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Chapter 1. Introduction to High Voltage Systems

Annual Cost

A

Ctotul

-

-

-

S~ -
I

Min.Cost

C, (Capital)

C; (Losses)

: » Voltage (V)

Vopt

Figure 1.1: Kelvin's Law: The economic voltage is a trade-off be-
tween the cost of losses (decreasing with V) and the cost of insula-
tion/structures (increasing with V).
1.3 Standardization of Voltage Levels (IEC 60038)

Interconnection between countries requires rigid standardization. The Inter-

national Electrotechnical Commission (IEC) standard 60038 defines the volt-
age ranges. In Portugal, the following levels are standard:

* Medium Voltage (MV): 1kV to 52kV.
— Common values: 10kV, 15kV, 30kV.

— Usage: Distribution networks (E-Redes) and industrial feeders.



132 Chapter 7. High Voltage Cables: Design and Application

Conductor

Metallic Armour

Conductor Screen EPR Insulation

Outer Serving

Figure 7.1: Typical internal construction of a three-core High Voltage
(HV) cable cross-section, showing the main functional layers: conduc-
tor, conductor screen, EPR insulation, fillers/bedding, metallic armour,
and outer serving. Source: Original work by the author.

7.1.1 1. The Conductor

For high currents (> 1,000 A), the Skin Effect and Proximity Effect signifi-
cantly increase AC resistance. To mitigate this, large copper or aluminum

conductors (typically cross-sections > 1,000 mm?) are not solid.

¢ Milliken Construction: The conductor is divided into 4, 5, or 6 segment
shapes, each insulated from the others (using varnish or paper). This ef-
fectively reduces the skin effect factor (ys) closer to unity.

* Water Blocking: The strands are filled with swelling powder/yarns to pre-
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Distance (x)

Time ()  Junction A (Z4|Zp) Junction B (Zg|Z¢)

Figure 12.2: Bewley Lattice Diagram representing multiple reflections
on a line segment bounded by Junctions A and B.

2. A transformer modeled as a capacitance C = 2,000 pF.
Calculate the maximum voltage at the line end for both cases.

Solution: Case 1: Open Circuit Ideally, Z, = co.

_c0—400

=——=1
oo + 400

Viotal = Vine + I'Viye = 1000 + 1000 = 2,000 kV

This confirms that voltage doubles at an open end, which is the most
dangerous scenario for substation insulation.
Case 2: Capacitive Termination The capacitor acts as a dynamic

impedance Zc = 1/(sC) in the Laplace domain. The voltage at the
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¢ Front Time (T7): 1.2pus £ 30%. Represents the steepness of the strike.
¢ Tail Time (T3): 50ps 4= 20%. Represents the energy content.

The voltage v(t) is mathematically described by the double-exponential func-
tion:
o(t) = Vok(e ™ — e Ft) (16.1)

Where &« ~ 14,600s~ ! controls the tail, and B ~ 2,460,000 s~1 controls the

front.

Voltage [%]

100 —

50

Time [ps]

10 20 30 40 50 60

Figure 16.1: Standard Lightning Impulse waveform 1.2 /50us.

16.1.2 Switching Impulse Voltage (SI)

For EHV systems (> 300kV), switching surges often dictate the insulation
clearance. The standard wave is 250/2500us. Because the wavefront is slower,
the electric field distribution is more uniform than in LI, but the longer dura-

tion allows space charge to develop in large air gaps, leading to the U-Curve
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BUS

BUS

CB : Circuit Breaker VT : Voltage Transformer
DS : Disconnecting Switch CHd : Cable Sealing End
ES : Earthing Switch BUS : Busbar

CT : Current Transformer

Figure 19.1: Schematic cross-section of a typical Gas Insulated Substa-
tion (GIS) bay, showing the internal arrangement of the circuit breaker
(CB), disconnectors (DS), earthing switches (ES), instrument transform-
ers (CT/VT), and cable sealing ends (CHd). Source: Original work by
the author.

19.2 Topology and Reliability Analysis

Given the strategic importance of this node, a Double Busbar (DBB) topol-
ogy with a transverse Bus Coupler was selected for both voltage levels.
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