC 60287-2-1[8], this resistance is express as

h= 2[7)TiL n (11))_) = 2n3i55.251" (igfg) = 0.0273 [OC/W]
Where:

p; = 3.5 Km/W

D, =40.9 mm

T; =15.01 mm

Dyi =86.4 mm

Thermal resistance of the sheath T2

The power cable in this investigation did not contain an armour. However, it did have a
sheath. From EPRI green book 2007 [1], studies have shown that metallic shields and
sheaths, steel casings and pipes, and metallic conduits have negligible thermal resistances.
Therefore, the thermal resistance of the metallic shield and sheaths is considered to be zero

in the experiment.

o] ]
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Thermal resistance of the jacket T3

The thermal resistance of the jacket is the resistance between the sheath and the jacket
surface.

2t
Ty —ﬂln<1+ 3) or

S 2m D’;;
D'y, 3.5 104.3 0
= 2[7)T]L n (Dj) B 2nx15.25m< 96.2 ) B 0'0030[ C/W]
Where:
p; = 3.5 Km/W
D’0j=104.3 mm
D’ij=96.2 mm

Thermal resistance of the surrounding T4

The thermal resistance of a cable surrounding depends on where the cable is
installed. If the cable is installed in a duct system (commonly install method in the US),
the thermal resistance of the surrounding consists three parts. Namely T’4, the thermal
resistance of the air space between the cable surface and the duct’s internal surface; T4
the thermal resistance of the duct itself; and T’4. the external thermal resistance of the
duct.

T4_ ES T,4_ + T”4_ + T,”4_

Thermal resistance between cable surface and duct inner surface T',

;o U
4 T 140.1(V+Y6,,)D,

[°C.m/W]

Where:

De = the external diameter of the cable [mm]

©m = the mean temperature of the medium filling the space between cable and duct. An
assumed value should be used initially and the calculation repeated with a modified value

if necessary [°C]

U, V, and Y as defined in Table 2.
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In this investigation, the cable was in air with a length of 15.25m

1
hxAgir

[*C/W]

Toir =

h = 10 w/m?°C
L =15.25m

LZ
Agir = —

4T

Tair = W = 0 0054[ OC/W]
10x 4ﬂ

From the above calculations, the temperature rise in the sample cable is then computed as
using equation 6:
AG = (I?R,. + SW )T, + [I?Ry. (1 + Ay) + Wy]nT,

+ [I?Ry (L + 2y + ) + WyIn(T5 + T,)

For a load current of 1530A, the temperature rise in the cable sample is:

AB = (1530%%3.43%107* + .5%1.65)0.0273 + [1530%%3.43x107*(1 +

4.28x107%) + 1.65](0.003 + 0.0054)=39.5

The temperature rise at 1530 load current is

A6 = 39.5

Ao = 6,.—6,

The conductor temperature at steady state for a load current of 1530A is computed as

shown below. In this case, the ambient temperature is assumed to be 20 degree

0, = 0, + A®
0, =20
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0, = 0, + A®
0, = 20 + 39.5 = 59.5
0, =59.5°C

5.3. Transient Ampacity Analysis

The transient ampacity analysis of an XLPE cable involves calculation of the cable
response to arbitrary, dynamic excitations. Transient behavior, in general, is defined as a
process’ variables changes in time before it reaches its steady state. In an XLPE cable, this
results in the calculation of the cable current as a function of conductor’s temperature and
time, or computation of the cable conductor’s temperature as a function of current and time.
In the transient analysis of a cable, the calculations take both the thermal resistance and
capacitance of the different cable layers and its environment into consideration, while
steady-state calculations ignore this thermal capacitance and consider only the thermal
resistance. From the equivalent electrical circuit of a cable in Figure 3 above in section
3.1.1, the transient behavior of a cable can be analyzed based on the RC electrical network
consisting of a current source, resistors, and capacitors. This represents the heat generation
in the cable, due to the thermal resistances and thermal capacitances of the different cable
and earth layers. In a cable system, the heat generated is due to RI? losses. Studies from
EPRI green book [1] show that a quicker solution for transient ampacity analysis can be
obtained by utilizing a two- or three-section R-C model for the cable system and an analytic
expression in the form of the exponential function, which describes the temperature

response of the earth to a step-change in load.
-t
Be ey = MO, — MG xe /Rrcr 40, [°C]

-t
Oc,at) = B, (1 —e /RTCT) + 0, [ °C]
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The rise in temperature from equation six is given as
AB, = (I?Ry. + SW )T, + [I?Ry. (1 + Ay + A) + Wy (T3 + T,)

Equation 6 in 28

-t
B 1ty = (IPRac + SWTy + [PRoc(1+ 2y + A) + Wal(Ts + T) (1 - /rrer) +

0, (27)
Hence,
-t
Hins,(l,t) = [Hc - (IZRaC + -SWd)Tl] (1 —e€ /RTCT) + Hci [ OC]
-t
Oins.i) = PRac(1+ Ay + 25) + Wl (T +T) (1—e /Reer) 46, [°C] (28)
Hence,

-t
Bjac,y = [6c = [PRac(1+ 2y + A) + Wl (Ts + T] (1 — & /rer)
+0  [°C]

—t
Hfac,(l,t) = (IZRaC + -SWd)Tlx (1 —e /RTCT) + Hci [ OC] (29)

Where:

8c,,0) = the conductor temperature as a function of time and load current

Bins,1,c) = the insulation temperature as a function of time and load current

Biac,1¢) = the jacket temperature as a function of time and load current

AO. = the temperature rise in the cable

B¢ = initial conductor temperature

RtCr = cable time constant [minutes]

The computation of thermal resistances in the transient analysis is the same as a steady
state; see section 3.1.3 and 5.2 above. The thermal capacitances for each layer of the

cable is the volume of the layer times the specific heat capacity and the density of the
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layer[1, 11, 12]. Table 5 shows the specific heat capacity and density of some common
cable layers.

CTh = VXCpo

Table 5: Specific heat capacity and density of some common cable layers

Specific heat capacity Density [kg/m®]
[J/kg. °C]
Conductor Cop_per 390 8900
Aluminum
XLPE 2.4¢5 922
PVC 2.4¢5 962

Thermal capacitance of the conductor

Crac = ViXCp cXpe U/ ecl (30)
Where:

V. = the volume of the conductor length [m?]

V. = AXL

A = area of the conductor [m?]

L = length of the conductor [m]

Cp_c = the specific heat of copper [J/kg.oC]

p. = the density of copper [kg/m®]

Thermal capacitance of insulation

Crni = ViXCy i Xp; [J/°C] (31)

Where:

Vi = the volume of the whole cable insulation length [m?]
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L
Vi = T(sz — Dy%)

Doi = the outer diameter of the insulation [m]
Dii = the internal diameter of the insulation [m]

L = length of the cable [m]
Cyp_i = the specific heat of insulation [J/kg.°C]

p; = the density of insulation [kg/mq]

Thermal capacitance of the sheath

CTh_s = stcp_sxps U/ OC] (32)

Where:

V¢ = the volume of the whole cable sample length [m?]
V. = AXL

A = area of the sheath [m?]

L = length of the sheath [m]

Cyp_c = the specific heat of copper [J/kg.°C]

ps = the density of sheath material (copper) [kg/m®]

Thermal capacitance of insulation

Crni = ViXCy i Xp; [J/ °C] (33)

Where:

Vi = the volume of the whole cable insulation length [m?]

L
Vi = T(D'OJZ -D'y")

D’0j = the outer diameter of the jacket [m]
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D’jj= the internal diameter of the jacket [m]

L = length of the cable [m]
Cyp_j= the specific heat of jacket [J/kg.°C]

p; = the density of jacket [kg/m®]

5.4. Modeling

Using physical parameters and the formulas above, a transient cable model was
developed. All the computation was done in MATLAB, and the model was designed in
Simulink. The model was developed by transforming the conductor temperature equation
(equation (27)) as a function of time and load current (time domain) to the frequency
domain. This transformation was accomplished using the Laplace transform. The system
was designed with the current fed through the conductor. The Laplace transformation of

an exponential function given below is[13]:

fo=k(1-e) oo R= 2
Where:
K is the gain

7 IS the time constant (RC)
s is the frequency domain variable

As mention above, the model was developed, the cable system was then modeled
in Simulink. Figures 18, 19, 20, and 21 show the model of the conductor, insulation, and
jacket respectively. Figures 18, 19, and 20 represent the Laplace transformation of equation
27, 28, and 29 respectively. Figure 21 is the combination of all the layers of the cable
(conductor, insulation, and jacket). Figure 18 is a Simulink circuit of a cable conductor.

This diagram has a current input and a conductor temperature as an output. The response
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of the circuit is shown in Figure 23 below. This circuit is developed from a Laplace

transform of equation 27.

Constant5

1+lamda1+Wd

Constant4 Product2

Constant

o 1
GO v e
X + tau_c.s+1
Load Current We c
Math Product + X Transfer Fen
Function Add
Product1 Add1
Rac 0.5"Wd T1
Constant1 Constant2 Constant3

Figure 19: Conductor temperature model with current as input

1+lamda1
1

tau_c.s+1

Product1 Trandfer Fen Transport
Delay

Constant4

'Wc

Load Current

Constant2

Constant3

Constant1

Figure 20: Insulation temperature model with current as input

Figure 19 represent the insulation model. This model has a current input, and the
output, in this case, is the temperature of the top surface of the insulation. This circuit is
developed from the Laplace transform of equation 28. Figure 20 represent the jacket model.
This circuit modeled the temperature at the surface of the jacket given the load current as

the input. This diagram is developed from a Laplace transform of equation 29.
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Figure 21: Jacket temperature model with current as input
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Figure 22: XLPE Cable model with current as input
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Figure 21 shows the cable model with all the three core layers. This circuit

represents the cable conductor, insulation, and jacket model. These boxes are the sub-

circuits shown in Figures 18, 19 and 20. The simulation result of this circuit is shown in

Figure 23 below. The switch in the circuit switches the current inputs from a step current

input to a pulse or variable current input.
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Figure 23: Conductor PID temperature control

Figure 22 is a closed loop control system; this circuit controls the conductor
temperature to the desired temperature (set point) from the jacket temperature. In this
circuit, the conductor temperature is specified, and the model will maintain this
temperature by adjusting how much load current flow through the cable given the change
in temperature on the jacket surface. This circuit automatically achieves and maintain the
desired output conductor temperature by comparing it with the actual conductor and jacket
temperature. In this model circuit, the output is the conductor temperature, but the feedback
signal is the jacket temperature. Despite the change in temperature on the jacket surface

the model automatically adjusts to maintain the conductor temperature.
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5.5. Model Results

This section shows the results from Simulink model in Figures 21 and 22. The result
shows the input and the output response. In these Figures, the input is a current source,
and the outputs are the temperatures. Figure 23 illustrates the result of the circuit shown
in Figure 21 when the switch is in the lower position. At this position, the current is a
step input. The current is at 1530A for 695 minutes represented in green. The outputs
are the lower curves in Figure 23. In these output graph, the yellow curve represents

the conductor temperature while red curve is the jacket and blue is the jacket

temperature.

Figure 24: 1530A current step input response (temperature profile)

Figure 24 below shows the result of the cable modeling when the switch is in the
upper position. At this position, the input current is a pulse signal. The current is on for
four hours and off for the next four hours. This simulation was to test the model for a

variable load input.
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Figure 25: 2030A Pulse current input response

Figure 25 represents the result of the conductor temperature closed loop control
circuit. In this Figure, the green curve is the error signal of the output and feedback. Yellow
is the current required to maintain the conductor temperature to it desired set point. The
red curve is the conductor set point; blue is the actual conductor temperature while orange

and light green is the insulation and jacket temperature.

Figure 26 represents the result of the conductor temperature closed loop control
circuit with a disturbance on the jacket. The disturbance was an impulse of amplitude five
which represent 5°C. This disturbance impulse was applied to the jacket. With the increase
in the jacket temperature, the PID controller drops the load current to reduce the systems
error and bring the conductor temperature back to the desired value. From the graph, it can
be seen the model responds automatically and corrects for the disturbance at the jacket.
Note that the jacket and the conductor have an approx. 14 minutes’ delay response time.

With an increase in the jacket temperature, the PID controller drops the load current to
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reduce the systems error and bring the conductor temperature back to the desired value.
The PID controller was tuned to specific values to archives the system response. The
Simulink tune tool was used to tune, and the following criteria were used. (1) The system
should critically damped; (2) Rising time should not be greater than cable time constant;
(3) System should not overshoot; (4) Desire temperature should 20 >=t =< 90. Table 6

below shows the tuned values of the PID controller.

Table 6: PID Controller tuned parameters

Controller Parameters

Tuned Block
P 1.2255 1.2255
| 0.01296 0.01296
D 9.2447 9.2447
M 0.026831 0.026831

Figure 26: 60-degree desired conductor temperature response with PID control
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Figure 27: 60-degree desired conductor temperature response with PID control and
disturbance verification.
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5.6. Measured vs. Model Results

One of the ways to verify the model was to compare its results to the experimental result

obtained in the laboratory. The first comparison is that of the step load current.

5.6.1. Cable temperature profile @ 1530A step-load current

Load current

\ Conductor temperature
Insulation temperature

Jacket temperature

(b)

Figure 28: Cable temperature profile @ 1530A step-load current; (a) Measured
result;(b) Model result

From Figure 27 above, the result in (a) is identical to that in (b). Figure 27 (a) is the

laboratory result while (b) is the modeled result. The orange curve in Figure 27 (a)
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represents the load current which is the green curve on the model result in Figure 27 (b).

Figure 28 (a) and (b) shows the measured and the modeled result of a variable load current.

5.6.2. Cable temperature profile @ 2030A pulse load current

Load current

R —— —a
/’ el

U 68 4 conductor températ ure

t (A)

Insulation ter’r'{peratur
/ \ Jacket temperature,,, ¢

0]

Figure 29: Cable temperature profile @ 2030A step load current; (a) Measured
result;(b) Model result



CHAPTER 6: CONCLUSIONS

Underground cable current carrying capacity is limited due to the ability to withstand
high temperature. High operating temperature affects the insulation of the cable. The
estimated life of a cable depends on the operating temperature. This implies the maximum
continuous operating temperature should never exceed that of the manufacturer's
specification. This paper presents a model and algorithm to predict and control the
temperature of the cable conductor, insulation, jacket and load current given of the
following inputs jacket temperature, ambient temperature, bonding, load history, and cable
surrounding.

A model was developed to predict the conductor temperature, from a load current and
cable installation condition. The model predicts how much current is needed to produce a
specified conductor temperature within the determined time. The second model was
developed to predict load current profile from the desired conductor temperature. This
model automatically achieves and maintains the desired conductor temperature by
comparing it with the jacket temperature.

The developed algorithm and control system in this paper was verified with measured
lab results from a laboratory environment. The accuracy of the model and algorithm is

about £5% given the conditions of the cable and installation
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APPENDIX A: Ampacity Calculation

This appendix is a summary of the exact wording of IEC-60287. According to

ICE-60287 [8], the ampacity of an AC cable is derived from the expression for the

conductor temperature rise above ambient.

A8 = (PR + =Wa)Ti + [IR(1+Ar) + WalnT + [[PR(14+ M 4 Xa) + Wln(Ts + T)

where

Af

W,

(A1)

is the current flowing in one conductor [A];

is the conductor temperature rise above the ambient temperature [K];

conditions, at a situation in which cables are installed, or are to be installed, including the effect
of any local source of heat, but not the incresse of temperature in the immediate neighbourhood

of the cables due to heat arising therefrom.

is the alternating current resistance per unit length of the conductor at
maximum operating temperature [€2/m];

is the dielectric loss per unit length for the insulation surrounding the con-
ductor [W/m];

is the thermal resistance per unit length hetween one conductor and the
sheath [K'm/W];

is the thermal resistance per unit length of the hedding between sheath and
armour [Km/W];

is the thermal resistance per unit length of the external serving of the cable

[Km/WI;



Skin effect factor y,

The skin effect factor g, is given by:

L4
Ty

Vo = 100 7 08 (A-6)

where

o B
I = Ff 077k, (A.T)

I is the supply frequency in hertz.

Proximity effect factor y; (for three-core cables)

The prozimity effect factor is given by:

4 a @

d.\’ . 1.18

Y~ 102 E} 8 (?) u_m.(%) T3 s
F rorroees + 0-27

where

s Bxf

p = 107 - ky (A.9)

d. is the diameter of conductor [mm];

5 is the distance between conductor axes :*mm )

A.1.2 Dielectric losses
The dielectric loss per unit length in each phase is given by:
Wy = wCUZ tand [W/m| (A.10)
where
w  =Inf
C  is the capacitance per unit length [F/m];

Ug is the voltage to earth [V].



Al. CALCULATION OF LOSSES

The capacitance for circular conductors is given by:

=
.=

_ 102 [F/ml
O = 18[1:1% 1077 [F/m)] (A.11)

where

£ iz the relative permittivity of the insulation;

D; is the external diameter of the insulation (excluding screen) [mm];

dp is the diameter of conductor, including screen, if any [mm|.

A.1.3 Loss factor for sheath and screen

The power loss in the sheath or sereen [ Ay ) consists of losses caused by circulating
currents ( A" ) and eddy currents ( A" ), thus:

A=A+ N (A.19)

The formulae given in this section express the loss in terms of the total power loss
in the conductor(s).

Rg = Rgy [1 + agg(fse — 20)] [©2/m] (A.13)

where

Rap is the resistance of the cable sheath or screen at 20 °C' [©2/m].

A= %;} (A.14)
1+ (%)

where

g is the resistance of sheath or screen per unit length of cable at its maximum
operating temperature [(2/m|;

X is the reactance per unit length of sheath or screen per unit length of cable
— 21077 In %" [/ ml;

w =2 f [1/s];

8 is the distance between conductor axes in the electrical section being con-

sidered [mm|;

d is the mean diameter of the sheath [mm];
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A = 0. The eddy-current loss is ignored according to TEC 60287-1-1 section
2.3.1 [1].

The eddy-current loss A" is ignored according to IEC 60287-1-1 section 2.3.1 [1].

A.2 Thermal resistance

A.2.1 Thermal resistance of constituent parts of a cable
Thermal resistance between one conductor and sheath T)

For screened cables with cireular conductors the thermal resistance T is:

T =2g (A.15)
2

where

( is the geometric factor according to IECG0287 [2];

oT is the thermal resistivity of insulation [Km/WJ;

Thermal resistance between sheath and armour 75

AXKI-F 3295/25 does not contain armour nor metallic sheath. Hence Th is not
considered.

Thermal resistance of outer covering (serving) Th

pT 23
To="—-ln|l+— AlG
S ( + D;) (A.16)
where
2 is the thickness of serving [mm);
D, is the external diameter of the armour [mm|;

A.2.2 External thermal resistance T,

The external thermal resistance of a cable in a duct consists of three parts:

T, is the thermal resistance of the air space between the cable surface and
duct’s internal surface;

T, iz the thermal resistance of the duct itself;

T is the external thermal resistance of the duct.

Ty=Ty+Ty +T, (A.17)



A2, THERMAL RESISTANCE

Thermal resistance between cable and duct T}
[

Ti= 1+0.1(V +Y8,)D, (A.18)
where
D, is the external diameter of the cable [mm|;
B is the mean temperature of the medium filling the space between cable and

duct. An assumed value has to be used initially and the calculation repeated
with a modified value if necessary [*C;

Thermal resistance of the duct T}

P Do
T, = 5o In (1 . Dd) (A.19)
where
Dy is the outside diameter of the duct [mm|;
Dy is the inside diameter of the duct [mm];
pr is the thermal resistivity of duct material [Km/W)|
External thermal resistance of the duct 7}
rar 1
T, = FoPT In (2u) (A.20)

where

pr is the thermal resistivity of the soil [Km/W];

u= %, L is the placement depth [mm];
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APPENDIX B-1: ASD power Load Cycle Test System spec

Load Cycle Test System

Low Voltage, Current Test Set For Power Cable

nlications
of insulating Cables

Transformers

transformer rated at 12 volts and
andard building block of the test
pop size changes, the power
Qe, requiring the addition or
transformers from the
to achieve the desired

ermocouples, isolated

2 mounted on a cart. A

also mounted on the
in the test loop.

The system Is equipped with user frie
software allowing you of:

 Performing measurements and taking
readings automatically.

* Performing  temperature
automatically.

= Showing real-time graphical and indicator
value displays of current, voltage and
temperature readings.

= Storing test results automatically.

+ Viewing graphical analysis of current and
previous test results.

= Generating extensive excel report for
selected test's results. The report includes
measured values, calculated values and
graphical analysis for each connector.

corrections

The software offers a window to specify user
configurable parameters that help control the
system and perform the right test procedure

aiane
To mslarme

Prstmetion

regarding the cable’s specifications.
P
’_‘*I:/J l'::—_‘:’::;‘ ___________l:_ﬂ-‘_ht_;ho;"_____________
II
|
- } Hrmessmms | [ ne

1021 Davis Drive, Apex, NC
Phone: 919-542-2613, Fax: 91
www. asdpower.com




APPENDIX B-2: ASD power Load Cycle Test System spec

Load Cycle Test System

Low Voltage, Current Test Set For Power Cable

Automation Systems &

1021 Davis Drive, Ape
Phone; 919-842-2613,
WWW, asdpower.com
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APPENDIX C-1: Sample Cable Specification

138 kV Power Cables

138 kV XLPE -

Copper
Cogguctor

TRADITIONAL WALL 850 MIL XLPE

COPPER NEUTRALS, COPPER COMPOSITE

LAMINATE SHEATH

CABLE CONSTRUCTION

Reverse Concentric Stranded Copper,
Compressed Conductor or Milliken
Super Smooth Conductor Shield

+ Super Clean XLPE Insulation

* Traditional Wall - 850 mil XLPE

* True Triple Extrusion and Dry Cured

* Firmiy Bonded Insulation Shield

* Copper Meutrals with Copper Composite
Laminate Sheath

* Polyethylene Jacket with Extruded

Semi-Conductive Quter Layer

CABLE DATA

Voltage Characteristics (kV)

Max Voltage Rating

145
EIL Rating 650
Temperatures (<C)
MNominal Conductor 20
Max. Emergency Conductor 105
Short Circuit Conductor 250
Minimum Installation -10
Design Characteristics
Design Standards AEIC, IEC
Typical Test Voltages 240 KV / 15 min.
¥LPE Loss Factor 0.0005
Relative Permittivity 23
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APPENDIX C-2: Sample Cable Specification

Conductor Size in

uetor 750 | 1000 | 1250 | 1s00 | t7so | zooo | 2so0 | 3ooo | 3soo | soco
Dimensional Mominal
Conductor . _ -
P in 097 | L2 25 | 137 | 148 | 1@ | 176 | 192 | 208 | zm
mim 247 | 285 | ae | 348 | 376 | 409 | 447 | 488 | s28 | sa0
Diameter over in 279 | 204 | 307 | awe | 230 | 240 | 266 | ze2 | 308 | 4m
nsulation
mm 708 | 746 | 780 | B0 | 838 | Be4 | 930 | 971 | 1010 | 1044
D'aghge‘:t'h“"” in 307 | 332 | 346 | 358 | 349 | are | aor | 423 | 439 | as2
- 804 | B4 | H7B | 908 | 938 | 96.2 | 1034 | 1075 | 1114 | 148
Overall Jacket in 349 | 36a | 378 | 3s0 | eor | am | 439 | 455 | am | sma
Diamater
mim 887 | 925 | 959 | 9BS | 1017 | 1043 | 1115 | n56 | 195 | 1230
Total Weight lbs/ft | 6B 7.8 8.8 97 w7 | e | 138 | 156 75 | wa
Min. Banding
Radius (install in | 70¢52 | 7as55 | 76s57 | 7asse | aoseo | ezsez | mases | vises | sasm | w7s7a
perm.)
"'”'{:;;‘;‘ ling | s | sp00 | 8000 | 10000 | 12000 | 14000 | 18,000 | 20,000 | 24,000 | 28000 | 32,000
Typical Shipping Reel Size
Flange x Width in | 138x95 | 138x05 | 150x05 | 150x05 | 150495 | 150x95 | 158x05 | 158405 | 158x95 | 15895
Shipping Reel ft 3000 | 3000 | sooo | mooo | z7sa | 2725 | z7oo | 2375 | zazs | 1000
Capacity?
Electrical
Electrical Stress @ U,
Conductor Shield KV /mm 6.1 5.9 57 55 5.4 53 5.1 5.0 49 4.9
Insulation Shield | kV/mm | 24 | 2.5 25 2.6 26 27 27 28 | 28 29
Short Circuit for 0.557
Conductar KA 769 | 1025 | 1281 | 1538 | 179.4 | 2050 | 2563 | 3075 | 3588 | 410.0
Sheath KA 439 | 442 | 446 | 449 | 452 | 455 | 462 | 466 | 470 | 474
Conductor Resistance
DC&20° G Q/kft | oois | o.on | 0008 | 0.007 | 0.006 | @005 | 0004 | 0.003 | 0.003 | D003
DC @ 90° C o/kft | coe | o4 | oon | 0009 | 0008 | moo7 | o0os | 0.005 | oco: | oeos
Capzcitance pFfft | 414 | 450 | 483 | m2 | sae | 56.3 | 624 | 662 | 9.8 | 730
Charging Curant "Efp_ff 124 | 135 | 145 | 158 | 162 | 169 | 187 | 190 | 2w | 2w
Ampacity @ 90°C | per circuit
Typical Single . .
A i amps | 750 | sro | ero | wso | 140 | qmo | 1ess | 1sez | imis | iem
Power Rating VA 180 | 208 | 232 256 | 273 | 290 | =z | =@ 410 | 436
Typical Double .
F s amps | 640 | 70 | 820 goo | oso | 100 | 1206 | 1me | a0 | 1493
Power Rating VA 153 77 196 212 | 228 | 240 | a9 | as | 3mm | as7

1250040300 kemil conductors om & segmant Milikan conductons.
*Increased shipping resl capacity can be accommodated on requast.
? Daclared welues for 80 x 4 AW G copperwira screan with & mil coppar tees shigld. Lorgerwins can accommodets mors curent.
*&ft top of duct, 150-=' W rativs, 0.B°C-m/'W ductbank backfill, 25°C Amibdant, 75% E, 97 specing, sngle-point or cross bonded
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APPENDIX D-1: Thermocouple Specification

REED

Thermocouple Probes

INSTRUMENTS s Series

TP-01

, .

Model TPO1 Beaded Thermocouple Wire Probe

+ Measurement range: -40 to 4B2°F 40 to 250°C)
* For general purpose tempersture spplications

* Dimensziona: Wire: 38" [96.5cm)

Model L5-181 Male Thermocouple Connector

* This type-k male thermocouple connector is constructed
of glass-filed nylon for increased strength and wear
resistance. The L5181 is rated up 425°F [250°C] and
is color coded according to AMNS| thermocouple
identification standards.

Model L5-182 Female Thermocouple Connector

* This type-k fermale thermocouple connector is
constructed of glassilled nylon for increased stren
and wear resistance. The LS-182 is reted up 425°F
[25CFC) and is color coded sccording to AMSI
thermocouple identification standards.

TECHNICAL DATA

E———
LRI
Ls181

B%e

Ls-182

Model Description

LS-103 Air/5as Tharmocouple Probe
LS-103-NIST  Air/Gas Tharmocouple Proba & NIST
Ls-104 Right Angle Thermocouple Surface Probe
LS-104-NIST  Right Angle TC Surface Proba & MIST

Ls-107 Immarsion Thermocoupla Probs
LS-107-NIST  Immarsion Tharmocouple Proba & NIST
LS-108 Surface Thermocouple Probe

LS-108-NIST  Surface Thermocouple Probe & MNIST
LS-134A Meedle Tip Thermocouple Probe
LS-134ANIST Meedle Tip Thermocouple Probe & MNIST
Ls-139 Spring Loaded Surface Probs
LS-139-NIST Spring Loaded Surface Proba & NIST

TP-01 Beadad Thermocoupla Wire Proba
TP-O1-NIST Beadad Tharmocouple Wire Probe & NIST
Ls-181 Male Tharmocouple Connector

Ls-182 Famale Thermocouple Connector

REED Instruments

1-877-849-2127 | info@reedinstruments.com | www.reedinstruments.com




APPENDIX E: Data logger Specification

USB-TEMP and USB-TC Series

Temperature Measurement Devices

The USB-TEMF Series provides temperature measurement flexibility as each charnel can

monitor any of the supported input tepes
Overview

AllUSB-TEMP and TC Series devices support thermocouple inputs. The USB-TEMP
and USB-TEMP-AI also support RTD, thermistor, and semiconductor sensor mea-
surements. In addition, voltage measurements are supported by the USB-TEMP-AL
and USB-TC-AL Each device also includes eight digital IO lines.

The USB-TEMP and USB-TC Series offers the most accurate temperature measure-
ment possible, since the internal measurement electronics accuracy exceeds the
acouracy specifications of the temperature sensors.

The combination of the USE-TEMFP and USE-TC Series and the Measurement
Computing DAQ software suite gives you a complete data acquisition solution
that will have you taking measurements in minutes.

Analog Input

The USBE-TEMF and USB-TC each
include eight thermocouple inputs. The
USB-TEMP also supports RTD, thermistor,
and semiconductor sensor measurements.

The USB-TEMP-AI and USB-TC-Al fea-
ture four thermocouple inputs plus four
voltage inputs with ranges up to +10 V.
The USB-TEMP-Al also supports ETD,
thermistor, and semiconductor sen-
sor measurements. The USB-TEMP-AI
and USB-TC-AI also offer four wvolt-
age input channels with ranges from
+1.25 Vo 210V

A 24-bitanalog-to-digital (A/D) converter
is provided for each pair of analog inputs.

Sample Rate

Each channel can be sampled at up to
two samples per second for a total device
throughput of 16 samples per second.

Digital I/O

Eight independent, TTL-compatible
digital I/ channels are used to monitor
TTL-level inputs and communicate with
external devices. The DIO lines on the
USB-TEMP-AI and USB-TC-Al can also be
used to generate alarms.

The digital I/ lines are software program-
mable for input or output.

Vs N ™2
VA AL J

MEABUREMENT
COMPUTING.
Features
= Temperature and voltage
measurements

* Thermocouples, RTDs,
thermistors, semiconductor
SENSOrs

* 8 analog inputs
= 24-bit resolution
« & digital /O

= 1 event counter

Supported Operating Systems
* Windows® 10/8/7/Vista®/XF,
32/64-bit

* Android™

Counter Input

USB-TEMP-Aland USB-TC-Al devices have
a 32-bit event counter that accept fre-
quency inputs up to 1 MHz. The internal
counter increments when the TTL levels
transition from low to high.

Calibration

USB-TEMP and USB-TC Series devices are
factory-calibrated using a NIST-traceable
calibration process. Specifications are
guaranteed for one year

The USB-TEMP and USB-TC Series also
supports field calibration for users to
calibrate the device locally with the Insta-
Cal utility.

InstaCal prompis you to run its calibration
utility when you change from one sensor
category to another. Allow the device to
operate for at least 30 minutes before
calibrating. This warmup time minimizes
thermal drift and achieves the specified
rated accuracy of measurements.

Users can connect a different category of ~ RTD, Thermistor,

sensor to each temperature channel pair. Madel Channels "E'Im Semiconductor Voltage Inputs
men Sensor Inputs

Open thermocouple detection (OTD) is

provided to detectbroken thermocouples. USE-TC & L4 — —

Cold junction compensation (CJC) sen- LISE-TEMP ] v " —

sors are provided for TC measurements, USETCAl B —

and built-in current excitation sources for v v

resistive sensor measurements. USB-TEMP-AI & v L v

Measurement Computing {508) 946-5100 info@mccdag.com mecdag.com
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APPENDIX F: Cable termination specification

BURNDY

s R =]
o ]

BURNDY LLC - USA

47, industrial Park Drive
Manchester NH03109

BURNDY Catalog Number
UPC Mumber

Description
Status

Web Use
BURNDY Product Line

Pad Orientation

Widih (in)

Le (im)

Thickness (in}

Height {in)

Size (Hex) or Size (Bolt)
Hole Size (Fraction)
Thickness

Size (Hex) or Size (Bolt) - in
B Length {in)

Pad Width (in)

E-in

Mumber of Conductors

Product Description

Copper Solid Size (Range)
Copper Stranded (Range)

MAH4B844M

7818100029577

COPPER TERMIMAL, 7.50 IN L
Active

Dimensional

0A°
338
7.50
11/25
a2
172
916
0.44
0.50
325
400
1.75

General

1

Cast Cu Alloy Terminal, 4 Holes,
500-2000 KCMIL, 230 kV, 1.75 IN
Stud Hole Spacing, Bolted, Cable
to Pad, 0.56 IN Hole Dia, 1/2 IN-
13 Bolt Dia

Conducton(s)
NIA
) ?D{r kemil-2000 kemil

Type of Hardware DURIUME¢ Silicon Bronze
Pad Configuration 4x4-4holes

Type of Flating Unplated

Connector Type Terminal

Plated (Yes or No) M

Product Material Copper Alloy

Approvals / Certifications

ROHS Compatible Exempt
Documentation

For further technical assistance, please contact us

BURNDY Technical Servdes

47, industrial Park Drive
Manchester NHO3109

Hours: 8.00 AM - 5.00 FM
Monday - Friday
Phone: 000-246-4175
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10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016

10:17:.
10:18:45

10:43:45
10:44:45
10:45:45
10:46:45
1 5
10:48:45

11:14:45
1 5
11:16:45
11:17:45
11:18:45
11:19:45
5
11:21:45

APPENDIX G: 1530A at 19 hours Data

24.58
24.69
24.94

24.7
25.19
25.43
25.26

25.75
25.53
25.74
25.88
26.14

26.3
26.23
26.67
26.65
27.01
27.19
27.32
27.04
27.29
27.47
27.54
27.78
28.07
27.93
28.04
28.09
28.38
28.65
28.55
28.74
28.72
28.93
28.99
29.36
29.25
29.49

29.5
29.68
29.65

29.9
30.03
29.73
30.06
30.25
30.33
30.33
30.62
30.81
30.49
30.75

30.9
31.02
31.06
31.21
31.15
31.49
31.49
31.77
31.71

25.28

25.58
25.69
25.72
25.87
25.96
26.08
26.18
26.32
26.51
26.49
26.75
26.76
26.92
27.09
27.09

27.2
27.37
27.45
27.81
27.71
27.84
27.94
28.12
28.24
28.34
28.35
28.39
28.65
28.63
28.84
28.81
28.93
29.17
29.14

29.3
29.43
29.43

29.5
29.68
29.76
29.83
29.95
29.95
30.02
30.31
30.31
30.27
30.31
30.51
30.52

34.86
35.17
35.26
35.56
35.93
35.99
36.15
36.31
36.35
36.69
36.85
37.03
37.25
37.42
37.52
37.63
37.93
37.98
38.08
38.47
38.49
38.81
38.84
39.16
39.13
39.39
39.58
39.83
39.85
39.96
40.17
40.37
40.57
40.66
40.84
41.04
41.02
41.36

41.4
41.65
41.88
41.87
41.98
42.16
42.28
42.42
42.61
42.67

42.8

25.88
26.04
26.25

26.5
26.67
26.79
26.96
27.19
27.43
27.46
27.65
27.72

28.02
28.21
28.33
28.45
28.73
28.68
28.81
28.99
29.26
29.32
29.54
29.45
29.74
29.94
30.01
30.03
30.33
30.41
30.57
30.63
30.68
30.85
31.13
31.07
31.38
31.47
31.63
31.69
31.71
31.93
31.97
32.22
32.13

32.5
32.51
32.64
32.85
32.92
32.95
33.05
33.26
33.32
33.33
33.52
33.64
33.67
33.86

22.88
23.15
23.31
23.26
23.45
23.63
23.72
23.93
24.03
24.15
24.26
24.43
24.61
24.82
24.89
24.98
25.14

25.2
25.33
25.41
25.78
25.64
25.87
25.97
26.15
26.27
26.42
26.55

26.8

26.9
26.86
27.14
27.22
27.42
27.54
27.71
27.64

27.9
27.91
28.06
28.09
28.22
28.45
28.44
28.54
28.66
28.88
29.07
29.13
29.24
29.18
29.56
29.48
29.65
29.72
29.89
29.87

30.14

30.2
30.28
30.36
30.48
30.74
30.69
30.97
31.13
30.93
31.29
31.16
31.22
31.27

30.81

81

20.09
20.32
20.35
20.23
20.35

20.5
20.33

20.4
20.55
20.25
20.38
20.32
20.49
20.46
20.38
20.44
20.47
20.48

20.7
20.36
20.46
20.48
20.39
20.42
20.69
20.54
20.42
20.53
20.47
20.57
20.44
20.71
20.61
20.53

20.8
20.52
20.69
20.52
20.56
20.68
20.52
20.55
20.76
20.58
20.56
20.52
20.44
20.58
20.45
20.59
20.63
20.34



10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016
10/7/2016

11:32:45
11:33:45
11:34:45
11:35:45
11:36:45
11:37:45
11:38:45
11:39:45
11:40:45
11:41:45
11:42:45
11:43:45
11:44:45
11:45:45
11:46:45
11:47:45
11:48:45
11:49:45
11:50:45
11:51:45
11:52:45
11:53:45
11:54:45
11:55:45
11:56:45

1:44

3:09

W LW o QI Lo (U2 W [0 Lo G0l W) (U910 Lo |00l U2 (G910 100

10
11
12
13
14

16
17
18
19
20
21
22
23
24
25
26
27
28
29
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APPENDIX H: 2030A at 24 hours Data

0 10/14/2016 0:00 0 19.47 19.89 19.68 OS] 19.91 19.83 20.13 19.3

1 10/14/2016 0:01 0 19.58 19.73 19.89 19.91 20.12 20 20.25 19.4

2 10/14/2016 0:02 182 19.45 19.69 19.92 20.04 20.14 20.09 20.27 19.6

3 10/14/2016 0:03 2030 19.78 20.07 19.97 20.18 20.11 20.21 20.21 19.53

4 10/14/2016 0:04 2030 20.47 19.98 20.1 20.67 20.11 20.39 20.44 19.74

5 10/14/2016 0:05 2030 21.51 19.89 20.03 21.33 20.15 20.32 20.55 19.65

6 10/14/2016 0:06 2026 22.34 19.82 20.14 22.11 20.06 20.3 20.61 19.86

7 10/14/2016 0:07 2030 23.34 19.87 20.04 22.6 20.33 20.27 20.65 19.73

8 10/14/2016 0:08 2034 23.95 20.09 20.18 23.44 20.47 20.25 20.46 20.12

9 10/14/2016 0:09 2034 24.83 19.88 20.13 23.98 20.49 20.01 20.51 19.93
10 10/14/2016 10:06:50 0:10 2026 25.8 20.29 20.21 24.5 20.56 20.25 20.56 19.93
11 10/14/2016 10:07:50 0:11 2030 26.62 20.23 20.32 25.28 20.63 20.19 20.54 20.08
12 10/14/2016 10:08:50 0:12 2026 27.04 20.21 20.42 25.73 20.91 20.34 20.65 19.96
13 10/14/2016 10:09:50 0:13 2026 27.77 20.22 20.51 26.26 21.07 20.45 20.79 20.04
14 10/14/2016 10:10:50 0:14 2030 28.51 20.67 20.53 26.78 21.29 20.49 20.81 20.06
15 10/14/2016 10:11:50 0:15 2022 28.76 20.63 20.6 27.45 21.45 20.54 21.01 19.97
16 10/14/2016 10:12:50 0:16 2030 29.53 20.84 20.71 27.97 21.59 20.8 21.45 20.02
17 10/14/2016 10:1. 0:17 2026 30.08 21.26 20.98 28.45 21.91 20.92 21.35 19.98
18 10/14/2016 10:14: 0:18 2030 30.58 21.37 21.04 29.08 22.24 21.07 21.56 20.14
19 10/14/2016 10:1! 0:19 2026 31.45 21.37 21.13 29.59 22.31 21.25 21.5 20.29
20 10/14/2016 0:20 2030 31.54 21.64 21.31 30 22.59 21.33 21.8 20.19
21 10/14/2016 0:21 2026 32.15 22.01 21.58 30.52 22.83 21.57 21.92 20.37
22 10/14/2016 0:22 2030 32.99 22.02 21.65 31.04 23.14 21.81 22.02 20.19
23 10/14/2016 0:23 2030 33.44 22.26 21.89 31.45 23.28 22.05 22.57 20.35
24 10/14/2016 0:24 2026 33.8 22.55 21.99 31.86 23.59 22.24 22.43 20.27
25 10/14/2016 10:21:50 0:25 2026 34.37 22.42 22.18 32.43 23.84 22.36 22.66 20.18
26 10/14/2016 10:22:50 0:26 2030 34.69 23.04 22.44 32.79 24.28 22.63 23.06 20.26
27 10/14/2016 10:23:50 0:27 2026 35.23 22.94 22.67 33.18 24.43 22.84 23.12 20.36
28 10/14/2016 10:24:50 0:28 2030 35.72 23.19 22.81 33.76 24.77 22.97 233 20.13
29 10/14/2016 10:25:50 0:29 2022 36.04 23.64 23.14 34.05 24.97 233 23.49 20.2
30 10/14/2016 10:2f 0:30 2026 36.49 23.88 23.17 34.4 25.2 23.54 23.58 20.19
31 10/14/2016 0:31 2030 36.98 23.94 23.43 34.89 25.52 23.73 23.94 20.47
32 10/14/2016 0:32 2026 37.46 24.23 23.64 35.2 25.75 24.06 24.01 20.3
33 10/14/2016 0:33 2026 37.69 24.53 24.03 35.65 26.08 24.17 24.22 20.28
34 10/14/2016 0:34 2030 37.87 24.9 23.98 36.19 26.29 24.4 24.5 20.3
35 10/14/2016 0:35 2030 38.42 25.08 24.4 36.47 26.66 24.61 24.68 20.37
36 10/14/2016 0:36 2026 38.73 25.17 24.58 36.88 26.82 24.98 24.81 20.21
37 10/14/2016 0:37 2026 38.79 25.39 24.81 37.26 27.16 25.14 24.96 20.29
38 10/14/2016 10:34:50 0:38 2022 39.05 25.85 25.02 37.68 27.37 25.29 25.27 20.47
39 10/14/2016 10:35:50 0:39 2022 39.23 26.19 25.21 37.92 27.74 25.57 25.57 20.5
40 10/14/2016 10:36:50 0:40 2022 39.64 26.38 25.36 38.33 27.93 25.76 25.75 20.5
41 10/14/2016 10:37:50 0:41 2026 40.08 26.59 25.64 38.76 28.21 26.04 26.03 20.35
42 10/14/2016 10:38:50 0:42 2026 40.06 26.72 25.82 39.06 28.43 26.28 26.07 20.32
43 10/14/2016 10:39:50 0:43 2026 40.63 27.03 26.13 39.6 28.78 26.44 26.13 20.22
44 10/14/2016 10:40:50 0:44 2030 40.84 27.15 26.4 40.06 29.06 26.71 26.77 20.34
45 10/14/2016 10:4 0:45 2022 41.08 27.46 26.38 40.34 29.28 26.93 26.75 20.59
46 10/14/2016 0:46 2022 41.48 27.74 26.81 40.63 29.65 27.05 26.99 20.59
47 10/14/2016 0:47 2022 41.9 27.9 26.96 40.99 29.77 27.4 27.18 20.33
48 10/14/2016 0:48 2022 42.19 28.17 27.11 41.42 30.04 27.71 27.43 20.4
49 10/14/2016 0:49 2026 42.29 28.51 27.43 41.67 30.31 27.78 27.68 20.67
50 10/14/2016 0:50 2022 42.7 28.48 27.53 42.12 30.56 28.08 27.79 20.49
51 10/14/2016 0:51 2026 43.02 28.71 27.8 42.45 30.65 28.3 28.06 20.34
52 10/14/2016 0:52 2030 43.29 29.17 27.95 42.74 31.17 28.45 28.21 20.44
53 10/14/2016 10:49:50 0:53 2022 43.87 29.32 28.23 43.12 31.37 28.71 28.52 20.34
54 10/14/2016 10:50:50 0:54 2026 43.82 29.45 28.34 43.44 31.66 28.9 28.52 20.62
55 10/14/2016 10:51:50 0:55 2026 44.28 29.76 28.46 43.81 31.95 29.24 28.77 20.37
56 10/14/2016 10:52:50 0:56 2022 44.66 29.86 28.76 44.12 32.21 29.33 28.8 20.7
57 10/14/2016 10:53:50 0:57 2022 44.78 30.26 29.05 44.53 32.44 29.58 29.27 20.28
58 10/14/2016 10:5: 0:58 2026 45.33 30.26 29.16 44.83 32.74 29.79 29.45 20.37
59 10/14/2016 10:55: 0:59 2018 45.59 30.73 29.38 45.17 33.1 30.01 29.71 20.48
60 10/14/2016 1:00 2022 46.1 30.82 29.54 45.57 33.27 30.25 29.94 20.39
61 10/14/2016 1:01 2026 46.24 31.21 29.9 45.89 33.4 30.48 30.14 20.46
62 10/14/2016 1:02 2022 46.53 31.29 30.01 46.11 33.68 30.64 30.29 20.58
63 10/14/2016 1:03 2022 46.8 31.46 30.13 46.54 33.88 30.82 30.48 20.33
64 10/14/2016 1:04 2022 47.07 31.84 30.35 46.79 34.32 31.06 30.49 20.53
65 10/14/2016 1:05 2022 47.4 31.91 30.61 47.07 34.35 31.4 30.8 20.53
66 10/14/2016 11:02:50 1:06 2026 47.76 31.92 30.83 47.43 34.71 31.56 30.85 20.36
67 10/14/2016 11:03:50 1:07 2026 48.15 32.53 30.83 47.64 34.96 31.45 31.23 20.55
68 10/14/2016 11:04:50 1:08 2022 48.18 32.56 31.13 48.03 35.11 31.76 31.23 20.36
69 10/14/2016 11:05:50 1:09 2022 48.5 32.71 31.44 48.09 35.2 31.93 31.44 20.72
70 10/14/2016 11:06:50 1:10 2026 48.7 32.87 31.46 48.66 35.49 32.21 31.73 20.55
71 10/14/2016 11:07:50 1:11 2022 49.27 33 31.7 48.76 35.83 32.39 31.86 20.61
72 10/14/2016 11:08:50 g7z 2026 49.6 B5825] 31.89 49.12 36.08 32.67 31.95 20.58
73 10/14/2016 11:0¢ 1:13 2022 49.61 33.47 32.11 49.6 36.18 32.9 32.36 20.51
74 10/14/2016 11:10: 1:14 2026 49.93 33.47 R 49.67 36.57 32.87 32.46 20.42
75 10/14/2016 1:15 2026 50.28 34.05 32.52 50.12 36.72 33.15 32.74 20.55
76 10/14/2016 1:16 2022 50.67 33.87 32.74 50.32 36.91 33.36 32.71 20.72
77 10/14/2016 1:17 2026 50.99 34.22 32.7 50.36 37.07 33.62 32.96 20.72
78 10/14/2016 1:18 2022 51.14 34.28 33.02 50.93 37.45 33.77 333 20.72
79 10/14/2016 1:19 2026 51.35 34.54 33.12 51.19 37.61 33.87 33.31 20.67
80 10/14/2016 1:20 2022 51.72 34.89 33.24 51.45 37.72 34.07 33.63 20.45
81 10/14/2016 11:17:50 1:21 2022 52 34.88 33.52 51.63 37.99 34.35 33.69 20.67
82 10/14/2016 11:18:50 1:22 2026 52.26 35.2 33.74 52.05 38.34 34.59 33.85 20.6
83 10/14/2016 11:19:50 1:23 2026 52.43 35.35 33.69 52.25 38.46 34.48 33.91 20.48
84 10/14/2016 11:20:50 1:24 2026 52.8 35.44 34 52.59 38.91 34.82 34.13 20.59
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2014
2014
2014
2014
2014
2014
2014
2014
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2014
2014

52.86
53.41
53.37
53.99
53.82
54.18
54.62
54.81
55.1
55.26
55.36
55.83
55.78
56.08
56.24
56.54
56.78
56.97
57.13
575
57.79
57.83
58.11
58.34
58.6
58.78
58.95
59.11
59.2
59.49
59.88
59.93
60.19
60.45
60.39
60.71
60.84
61
61.1
61.33
61.7
61.66
61.96
62.22
62.17
62.36
62.68
62.83
62.85
63.28
63.39
63.52
63.62
63.85
64.11
64.24
64.53
64.42
64.69
64.93
65.15
65.2
65.3
65.68
65.59
65.71
65.94
66.06
66.15
66.27
66.42
66.61
66.91
66.81
66.95
67.08
67.37
67.41
67.45
67.76
67.94
68.07
68.26
68.36
68.56
68.37
68.72
68.73

35.64
36.14
35.73
36.17
36.34
36.37
36.74
36.87
36.99
37.22
37.22
37.53
37.72
37.98
37.88
38.14
38.1
38.37
38.63
38.78
38.77
39.14
39.17
39.2
39.42
39.55
39.69
39.89
40.09
39.93
40.28
40.49
40.53
40.49
40.78
41
40.96
41.08
41.29
41.2
41.55
41.52
41.83
42.01
41.99
42.13
41.96
42.26
42.15
42.65
42.71
42.63
42.81
42.9
43.19
43.21
43.25
43.43
43.57
43.51
43.67
43.75
43.92
44.14
43.89
44.24
44.31
4431
44.53
44.52
44.69
44.79
44.98
45.01
45.02
45.14
45.08
45.24
45.17
45.37
45.57
45.52
45.69
45.85
45.72
45.88
46.05
45.91

34.11
34.25

34.4
34.63
34.76
34.87

35.1
35.14
35.38

35.5
35.73
35.74
35.79
36.02
36.33
36.36
36.58
36.84
36.91
37.01
36.99
37.06
37.26
37.57
37.48

37.8
37.82
37.98

38.1
38.27
38.39
38.43
38.55
38.87
38.81
38.83
38.97
39.07
39.25
39.45
39.45
39.64
39.69
39.93
40.04
40.11
40.14
40.24
40.43

40.3

40.6
40.75
40.94
40.94
41.24

411
41.13
41.29
41.38
41.62
41.64

41.9
41.78
41.78
41.96
42.07
42.19
42.29
42.39
42.54
42.51
42.54
42.79
42.73
42.95
42.83
43.14
43.29
43.24
43.22
43.24
43.41
43.46
43.62
43.69

43.7
43.79
43.76

52.82
52.99
53.34
53.61
53.84
54.12
54.35
54.58
54.79
54.94
55.47
55.61
55.72
56.06
56.32
56.48
56.62
56.89
57.21
57.37
57.71
57.76
58.22
58.38
58.49
58.76
58.89
59.18
59.58
59.54
59.89
59.97
60.06
60.55
60.76
60.76
61.05
61.25
61.51
61.52
61.72
62.11
62.27
62.34
62.63
62.67
62.89
63.03
63.32
63.39
63.72
63.78
63.86
63.89
64.24
64.43
64.56
64.77
64.76
64.99
65.32
65.39
65.59
65.73
65.69
66.06
66.23
66.43
66.55
66.59
66.69
66.95
66.96
67.39
67.29
67.55
67.72
67.74
67.88

68.1
68.12
68.41
68.63
68.53
68.78
69.03
68.96
69.14

38.92

39.1
39.23
39.45

39.7
39.86

39.9
40.26
40.38
40.74
40.86
40.89
41.08
41.46
41.55
41.66
41.84
42.01
42.33
42.35
42.51

42.7
42.98
43.29
43.14
43.42
43.52
43.74
44.07
44.13
44.33
44.52
44.52
44.62
44.92
45.02
44.84
44.87
45.16
45.31

453
45.51
45.55
45.86
45.82
45.97
46.24
46.29
46.57
46.61
46.69
46.67
46.73
46.89
47.14
47.18
47.31
47.24
47.56
47.66

47.7
48.01
47.88
48.43
48.17
48.37
48.33
48.56
48.72
48.88
48.82
48.98
49.15
49.09
49.22
49.35
49.44

49.5

49.7
49.77

49.9
50.02
50.03
50.09
50.15
50.26
50.38

50.5

34.87
35.19
35.38
35.41
35.71
35.72
36.01
36.18
36.34
36.56
36.65
36.79
37.12
37.16
37.53
37.42
37.56
37.75
38.08
38.32
38.34
38.58
38.39
38.39
38.76
38.93
38.99
39.19
39.28
39.33
39.49
39.64
39.85
39.87
40.18
39.48
39.07
39.19
38.93
39.15
39.16
39.25
39.35
39.45

39.5
39.63
39.99
40.02
40.07
40.18
40.05
40.47
40.34
40.51
40.48
40.49

40.8
40.85
40.81
40.84
40.99
41.31
41.12
41.26
41.28
41.42
41.58
41.82
41.76
41.96
41.99
42.14
42.22
42.34
42.31
42.34
42.44
42.46
42.75
42.76
42.76
42.97
43.04
42.94
43.05
43.24
43.19
43.17

34.28
34.43

34.6
34.97
34.94
34.98
35.26
35.42

35.5
35.73
35.92
36.21
36.46
36.38
36.42
36.69
36.86
37.06
37.13
37.34
37.37
37.51
37.54

37.8
38.02
37.96
38.17
38.21

38.2
38.45
38.43
38.65
38.88
39.06
39.26

39.1
39.31
39.32
39.75
39.85
39.97
39.92
40.05
40.08
40.26

40.5
40.74
40.66
40.61
40.91
40.99
40.95
41.03
41.22
41.35
41.28
41.57
41.61
41.74
41.68
41.92
42.15
42.19
42.02
42.09
42.34
42.33

423
42.53
42.63
42.79
42.89
42.98
42.92
43.04
43.32
43.27
43.42
43.55

43.8
43.55
43.75
43.87
43.66
43.84
44.16
44.09
44.13

84

20.3

20.6
20.41
20.62
20.62
20.66
20.66
20.48
20.69
20.66
20.59

20.5
20.62
20.55
20.65
20.48
20.43
20.83
20.75

20.6

20.6
20.52
20.68
20.91
20.81
20.78
20.69
20.66
20.58
20.57
20.66
20.74
20.77
20.71
20.59
20.87
20.81
20.75
20.67
20.83
20.86
20.58
20.67
20.71
20.71
20.65
20.71
20.76
20.88
20.73
20.83
20.71
20.76
20.83
20.78
20.75
20.82
20.76
20.89
20.86
20.95
20.86
20.75
20.82
20.69
20.72
20.91
20.75
20.78
20.93

20.9
20.91
20.83
20.93
20.73
20.96
20.81
20.87
21.02
20.85
20.72
20.96
20.88
21.08
20.87
20.88
21.06
20.93
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APPENDIX I: 2030A at 1 day 2 hours Data

o 10/21/2016
1 10/21/2016 20.03
2 10/21/2016 20.12
3 10/21/2016 20.15
4 10/21/2016 20.04
5 10/21/2016 20.14
6 10/21/2016 20.07
7 10/21/2016 20.11
8 10/21/2016 20.23
9 10/21/2016 20.22
10 10/21/2016 20.17
11 10/21/2016 20.14
12 10/21/2016 20.07
13 10/21/2016 20.13
14 10/21/2016 20.19
15 10/21/2016 20.26
16 10/21/2016 20.19
17 10/21/2016 20.04
18 10/21/2016 20.15
19 10/21/2016 19.98
20 10/21/2016 20.29
21 10/21/2016 20.1
22 10/21/2016 20.42
23 10/21/2016 20.16
24 10/21/2016 19.99
25 10/21/2016 20.17
26 10/21/2016 20.26
27 10/21/2016 20.24
28 10/21/2016 20.38
29 10/21/2016 20.14
30 10/21/2016 20.1
31 10/21/2016 20.35
32 10/21/2016 20.23
33 10/21/2016 20.22
34 10/21/2016 20.41
35 10/21/2016 20.26
36 10/21/2016 20.2
37 10/21/2016 20.14
38 10/21/2016 20.3
39 10/21/2016 20.39
40 10/21/2016 20.22
41 10/21/2016 20.38
42 10/21/2016 20.45
43 10/21/2016 20.38
a4 10/21/2016 20.2
45 10/21/2016 20.23
46 10/21/2016 20.23
47 10/21/2016 20.05
48 10/21/2016 20.3
49 10/21/2016 20.3
50 10/21/2016 20.12
51 10/21/2016 20.59
52 10/21/2016 20.23
53 10/21/2016 20.42
54 10/21/2016 20.47
55 10/21/2016 20.38
56 10/21/2016 20.48
57 10/21/2016 20.5
58 10/21/2016 10:55:33 0:58 58 2042 46.88 20.29
59 10/21/2016 1 3 0:59 59 2050 46.83 20.5
60 10/21/2016 10:57:33 1:00 60 2042 47.21 20.62
61 10/21/2016 10:58:33 1:01 61 2050 47.49 20.62
62 10/21/2016 10:59:33 1:02 62 2042 47.7 20.62
63 10/21/2016 11:00:33 1:03 63 2046 48.07 20.23
64 10/21/2016 3 1:04 64 2046 48.49 20.12
65 10/21/2016 11:02:33 1:05 65 2042 48.67 20.43
66 10/21/2016 1:06 66 2046 49.02 20.28
67 10/21/2016 1:07 67 2050 49.24 20.47
68 10/21/2016 1:08 68 2042 49.61 20.21
69 10/21/2016 1:09 69 2050 49.87 20.39
70 10/21/2016 1:10 70 2050 50.08 20.24
71 10/21/2016 1 3 1:11 71 2050 50.29 20.43
72 10/21/2016 11:09:33 1:12 72 2046 50.71 20.61
73 10/21/2016 11: 1:13 73 2046 50.96 20.52
74 10/21/2016 11: 1:14 74 2046 51.16 20.59
75 10/21/2016 11:12:33 1:15 75 2050 51.55 20.42
76 10/21/2016 1 3 1:16 76 2050 51.69 20.74
77 10/21/2016 1:17 77 2050 52.04 20.55
78 10/21/2016 1:18 78 2046 52.33 20.46
79 10/21/2016 1:19 79 2050 52.57 20.2
80 10/21/2016 1:20 80 2042 52.92 20.48
81 10/21/2016 1:21 81 2046 53.17 20.54
82 10/21/2016 1:22 82 2042 53.48 20.46
83 10/21/2016 1:23 83 2042 53.68 20.45
84 10/21/2016 1:24 84 2042 53.89 20.46
85 10/21/2016 1:25 85 2046 54.08 20.43
86 10/21/2016 11: 1:26 86 2046 54.57 20.53
87 10/21/2016 11:24:33 1:27 87 2042 54.77 20.52
88 10/21/2016 1 3 1:28 88 2042 55.03 20.45
89 10/21/2016 1:29 89 2046 55.18 20.65
90 10/21/2016 1:30 90 2042 55.56 20.33
91 10/21/2016 1:31 91 2042 55.73 20.64
92 10/21/2016 1:32 92 2046 56.08 20.42
93 10/21/2016 1:33 93 2042 56.15 20.46
94 10/21/2016 1:34 94 2042 56.39 20.57
95 10/21/2016 1:35 95 2046 56.67 20.49
96 10/21/2016 1:36 96 2046 56.98 20.52
97 10/21/2016 1:37 97 2042 57.08 20.52
98 10/21/2016 11:35:33 1:38 98 2046 57.4 20.73
99 10/21/2016 11:36:33 1:39 99 2042 57.66 20.71
100 10/21/2016 1 3 1:40 100 2042 57.95 20.63
101 10/21/2016 1:41 101 2046 58.29 20.52
102 10/21/2016 1:42 102 2042 58.32 20.54
103 10/21/2016 1:43 103 2046 58.57 20.54
104 10/21/2016 1:44 104 2046 58.91 20.47
105 10/21/2016 1:45 105 2042 58.9 20.42
106 10/21/2016 11:43:33 1:46 106 2046 59.14 20.78
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APPENDIX J: MATLAB Code

%¥ This program Calculate the transient ampacity parament of an XLPE cabkle
]

¥ Date Erogrammer Bevisions

§ - o s

]

¥ 05/01/2017 Ansovinus Akumawah 1.0

clear all;

cle;

close all;

0 = 13Be3; % Fhase wvoltage

£ = 60; % operating frequecy

Ug = Ofsgrt(3): % phase to netural voltage
w = 2%pi*f;

TanP = 0.004;

E= 2.3; % relative permitivity of insulatiocn

¥ Ambient temperteure
Ta = 20; % Ambient temperature

% Conducter inital temperature

Cond Ti = Z0; % Ambient temperature

o e e e %
¥Copper condoctor

A=0.001; % cross—sectional area(m"2)

Amm=1000 ; % cross=sectional area (mm"2)

B 20= 1.724le-B; %resistivity of copper @ 20oc (chm.m)
apha_20=3.93e-3; $temp coef @ 20

thetal= 890; %conductor ocperating temp [(oC)

L= 15.25; % Cable length (m)

Cond OD = 1.610; % Conducctor diameter (inch)

Cond 0Dmm = 40.9; & Conducctor diameter (mm)

Cond _iDmm = 0.01l; % Conducctor diameter {mm)

Ins_thk = 0.581; % insulation thickness(inch]}
Ins_thkmm = 15.0114; % insulation thickness (mm)

Inz ID = 2.Bl; % insulation inner diameter (inch)

Inz IDmm = 71.33; % insulation inner diameter {mm)
Ins_IDm = Ins_IDmm/1000; ¥ insulation inner dliameter (m)
Ins OD = 3.402; % insulation Qutter diameter(inch)

Ins ODmm = B&.d4; % insulation Qutter diameter (mm)

Ina ODm = Ins ODmm/1000; % insulation Outter diameter (m)

jac_ID = 3.7%; & Jack inner diameter (inch)
jac_IDmm = 96.2; % Jack inner diameter (mm]
jac_IDm = jac_IDmm/1000; % Jack inner diameter (m)
jac QD = 4.1; % Jack OQutter diameter (inch)

jac ODmm = 104.3; % Jack Outter diameter (mm)
jac_ODm = jac_ODmm/1000; % Jack Outter diameter (m)

% Cable Capacitance (F}

C= E*le—8/(18*log (Ins_ODmm/Cond_ODmm) | ; ¥ capacitance
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e

%Cable Resistance
Rdg = El.UZEG'P_Zﬂ*thmm]*[1+apha_2&'[thetal—2ﬂ]}; 3D resistance @ L

iskin effect

ks=1; % conductor type (rounnd,stranded]

®s= agrt ((B*plrf*ks*le—T/Ree) ) ;

x8_4= xa*d;

ys5= xs 4/ (192+0.8%xs 4} %skin affact factor

¥proximity effect

kp=1: ¥ concductor type (rounnd,stranded)

xp=aqgrt { (B¥pi*f¥kp*le—7/Rdc) ) ;

xp 4= xptd;

5= Cond ODmm+Ins thkmr; %distance between conductor axes (mm)
d = 103.3; % mean diameter of the sheath

yp= :xp_4f{192+0.ﬂ'xp_41]*[EDnd_ﬂDmmJab“E"Z_B; dproximity effect factor

¥ AC resistance

Rac = Rdc* (1+ys+yp); ¥ AT resistance

Tcross—sactical area of sheath

Asl=(pi/fd4)*(jac IDmm*2-Ins ODmm"2}); forosg=sectioal area of sheath wires

¥ sheath AC resistance

Rel = (1.0Ze6*P 20/Asl}*(1l+apha 20%(thetal-20))*L; % sheath AC resistance

% Mutwal reactance of sheath wires (trefeil)

Xal = (2%w*le—T)*logy (2%} /d); % Mutual reactance of sheath wires (trefoil)
tLoss Factor

lamdal = (Bsl/Rac)=(1/(1+(Rsl/¥sly~2)); % loss factor

%___ _____ o o o o e e e e . e . e . e e . e e e e . e e e e . e e e e e e
¥ Thermal Capacitance of conducter Cth ¢ {J/oC)

V_c=A*L; %Wolum of the whole cable length (m™3)

Cp ¢=390; %Specific Heat of copper (J/kg.oT)

Den _cp=8800; %Density of copper (kg/m*3)

Cth_c =V_c*Cp_c*Den_cpi % (J/0l)

¥ Thermal Capacitance of insulation Cth_in (JfoC)
V_in={pifd)* (Ins_ ODm*2-Ins IDm*2)*L; %Volum of the whole insulation length (m*3})
Cp_in=Z.4e+6; %8pecific Heat of XLPFE (J/kg.oC]

Pen_in=922; %Density of XLPE (kg/m"3)

Cth _im =V _in*Cp in*Den_in; % (J/oC)
% Thermal Capacitance of Jacket Cth_j (J/oC)

V_j=(pifd)*({jac_oDm*2—jac_IDm~2)+*L; %Volum of the whole jacket length (m~3)
Cp_j=2.4e+6; ¥Specific Heat of jacket {J/kg.al)
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Den_ja=962; *Density of jacket (kg/m"3)
Cth_j =V_j*Cp_j*Den_Jja: %(J/oC)
Thermal Resistance Rth (oC/W)

#Thermal Resistance condutor TO % {ol/W)
k_c=400; #thermal conductivity of copper {(W/oC.m}

Rth_l:l = i [k_c*a}; % (ol/W)
Rth c = 0.0293;
% Rth c? = {log(Cond ODmm/Cond ifmm)/ (2*pi*k c*L})):

T = Rth_cl;

tThermal Resistance Insulation T1, Rth_in (oC/W)
k_ins=1.5; %Thermal Resistivity of the insulation {of m/W})
Eth in = (log{Ins_ODmr/Cond ODmm}*k ins/(2*pi*L)};

Tl = Rth in;

tThermal Resistance Insulation T2, Rth sl (oC/W)

Rth_sl = 0;

T2 = Rth sl;

#Thermal Resistance jack T3, Rth j (ot /W)

k jaec= 3.5; $Thermal resistivity of the Jack (oC m/W)
Rth_j = (log(jac_ODwm/jac_IDmm}*k_jac/{2*pi*L});%;

T3 = Rth_j;

% Thermal Resistance of Air @ raduis 2.43m

tHeat transfer coeff.of alr (W ol m*2)

h = 10;

Rair = L2/ (4*pi);

T4_air= 1/(h*18.55);

Td4= T4 air;

t___ _____ e

% Daefine the Lead currennt
I = 900;

= 1530;

1 = 2030

I = 2070;

e H e

L

Define the time lapse that we're going toc explore
¥ Test duration in munite (m)



£ Define Load Current Duration in munite {m)

£ I on = 60;
¥ I_on = 200;
I on = £95;

% I on = 730;
¥ I on = B13;
% I on = 300;

¥ I_on = 1000;
t max = I_on*Z;

% Defining current wvector
I1 = zeros{l,t_max+l);
I1{2:I on}=I;
#I1(700:1000)=1;
$I1(1100:1200)=1I;

¥ Ie=I."2;
=== ———o————o——o-o— oS- —o—co——————o-———c——C——————C-—o—————c—o—oo—o—oo=o
tl = 0:1 on;

td = 1:(t max—I an+l);
t = [tl I on+t2];

¥ Conductor copper losses
We= T."2*Rac;

t Dielectric Losses
Wd = w*C*Uo"2*TanP;

$Time constant

tau_c = ((TO4T1+TI+T4) * (Cth_c+Cth_int+Cth_J) ) *1le—4/3600;
iMeasured tau

¥ taw_cl = 114;

% tau _in = 113;

¥ insulation time delay

i_delay = tau_c/@;

% calculate the temperature on the conductor

te = (Wed (0.5*Wd) }*T1 +{(We* (1+lamdal+Wad) ) * (TI+T4) ] ;% conductor temperature at ss
Te = te.* (1 — exp(-tl/tau c})+ Cond Ti; % Cond temp in £(t)

Tcl = to.* {1l — exp{-tl/tau cl};

¥conductor cooling
Te2 = Tel (end);

Too = ToZ. *exp (-t2/tau_c)+Cond Ti;

Tcond = [Te Tce):



¥ Insulation temperature rise

t_in = ((Wc*(l+lamdal)+Wd}* (T1+T3));
tin = £ _ing %

Tin= tin.*{l-exp(-tlftau_c))+ Cond Ti:
¥ Tin{l:10)=Cond_Ti;

Tinl = tin.*(l-exp{-tl/tau_c));

#Insulation coocling
TinZ = Tinl {end);

Tin ceel = Tind.*exp(—tZ tau c}+ Cond Ti;
Tinsulation = [Tin Tin_cool];

% Jack temperature rise

t_j = (Wot(d.5*Wd))*T1;

ti= t_j;

Ti= tj.*{l-exp(-tl/tau_c))+Cond Ti;

Tjl= tj.* (l-exp{—tl/tau c});

iJacket cooling
Tj¢ = Tjl(end);:

Tj_cool = (TjZ2.*exp(-t2/tau_c))+ Cond Ti;

Tjacket = [T] TJ_cocl];
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