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{ l •· . __, ... 
A comprehensive study upon "Non~ QfWent-ienal-tootheGs- for eH~-€*-tfaetiefl-from 

-the-high-VQ.lta.ge4-Fan-s·mi-ssioo--l-ines:' was addressed in this ~. As defined in this 
. t If~ . I ! .. ' 

~ I ,_.., 

·. I 

study, a noi¥.CG-~W~al--me-tooe--te--0-xtFaet-eAst=gy-i.s~nt~-that-does-.noLtouGR-the 
. r J 

.. , .. 
conffi:Jete-FS-of-the-iine. 

The theoretical framework which originated in the Maxwell's equations was 

presented as a base for discussion of all the methods and the conditions for the 

extraction to be possible. 

, r 7 ~ 
v 

f• rt 

This study presents .aci.GI:Js~-~:~sh as~ancLi~-
~o ? ' ""'' :. . ' . : ~ , 

tract 

energy from high .. voltage alternating current transmission lines (HV A C). Although in 
.,,..,.. • J .. , I .4-V ("y tL. t . -- ~;; "'~ ,, . l c t I ~ .J ~. I' . 

theory, for high voltage direct current transmission lines (HVDC), the conditions for 
- • • • · 1 . . • fl.. , I 

extraction are not matched, there remain some methods that could still attract 

interest. 

T~ntre -po-int---of th.is. thesis .is the new power application :t: he- Ro go ski coil. 

This ;{~~ is an~.lysed in ~uJJ extent s,tarting from theor~tical ~??elling~ co~put~r .../ 
(.', 

simulations, design of the actual Rogowski coil and power electronics associated 

with it, and ·experimental results on a reduced ·scale model.· In doing this, strong ~ • 

mathematical tools and ·computer software such Matlab 6, Quick Field and 

MathCAD were used. 

At the end ofthis thesis, some conclusions are presented together with new ideas for 

further research in the field. 
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1. INTRODUCTION 

Nowadays, nobody can imagine normal life without electricity. The access to 

electricity has become a normal human right in modern society. Although this is 

recognized world-wide, there are still places where people cannot access electricity. 

Some reasons for this inequity in South Africa are the size of the country and the· 

impossibility of building small economical distribution systems in remote areas. 

In South Africa a problem has arisen in areas that have high voltage networks ofh)gh 

power rating yet do not have the population density which justifies the installatit of 

standard power supply systems. One of the main focus areas of our government' is to 

bring electricity to all people. 

Another problem in these areas is the supply of power to the telecommunications 

establishments, a problem that is presently being addressed mainly by means of solar 

power generation. A power supply of several kW would meet many of the needs. 

1.1 Preview 

To provide electric power to users situated far from high population density or 

industrial sites such as mines, a rural grid must be constructed from an existing sub­

station to the location of the user. Such a rural grid costs several thousand Rand per 

kilometre and for every doubling of the power rating the cost increases four-fold. 

This puts electric power out of range for many rural dwellers in southern Africa on 

economic grounds alone. 

In many countries electric power is consumed at a great distance from the generating 

station. The position of the power station is dependent on an abundant source of 

energy (water, coal, gas, oil or nuclear) for driving the turbine. The usage of 

electrical energy takes place in areas in which sufficient economic activity (such as 



mining, manufacturing, intensive farming, import/export of raw materials and 

manufactured goods) is taking place. The position of the electric power station and 

the place where the electric power is used, is therefore not necessarily in the same 

geographic location. This leads to long transmission lines of high voltage to 

minimize losses due to 12 R losses in the lines. These high voltage grid lines are 

constructed over vast distances along which major transport routes also run. The 

telecommunication industry has repeater stations (cells) all along these routes and 

relies for power for the repeaters mostly on solar panels which are expensive, have a 

short life span, are easily vandalized or stolen and also require periodic maintenance. 

A general solution to address the problem is the use of renewable energy such as 

solar and wind. There are already solutions to bring electricity to the people m 

remote areas, based on this type of energy under research or development. 

1.1.1 Requirements for small power tapping 

In recent years, other solutions to address the electric energy supply in remote areas 

have been approached. The aim of these new energy-tapping solutions is to supply 

several kW output at 50 Hz 230 V from a high voltage (HV) transmission line, that 

would meet the needs of the repeater stations as previously stated and also unlock 

potential for bringing more users into the electric fold which otherwise would not be 

economically justifiable. These methods of connecting to the high voltage 

transmission line will eliminate the need for the conventional rural grid from a 

conventional substation to the rural user. 

As presented by other authors (Ekstrom & Lame]] 1991: 126, Aghaebrahimi & 

Menzies 1997: 1697) the requirements for a small power tapping station should be: 

• The power extracted from the transmission line should be less than 10 percent 

of the main system (Bahrman et al 1995: 1699). 

• The tap must have a negligible impact on the reliability of the main 

transmission along either alternating current (HV AC) or direct current HVDC 

lines. 
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• The tap control should not interfere with the main system control, i.e. the tap 

control has to be strictly local (Aghaebrahimi & Menzies 1997: 1698). 

• Any fault in the local ac network must not disturb the operation of the main 

transmission line. 

1.1.2 Definition of "non-conventional method of extracting energy" 

A "non-conventional method" of tapping small amounts of electric power from the 

high voltage transmission line, either HVAC or HVDC, according to this study has 

to comply with the above mentioned requirements and must not be in direct contact 

with the conductors of the main line. In this way of non-contact, all the above 

requirements are strictly achieved. 

1.1.3 Current situation in the field of low power tapping 

There are at present experimental capacitive coupling systems using passive series 

compensation in South Africa where a several kilometre long section of the overhead 

shield wire is insulated and used to extract power: 

The first, with a power rating of 17 kV A, was bui It under supervision of Leigh 

Stubbs near ESKOM's Apollo substation on the Kendal Minerva transmission line in 

1992 (Stubbs 1994: 10, 24, 31 ). 

The second (50 kV A), using standard components, was built under supervision of 

Rikus Lategan in the Northern Cape a few years later (Lategan & Swart 2002: 220). 

The Research Institute ofHydro Quebec (I.R.E.Q.) have developed and implemented 

systems using capacitive coupling with varying degrees of success in Canada and in 

Peru. 

There are also solutions to extract small amounts of power from HVDC transmission 

lines such as those presented by Ekstrom & Lamell (1991: 126), Aghaebrahimi & 
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Menzies (1997: 1697) and Bahrman et al. (1995:1699) with some of them already 

implemented in Canada, Brazil or Corsica with power tapped up to 50 MW. 

But the majority of the abovementioned applications have a direct contact between 

the main lines and tapping system that create the hazard of local fault-influence. 

1.2 Problem statement 

The problem to be solved is the design and development of a current-to-voltage 

power converter as a new Rogowsky Coil Power Application (RCPA) of sufficient 

power rating in order to provide 230V 50Hz to a load. 

1.3 Solution proposed by this research 

A comprehensive study of non-conventional methods of tapping energy from high 

voltage transmission line will be presented. 

The design and experiments of Rogowski Coil Power application to extract electric 

energy from a HV AC transmission line will be presented. Extraction of power from 

an HV AC line by means of this proposed method has previously neither been 

developed nor implemented. The solution consists of a Rogowski Coil of sufficient 

power rating inductively coupled with the transmission line; the output is pulse-width 

modulated in order to provide a regulated 230V 50Hz supply for a load, without any 

storage element. 

1.4 Research fields 

1.4.1 Main theme of this research v 

The field of this research is in the general area of electrical engineering which is 

usually subdivided into electronic engineering, power engineering as well as, these 

days, computer engineering. Power engineering is usually subdivided into two 
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fields, i.e. the provision of electrical power and the consumption of electrical power. 

On the provision, usually three divisions co-exist, i.e. Generation, Transmission and 

Distribution as shown in Figure 1. 

Generation Transmission 

Non-Conventional 
Energy Tapping 

(RCPA) 

Distribution 

Figure I Position of non-conventional methods in power engineering 

The RCPA system can be placed in the intersection between Transmission and 

Distribution since it provides a means to extract power from the transmission line, 

which is above 133 kV and provide it on the distribution side, which is lower than 33 

kV. 

Another aspect that is impacted by the application of the RCPA is its influence on the 

transmission line. Power quality is an aspect that has become very important in 

electrical engineering as a whole. The International Electrical Commission Standard 

IEC-555-3 and IEEE-519-1992 regulate the industry and have as an aim clean ac line 

currents and a power factor close to unity (Agrawal 2001: 439). 
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Power quality can therefore be placed at the intersection of Generation, Transmission 

and Distribution, since all three areas involved in the provision of electrical energy 

must make sure that power quality is not compromised. In a three-phase system an 

imbalance in the voltages will impact negatively on the power quality delivered to 

the clients. Since the RCPA is placed on the transmission line between the generator 

and the user, its effect will have to be analyzed and its impact on power quality 

assessed. 

1.4.2 Power electronics and RCPA 

Figure 2 shows the fields of power electronics addressed during the design of RCPA. 

The power electronics areas, having direct impact upon in the RCPA, are that of: 

• AC-to-AC conversion 

• Control 

• Power quality 

• Protection 

Although many more areas can be added under power electronics in Figure 2, only 

those that help to illustrate the fields touched on in this research have been included. 

Figure 2 Power electronics and RCPA 
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1.4.3 Component design 

Since the Rogowski Coil, as a power conversion device, is central to the successful 

application of the proposed solutions, the component design must also be included in 

the field of research. 

1.5 Research method 

Figure 3 shows the visual modeling of the research methods used in this study. 

Mathematical 
Model 

Figure 3 Illustration of research method 

The research was done by setting up three models: 

• At first, a comprehensive theoretical analysis of extraction concepts and a 

critical evaluation of the solutions were approached. A mathematical model 

to prove feasibility of the proposed solution was derived. 

• A simulation model was then developed. Critical evaluation of the results 

from these two models had to show a great deal of overlap (illustrated by the 

intersection between the two circles representing the mathematical and 
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simulation models) before an experimental model was designed, built and 

tested. 

• The experimental model was refined until there was acceptable correlation 

between the physical measurements, the simulation model and the 

calculations ofthe mathematical model. 

At the intersection of the three models the optimal solution for the proposed tapping 

device should be found. The entire research process should be a reiterative one, that 

is when any step fails to give reasonable results then at least one of the previous steps 

must be reviewed. 

Once the research has provided the optimal solution, then all work should be 

presented as a thesis and at least one paper presented at national and international 

level (Nicolae 2004). 
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2. THEORETICAL FRAMEWORK 

The study of non-conventional methods for energy extraction from the high voltage 

transmission lines should start with the review of the electromagnetic theory and, 

especially, to find the energy stored in the electromagnetic field. 

2.1 Energy stored in the electromagnetic field 

In order to determine the energy stored in an electromagnetic field we have to start 

with Maxwell's equations. He put the existing knowledge (at that time) about 

electrostatics and electromagnetism in a time-varying form and had included the 

basic parameters of electromagnetic field (E, D, H, B, p and J) into a system of 

equations. 

The first of Maxwell's equations is Gauss's law concerning the electric field through 

a closed surface and this is, in fact, a generalization of Faraday's experiments with 

concentric spheres: "the electric field through any closed surface is equal to total 

charge enclosed by that surface" (Hayt 1989: 56). In the integral form this could be 

written as: 

J: D · ds = J Pv · dv Js val 
(2.1) 

or: 

f D · ds = J Pv · dv J S val 
(2.2) 

If, using the divergence theorem (Annexure A: A.20), the surface integral from (2.1) 

is converted into a volume integral such as: 
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(2.3) 

From equation (2.3), the differential form of Gauss's law that is the first Maxwell 

equation can be written: 

'l·D= Pv (2.4) 

The second Maxwell equation is that the magnetic field through any closed surface is 

zero (Marshall et al. 1996: 183). This is also evident in the Biot-Savart law that in a 

differential form states that "at any point P the magnitude of the magnetic field 

intensity produced by a differential element (dH) is proportional to the product of the 

current (I), magnitude of the differential length (dL), and the sine of the angle lying 

between the conductor element and the line connecting it to the point P at distance r 

where the field is desired" (Hayt 1989: 217): 

dH= l·r dL 
4 · Jr · r 3 

(2.5) 

The integral expression of the magnetic flux through a closed surface can be written 

(Marshall et al. 1996: 183): 

(2.6) 

The differential form of equation (2.6) is the second Maxwell equation: 

'l·B=O (2.7) 

The third Maxwell equation is a time-varying generalization of Ampere's circuital 

law that can be written in integral form (Hayt 1989: 320): 
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J: HdL =1 +j aDdS 
ft 2 at (2.8) 

The point form of the third Maxwell equation is (Hayt 1989: 319, Hoole & Hoole 

1996: 313): 

aD 
"V x H=J+­at (2.9) 

The term aD I at has the dimensions of current density, and it exists in any region 

where the electric flux density D is changing in time. This term is called 

displacement current density. 

The fourth Maxwell equation is, in fact, the Faraday Law that shows that a time­

varying magnetic field produces an electric field (Hayt 1989: 318). In integral form 

this can be written: 

J: Ed/= -J aB dS 
f1 2 at 

And in point form: 

aB 
"V xE=--

at 

Summarizing the abovementioned, it can be written: 

"V·D= Pv 

"V·B=O 

aD 
"V x H=J+-

at 
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(2.13) 
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aB 
'VxE=--

Ot 
(2.15) 

Now, using electrostatic, magnetostatic and Maxwell's equations, the energy stored 

into the electric field can be written: 

(2.16) 

and into the magnetic field: 

(2.17) 

Poynting noticed the relation between the time derivative of energy, power and the 

form of Maxwell's equation (Hoole & Hoole 1996: 318). The power associated with 

the electric field: 

(2.18) 

and for power associated with the magnetic field: 

(2.19) 

The expressions for the power associated with electric and magnetic fields could be 

derived from Maxwell's equations (2.14) and (2.15). If the equation (2.15) is 

multiplied by H, then: 

aB 
H·Y'xE=--H at 
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If equation (2.14) is multiplied by E, then: 

aD 
E·'\lxH=E·J+E·­at 

Subtracting equation (2.21) from (2.20), then: 

aB aD H. '\1 X E- E . '\1 X H =-H.--E .--E . J 
at at 

(2.21) 

(2.22) 

Using identity (Annexure A: A.13) for the lefthand term of the equation (2.22), it can 

be written: 

aB aD 
V ·(E xH)=-H·--E ·--E·J at at 

(2.23) 

The volume integral of the equation (2.23) is: 

f \l·(ExH)·dv =- f(n. BB +E · BDJdv- f E·Jdv J 3 J 3 8t 8t J 3 
(2.24) 

Applying the Stokes's theorem (Annexure A: A.21) for the lefthand term and 

assuming that the constitutive equations B = J.iH and D = &E are linear, the 

expression for energy conversion by Poynting can be written: 

(2.25) 
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Equation (2.25) represents the general expression for the electromagnetic 

energy/power (all terms have Watts as their unit). In the electrostatic case the energy 

stored in the field is 0,5·&E2 (J·m-3
) and in the magnetostatic case it is 0,5·f.I.H2 (J·m-3

). 

Therefore the first term after the equality sign is the rate of decrease (since it is -

a I at) of the sum of the electric and magnetic field energies. The last term represents 

the total energy Joss in the system. 

2.2 General form of power density for a transmission line 

Let us consider a cylindrical conductor of radius r 0 , length Land carrying a current I 

(Figure 4). This analysis should start from the Maxwell equation (2.15). In this 

particular case: 

aBe=_!!_ dl 
at 2Jrr dt 

(2.26) 

aE =-aBe 
ar at 

J B = Jill = 1!!._ 
/ () () 2trr .. 

p 

Figure 4 Interpretation of the Poynting vector for a conductor 

The curl in cylindrical coordinates is: 
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\l x E=ii (_!_aEz _aE8 )+u (aE,_aEz)+u _!_[~(rE )-aE,J 
r r aB az 8 az ar z r ar 8 aB 

(2.27) 

Note that for a long straight conductor (in cylindrical coordinates): a I aB = 0 and 

a I az = 0 , so that curl of E involves only a I ar. Substituting (2.26) into (2.15) and 

proceeding to integrate from the conductor surface out to r, and then the electric field 

is: 

JL dl r 
E, =E0 +-·- · ln-

21C dt r
0 

(2.28) 

where Ea is electric field along the surface of the conductor. 

The energy in a length L of the conductor is stored into magnetic field and is given 

by: 

(2.29) 

If the volume element dv is replaced in cylindrical coordinates by dz ·dB · r · dr , 

then: 

Jl JL i 21r f' 2 Urn=- H dz· dB·r ·dr 
2 z=O 8=0 r= r0 

(2.30) 

U = - dz dB -- r·dr Jl[JL ][i2Tr l fr ( 1 ]2 
m 2 z=O 8=0 r=10 2 · 1C · r 

(2.31) 
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The power associated with the magnetic field (2.19) is given by: 

p = ~ U = J.ii. L (In _c_l di 
m at m 2Jr ro dt 

(2.32) 

The last term from the equation (2.25) can also be evaluated: 

J: E · J · dv = J: E a · J · dv (2.33) 

If volume element dv is replaced with dz · d(] · r · dr and the current density J with 

I I Jrr
0

2 then: 

f E · J · dv = Eai ( L) ( 21r) [ r} l J3 Jr~ 2 

1: EJdv = Ea ·I· L (2.34) 

Now, disregard the current through the conductor and consider the potential V 

applied to this conductor. According to Maxwell's law (2.9), when the conductor has 

a variable potential V, then a dis placement current appears: 
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(2.35) 

For a brief look into this matter, consider a transmission voltage being applied 

between the line and the ground and h the distance between line and ground that is 

much greater than the radius of the conductor. At a specific moment, the electrostatic 

situation can be considered as: 

f
r=h 

V= _q_dr 
r=ro 2:r&or 

(2.36) 

where q is the charge density per length. 

(2.37) 

The electric field at point P situated at distance r from the conductor is given by: 

E=_!j_ 
2:rr 

(2.38) 

Taking q from equation (2.3 7) and substituting into (2.3 8), the expression for the 

field can be written as: 

(2.39) 

According to equation (2.25), the term 0,5·££2 (J-m-3
) is the energy stored in the 

electric field and: 

P = -- 0 5 · & · E dv 81 2 
e !::. ' 0 ut 3 

(2.40) 
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In this situation there is a cylindrical symmetry and the volume element dv can be 

replaced with dz · d() · r · dr . 

a z=L B=2~r r=h c V 
P = -- 0 5 · & · 0 dz · d() · r · dr 

[ ]

2 

e at J=O J:=O f=lo ' 0 
2r In (hI ro) 

(2.41) 

Jr · &
3 

· L · V dV p =- 0 ·-

e 2 · In (h I r
0

) dt 
(2.42) 

2.3 Non-conventional methods for energy extraction from HV transmission 

lines 

A non-conventional method for extracting energy from an HV transmission line as 

defined in this study is such that the transmission line is not in direct contact with the 

tapping device (see paragraph 1.1.2), which means capacitive or inductive coupling. 

As presented in paragraph 2.2 and in equations 2.16 and 2.17, there is energy stored 

in an electromagnetic field. But to extract power from the electromagnetic field of 

the transmission line, equations (2.32) and (2.42) should be non-zero; in other words 

it is possible to tap energy when there is a variation of current or voltage. The 

conclusion is that it is possible to extract energy from HV AC transmission lines. 
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The methods of tapping power from HV AC transmission lines could be classified 

into capacitive and inductive coupling. 

The capacitive coupling methods that will be discussed in Chapter 3 are: 

• Resonant methods. 

• Non-resonant methods. 

The inductive coupling methods that will be presented in Chapter 4 are: 

• Current transformer tapping. 

• Rogowski coil power application. 

Although, by definition the high voltage direct current does not have any cyclic 

variation in voltage or current, some methods to tap energy from the HVDC 

transmission line will still be proposed and discussed in Chapter 5. They are: 

• Capacitance modulation methods. 

• Inductive methods. 

• Resonant methods. 
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3. HVAC CAPACITIVE COUPLING METHODS 

Any capacitive coupling method of tapping energy (CAPTAP) from high voltage 

transmission lines is based on the capacitance created between the conductors of the 

line and an auxiliary (shield) wire parallel with the line. Therefore, the analysis of 

HV AC capacitive coupling methods must start with determination of the coupling 

capacitance. 

3.1 Coupling capacitance 

3.1.1 Capacitance of a two-wire system 

Figure 5 shows a two-wire system with conductors each having a different radius. 

The assumption of uniform charge density along the conductors is considered. 

-------~: _______________________ _ 

D 

Figure 5 Two-wire capacitance system 

The capacitance ofthis system (Hallen 1962:55) is: 

C 2·:r·&o F -1 = ·m 
In(r+~r2 -1) 

(3.1) 
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where: 

(3.2) 

When D >> r1·r2 equation (3.2) can be simplified (Grainger & Stevenson 1994:175) 

as: 

(3.3) 

But the influence of the earth should also be taken in consideration. Figure 6 shows a 

two-wire system in presence of earth; the image method is considered. 

Earth 

'"' 

D12 =the distance between the two 
conductors 

H11 = the distance on vertical 
between the first conductor and its 
image 

H22 = the distance on vertical 
between the second conductor and 
its image 

H 12 = the distance on vertical 
between the first conductor and the 
image of the second one 

Hu = the distance on vertical 
between the second conductor and 
the image of the first one 

Figure 6 Earth influence on two-wire capacitance system 

In this situation, the capacitance ofthe system could be written (Hallen 1962:55) as: 
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F -1 ·m 

(3.4) 

(3.5) 

When the earth is far enough from the two-wire system, then equation (3.5) becomes 

the same as equation (3.3). 

3.1.2 Capacitance of a multi-wire system 

In practice, the system has more than two wires. Therefore, a multi-wire system of Nc 

conductors presented in the Figure 7 should be considered. 

j 

Earth 

'"' 

'"' 

'"' '"' 

Figure 7 Multi-wire capacitance system 
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Assuming that each conductor j has an ac charge {jj (Cm-1
) uniformly distributed 

along the conductor, then the voltage Vi between ith conductor and earth due to all 

charges {jj in the system is: 

(3.6) 

where: 

Du =the distance between conductors i and) 

Hu =the distance between conductor i and the image of conductor j 

Equation (3.6) can be written in matrix format: 

~ P11 P12 P11 PI Ne ql 

v2 P21 P22 P 2Nc q2 

= (3.7) v; Pi! Pi2 Pu PiNe qi 

VN 
PNcl PNC2 

... 
PNcJ PNcNe qNe e .__,_., .__,_., 

v p Q 

or: 

V=P·Q (3.8) 

where Pu = qy ln(D/Hu) are potential coefficients. 

The system could also be described by the following: 
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qt =e11v; +e12V2 + .. ·+eiN" VNc 

q2 =e21v; +e22V2 + · ··+e2N VN ,. c 

In the matrix format the system can be written as: 

ql ell ei2 eli e! N, v; 
q2 e2I e22 e2N, v2 

= 
qi eil ei2 ciJ eiN, v; 

q/Vc eNC I eNC 2 eN,J CN,Nc VN 
c 

'---v-' '---v-' 

Q c v 

or: 

Q=C·V 

(3.9) 

(3.10) 

(3 .11) 

The coefficients eu are purely geometrical quantities, depending on the size, shape, 

orientation and position of each conductor. The e;; is called coefficient of capacitance 

and eu (ii=J) is called coefficient of electrostatic induction. 

An interpretation of the last system of equations may be undertaken with reference to 

the first of these equations. The total charge q1 has a component c 11 V1 that may be 

attributed to a capacitance c11 between the first conductor and ground, since v, is the 

potential to ground. Additionally, there is a charge e12 V2 residing on the first 

conductor, which may be attributed to a capacitance c12 between the first and the 

second conductor, and electrostatic induced due to V2. 
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Thus the entire set of (the last) equations may be interpreted in terms of capacitance 

cil between the i1
h conductor and ground, and cu between the i1h conductor and each 

other conductor in the system These capacitances are purely geometrical quantities. 

An example of the calculation of the multi-wire system applied for shield-wire 

source parameters was presented by Gururaj and Nandagopal in 1970. At that time, 

the method made use of graphs and it may have been useful in times when 

computing capabilities to the designer as they are now, were not available. Now, at 

I.R.E.Q. Canada, there is software to calculate such parameters (Bolduc 2002). 

In brief, the voltage induced in the shield wire is greatly influenced by the position of 

it in relation to the phase conductors. The diameter of the shield wire has a great 

influence upon the equivalent source impedance. 

An example of multi-wire/capacitance system using an isolated shield wrre IS 

presented in the Figure 8. Using this system a power of 5 to 6 kW·km-1 can be 

extracted (Stubbs 1994:23, Bolduc 2002). 

Figure 8 Isolated shield-wire system 
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3.2 Isolated shield-wire non-resonant method 

In this method, the shield wire is connected directly to a step-down transfmmer as in 

Figure 9. 

Lioe 

Shield Wire 

' __._ 
i 

l 
-= 

Figure 9 Non-resonant method 

Tr. 

-= -= -= -= -= 

Using Matlab 6 with Power System Blockset, the influence of the variation of 

coupling capacitance from 57 nF (the value found by Stubbs 1994:23 for 9,6 km long 

isolated shield wire) to 50 nF and load was studied. The results of the influence in the 

output voltage due to 14 percent change in coupling capacitance are presented in 

Figure 1 Oa and the influence of 400 percent change in the load current is shown in 

Figure lOb. 

a) Coupling-capacitance step b) Load-current step 

Figure 10 Output parameters of non-resonant method 
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3.3 Isolated shield-wire resonant methods 

The resonant methods are based on introduction of an inductor in series between the 

coupling capacitor and step-down transformer and tuning the circuit on the industrial 

frequency that could be 50 or 60 Hz, depending on the standard frequency. 

3.3.1 Passive method 

The passive method studied by Stubbs (1994) is presented in Figure 11 . In this 

solution the value of the series inductor and other elements of the system should be 

implemented very closely compared to the calculated values; any change in 

parameters can shift the system from resonance. 

Line 

Shield Wire 

Tr. 

Figure 11 Passive resonant method 

This method was further studied and improved by Lategan & Swart (2002) 

introducing a three-phase induction motor to run in background; in this way, the 

variation of the load is reduced and accordingly the tuning conditions are fairly 

constant. 
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3.3.2 Active method 

The passive method presented some problems such as resonant frequency shift, 

ferroresonant oscillations and voltage regulation. In this new method developed at 

I.R.E.Q. Canada (Bolduc 2002), the initial series inductor+ transformer was replaced 

by a "self-regulated reactor with air gap" presented in Figure 12; the controller keeps 

the system tuned to the desired frequency (60 Hz in this case) and in this way the 

output voltage is identical in shape with line voltage and in phase with it. 

735 kV Three-Phue Line 

Shield Wire 

_.__ 
-,-­

' ' 

Figure 12 Active method, isolated shield wire 

3.4 Other capacitive methods 

7.2 kV /240V 

---- - -

There are some other capacitive-coupling methods that do not necessarily fall under 

the initial definition (given in paragraph 2.3) of non-conventional methods of energy 

tapping but do not use a classical high voltage step-down transformer. 

3.4.1 Antenna method 

In this method, an antenna-wire is attached to a live conductor of the line. Using 

isolation spacers, the wire is fixed at a ceJtain distance. For example: a 16 m long 

antenna mounted 0,30 m below a 120 kV conductor line can supply a 30 W load 

(Bolduc 2002). The load could be a radio transmitter, receiver or a neon light. The 
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last application is widely used by EDF in France to light transmission lines (Bolduc 

2002). 

3.4.2 Capacitive divider method 

The capacitor divider has been known for quite a while but using this technology to 

transform high voltage to medium voltage for delivering power is more recent. In 

this method, a bank of capacitors is connected directly to the conductor line via a 

high voltage protective device as presented in Figure 13. 

HV line 

Figure 13 Capacitive divider system 

Distribution 
trans fonner 

This system is used on transmission lines from 120 kV up to 345 kV and delivers 

power between 1,5 MVA and 4 MVA (Bolduc 2002). The capacitive solution is also 

under development in South Africa (Raphalalani et al. 2001). 

3.5 Comments about capacitive methods 

The capacitive methods represent a big class of solutions of extracting energy from 

HVAC. They are based on a straightforward principle that allows good design. The 

range of power extracted could be from tens ofwatts up to megawatts. 
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The methods based on an isolated shield wire present the inconvenience of a very 

long distance in order to get relatively high power. 

In the higher range of power is the capacitive divider. But this method requires a 

direct contact with the conductors of the line. It should be mentioned that this method 

presents another major advantage: if placed somewhere between two classic 

inductive substations, the capacitive divider substation serves not only to feed loads 

but, in addition, acts as a reactive compensator thus improving the voltage regulation 

ofthe line. 
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4. HV AC INDUCTIVE COUPLING METHODS 

4.1 Energy stored in magnetic field 

As mentioned before, the energy stored in the magnetic field is: 

Urn= l 0,5·B·Hdv ( 4.1) 

And the power density due to the magnetic field in the vicinity of a conductor is: 

(4.2) 

But all the methods involved in extracting energy from the magnetic field are based 

on Faraday's Law: 

oB 
\lxE=--ot 

Or, the most known expression: 

d<P 
emf=--

dt 

That can also be expressed as: 

di 
emf=-K­

dt 

(4.3) 

(4.4) 

(4.5) 
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where K is a constant that depends on geometry and dildt is the variation of the 

current through the transmission line. 

4.2 Rogowski coil power application 

If a loop is placed in the vicinity of a conductor/line carrying a vari';lble current, then 

according to Faraday's Law, an electromotive force (emf) will be induced in that 

loop. Based on this principle, the Rogowski coil is used to measure currents. In this 

research, a new power application of the Rogowski coil is used to extract power from 

the HV AC transmission lines. 

4.2.1 Single-phase application 

In Figure 14 a Rogowski coil is shown placed under a single-phase line. 

Line 

~ ld I 

b Rogowski Coil 

a 

Tower 

" 
, 

Figure 14 Single-phase Rogowski coil power application 
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4.2.1.1 Induced emf evaluation 

A more general geometric position of the Rogowski coil relative to the line Is 

presented in the Figure 15. 

I X 

d 

b 

B 
D 

-z 

Figure 15 General position of Rogowski coil in relation to the line 

In order to find the emf induced in the coil by the current I, the following 

assumptions should be considered: 

• The loop is rectangular (width= band length= a), has M turns and is parallel 

with the line and with they axis. 

• The influence ofthe round comers and the sag is neglected. 

• Thelinecurrentis: i(t) =Isin(wt) 

As mentioned previously, the emf induced is given by ( 4.2) . The magnetic flux 

created by the current I is: 

<I>m = N1 J:ii.i4 = N1 i B ·cosa ·dy ·dz (4.6) 
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where S is the surface of the coil. Because there is no variation of the induction on y 

axis and the conductor can be considered infinite long, the equation forB is: 

B = Jlo. i(t) 
2 ·Jr · r 

z 

Substituting (4.7), (4.8) and (4.9) in (4.6) the result is: 

_ ff Jl0 · i ( l) · N1 · Z 
<!>m- [ 2 2 ] dy ·dz 

2Jr z + D 

With ZE[d, d+b] 

yE[O,a] 

=[fa ]·jdf+b Jl0 ·i(t)·N1 ·Z l 
<!>m dy [ 2 ] dz 

o d 2Jr z + D2 

e(t) = -- 0 In ---=--'-----=--'-
a [ Jl · i(t) · N 1 ·a D

2 
+ (d + b)

2
] 

81 4Jr D2 +d2 
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(4.7) 

(4.8) 

(4.9) 

(4.10) 

( 4.11) 

( 4.12) 

(4.13) 

(4.14) 

(4.15) 



[ 
. 2] D2 + d+b 

e(t)=- OJ·l·N ·a·l0-7 ·In ( ) cos(mt) 
I D2 +d2 

( 4.16) 

If: 

(4.17) 

Then: 

e (t) = - P. · cos( mt) 

e (t) = - P. · sin( mt + 90°) (4.18) 

4.2.1.2 Characteristics of the induced emf 

• As shown in ( 4.17), the induced emf is directly proportional to the current 

through the main line; it also depends non-linearly on geometry of the 

system . 

• The induced emf is directly influenced by the distortions of the current 

flowing through the line. 

If the current contains harmonics, then it could be written as: 

co 

i(t)= Llnsin (n·mt+son ) (4.19) 
n=l 

where n is the rank of the harmonic. 

Applying ( 4.5) results: 
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00 

e(t) = L) -K · n· m· In)· cos(n ·ml +<Pn) (4.20) 
n=l 

Then: 

(4.21) 

Equation ( 4.21) shows that any distortion of the main current is magnified in the 

induced emf. 

4.2.1.3 Basic model of single-phase application 

The basic equivalent model of the single-phase Rogowski coil power application is 

presented in Figure 16 where I is the main current, M is the mutual inductance that 

couples the line with the Rogowski coil, Z;n (R;n and L;n) is the internal impedance, 'E. 

is the emf induced and V0 is the output voltage. 

I 

a) Air-core transformer b) Equiva lent diagram 

Figure 16 RCP A basic model 
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Internal resistance depends on the dimensions of the coil (a, b and ro -radius of the 

wire used), resistivity of the material used for wire (p) and number of turns (Nr): 

_ 2-(a+b)·N1 -p 
R;n- 2 

7r. r 
0 

(4.22) 

According to Babani (1945: 114), the self-inductance of a rectangular inductor of 

round wire for low frequency is: 

-7 2 [ 2ab I 2 2 2ab 7 ( )J ( ) 
L in=4-10 N1 aln ( 1 2 2

)+2'\la +b +bln ( 1 2 2
)-- a+b 4.23 

r a+va +b r b+va +b 4 
0 0 

where a,b >> r
0 

(4.24) 

With a careful choice of the number of turns (M), geometrical parameters (a, b, d, D 

and ra) and material (p), the desired power (1 -3kW) can be achieved. 

The result of the simulation of this model, using Mat lab 6, is presented in Figure 17. 

The input parameters used for this simulation are those for the reduced scale model 

that will be presented on Chapter 7. 

I I 
I I 

60 ----- -~-- - --- , - -- -

i{t) : : 
---~-- -- - -T-- -- - -

I I 1 I _ J _ _ ____ l _ ___ _ _ 
I I 

40 

20 

-20 

-60 

Figure 17 Simulation results for single-phase basic system 
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4.2.2 Three-phase application 

In practice, the most used configuration for transmission lines is three-phase, 

therefore it is necessary to find the emf induced into the Rogowski coil in this 

situation (Figure 18). 

Figure 18 RCPA Three-phase system illustration 

4.2.2.1 Emf evaluation 

Let us consider a cross-section of the above configuration, presented in Figure 19, 

where DL is the distance between phases, D is the distance between the lines plane 

and the coil plane (the coordinate y is not shown). 

Let us consider a convenient three-phase current system: 

i1 (t) = I sin ( wt - 120°) (4.25) 

i2 (t) = Isin(wt) (4.26) 

i3 (t) = I sin ( wt + 120°) (4.27) 
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,' 
D 

b/2 b/2 z 

Figure 19 RCPA Three-phase system: cross-section 

According to the superposition principle, each current will induce an emf in the 

Rogowski coil and the result will be the sum of all: 

(4.28) 

The emfs ei(t) and eJ(t) can be derived in the same way as for single-phase (4.18) 

and: 

(4.29) 

(4.30) 

The amplitude 'E can be derived using ( 4.17) and applying the coordinate system as 

in Figure 19: 

(4.31) 

(4.32) 
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Then: 

e(t) = - 'E cos( wt - 120°) + 'E cos( wt + 120°) (4.33) 

e(t) = .J3 · 'E sin(wt) (4.34) 

From (4.34), it is possible to conclude that the emf induced for the three-phase 

system is .J3 greater than that for single phase and the power extracted could be 3 

times bigger for the same geometry of the system. 

The simulation results usmg the parameters of the basic model are presented m 

Figure 20. 

Figure 20 Three-phase system: simulation results- basic model 

Regarding to equation ( 4.31 ), it should be mentioned that the amplitude 'E IS 

maximum when b = DL 
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4.2.2.2 Estimated emf I turn 

Next the emf induced in one turn is estimated if a nearly ideal situation is considered: 

• The Rogowski coil is in the same plane as the conductors: D = 0 m 

• The distance between two towers is a= 250m 

• The distance between line conductors is DL = 8,5 m 

• The width is such that the long sides of the coil, parallel to the lines, do not 

come closer than 4 m to the lines, resulting in: b = 9 m 

• The amplitude of the main current is I :::o 1500 A 

With these assumptions, the emf induced is: 

(4.35) 

r:; (8 5 + 4 5)
2 

+ 02 

'E =--v_j ·2·n·50·1500·250·10-7 ln ' ' =481 V/turn 
(8,5-4,5)

2 
+02 

' 

(4.36) 

'E rms = 34 V /turn (4.37) 

By adding a number of turns a reasonable power could be achieved. An in-depth 

analysis ofthe power extracted will be presented in Chapter 6. 

4.3 Current transformer tapping methods 

Another class of methods to extract energy from HV AC is based on the current 

transformer (CT). Normally, the current transformer is designed to be used for 

measuring currents. 
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Basically, the CT is an iron-core transformer and its function is based on Faraday's 

Law. With a different approach for design, the CT can handle a reasonable output 

power. The basic model is presented in Figure 21. 

Line 

Figure 21 lllustration of the basic model for Cf-based methods 

4.3.1 Current-to-current power application 

In this situation, the CT could be used as a normal but more powerful device that 

feeds a load directly. This method has the following disadvantages: 

• It can feed only a single-phase load. 

• It requires a load that accepts current feeding. 

• There is no control over the output. 

4.3.2 Current-to-voltage conversion with de storage 

In this method (Janse van Rensburg & Case 2002: 181), the input current that feeds a 

CT is converted into voltage via a boost converter and by means of using a PWM 

switching technique, a constant DC voltage is generated. This voltage supplies a 
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single/three-phase inverter to create the 50Hz AC voltage and deliver a power of 1-3 

kW. The basic diagram ofthis method is presented in Figure 22. 

C. T. 

Figure 22 Basic diagram of current-to-voltage with de storage- CT-based tapping method 

This method addresses all the disadvantages presented by the previous method: 

• It can feed single or three-phase loads. 

• It is equivalent to voltage source that is suitable for almost all AC loads. 

• It has good control facilities. 

4.3.3 Direct alternating current to alternating voltage conversion 

In this method, developed by Janse van Rensburg (Janse van Rensburg & Nicolae 

2004), a new design of the power CT permits a direct conversion of alternating 

current into alternating voltage using an additional secondary, that by means of 

PWM switching modulates the magnetic flux and thus the output voltage ofthe main 

secondary coupled to the load via a low-pass filter. 

This method is still under research. 

43 



4.4 Comments about inductive methods 

The inductive methods of extracting energy from HVAC transmission lines represent 

a viable alternative to the capacitive (CAPTAP). They are recommended for a power 

range of several kilowatts. 

Compared to the capacitive methods, the inductive method does not require a very 

long distance: for the methods based on CT intervention to only one tower is 

necessary, while for the Rogowski coil power application the coupling device should 

be installed between two, or eventually more towers. 

The influence of the CT-based methods on the transmission is dependent on the ratio 

of the current transformer. If one takes into consideration a ratio of 1:100 and a level 

of load current of 10 to 30 A, then what is seen in the primary is below 1 A. If this 

small input current is compared with the main current through the line that very well 

exceeds 1000 A, then the conclusion is that there is practically no influence. The 

Rogowski coil power application also exerts a very small influence on the 

transmission line due to the air-core coupling. 
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5. HVDC ENERGY TAPPING METHODS 

The non-conventional methods for tapping energy from HVDC lines are based on 

energy stored into electric field on one hand but also on imperfections of the 

parameters of the DC current and voltage. The solutions that are already presented in 

literature and implemented are based on physical contact between the HVDC line 

and the tapping system (Ekstrom & Lamell 1991: 126, Aghaebrahimi & Menzies 

1997: 1697, Bahrman et al. 1995:1699 and Chetty et al. 2004). 

5.1 Energy stored in electric field 

As mentioned before, the energy stored into an electric field is as in (2.16) and the 

power density associated with electric field as in (2.42). Let us put these equations 

into a form that could show ideas of tapping energy: 

(5.1) 

In (5.1 ), if the voltage is considered constant, then by making the capacitance 

variable the power related to the electric field is: 

(5.2) 

5.2 Capacitance modulation methods 

The basic model of capacitive methods for energy extraction from HVDC 

transmission lines is similar to that used for HV AC lines. It consists of an isolated 

wire installed parallel to the main line. Then using various methods, the capacitance 

created between the main line and this auxiliary conductor can be varied in time 
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(modulated). If this variable capacitance is connected in series with a transfmmer, 

then a certain amount of energy could be transfetTed to the load. In Figure 23 is 

shown the basic model and in Figure 24, the equivalent diagram 

Auxiliary conductor 

Figure 23 Capacitive methods: basic model illustration 

Cc -t LJC (wt) 

------~l~r-----------VDc .. -< 

-< 
-< 

Figure 24 Capacitive methods: equivalent diagram 
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5.2.1 Mechanical modulation 

A simple solution in order to get a variable coupling capacitance is to make the 

auxiliary wire oscillate mechanically. This idea represents only a theoretical interest. 

In order to be able to have a reasonable energy transfer, the auxiliary wire must 

oscillate with a reasonable frequency ; a heavy mechanical system usually does not 

oscillate with a frequency higher than I 0 Hz therefore the induction in the 

transformer is very weak. 

If one makes a balance between the mechanical power used to move the auxiliary 

wire and the electric energy generated, then the immediate conclusion is that this 

method does not extract energy. If the cost of this method is considered, then this 

solution is not economical. 

5.2.2 Static modulation 

A static modulation could be obtained if a semiconductor or ceramic device is 

inserted between coup] ing capacitor ( Cc) and the output transformer. The basic 

phenomenon could be similar to that of the varicap diode. 

By all means, if a static modulation can be obtained, then the ratio between output 

power and the power used to drive the modulation process could be greater than 

unity. 

This new idea conceived by the author does not have sufficient technological 

support. It opens new fields in theoretical and technological research. It is also 

envisaged that high frequency techniques should be involved in order to reduce 

volume and increase the efficiency of inductive transfer. 
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5.3 Inductive methods 

These methods are based on the imperfections of the DC parameters: voltage and 

current 

5.3.1 Characteristics of the de line parameters 

It is general knowledge that HVDC is obtained vta twelve pulse three-phase 

converters as the most usual solution. As a result, the output DC voltage and, 

consequently, the current have ripple. It is also known that filtering of high voltage 

and high current is very difficult and therefore the output parameters will always 

contain ripple. In Figure 25, a simulation graph of the voltage and current of the 

same characteristics as those of the Cabora Bassa Apollo HVDC transmission line 

are presented; an inductor of 0,83 H I 1800 A is used to smooth the output (Raynham 

& Goosen 1979). In th1s figure: Vo (kV) is the ac-to-de converter output voltage, V, 

(kV) is the line voltage after smoothing and /1 (A) is the line current. 

1800 ,---.----.----~---r----.---.---~----.----r----, -- r- ~ ~ -;- -----+-~~ 
1600 --- -1- - -- l _--- - --- ~ ~ S~2 ~ - -- - - --- l -- - - :_ - - - _I- - --

I I I I I I I 

1400 

1200 

1000 

I 
I 

I I I I I I I I I 
- - -, - - -- r -- - - r-- - , --- - r- - - ~-- - - T - - -- r- - -, - - - -

1 I 

I I I I I I 

- - -~ - - -- · ----~-- - 4 - -- - · ---~-- - - + -- - - ~ - -- ~ - - - -
r I I I I I I I 

I 

I I I I I I I I I 

- -- ~ - -- - L - - -- L -- - ~ - -- - L --- ~- - - - L- - - - L - - -~ - -- -
1 I I I I I I I I 

SQO I I I I I I I I 
- - - - 1 - - - - :- - Vo -(k:\1) - - - - - - - - - - - -:-v~ (k.V)- - - I - - - - : - - - -

I I 
I 

600 --- -; - - - - -- -- ~- -- - ; -- - - .. - -- -~ --
1 I I 

Figure 25 HVDC parameters 
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From this research point of view, the current ripple (lr) presented in Figure 26 1s 

important. It is clear, the frequency is 550 Hz and the amplitude is about 12 A. A 

spectral analysis (Figure 27) shows the same conclusions as before: the fundamental 

frequency is 550 Hz and the amplitude of the fundamental is around 13 A. 

I,(A) 

-2g_L1----0-.~10_0_5---0-. 1~0-1---0-.~10~1-5---0-.~1-02----0.-1L0-25---0-.~1-0_3 ____ L_~t'(~~C)~ 

Figure 26 de line current ripple 

THD=O. 19791 I, (A) 
14~~------~---------r---------,----------~--------~ 

10 

8 

6 

4 

1.5 2 2.5 

x 10
4 

Hz 

Figure 27 Current ripple: frequency spectrum 
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With the above observations, the imperfect HVDC lines can be treated the same as 

HV AC lines and the inductive methods could be applied. 

5.3.2 Rogowski coil power application for de line 

Having concluded that the HVDC line can be equivalent to a single-phase line 

carrying approximate 13 A amplitude of the 550 Hz fundamental current, the 

Rogowski coil power application could be used. The basic model is illustrated in 

Figure 28. 

Isolators 

b 
conductor 

Figure 28 Rogowski coil for HVDC - basic model illustration 

In order to find the range of power that could be extracted, the voltage induced in 

Rogowski coil should be evaluated; for this, equation (4.17) should be used. If the 

upper side of the Rogowski coil is at the same level as the main conductor, which 
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means that d = b/2 and then, according to physical parameters of the line (Raynham 

& Goosen 1979) and some regulations used in South Africa, D = 4 m, a = 250 m 

(shortest distance between two towers) and b = 9 m (which complies with clearance 

above ground). The induced emf per tum is: 

(5.3) 

-7 4
2 

+9
2 

-1 
'E = 2·Jr·550-14-250·10 ln =218 V·tum 2 , 

4 
(5.4) 

'E nns = 1,54 V · tum· I (5.5) 

Figure 29 illustrates the induced voltage obtained using the same simulation model 

as in paragraph 4.2.1.3. 
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Figure 29 Induced voltage for HVDC application 
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As can be observed in Figure 29, the induced emf e (t) does not validate (5.4). But if 

the spectrum of e (t) is analyzed (Figure 30), then it is possible to conclude that the 

fundamental validates (5.4). 

THD=0.5443 
2.5 ,----.....----~----.------,------, 

1.5 

0 .5 

o>~GOQo?ffG0~~~0~00~·~00~2·~~~~~~~~~-~ 
0 0.5 1 1.5 2 2 .5 

x 104 Hz 

Figure 30 RCPA for HVDC Induce emf- Fourier spectrum 

If(5.5) is compared with (4.37), the result is that for the same size ofthe Rogowski 

coil, an emf 20 times smaller is obtained for the HVDC application. This requires in 

compensation 20 times more turns. The increased number of turns can increase the 

voltage but at the same time the internal impedance of the Rogowski coil will 

increase. Let us consider the parameters of one tum presented above and a copper 

wire of 1 ,5 rnrrf, then the internal resistance will be: 

R;, = 2 ·(a +~)· p Q · tum·1 

TC • r
0 

(5.6) 

2 ·(250+9) ·1,72 -10-8 
-1 

R;, = 6 = 5, 94 Q · turn 
1, 5-10-

(5.7) 
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The self-inductance will be: 

7 r 2ab ~ 2ab 7 ( )1 H L'" =4 · 10- · aln ( ~)+2\ja~+b~ +bin ( ~)-- a+b 
r

0 
a+\fa~+b~ r

0 
b+\ja~+b~ 4 

(5.8) 

Using the same geometrical parameters, the self-inductance is: 

Lin= 1 mH · turn- 1 (5 .9) 

If the coil has 200 turns an output voltage of 308 V rms is obtained. However, this will 

increase the internal impedance to: 

(5.1 0) 

and 

Lin= 40 H (5.11) 

This impedance drastically reduces the power capability. Therefore, the self­

inductance of the Rogowski coil must be capacitatively compensated. Due to the fact 

that the predominant frequency considered is 550 Hz, then the capacitance needed 

for compensation should be: 

(5 .12) 

C = l = 2 1·10-9 F 
40(2·7!·550)

2 
' 

(5.13) 
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In these conditions, a power of approximately 40 W is obtained when the load is 

around 1,2 k.Q. This is small power, therefore special attention should be considered 

in the design in order to increase the power capability of this solution. 

5.3.3 CT-based methods for de line 

Another method that could be involved for extracting energy from HVDC is the use 

of a current transformer. Based on Faraday's Law, the ripple of the main current can 

induce a voltage into the current transformer. 

Some remarks should be presented here: 

• If this solution is requested, then it must be considered an air-core solution 

because the huge de current will saturate the magnetic core. 

• If the power capability of the Rogowski coil is considered as a reference, it 

could be concluded that with this method even less power can be extracted. 

5.4 Resonant methods 

5.4.1 Low frequency resonant method 

Reconsider now the capacitive coupling between the main conductor and the 

auxiliary one (Figure 23). Here, the ripple of the line voltage (V,.) is considered as an 

AC supply. If an inductor (L,.) and transformer (Tr) are connected in series with the 

coupling capacitor (Cc) and if this circuit is tuned for the fundamental frequency of 

the ripple (550 Hz), the transfer between the energy stored in Cc and L,. is maximum 

and a certain amount of power could be delivered to a load. Figure 31 illustrates the 

principle of the low frequency resonant method. 
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Figure 31 Low frequency resonant method - basic model 

Using (3.3) and assuming an auxiliary conductor of r 1 = 10 mm, the equivalent 

radius of the main conductor of r 2 =114 mm (Appendix B: B.4) and D = 4 m as the 

distance between main conductor and auxiliary, then: 

2. 7r 
C = = 5 82 pF·m·1 

c D2 ' 
4 · 7r · 9 ·1 09 In --

(5.14) 

'i . r2 

For 1 km long auxiliary wire, the coupling capacitance is Cc = 5,82 nF. Then the 

value of the inductance that reaches the resonance is: 

L,. = 1 
2 = 1 = 14,39 H 

cc ( 21r f) s .82 ·1 o-9 
( 2. 1r . s so )2 

(5 .15) 

This is relatively high value. But L,. could be decreased if the size of the auxiliary 

wire is modified. 

Based on the model from Figure 31, a Matlab model was created and the results of 

the simulation are presented in Figure 32. The voltage ripple (V,.) was considered as 

power supply, Vp is the input of the transformer and Vs is the secondary that feeds a 

load of 100 Q with an amplitude of268 V; this results in a power of 360 W. 
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Figure 32 Low frequency resonant method - Simulation results 

5.4.2 ffigh frequency resonant method 

The mam challenge lies in perfect de parameters of transmission line; the new 

developments (Villablanca et al. 2001) in HVDC show a great possibility of 

improving the reducing of the ripple. Then the attention should be directed to 

methods that do not exploit the ripple. The high frequency resonant method is linked 

with the static modulation of a ceramic/semiconductor device. As stated before 

(paragraph 5.2.2), this method is still in the infant stage due to the novelty thereof in 

the technological field and it opens a new field of research. 

5.5 Comments about HVDC energy tapping methods 

The HVDC transmission line is the best solution to transport electric energy for long 

and very long distances: 

• The voltage drop across the line is much smaller than for HV A C. 

• The losses due to corona are much smaller. 
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• The amount of conductive material is smaller. 

• It can be very easy reticulated with other de systems. 

Along these very long transmission lines there are many remote rural areas without 

electricity. Hence, tapping methods of reasonable energy are needed. 

As presented before in this chapter, there are methods such as Rogowski coil, CT, as 

well as low frequency resonant method that exploit the imperfections (ripple) of the 

de parameters. These methods that are still under research can provide power of 

between a few tens of watts and a few kilowatts. 

A very challenging method is the high frequency resonant method based on static 

modulation. At this stage, it is inappropriate to state the power capability of this 

method. 

As a common property of all these methods: they are not in direct contact with the 

main line, which complies with the initial definition of"non-conventional methods". 
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6. ROGOWSKI COIL POWER APPLICATION 

SOLUTION DESIGN 

6.1 Block diagram 

The block diagram ofthe RCPA is shown in Figure 33. It contains: 

A -The pick-up coil 

B - Isolation transformer 

C- Voltage regulator, filter and control system 

0 - Protection system 

E- Load 

A 8 c 

D 

Figure 33 RCPA - Block Diagram 

6.2 Basic assumptions 

.__ 

E 

The basic assumptions regarding the design concern the transmission line. It is 

considered: 

• A three-phase 440 kV flat horizontal; the design for a flat vertical line will be 

the same with minor modifications. 
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• A convenient voltage system: 

v1 (t) = V sin ( mt -120°) 

v2(t) = V sin (mt) 

v3(t) = V sin ( mt + 120° ) 

with V = VL J2i3 = 360 kV 

• A convenient current system: 

i1 (t) =I sin ( ()){ -120° ) 

i2 (t) =I sin ( mt) 

i3 (t) = I sin ( mt + 120°) 

with I;:::: 1500 A 

(6.1) 

(6.2) 

(6.3) 

(6.4) 

(6.5) 

(6.6) 

• A bundle of four conductors per line with dL = 40 em spacing and radius of 

each conductor of rL = 1 em 

• A distance between lines of DL = 8,5 m 

• A height above the ground of HL = 20 m 

• A suspension tower as in Annexure C 

• A distance between towers of DT= 250m 

• In first approximation, RCPA is parallel with the lines 

6.3 Pickup coil design 

The basic phenomenon of electromagnetic force induced into a pickup was presented 

in Chapter 4, paragraph 4.2.2. The emf induced for a horizontal position with the coil 

centred in respect ofthe middle power line is: 

e(t) = J3 · f£ sin(mt) (6.7) 

The emf amplitude is: 
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with: 

k =OJ· I· N ·a ·I o-7 
I 

where: 

OJ= 2 · tr · f = 314, 15 rad·sec-1 

a= the length of the coil 

a = Dr= 250m (first assumption) 

b =the width of the coil 

N, =the number of turns 

b < 2DL 

D = the distance between the power line plane and pickup coil plane 

Then: 

k = 2 ·1(. so .Jsoo .J. 2so .J o-7 = 11.78 

(6.8) 

(6.9) 

(6.10) 

A few questions raised by Walker (2004) should be answered before the actual 

design, such as: 

• Is this the only position for the pickup coil? 

• What is the influence ofthe very strong electric field ? 

• What other parameters could influence the output power? 

6.3.1 Optimal positioning 

In order to answer the first question put above, a study of optimal positioning was 

performed. In Figure 34 the positions of the pickup coil considered for this study are 

presented. 
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The ratio between emf for horizontal and vertical ( 'Ehi'Ev) was evaluated for different 

positions of the coil: 

• A- the coil under the lines 1 or 3 (11 or h) 

• B -the coil under the line 2 (/2) 

In vertical position, the coil was considered direct under the line and for horizontal 

position the axis of the coil is positioned directly under the line. 

X 

D 

~~------- ----------- l::AF::r --------------------~~ 

Position 1 Position 2 Position 3 

Figure 34 Pickup coil, optimal positioning study 

6.3.1.1 The coil under lines 1 or 3 

Due to the symmetry the ratio 'E!,/'E, has the same value for either situation: coil 

under line 1 or line 3. Let us now consider the coil under linel . 

eh (t) = eh1 (t) + e,_,2 (t) + eh3 (t) (6.11) 

Using the same derivation as for ( 4.32): 
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ehJ (t) = 0 ( 6.12) 

Then: 

(6.13) 

(6.14) 

ev (t) = evJ (t) + ev 2 (t) + ev3 (t) (6.15) 

D+b/2 ( ) ev1(t)=-2·k·ln cos cvt-120° 
D-b/2 

( 6.16) 

D2 +(D+b/2)
2 

ev2 (t) = -k ·In L 
2 

cos ( cvt) 
Dz +(D-b/2) 

( 6.17) 

( )2 ( )2 2DL + D+b/2 0 
ev3(t)=-k·ln 2 2 

cos(cvt-120) 
(2Dr) + (D-b/2) 

( 6.18) 

The analysis of (6.11) to (6.18) results in an impossible straightforward analytical 

solution for the ratio rtr/CE.v . 

Let us assume that: b = 8 m, D = 4 m and N, = 1. Then for the horizontal positioning: 

(8,5+4)
2 

+4
2 

eh2(t) = -314,5 ·1500 ·1· 250 ·10-7 ln 
2 

coscvt = -18,36coscvt (6.19) 
(8,5-4) +42 

62 



(17+4)
2

+4
2 

( ) ( ) 
eh3(t)=-11,78-ln 

2 
cos wt+120° =-10,65cos wt + 120° 

(17-4) +42 
(6.20) 

eh (t) = 0-18,36 cos wt -10,65 cos ( wt + 120°) = 15,97 sin ( wt- 54, 74°) (6.21) 

Thus: 

f£h = 15,97 V· turn-' (6.22) 

For vertical situation: 

ev1 (t) = -23,56 ·In 
4

:
8 

cos ( wt -120°) = -25, 88cos ( wt -120°) (6.23) 

8,52 +(4+4)
2 

ev2 (t)=-11,78 · ln 
2 

cos(wt)=-7,47coswt 
8,52 +( 4 -4) 

(6.24) 

( )2 ( )2 2 ·8,5 + 4 + 4 
ev3 (t) = - 11, 78 -ln 

2 2 cos( wt + 120°) = - 2,36cos ( wt + 120°) (6.25) 
. ( 2 . 8, 5) + ( 4 - 4) 

ev (t) = -25,88cos( wt - 120°) - 7,47 coswt- 2,36cos( wt + 120°) 

ev (t) = 21,42sin ( wt - 71.9°) (6.26) 

Thus: 

fEv = 21,42 V· turn-1 (6.27) 
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Now: 

P,J!'!£; = 0, 745 (6028) 

6.3.1.2 The coil under line 2 

For the horizontal positioning, the emf induced (P.h) was presented in Chapter 4, 

paragraph 4020201 and is: 

(6029) 

where k is the same as in (6o9)o 

Thus: 

h (8,5 +4)
2 

+4 2 

P,h =11,78o,JJoln 
2 

=31,8 Voturn- 1 

(8,5 -4) + 42 
(6030) 

For the vertical positioning: 

(6031) 

(6032) 

D+b/2 
ev2 (t) = -2 ° k 0 In cos (J)f 

D-b/2 
(6033) 
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(6.34) 

Dz +(D+b/2)
2 

ev1 + ev3 = kIn 2 cos wt 
Dz +(D-b / 2) 

(6.35) 

() k[ 
I 

D+b/2 Dz +(D+b/2)
2

] 
ev I = - 2 n In cos (J)/ 

D -b/2 Dz +( D-b/2)2 
(6.36) 

ev(t) =-kIn · L cos(wt) [( D+b /2)
2 

D
2 

+(D-b/2)
2

] 

(D-b /2 )
2 

Dz+(D+b)
2 

(6.37) 

[
85

2
+(4+8/ 4

2 l ev(t)=l1,78ln ' 
2 2 

· 
2 

coswt=15,32coswt 
8,5 + 4 ( 4 +8) 

(6.38) 

Thus: 

!£v = 15,32 V· turn-1 (6.39) 

Now: 

(6.40) 

Analysing (6.28) and (6.40) gives the results that the optimal position of the coil is 

under the centre line and horizontal. This agrees along with the simulation results 

obtained by Holtzhausen and Coetzee (2004 ); they found that the vertical component 

of magnetic field is maximum in the area under the central line. 
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6.3.1.3 Other criteria for positioning the pickup coil 

Apart from power transfer criteria, the mechanical aspects should be also addressed. 

The conclusion from the previous paragraph was that the pickup coil should be 

centred in relation with the power lines and as close as possible to the plane of the 

lines. In Figure 35 three levels, 3,5 m apart on vertical, for installing the pickup coil 

are presented. 

ShWz 

Level A -------------

Level B 

Level C 
- - -~------------- - ------------

Pzc 

Figure 35 Three possible vertical levels of pickup coil 
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Level A 

When the pickup coil is fixed on the tower at this level, consideration must be given 

to few aspects such as: 

• the coil can have a big width (b = 13,5 m ) therefore, according to (6.29), the 

emfwill be 

( )
2 2 

8,5+6,75 +3,5 
IF.= 11, 78·-13 ·In 

2 2 
= 56,55 V· turn-' 

(8,5-6,75) +3,5 
( 6.41) 

• being on a very high level, the coil is very susceptible of being struck by 

lightning 

• being above the power lines and in the case of mechanical breakdown, there 

is a strong possibility that the falling wire of the pickup coil will touch one of 

the lines and trigger the protection system. 

Level B 

If hypothetically, the pickup coil is mounted at this level, then; 

• the emf induced into the pick up coil, calculated as above forb= 9 m, will be: 

( )
2 

85+45 +0 
IF. = 11, 78·-13 ·In ' ' 

2 
= 48,09 V· turn-' 

(8,5-4,5) +0 
(6.42) 

• the electrostatic influence ofthe power lines upon the coil is maximal 

• in the case of mechanical breakdown of the coil there is still a small 

possibility the wire thereof will touch the main lines. 

Level C 

If the pickup coil is mounted at this level, then: 

• the emf induced is a little bit smaller than in the two previous cases, and 

taking b = 9 m: 
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( )
2 2 

8, 5 + 4, 5 + 3, 5 1 
1£ =11,78·.J3·ln 

2 2 
=37,92 V·turn-

(8,5-4,5) +3,5 
(6.43) 

• the electrostatic influence decreases 

• in case of mechanical breakdown of the coil the possibility that the wire will 

touch the main lines is reduced to almost zero. 

Analyzing the above three situations, the first recommendation is that the pickup coil 

be installed on level C and in this way the dimensions of the coil could defined as: a 

= 250 m and b = 9 m. 

6.3.2 Electrostatic influence 

The electrostatic influence of the power line upon the pickup coil is due to the 

capacitive system that exists. A cross-section area of the system: power lines and 

pickup coil is presented in Figure 36 as a system of seven conductors. 

As was shown in paragraph 3 .1.2, the potential in one point of the system follows 

(3.6): 

(6.44) 

where: 

DiJ =the distance between conductors i and) 

HiJ =the distance between conductor i and the image of conductor j 

Even if the system has only seven conductors, it is still very difficult to find an 

analytical solution. A set of simulations using the Quick Field package program has 

been performed. This package solves an electrostatic problem. The actual evolution 

of the system is dynamic, therefore the simulation has been performed for a set of 

points of the power frequency period ; a step ~wt = 5° has been chosen and over a 
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period of360° a set of73 simulations have been performed for each conductor of the 

pickup coil situated on two levels (Band C) as presented in Figure 35. 

The initial simulation, with a bundle configuration for the main conductors ended in 

overloading the computer due to the huge number of nodes of the mesh. Next a 

successful attempt of simulation was done after the bundle had been replaced with 

equivalent conductors having geometiical mean radius (GMR) radius (Annexure B: 

B.4). 

Figure 36 Cross-section of power lines and RCPA, with mesh 

The equipotential line distributions around the power lines for a few significant 

moments: 0°, 30°, 60° and 90° are illustrated in Figures 37, 38, 39 and 40. 
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Figure 37 Equipotential distribution for wt = 0° 

Figure 38 Equipotential distribution for cvt = 30° 
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Figure 39 Equipotential distribution for wt = 60° 

Figure 40 Equipotenhal distribution for wt = 90° 
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The main conclusion of the simulations is that the nns value of the potential on the 

conductors situated on level B is approximately 50 kV and on level C is 

approximately 39,8 kV. The profile of the potential on the conductors of the pickup 

coil situated on level B ( VR and Vp. ) is presented in Figure 41 and that for the coil 
!B 28 

situated on the level C ( Vp, and Vp. ) is presented in Figure 42. The complete set of 
IC 2C 

results is presented in Annexure D. 

80 
v 
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40 

20 
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Figure 41 Potential profile for the coil situated on 'level B' 

-80 ~--------------------------------------------~ 

Figure 42 Potential profile for the coil situated on 'level C' 

The graphs in Figures 41 and 42 show that potentials on the left and right sides of the 

pickup coil have the same amplitude but not the same phase. Therefore, current 
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circulation due to electrostatic influence should be considered. The equivalent model 

for one turn that takes into consideration this influence is presented in Figure 43 , 

where R 1, R2, L 1 and L2 are distributed internal resistance and inductance 

proportional with sides; i (t) is the current circulation due to electrostatic influence. 

The main phenomenon of emf induction is not presented yet. 

i (I} i (t) 

Figure 43 Equivalent model with electric field influence 

The current that appears in the transversal side of the pickup coil is created due to the 

potential difference Vp1 - Vn. Apparently this should be very high, but the potential 

sources have capacitive internal impedance that is limiting the current to 

approximately l 0,9 mA (Appendix E: E.l 0) that is much smaller than the nominal 

current. On the other hand, when the overall current flow through the loop is 

considered, the effect of these currents is cancelled naturally. 

The analysis of the electric field influence arouses the following conclusions: 

A - There is not a single point with null potential; neither are there two points 

with similar characteristics of the induced potential (amplitude and phase) 

where the pickup coil would have a preferential position for installation. 
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B - On the sides of the pickup coil parallel to the power line a significant 

potential is induced. 

C - On the transversal side there IS a variation of potential and therefore a 

current flow . 

D - The isolation transformer should be connected on one of the parallel sides 

with the power line, preferably in the middle. 

E- Not a single point of the pickup coil should be connected to ground. If done 

like this, a big imbalance in the potential distribution will occur (Walker 

2004) and the cWTent flow due to potential induced will not be naturally 

cancelled. 

6.3.3 Proposed solution for Rogowski coil 

According to the conclusions of the previous findings the solution proposed for the 

pickup coil is presented in Figure 44. 

~ fr 
1/M: il 

f11 
~ 

Power Lines 

Electronic __.~ 

lntertilCe ff '\ 

Rogowski Coil 

Figure 44 Proposed physical solution for Rogowski coil 
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In this proposed solution: 

• The coil is installed on level C (see Figure 35) at D = 3,5 m below the plane 

of the power line conductors. 

• Using two brackets, it could have a width of b = 9 m. 

• Entire pickup coil should be suspended on classic isolators of approximately 

4 m long (see finding E, paragraph 6.3.2); this will also comply with national 

regulation regarding the distance between any conductor carrying high 

voltage and grounded metal parts. 

• The coil should be installed between three consecutive towers, the middle one 

having the isolation transformer on one side and a joint box on the other side 

(according to finding 0 paragraph 6.3.2). The joint box is necessary due to 

the long length of coil. 

• According to the above points, the length of the pickup coil should be: 

a = 2 · Dr- 2 · 4 m 

a= 492 m (6.45) 

• For the wiring of the coil, a PVC Cabtyre of9 cores (N, = 9) of 1,5 mm2 each 

is proposed. Note: for this application another type of insulation material 

such as silicon UV resistant should be used! 

• The cable should have a steel suspension wire that will be equipped with an 

isolator to avoid a short circuit loop. 

6.3.4 Equivalent model 

The equivalent parallel compensated model presented in Figure 45 contains the emf­

the source of energy, internal resistance (Kn), internal inductance (Lin), internal I 

parasite capacitance (Cp), a compensating capacitor (Cc), isolation transformer 

(initia!Jy considered as ideal and with unity turn-ratio) and load (RL). 
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The compensating capacitor is introduced in order to come as close as possible to the 

requirements of maximum ac power transfer: the maximum power transfer in an ac 

circuit takes place when the load impedance is equal to the conjugated form of the 

internal impedance. 

I 
Tr 

R;, Lm 

r 
I: 1 

Cc 
e (t) VJ 

cp 

1 

r r 
>- RL 

>- Vo ~ 
>- ~ 
'- l 

Figure 45 R CPA Equivalent parallel compensated model 

A series compensated model is presented in Figure 46. 

1 Tr 
I: I 

r r 
e (t) 

1 l 
Figure 46 R CPA Equivalent series compensated model 

6.3.4.1 Emf 

Let us first find the emf induced into the Rogowski coil having the geometrical 

parameters defined previously in paragraph 6.3.3: a= 492 m, b = 9 m and D = 3,5 m 

and the number of turns Nt = 9. The amplitude of emf induced according to (6.7) -

(6.9) is: 
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h -7 (8,5+4,5)
2 

+3,52 
P. = "J · 2 · Jr ·50 ·1500 · 492 · 9 ·1 0 ·1n -'----------''-::----

(8,5-4,5)2 +3,52 

P.=671,76V,or: P.rms=475V (6.46) 

6.3.4.2 Internal resistance 

The internal resistance is given by the geometrical parameters of the coil and the 

material for the conductors, in our case copper with p = 1, 72 ·1 o-8 O·m. 

(6.47) 

1, 72·10-8
. 2·( 492+9) ·9 

~n = 1 5 · J0-6 

' 

Kn = 103,4 n (6.48) 

6.3.4.3 Internal inductance 

For this size, the Rogowski coil can be considered as a rectangular coil with round 

wires. The inductance of such a coil and for low frequency is given by Babani 

(194 5: 114): 

_7 2l 2ab ~ 2ab 7 ( )j (6 49) 
Lin=4·10 N1 aln ( r-;----;)+2'\ja"+b" +bln ( r-;--;)-- a+b . 

r
0 

a+"'/a"+ b" r
0 

b+"'/a"+b" 4 
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L;n = 157,3 mH 

6.3.4.4 Internal capacitance 

Internal capacitance behveen two adjacent turns can be evaluated as in (3.3): 

F 

With: r, = r2 = r0 = 0,7 mm 

Then: 

D = 2·ro + 2 mm = 3,5 mm 

l = 2-(a+b) = 1002 m 

Cp = 17,3 nF 

6.3.4.5 Compensation capacitance 

The compensation capacitance (Cc) is calculated from the resonance condition: 

(6.50) 

( 6.51) 

(6.52) 

(6.53) 

Substituting (6.49) and (6.51) in (6.53), the value ofthe compensating capacitance is: 

Cc + Cp = 64,42 ~F 

and: Cc = 64,4 ~F (6.54) 
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6.3.5 Estimated power 

Let us consider, in the first approximation, that the isolation transformer is ideal and 

has a turn ratio of one. In this way the load resistance is seen unchanged in the 

primary with Vi the voltage across it. If '£, Vi and I (see Figures 45 and 46) are 

complex phasors, then the active power dissipated on RL is: 

(6.55) 

An extended derivation of the active power for parallel and series compensation is 

presented in Annexure F and the results are: 

• For parallel compensated model, the maximum power is 329 W and takes 

places for RL = 55 Q (Annexure F: F.12). 

• For series compensated model, the maximum power is 545,5 W and takes 

place for RL = 103,4 Q (Appendix F: F.21). 

The maximum power can be increased by: 

• Using a bigger cross-section area of the wire e.g. 2,5 mm2 

• Increasing the number oftums e.g. M = 21 by using a PVC Cabtyre of seven 

cores each of 2,5 mm2 (see Figure 47). The note about isolation material of 

the cable is still valid. 

7x2,5 m.m2 Cabtyre cable ___...,-

Figure 47 Cross-section of pickup coil 
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The new parameters in this situation are: 

From (6.7) to (6.9): 'Erms = 1108 V 

From (6.47): 

From (6.49): 

From (6.531): 

Kn = 144,8 n 
Lin= 0,834 H 

Cc = 12,1 !iF 

For these new parameters, the maximum power (see Appendix F) is: 

(6.56) 

(6.57) 

(6.58) 

(6.59) 

• For the parallel compensated model, the maximum power is 1,98 kW and 

takes place for RL = 550 n (Annexure F: F.13). 

• For the series compensated model, the maximum power is 2,12 kW and takes 

place for RL = 144,8 n (Annexure F: F.21). 

6.3.6 Simulation model 

Before implementing the above model, it is necessary to validate it via simulations. 

The parallel compensated simulation model, presented in Figure 48, follows the 

equivalent model regarding the internal parameters ofthe pickup coil given by (6.56) 

- (6.59). For simulation Matlab 6 was used. 

Line<tr 
Tron!tormer 

Figure 48 RCPA simulation- parallel compensated model 

80 



for RL = 550 Q and series compensated in Figure 52 with Pm= = 2117 W for 

RL= 145Q. 

2500r------.------,------,,------,------,------,,------,------, 
I 

2000~~--~~--~~J~~ -~ 
p I 

-~~~--~~----~ 

I I I 

-2000 -- - - - 1- -----' -- -- - .l- - -- - l.- - - -- L - -- - - 1----- _l -- - --

-250~L. 1----~0~.~1-0~5----0-.~1-1----0--.1~1-5 _____ 0~. L1 2-----0-.~1 -2-5----0~.~1-3------L-~t~(s-e~c)~ 

Figure 51 Simulation results - parallel compensated pickup coil 

2500 ,------,-----,r-----.------.------.------,------,------, 
p 

~----~-------+------~------q 2000 - - - - - 1- --- - ,--- --,.- -- -- r -- - - - r - -- - -~- - - - -, 
I I I I 
I I I I 

1500 r -- - ~- - - - - ~- -- - -
1 I 
I I 

1000 

I I 

500 - ' - - - -- _j - - - - -
I I 
I I 
_ _ _ __ j _ ___ _ 

I 0 

-500 

-1000 

-1500 

~OOO L---~~~--~~----4-~--~~--~4-~--~~----~--~~ 
0.1 0 .105 0. 1 1 0 .1 15 0 .12 0 .125 0 .13 t(sec) 

Figure 52 Simulation results -series compensated pickup coil 

The results of the simulations validate the calculus. 
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For further investigation, the case of a pickup coil of 21 turns with 2,5 mm2 wires 

and parameters (6.57) to (6.59) series compensated will be considered. This solution 

can deliver a power of2,12 kW as presented above. 

Another positive aspect for the series compensated solution is that all parameters are 

in phase and the reactive power is reduced to nothing. 

6.3.7 Other parameters that affect the output power 

One of the basic assumptions (paragraph 6.2) was that all the conductors were 

straight and parallel. However this can not be achieved due to various factors. 

6.3.7.1 Mechanical tension 

The weight of the conductors and the limited mechanical tension m the steel 

suspension create sag. The tension is limited by the strength characteristics of the 

steel wire but also by the strength of the insulators that suspend the pickup coil. 

It is recommended, if possible, that the tension in the suspension steel wire should be 

such that the sag of the Rogowski coil matches the sag of power line conductors. 

This requires a further study of the pickup coil from the mechanical point of view, 

including the implications of using aluminium as conductor wire. 

6.3.7.2 Temperature 

The temperature is another important parameter that affects the status of the 

conductors. Dilatation/contraction is the direct effect of temperature upon the 

conductors. It should be noticed that both sets of conductors of the power line and of 

the pickup coil are affected in the same direction. 
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But a difference in temperature coefficients of the two types of conductors that create 

a difference in sag; this will be translated as a decrease of induced emf. 

Even if the dilatation/contraction coefficients are very close, there is still a difference 

in the resistance temperature coefficient that will be translated as an increase/ 

decrease ofthe internal resistance ofthe pickup coil and accordingly in the maximum 

power transferred. 

6.3. 7.3 Wind 

The wind will create a slow movement of the conductors. Because of the difference 

in the effective area of the two types of conductors, the pickup coil will lose the 

central position in relation to power line conductors and this will be translated as a 

decrease of induced emf. 

6.3. 7.4 Rain and ice 

The rain and ice will modify the specific weight of both sets of conductors but in 

different ways. This will be translated as a difference in sag and consequently in a 

decrease of induced emf. 

6.3.7.5 Voltage regulation 

As shown in Chapter 4, paragraph 4.2.2.1 and equation (4.31) the emf induced into 

the Rogowski coil is directly dependent on the current flowing through the main 

power lines. But this current fluctuates according to load demand in the supply 

system and the variation could be significant, so the emf induced and the power 

capability of Rogowski coil would be affected. 

Up to a certain extent this could be addressed by the voltage regulation system 

implemented for RCPA. 
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6.4 Isolation Transformer 

The initial assumption (paragraph 6.3.4) that an isolation transformer is ideal and 

with unity turn-ratio was done to simplify the evaluation of power transferred to the 

load. 

The transformer' s requirements for this application are: 

• The turn-ratio should be I :2 in order to reduce the input voltage of 

approximately 1100 V rrns to a range that is much easier to be handled by the 

semiconductor interface (static switch). 

• The rated power should be over-designed so that the magnetic core window 

accommodates extra-insulation; this has to isolate the primary of around 40 

kV potential from the secondary that is one leg ground connected. 

• The diameter of wires used for primary and secondary should be also over­

rated in order to decrease the copper losses. 

• The iron core lamination should also be carefully chosen to decrease the iron 

losses. 

Meeting all the above requirements should result in a greater reliability. 

6.4.1 Rated power 

The estimated maximum active power (paragraph 6.3.5) that can be delivered by the 

Rogowski coil is 2,12 kW. This power was determined as fundamental. But, as 

presented in paragraph 4.2.1.2, the emf induced in the Rogowski coil is very much 

affected by the distortions in the main power line current and the Total Harmonic 

Distortion (THO) could be in the range of I 0 to 20 percent; let us take the 

conservative figure of 20 percent. 
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When apparent power is estimated, a 0.8 power factor (PF) for the load it should be 

also considered. 

The apparent power then will be: 

(6.60) 

(6.61) 

For further calculations, the apparent power will be: 

S= 3 kVA (6.62) 

6.4.2 Cross-section area .._,.., 

Knowing the rated power of 3 kV A the transformer should handle as well as the 

input and output voltages, the design to establish the cross-section area(of the 

transformer) can be initiated. The area-product Ap (Umanand & Bhat 1992: 18 and 

McLymann 1978: I 06) is given by: 

S(1+11YJ) 4 
AP = Ac · ~v = m 

4 · K f · Bm · J · Kw · f 
(6.63) 

Where: 

• Ac = core iron area in m2 

• Aw =window area in m2 

• S =rated power in VA 

• 11 =efficiency of the transformer of approximately 0,95 

• K1 = form factor is I, 11 for sine wave 
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• Bm =allowed maximum flux density with values between 1,1 and 1,4 Testa 

• J= current density in A-m-2 with values of3 to 5 x106 A·m-2 

• Kw =window utilization factor with values of 0,3 to 0,4 

• f= operating frequency, in this situation, is 50 Hz 

Let us consider a magnetic circuit with a square core area and geometric form as 

presented in Figure 53. 

a/2 

a/2 

a ~//~ 
1.5a ~~ ~////; 
A., a/2 

a/2 

a 

Figure 53 Transformer lamination- geometric form 

As in Figure 53: 

(6.64) 

11 = 1 5 ·a · 0 5 ·a= 0 75 · a2 
.sl.w ' ' ' 

(6.65) 

Then: 

4 3·103 (1+0,95- 1
) 

0, 75 ·a = 
6 4 ·1, 11·1, 1· 3 ·1 0 . 0, 3. 50 
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3·103 (1+0,95-') 
a= 4 = 0 078 m 

4·111 ·11·3·106 ·0 3-50-0 75 ' 
' ' ' ' 

(6.66) 

(6.67) 

6.4.3 Number of turns 

Knowing the core area Ac and the voltage, the number of turns in primary and 

secondary can be determined. The equation that bound these parameters (Marshall et 

a!. 1996:454, Umanand & Bhat 1992: 15 and McLymann 1978: 125) is: 

V = 4 44 · N · f · B · A ' m c 

where: 

V1 = 1108 V; primary voltage 

V2 =550 V; secondary voltage 

N =the number of turns in primary (N1) or secondary (N2) 

6.4.3.1 The number of turns in primary: 
1 

N - ~ ,-
4, 44· J ·Bm · Ac 

1108 
--------:-

4 
::::o:744 turns 

4,44. 50·1,1 · 61 ·10-

6.4.3.2 The number of turns in secondary: !..---/ 

550 
-------..,-

4 
""369 turns 

4, 44 . 50 ·1, 1· 61 · 10-
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Another three identical windings are added in the secondary in order to provide an 

auxiliary supply for electronics and for the driver of the static switch. The auxiliary 

(Va) voltage provided by each winding should be 15 Yrms· Then: 

v 15 
N3 = N4 = Ns = a = 

4 
= I 0 turns 

4, 44 · J- Bm · Ac 4, 44 ·50 ·1, 1· 61·10-
(6.71) 

6.4.4 Wire size 

The diameter of the wire (d) is determined from: 

4 J l·V 

6.4.4.1 Primary wire size 

4·S 4·3000 
d1 = = 

6 
::= 1, 2 mm 

n · J · ~ n · 3 ·I 0 ·11 08 
(6 .72) 

6.4.4.2 Secondary wire size 

d - 4. s - 4. 3000 - 2 4 
2- - 6 - , mm 

n·l·~ n·3 · IO ·550 
(6.73) 

For auxiliary windings a wire of 0.5 mm diameter is recommended. 

6.4.5 Internal resistance 

The internal resistance, pnmary and secondary, depend on the geometrical 

parameters such as wire diameter (d1 and d2) and medium length turn (ML T), wire 
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material: in our case copper with p = 1,72 ·1 o·8 Q·m, number of turns (N1 and N2) 

and is given by: 

R= 4·p ·N·MLT Q 

n ·d 2 

where medium length turn (McLymann, 1978: 119) is: 

MLT = 0,448 m 

6.4.5.1 Primary internal resistance 

4 · p · N1 • MLT 4 ·1, 72 ·1 o-8 
• 744 · 0, 448 

R, = 2 = 2 6 
= 5, 07 n 

n ·d1 n · l,2 -10-

6.4.5.2 Secondary internal resistance 

R = 4 -p·N2 ·MLT = 4·1, 72·10-
8

·369 ·0, 448 = O 
628 

Q 

2 1t. di 1t . 2, 4 2 .J0- 6 ' 

6.4.6 Copper losses 

The copper losses can be written as: 
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I = ~ = 3000 = 5 45 A 2 v 550 ' 2 

Pcu =56 W (6.78) 

6.5 Static switch 

The static switch is used to regulate the output voltage that can vary owing to the 

main line current and load modifications. The basic configuration is presented in 

Figure 54. 

Tr 
/ () 

:.;;; i i 
3::: v, /1, ~ Vo 0 0 
oo U ..... 0 

0:: 

~ ~ ~ 

Figure 54 ac regulation - basic model 

6.5.1 Switch requirements 

The switch used in this application should comply with the following requirements: 

• It should be able to operate with both voltage polarities: positive and 

negative, in other words to be a bipolar switch. 
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• In the ON situation, it should be able to handle twice the maximum current 

estimated for the load, e.g. 11 A 

• In the OFF situation it should be able to sustain the maximum voltage of 

around 1 000 V across it. 

• It should be able to operate at frequencies between 1 kHz and 10 kHz 

depending on the control method. 

6.5.2 Switch topology 

The topology considered to comply with the above requirements is presented in 

Figure 55 (Rashid 1988: 465). The use of only one switch and consequently one 

driving circuit is the main advantage of this topology. As controlled switching 

element, an IGBT was considered to be much more suitable for this application. 

+ 

a) Positive altemance b) Negative altemance 

Figure 55 ac static switch topology 

The snubbers Cs1, Rsl and Cs2, Rs2 are needed to mmimize the stress m the 

semiconductor devices (diodes or transistor) due to switching operation. 
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6.5.2.1 Operation 

When the switch (T) is ON during the positive alternance, the current flow takes 

place through 0~, T and 0 2 and during the negative alternance the current flow takes 

place through 0 3, T and 04. 

When the switch is OFF, irrespective of the alternance, the cross-over voltage is 

sustained by the breakdown voltage of one diode in reverse polarity. 

6.5.2.2 Choice of semiconductor devices 

The choice of the semiconductor devices is done using the main parameters: voltage 

and current. 

From the current point of view, all devices have to sustain the same type of current. 

If ideally all the 2,12 kW power is transferred to the secondary of the transformer, 

then the peak value ofthe current (I2 ) should be: 

' r;:; s 
12 = '-/2 -= 7, 72 A 

v2 
(6.79) 

Then, taking a safety coefficient of 4, the average sustainable current through 

semiconductor devices should be 20 A. 

From the voltage point of view, one diode in reverse polarity has to sustain the entire 

voltage when the transistor is OFF. Therefore, the maximum voltage in reverse 

polarity is 550xv2 = 778 V. Taking a safety coefficient of I ,5, the maximum 

breakdown voltage for the diode should be 1200 V. 

The polarity of the voltage across the diode does not change with the switching 

frequency, but with main frequency of 50 Hz and therefore a standard recovery diode 
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In this application, the switch has to handle inductive loads and therefore a snubber 

circuit (Rs2 and Cs2) across the transistor is used. The optimum effect (Mohan et al. 

1989: 523) is achieved when: 

where: 

12 = peak current through the switch 

t1= the falling switching time of the transistor 

Vd = operating voltage, in this case 778 V 

C = 7,72·140·10-9 =0 68·10-9 F 
52 

2 · 778 ' 

The snubber resistor, Rs2, is recommended (Mohan, 1989: 620) to be: 

R - vd = 778 =:: sto n 2 - ~ 

0,2·12 0,2·7, 72 

6.5.4 Switch losses 

6.5.4.1 Losses in diodes 

(6.82) 

(6.83) 

(6.84) 

The losses in diodes (Pd) are mainly due to forward conduction. When the diode is in 

the forward polarisation, the current has a sinusoidal-chopped shape. The sinusoid 

has the main frequency (Ia). For covering the worst case, the switching frequency (Is) 

should be considered I 0 kHz with an average duty-cycle (£5) of 50 percent. Then: 
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(6.85) 

Because J· Ts < < T0 , the term sinw0 t can be considered constant for the inner integral 

and: 

Substituting the parameters of (6.84) with appropriate values, the power loss is: 

pd = O, 
5 

. 0, 9. 7' 72 = 1,1 w 
Jr 

6.5.4.2 Losses in transistor 

(6.86) 

(6.87) 

The losses in transistor cannot be evaluated entirely analytically due to the switching 

ON and OFF. A general accepted way to determine the power loss is to use the 

catalogue data of energy loss during switching ON and OFF; the conduction loss can 

be determined analytically and is recommended to be done in the worst conditions 

with voltage and current at maximum values. 

P, = f s · (EoN + Econd + EOFF) W 

where: 

EoN = tum ON switching energy loss= 0,95 mJ (Annexure H) 

EoFF = turn OFF switching energy loss= 1, 15 mJ (Annexure H) 

Econd = energy loss in the transistor during ON period 

Is switching frequency 
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Econd = 6 -Ts . Vee-sat . j2 = 0, 5 .J0-4 . 3, 1· 7, 72 = 1, 2 .J0-3 J (6.89) 

~ = 104 
. ( o, 95 + 1, 2 + 1, 15) ·1 o-3 

= 33 w (6.90) 

It has to be noticed that the result is higher than actual power loss. 

6.5.5 Heat-sink 

The heat-sink has to transfer the thermal energy dissipated on the semiconductor 

device to the air, maintaining the junction temperature to acceptable levels below the 

maximum temperature given by the manufacturer. 

The generally accepted relation between power dissipated on a semiconductor 

device, junction temperature, ambient temperature, intrinsic thermal parameters of 

the device and heat-sink thermal resistance (Lander 1993:26, Krein 1998:476, Rashid 

1988:593) is: 

Tj = PD · ( ~h- jc + ~h-cs + ~h-sa) + Ta 

T1 -Ta ( ) 
~h-sa = p ~h- jc + ~h-cs oc;w 

D 

where: 

'Fj =junction temperature 

Ta =ambient temperature 

PD =power dissipated on the semiconductor device 

R,h-Jc =thermal resistance junction to case 

R,h-cs = thermal resistance case to sink 

R,h-sa = thermal resistance sink to air 
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6.5.5.1 Diodes heat-sink 

The imposed parameters are junction temperature of 105 °C and ambient temperature 

of 40 °C. If all four diodes are mounted on the same heat-sink, then the total power 

dissipated will be 4,4 W. 

105-40 0 

Rth- sa = -(1,3 +0, 5) = 12,9 C/W 
4,4 

(6.93) 

6.5.5.2 Transistor heat-sink 

R = 105
-

40 
(1,2 +0,24) = 0, 53 °C/W th-sa 

33 
(6.94) 

6.6 Filter 

Figure 56 shows the switched voltage ( vs) when the switch is used with fixed 

frequency and variable duty-cycle (1 kHz and 50 percent for this illustration). 

800r---.---,--=-.---.---.----~--.---~---r--~ 
I I I I I I 
I 

600 - - - .1_ 
I 

V,l(l) I I I I I 
_ .l _ _ _ _ L _ __ L _ _ _ J _ _ _ _ L _ __ L _ _ _ 

l : -- -~-- - ~-- -~ --- - ~ -- -t - --

-200 

-400 

-600 

1 I I I I 
I I t I I 

-~ - - - ~ - --4--- - r -- - ~-- -

I I I l 
I I I I I _ __ l _ _ _ J _ _ _ _ L __ _ .l _ _ _ _ L _ 
I I I l I 
I I I I I 
I I I I I - - -,---,-- -- r- -- ,- -- -r-- -
1 

I 

1 I 
I I 

I 
- + - - -

1 
I 

-800 ':-:---:-~--::-~-c-:,..-l-:,--::--'-,:-::-~::-:-....,...,~-=--!-=-c-==-~=----'---:---o-' 
o.o8 o.o82 o.o84 o.o86 o.o88 o.o9 o.o92 o.o94 o.o96 t (sec) 

Figure 56 Switched voltage (V,) 

When written in Fourier series, the switched voltage generates a lot of harmonics: 

(6.95) 
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The purpose of the filter is to retain only the fundamental. From (6.95) it is very clear 

now that the output voltage, after the filtering, will depend on the duty-cycle (6). 

An LC filter is considered for this application. The main characteristics of this filter 

should be: 

• To cut harmonics as a low pass filter, the cut-off frequency should be lower 

than switching frequency but higher than operating frequency of 50 Hz. 

• The cut-off frequency should not coincide with any of the main frequency 

harmonics, e.g. 630Hz. 

• The voltage drop across the filter should be as small as possible. 

Then: 

where: 

Thus: 

L1 = filter inductance 

C1 = fi Iter capacitance 

fr= cut-off frequency 

(6.96) 

(6.97) 

(6.98) 

(6.99) 

The filtered output voltage for a 1 kHz switching frequency is presented in Figure 57. 

As one can notice, the ripple of the voltage is relatively high and therefore a higher 

switching frequency should be considered. 
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a) High duty-cycle 

4CO - T - -r- -t - - t-- ~ - - -r - """'1- -I -
I I I I I 

I I I I I I I I • - y - ,-~--~ - r - r , -~-
' I I I I 

~<ll 0001 009< oooo ooos 009 0092 0111)1 OO!Il t (sec) 

b) Low duty-cycle 

Figure 57 Filtered output voltage for 1 kHz switching frequency 

The basic situation as above but with 10 kHz switching frequency IS presented m 

Figure 58. 

>rl I I I I I 
_ - ~ ~- _L_L- ~-~ -~ -

1 1 I I I I I I I 
I I I I I I I I I 

~~ -~ Va1tJ-:- t--T- -r-~ --:-
' I I I I I I I 

0 - , - ,- -, --,- - - , - ,--, - -, -

1 I I I I I I I I 

g - L - ~ -~- ~- - L - L-~- ~- ~-
1 I I I I I 

a) High duty-cycle of b) Low duty-cycle 

Figure 58 Filtered output voltage for 10kHz switching frequency 

It is obviously an improvement in output voltage waveform for a higher switching 

frequency, but there is also noticeable a phase shift; this improvement comes with an 

increase in the power loss into the switch. Therefore the switching frequency will be 

a compromise between output voltage quality, thermal regime of the switch and the 

type of control for the output voltage. 
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6. 7 Control system 

The control system that includes the switch and low-pass filter has the aim of 

controlling/regulating the output voltage. The basic diagram of the control system is 

presented in Figure 59. 

Switch G (s) 

Feedback 

Figure 59 RCP A -control system 

Two control methods have been considered for this application: 

• Fixed frequency with variable duty-cycle. As presented in paragraph 

6.6, Figures 57 and 58, this method provides very good results for higher switching 

frequency. But together with good quality of output voltage come a high thermal 

stress on the semiconductor device acting as switch. 

From the point of view of electromagnetic interference, this method presents the 

disadvantage that a large part of switching energy is concentrated in one spectral line 

that is the switching frequency (Is). And the higher the switching frequency is the 

stronger is the unwanted electromagnetic field created due to switching. 

A low switching frequency implies another design of the filter in order to improve 

the quality of output voltage. But also implies a review of the switch itself that will 

further complicate the driving circuitry. The switch proposed in paragraph 6.5 with 

topology in Figure 55 does not have a very good direct dependence between output 
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voltage and duty-cycle because in OFF situation the energy stored in the filter cannot 

discharge to track the fundamental closely. This will reduce the range of regulation 

and the linearity of the control could be compromised; this could be an important 

drawback when compensating for the harmonics that are present in the voltage 

delivered by the Rogowski coil. 

• Hysteresis algorithm. In this method, the output voltage is compared 

with the reference: if the output voltage is higher than reference, then the switch is 

OFF and when the output voltage is lower than reference, then the switch is ON. But 

this results in a very high switching frequency. 

From the electromagnetic point of view, this method is better than the fixed 

frequency because the switching energy is spread over a range of frequencies; the 

switching frequency depends on the level of the output voltage. 

This method can be improved if the highest switching frequency is limited and 

controlled. 

For this study, the hysteresis control with limited switching frequency was chosen. In 

order to achieve the limitation of the switching frequency, a second order low-pass 

filter will be used in the feedback path. As compensator a simple lag solution was 

considered. 

6.7.1 Transfer function 

The analysis of the control system should start by determining the transfer function 

of each component and then the closed loop transfer function. By means of 

simulation, using Matlab, some critical parameters will be determined in such a way 

that the stability and linearity ofthe system will not be compromised. 
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6. 7 .1.1 Plant transfer function 

For this application, the output filter represents the plant. The transfer function (G) 

for a real LC filter can be written as : 

G (s) 

Where: r1 = internal resistance of filter inductor (0,01 Q) 

LJ = inductance of filter inductor (20 mH) 

rc =series equivalent internal resistance of filter capacitor (0,01 Q) 

C1 = capacitance of filter capacitor (3 ,3 !J.f) 

s = Lap lace operator 

(6.100) 

The values of Lf , CJ have been chosen so that the cut-off frequency is not a multiple 

of 50 Hz on one hand and, on the other hand, the fundamental is passing unaffected 

in magnitude and phase. From the Bode diagram, shown in Figure 60, one can see 

that the fundamental 50 Hz (or W 0 = 314,15 rad·sec-1
) is unaffected in magnitude and 

phase, only the higher frequencies (switching and harmonics) are attenuated. 
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Figure 60 LC filter - Bode diagram 
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The values of the fi Iter components will be refined as a result of simulations. 

6.7.1.2 Feedback transfer function 

As presented above, a second order low-pass filter achieves the limitation of the 

switching frequency when using the hysteresis method. One other requirement for 

this filter is not to affect the fundamental, therefore a Sallen-Key topology with 

Butterworth response and unity gain was considered (see Figure 6 I). 

Figure 61 Second order Butterworth filter 

This type of filter was considered for the flat magnitude in the band and very low 

phase-shift introduced for the fundamental. The transfer function of this filter is: 

Where: w2 = 2·n:h = (R1·C1)"
1 cut-off pulsating frequency 

~ = damping factor (0, 707 for Butterworth response) 

s = Laplace operator 

If his I 0 kHz, then: 

R1 = 10 kQ 

C1 = 1,6 nF 
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The Bode diagram of the proposed filter with a cut-off frequency ifz) of 10 kHz IS 

shown in Figure 62. 

Bode Diagram 
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Figure 62 Second order Butterworth filter: bode diagram 

6.7.1.3 Compensator transfer function 

The compensator/regulator chosen for this application is a simple "lag" equivalent 

with a PI regulator. The topology of this compensator is presented in Figure 63. 

The transfer function of this lag compensator can be written as: 

C (s) = 

C (s) = 
R3 11 (1 1 sC3 ) =- C2 . s + (R2 · C2r1 

R2 11(1 1sC2 ) C3 s + (R
3
.c

3
r 1 
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Figure 63 Lag compensator: topology 

where: Kc = C2• C31 =compensator's gain 

w3 = (R2·C2Y1 ="zero" pulsating frequency 

w4 = (R3'C3Y1 = "pole" pulsating frequency 

Vout (s) 

(6.1 06) 

An ideal lag compensator has the pole on the origin (Nise 2000: 505). In practice, the 

pole is near the origin. The place of the pole (close to origin) improves the static 

error. The static error constant (Kvo) for a system (Nise 2000: 505) is: 

Where: Kc = compensator gain 

z~, z2, ... =zeros of the uncompensated system 

p 1, p 2, . 0 0 = poles of the uncompensated system 

zc =compensator's zero 

Pc = compensator's pole 

(6.1 07) 

As shown in (6.1 07), the static error constant is improved with the ratio z/pco 

Theoretically, if the zero is placed far away: w4 << w3, then the improvement in 
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static enor is very high. But this will affect the transient response. From this point of 

view, the zero should be relatively close to the pole (Nise 2000: 506). 

The initial set ofparameters used was: Kc = 1, cv4 = 2·n·10 rad·sec-1 and cv3 = 2·n·250 

rad·sec-1
. The Bode diagram ofthis compensator is presented in Figure 64. 
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Figure 64 Lag compensator: Bode diagram 

6.7.1.4 Control system configuration 

~ -K s+w3 1+s·r -C Vo 
l-...+ 

c I 

+ ~ c s +w4 l -L1 -C1 +s·k +r1 )·C1 + 1 
-

Ul2 
2 ...._ 

s2 + 2 · ~ · w2 • s + w; 

Figure 65 RCP A: control system configuration 
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6.7.1.5 Simulation model: control system 

The simulation model ofthe closed loop system is presented in Figure 66. 

~LJ 
Clock 

Figure 66 Control system: simul ation model 

• The first set of simulations has been done with the comparator only and 

without the second order low-pass filter and compensator. Thereafter the low-pass 

filter has been introduced in order to show the decrease in the switching frequency. 

The results are presented in Figure 67. From this figure the disadvantages of the 

simple hysteresis method are noticeable: high static error and high switching 

frequency- in this situation of approximately 15 kHz (Figure 67a). When the second 

order low-pass filter was introduced (Figure 67b ), the switching frequency became 

smaller and was approximately 6,5 kHz with a little bit higher ripple and lower static 

error. 

During this set of simulations, the elements ofthe filter (L1 and C1) have been refined 

as follows: 
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a) simple hysteresis 

~"' 0081 0000 Ollf.ll 0008 009 0® 0000 0093 t(sec) 

a) hysteresis with switching 
frequency limitation 

Figure 67 Influence of switching frequency limitation 

• A second set of simulations has been done to show that spectral lines are 

spread over a range of frequencies as shown in Figure 68; spectral analysis has been 

done on a wider than normal (industrial) range of frequencies . 

THD= 0 .0 6 1813 
350 r---~-----.----.-----.----.-----.----.-----.----.-----, 

300 

2 50 -2 00 

150 

100 

so 

0 
o-2 ooel"4ooo .... 6ooo eooo'"""'1oooo 12000~ 140oo 16ooo1 s o oo- 2 oooo Hz 

Figure 68 Output voltage: spectral analysis 

• A third set of simulations has been done to show the improvement brought 

about by the compensator (Figure 69). 
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Figure 69 Influence of the lag compensator 

For a better illustration, the spectral analysis has been done to find the amplitude of 

the fundamental. From Figure 70 and associated simulations, it is possible to show a 

better following of the reference (amplitude of 326 V) in case of compensator 

presence. 

.,..__ 319.5 V 
""' I 

a) without compensator 

u-v-o<n:'i&"-1!1 
~r-~~~~~~~~~~~~ 

""'~I 326.1 V 

,. 

,.. I 
'"' 
"' 

o ~ 400 &tJ 6'J:l 1000 120'.1 '14CO 1&<1 /(HZ) 

b) with compensator 

Figure 70 Output voltage: static error of the fundamental 

6.7.2 Stability tests 

The next step was to perform the stability test for the final refinement of the elements 

of the system Using "control system toolbox" of Matlab, the stability tests have been 

done. 
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6.7.2.1 Bode stability evaluation 
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Figure 7l RCP A: Bode stability evaluation 

6.7.2.2 Nyquist stability evaluation 
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Figure 72 Nyquist stability evaluation 
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6.7.2.3 Nichols stability evaluation 
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Figure 73 Nichols stability evaluation 

All stability tests perfmmed show a stable system. 

6.7.3 Load step test 

-911 

In this test, the load cunent was increased three times. As can be seen in Figure 74, 

the voltage follows the reference in phase, while only the ripple increases. 

300 

200 

-1 00 

-200 

~00 --- - -- ~ - - - --- ~--- -
1 

Figure 74 Load step test 
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6.8 Reference source 

An important part of the control system is the sinusoidal reference source. As 

presented in paragraph 6. 7, the control system regulates the output voltage by forcing 

it to follow a sinusoidal reference. In this way the amplitude and shape is controlled. 

Therefore the performance of the reference is as equally important as the rest of the 

control system. 

The reference source (Figure 75) has to: 

• follow the main frequency in phase with it 

• have a stable amplitude 

All these requirements can be achieved using a PLL in order to follow the main 

frequency and a microprocessor to synthesize the sinusoidal shape. The refinements 

of the components' values have been done in cooperation with Janse van Rensburg 

(programming the synthesizer); the details will be presented in Annexure I. 

a in 
<>-- Conditioner vco Synthesizer 
~ 

I 
- Phase Low-pass 

-
- Comparator Filter 

I 

Conditioner Adaptor 
v, 

f-------0 
ef 

~ 

~ 

Figure 75 Reference source: block diagram 
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6.9 Protection system 

The aim of the protection system is to ensure a safe operation of the RCPA and to 

increase the reliability of it. The components of the protection system such as Metal 

Oxide Variable resistors (MOV) and relays are passive but there are also active 

components in order to trigger isolation relays in case of abnormal conditions. 

6.9.1 Over-voltage protection 

In the main transmission lines current surges that will be translated into voltage 

spikes induced in RCPA can occur. In order to protect the isolation transformer, a 

MOV should be installed on the primary. The rated voltage of this protection device 

could be 50 percent higher than the estimated emf induced in pickup coil. 

6.9.2 Short circuit protection 

The load can be short circuited due to various reasons. In order to protect the switch 

and the other components of the system, a current sensor should be installed on the 

output for monitoring. If a current higher than that corresponding to the maximum 

estimated is detected, then a relay wi .ll be triggered, the output of the transformer will 

be disconnected and a warning light should be ON. 

6.10 Auxiliary power supply 

In order to ensure functionality of the entire system an auxiliary power supply is 

required. The energy for it is taken from the isolation transformer by adding another 

two auxiliary secondary centre-tap connected as in Figure 76. This auxiliary power 

supply has to provide the bipolar supply (V + and V_) for the operational amplifiers. 

The entire electronics draws below 0,5 A. 
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This auxiliary secondary is also the source of the input signal for the reference source 

(Vmain). 

Vmain 

ov 

y_ 

y __ 

Figure 76 Auxiliary power supply 

The details of this power supply will be presented in Annexure I. 
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7. EXPERIMENTS ON ROGOWSKI COIL POWER 

APPLICATION MODEL 

Due to the nature of the Rogowski Coil Power Application, the validations of the 

theoretical modeling have been done on reduced scale models. For these experiments 

two pickup coils have been built. 

7.1 Experimental set-up 

The characteristics of the experimental pickup coils are presented in Table 1. 

Table 1 Characteristics of experimental coils 

a(m) b (m) r0 (mm) N1 (turns) R;n (Q) L;11 (mH) Support 

Coill 2,01 0,46 0,375 100 18,9 42,5 wood 

Coil2 2,01 0,855 0,375 200 43,2 177,9 wood 

The measurements have been taken using: 

• Tape measure with I mm accuracy 

• RLC meter with 0,1 f.lH and 0, I n accuracy 

The experiments for single-phase have been done using coil 1 and those for three­

phase with coil 2. For measurements, the following instruments have been used: 

• Multi-meter TBM 811 (Toptronic) as voltmeter with 0,1 mV accuracy to 

measure output voltage. 

• Digital clamp-meter 3280-10 (Hioki) with 0,1 A accuracy to measure output 

voltage. 
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• THS 720P (Tektronix) portable oscilloscope with FFT facility to detemrine 

the Total Harmonic Distortions (THD). 

• Power resistors as load. 

The basic measuring diagram is shown in Figure 77. 
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High output 

Current 

0.. 
0 
0 

.....l 
II ..... 

Q 
<l) 
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0.. 
_Q:= 
- ~ 8 
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transfomler 

Figure 77 Basic measuring diagram 

50 Hz Industrial 
Supply 

(single/three­
phase) 

Load 

7.2 Experimental validation of single-phase model 

Current loop 

' 
t I 

I 

5,7m 

Figure 78 Single-phase setup 
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7.2.1 Emf: current dependency 

The first set of experiments were meant to check that the induced voltage into the 

Rogowski coil is directly dependent on current /. The position of the coil 1 was 

vertical with D = 0 m and d = 0,245 m. The current was varied from 0 to 50 Anns· 

As presented in Figure 2, the current loop does not have very large dimensions in 

relation to the experimental coil. Therefore equation (4.17) giving the induced emf 

into the pickup coil must be corrected in relation to the induced emf of the current 

loop side parallel to the main line. 

<E = 2 · 2 · Jr· 50·1 ·100·10 In -ln---'----------'--::--
-7[ (0,23+0,245)

2 
5,7

2
+(0,23+0,245)

2
] 

(0,23 -0, 245)
2 

5.72 + (0, 23-0, 245)
2 

Thus: 

'Eest = 0,04338 X Inns (V) (7.1) 

Table 2 Emf: current dependency 

/(A) 5 10 15 20 25 30 35 40 45 50 

'Emes 0,198 0,396 0,586 0,774 0,975 1,160 1,365 1,558 1,757 1,968 
(V) 

'Eest 0,217 0,43 4 0,651 0,868 1,084 1,301 1,518 1,735 1,952 2,169 
(V) 
11'E - - - - - -0,141 -0,153 -0,177 -0,195 -0,201 
(V) 

0,019 
0,038 

0,065 
0,094 

0,109 

Observation: The errors are a bit high. Some reasons to explain these errors can be 

considered: 

• The distortions of the induced emf. As will be further presented, the THD of 

the induced emf is 12,5 percent with a dominant fifth harmonic that usually is 

in opposite phase related to the fundamental. If this influence could be 

quantified, then the errors might be reduced significantly. 
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• Other currents flowing in the floor of the laboratory related to the mam 

current through the loop, such as the supply current of the auto-transformer. 

2 .25 .-------.:--·,1 -----.:--,-,1 -~:.------.. :--·,1 ----,:- -·11 - -, 
2 - -- .l _ -- _I _ -- - L - - - _J- __ _ L _ - _ l _ __ _ I _ _ __ L __ _ .l __ •' 

I I I I I I I I ,. ,. 
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Figure 79 Emf: current dependency 

7.2.2 Emf: dependency on D 

The second set of measurements with coil 1 has been done to check the variation of 

the induced emf into Rogowski coil with D. The position of the coil was vertical with 

lrms = 50 A and d = 0,245 m. Dis the distance between the conductor and the plane 

of the coil. Using equation (4.17) corrected in the same manner as above, the emf can 

be written as: 

f£est = 50· 2 · 2 · 7r ·50 ·1 00 ·10-7 
· ln + ' -ln ' ' 
[ 

D 2 04752 (57 + D)
2

+ 0475
2

] 

D
2

+0,015
2 

(5,7+D)
2

+ 0,0152 

f£esl = 0,314 · ln + ' - ln ' ' (V) 
[ 

D 2 0 4752 (5 7 + D)
2 

+ 0 475
2

] 

D
2

+0,015
2 

(5,7 + D)
2

+0,0152 
(7.2) 

119 



The coil was moved left and right of the main line with 5 em steps. The results are 

presented in Table 3 and Figure 80. 

Table 3 Emf: dependency on D 
Left Right 

D 
(em) 

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 

'Ernes 0,287 0,364 0,472 0,615 0,830 1,1 75 1,968 1,248 0,863 0,620 0,466 0,352 0,270 
(V~ 

'Eest 0,391 0,477 0,591 0,749 0,984 1,389 2,169 1,389 0,984 0,749 0,591 0,477 0,391 
(V) 

/),.'£ 
-0,1 04 -0,113 -0,11 9 -0 ,134 -D,154 -0,21 4 -0,201 -0,141 -0 ,1 21 -0,129 -0,125 -0,125 -D,1 21 
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Figure 80 Emf: dependency on D 

The same observations as stated in 7.2.1 are valid to explain the errors that occurred. 

7.2.3 Emf: dependency on d 

Another set of measurements with coil 1 has been done to check the variation with d 

of the induced emf into the Rogowski coil, where dis the distance between the main 

line and centre line of the coil (see Figure 15). The position of the coil was horizontal 

with I = 50 Am,s and D = 0,015 m. The coil was moved left and right of the main line 

with 5 em steps. The results are presented in Table 4 and Figure 81. 
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In this new situation, for the estimation of the emf induced, apart from the above 

mentioned corrections, the influence of the other sides of the current loop should be 

taken in consideration. 

d < 0 (left) 

~st = 0,314 · 

d > 0 (right) 

~st = 0,3 14· 

0,0152 +(0,23-d)
2 

0,0152 + (5,93+d)
2 

In 2 . 2 + 
0,0152 +(0,23 + d) 0, 0152 + (5,47 + d) 

( ) 
0,0152 +(1+1,75/ 

0,23+d ln---...:._ _ ____:__ 
0, 0152 +(1-1,75)

2 

0,0152 +(0,23 +d)
2 

0,0152 +(5,47+d)
2 

In · + 
0,0152 +(0,23-d/ 0,0152 + (5,93+d)

2 

( ) 
0,0152 +(1+1,75)

2 

0, 23- d In ___ :....___---'--;:-
0,0152 +(1-1, 75)

2 

Table 4 Emf: dependency on d 

d 0 -5 -10 -15 -20 -23 
(em) 

'Emes 0, 119 0,409 0,707 1,061 1,601 I ,787 
(V) 

'Eest 0, 144 0,442 0,768 1,175 1,631 2,392 
JV) 

!:!..'E -0,025 -0,033 -0,061 -0,114 -0,030 -0,605 
(V) 

d 0 5 10 15 20 23 
(em) 

'Emes 0, 119 0,192 0,425 0,798 1,267 1,635 
(V) 

'Eest 0,144 0,400 0,684 1,050 1,664 2,200 
(V) 
!:!..'E -0,025 -0,208 -0,259 -0,252 -0,397 -0,565 
(V) 
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(V) (7.3) 

(V) (7A) 

-25 -30 

1,701 1,169 

2,097 1,499 

-0,396 -0,330 

25 30 

1,386 1,006 

I ,905 I ,306 

-0,519 -0,300 
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Figure 81 Emf: dependency on d 

7.2.4 Emf: dependency on current's THD 

Figure 82 shows the oscillograph of the output voltage versus input cunent of 50 

Arms· A more explicit dependency of the emf on the cwTent's THD is presented in 

Figure 83. 
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Figure 82 Oscillograph: output voltage versus input current 
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Figure 83 Input current and output voltage: Fourier analysis 

From Figure 83, the THO of the output voltage is 12,5 percent while that of the input 

current is 2,5 percent. The ratio of these two figures is five and because the dominant 

harmonic is also five, the relation ( 4.21) is validated very accurately. 

All in all the results for the single-phase model allow us to conclude a very good 

validation of the theoretical model. 

7.3 Experimental validation of three-phase model 

7.3.1 Measurements in the laboratory 

In order to validate the three-phase model, a set of measurements has been done with 

coil 2. The coil has been successively positioned under the line I, line 2 and line 3; 

for each situation the plan of the coil related to that of the lines was horizontal and 

vertical. The distance between lines has been set for 0,45 m and the rms value ofthe 

current was set for 50 A. The results are presented in Table 5 where D and d are 

determined in relation with the line under which the coil is installed. For the 

estimated values, the relations derived in paragraph 6.3. 1 have been used. The 

oscillographs for central (under line 2) position are illustrated in Figures 84 and 85. 
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Table 5 Three-phase system measurements 

Under line 1 Under line 2 Under line 3 

horizontal vertical horizontal vertical horizontal 

D (cm) 2,5 0 2,5 0 2,5 

d(cm) 0 45 0 45 0 

'4es (V) 3,692 4,112 6,465 3,975 3,568 

'Ee.t (V) 4,699 3,797 6,983 5,993 4,699 

tl'E (V) -1,007 0,315 -0,5 18 -2,018 -1,131 

h (I) : 

. .' : · · · :~-- · · •. · 

-~··· " . . . '~ 

-------... . 
~ , 
. : ':':--:--;-.;_'< . . :' . . . 

Figure 84 Oscillograph: output voltage versus input current for three-phase system 
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Figure 85 Fourier analysis: input current and output voltage for three-phase system 
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The differences between estimated and measured emf are big. However, there are the 

following understandable reasons that explain the errors such as: 

• Geometry of the current loop. The sides of the current loop induce small 

emfs with different phases that do not compensate themselves and result in a 

small phase-shift between input current and output voltage. 

• Unbalancing of the current system is one reason for the errors. This is the 

main reason for the phase shift between the emf and reference current. 

During the measurements, it has been noticed that the balancing of the 

currents was not constant. 

• Another important reason for the errors is the distortion of the input current 

(see Figure 85) which cannot be easily quantified. It also should be noticed 

that the relation ( 4.21) is apparently not validated because some harmonics 

have the tendency to cancel naturally, e.g. the third, provided the current 

system is balanced. 

Due to the above mentioned reasons, the measurements have been repeated on a 

Saturday. The improvement in results has not been significant. 

7.3.2 Measurements on field under the transmission lines 

Another set of measurements with coil 2 have been done in the field under a 

double/parallel 440 kV transmission line on outskirts of Vereeniging. The coils have 

been positioned 8,5 m under the level of the main lines; this distance has been 

telemetrically determined. 

In order to eliminate the uncertainty of the line current, the ratio iEh(rms) I lf:v(rms) has 

been measured and estimated (Annexure J). The result of the measurement under the 

extreme right line produced the value for the ratio iEh(nns) I if:v(nns) of 0,585 compared 

to an estimated value of0,559. The measurements for vertical and horizontal position 

have not been done simultaneously and this could explain the difference. 
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Overall, it can be concluded that the measurements validate the theoretical model. 

7.4 Voltage regulation 

The experiments regarding voltage regulation targeted two aspects: 

• Reference source (PLL). 

• Output parameters. 

7.4.1 Reference source 

The reference source was designed to follow the frequency of the input signal in the 

range 45 Hz to 55 Hz while the amplitude remains constant. The experiments have 

been done with a signal generator as input source. Figure 86a presents the results for 

45 Hz and 86b for 50 Hz. 

.Vm 

a) 45Hz b) 50 Hz 

Figure 86 Reference source- frequency tracking 

7.4.2 Output parameters 

The experiments have been done on a reduced power transformer 100 VA The 

output voltage has been set to 230 V and the load resistance 1 kQ. The measurements 

have been done tracking the main frequency of 50 Hz. 
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Figure 87 shows the graphs for the output voltage versus reference voltage. The 

imposed output voltage was 230 V and the actual value measured has been 226,8 V. 

The output voltage has been picked up from the output divider in order to be 

compared with the reference voltage. 

Figure 87 Output voltage versus reference voltage 

A very small phase shift between output voltage and reference voltage still can be 

noticed. 

All the above measurements show a good validation of the voltage regulation. 
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8. CONCLUSIONS 

8.1 Conclusions about present research 

At the end of this study some conclusions can be drawn: 

• As defined in this study, the non-conventional methods to extract energy 

from high voltage transmission line present the main advantage of safety: not 

being in direct contact with the main lines, the risk of triggering the 

protection system is almost zero. 

• The drawback of these methods consists m limited power that can be 

extracted. But for remote rural areas, a power of several kilowatts can make 

the difference between dark age and civilization. 

• In this research a new non-conventional method for tapping energy has been 

developed: Rogowski Coil Power Application. The theoretical background 

has been presented, the power available was evaluated, the influence of 

various factors upon the extracted energy was analyzed and experimental 

validation on reduced-scale model has been achieved. 

• Rogowski Coil Power Application presents a series of advantages that makes 

it eligible for full scale implementation: 

~ It provides a reasonable power of2 kW. 

~ It is very safe for the main line. 

~ It is very simple to implement. 

~ The control system provides a stable and regulated standard ac output 

voltage. 

~ The electronic circuitry is simple and reliable. 
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• From this study, a very challenging conclusion can be drawn: there are non­

conventional methods to extract energy from HVDC. Some of these methods 

exploit the imperfection of the electrical parameters: the ripple of the current 

and voltage. 

• A new method to extract energy from HVDC was identified: static 

capacitance modulation for power applications. Due to its novelty, a new 

field of research can be developed. 

8.2 Recommendations for future research 

t..IJ...- t .J '( ~-

This study produced a few possibilities for further research: 

. ' ,I 

• Before starting the implementation of the RG-g.o.w.skiCoi-I-Pe-wen\p-p1icatwn, 

a deeper analysis from the mechanical point of view is recommended. With 
'-"- ~ ' ... ..,. .. ~.. r • J !1 

this occasion, the possibility of subst~tuting-cgpper wires with aluminum 
, : .. i --J.-- ~-- • . 

wires should be ·investigated considering ,both aspects mec_hanical as ~ell as 
l"'\ 1 l1 . ; JL}l~~(. •-1.~-T" • r t r • 

electrical: if the weight is lighter then the pufllber oftu_ms could be increase<;! 
'"'1......., I 'I ,1 { • ; : ..... • . p4.i b 

with a gain i~ available .power. 

• Another recommendation for further studies is the implementation of an 

energy meter that will give control for energy provider. 

• Due to the novelty of static capacitance modulation for power applications, it 

is recommended that further research of the theoretical analysis and 

technological implementation be undertaken. 

129 



BIBLIOGRAPHY 

ACKERMANN, D W, 1999. The accuracy of power system current measuring 

devices. Paper presented at SAUPEC 99, Durban, South Africa, pp.60-63. 

AGHAEBRAHIMI, M R and MENZIES, R W, 1997. Small power tapping from 

HVDC transmission systems: a novel approach. IEEE Transactions on Power 

Delivery, Vol. 12, No. 4, October 1997, pp. 1698-1703 

AGRAWAL, J P, 2001 . Power electronic systems: theory and design. New Jersey: 

Prentice-Hall 

AREDES, M, PORTELA, C and WATANABE, E H, 2001. HVDC tapping using 

soft-switching techniques. Electrical Engineering Research Journal - Archiv fur 

Elektrotechnik, Vol. 83, No. Y:z, January 2001 , pp. 33-40 

BABANI, B, 1945. Radio reference handbook. London: Bernards 

BAHRMAN, Metal., 1995. Integration of small taps into (existing) HVDC links. 

IEEE Transactions on Power Delivery, Vol. 10, No. 3, July 1995, pp. 1699-1706 

BERTHIAUME, R and BLAIS, R, 1980. Microwave repeater power supply tapped 

from the overhead ground wire on 735 kV transmission line. IEEE Transaction on 

PowerApparatusandSystems, Vol. PAS-99, No.1 , pp. 183-184 

BOCHARD, B, BOLDUC, L and BEAULIEU, G, 1997. Capacitive divider 

substation. IEEE Transaction on Power Delivery, Vol. 12, No. 3, July 1997, pp. 

1202-1209 

BOLDUC, L, 2002. INFO SCC, e-mail on July 30, 2002 

130 



CHETTY, L, IJUMBA, N M and BRITTEN, A C, 2004. Tapping small amounts of 

power from HVDC transmission lines using a novel voltage source inverter. Paper 

presented at SAUPEC 04, SteJienbosch, South Africa 

EKSTROM, A and LAMELL, P, 1991. HVDC tapping station: power tappingfrom 

a DC transmission line to a local AC network. Proceedings of 51
h International 

Conference on AC and DC Power Transmission, London, England, pp. 126-131 

GLOVER, J D and SARMA, M, 1994. Power system analysis and design. Boston: 

PWS Publishing 

GRAINGER, J J and STEVENSON, W D Jr, 1994. Power system analysis. 

Singapore: McGraw-Hill 

GURURAJ, B I and NANDAGOPAL, M R, 1970. Design parameters for earth wire 

tapping. Proceedimngs lEE, Vol. 117, No.1, pp. 177-182 

HALLEN, E, 1962. Electromagnetic Theory. New York: John Wiley 

HA YT, W H Jr, 1989. Engineering electromagnetics. Singapore: McGraw-Hill 

HOLTZHAUSEN, J P and COETZEE, B, 2004. Power frequency electric and 

magnetic fields of power lines. Paper presented at SAUPEC 04, Stellenbosch, South 

Africa 

HOOLE, S R H & HOOLE, P R P, 1996. Engineering electromagnetics. Oxford: 

Oxford University Press 

JANSE van RENSBURG, J F and CASE, M J, 2002. Tapping power via a current 

transformer. Paper presented at SAUPEC 02, Vanderbijlpark, South Africa 

131 

-



JANSE van RENSBURG, J F and NICOLA£, D V 2004. Cooperation research, 

V anderbij !park, South Africa 

KOEN, J, HOLTZHAUSEN, J P, VOSLOO Wand DINGLEY C E, 1999./on cloud 

coupling between high voltage direct current transmission lines and acijacent 

conductors. Paper presented at SAUPEC 99, Durban, South Africa 

KREIN, P T, 1998. Elements of power electronics. Oxford: Oxford University Press 

KUO, B C, 1995. Automatic Control Systems. Englewood Cliffs: Prentice-Hall 

LANDER, C W, 1993. Power electronics. London: McGraw-Hill 

LATEGAN, R and SWART, P H, 2002. Using three-phase induction motor as 

flywheel in order to stabilize the CAPTAP system. Paper presented at SA UPEC 02, 

Vanderbijlpark, South Africa 

MARSHALL, S V, DuBROFF R E and SKITEK G G, 1996. Electromagnetics 

concepts and applications. New Jersey: Prentice Hall 

MeL YMANN, W T, 1978. Transformer & inductor design handbook. New York: 

Marcel Dekker 

MOHAN, N, UNDELAND, T M and ROBBINS, W P, 1989. Power electronics: 

converters, applications and design. New York: John Wiley 

NICOLA£, D V and CASE, M J, 2004. Contactless power coupling system. 

Submitted for publication in SAIEE Transactions, March 2004 

NICOLA£, DV and CASE, MJ, 2004. Contactless Power Coupling System. Paper 

presented at the 91
h International Conference OPTIM'04, 20-23 May, Brasov, 

Romania 

132 



NICOLAE, D V and CASE, M J, 2004. Rogowski Coil Power Application. Paper 

presented at the 11th International Power Electronics and Motion Control Conference, 

2-4 September 2004, Riga, Latvia 

NICOLAE, D V, 2004. Non-conventional methods of extracting energy from high 

voltage transmission lines. Presentation delivered at Engineering Faculty Research 

Day, Vaal University ofTechnology, 141
h January, Vanderbijlepark, South Africa 

NISE, N S, 2000. Control System Engineering. New York: John Wiley 

PURCELL, E M, 1982. Electricity and magnetism. Bucuresti : Editura Didactica si 

Pedagogica 

RAPHALALANI, V, IJUMBA, N M and JIMOH, A A, 2001. Capacitive divider for 

feeding a distribution networkfrom an EHV line. Paper presented at SAUPEC 01, 

Cape Town 

RASHID, M H, 1988. Power electronics: circuits, devices and applications. 

Englewood Cliffs: Prentice-Hall 

RAYNHAM, E F and GOOSEN, P, 1979. Cabora Bassa Apollo H.V.D.C. scheme: 

control and protection. SAJEE Transactions, March 1979, pp. 46- 62 

RYDER, J D, 1957. Engineering electronics. Tokyo: McGraw-Hill 

STUBBS, L, 1994. Tapping power from high voltage transmission lines using 

insulated lighting shield-wires and series compensation. Dissertation for Master 

Degree, Witwatersrand University, Johannesburg 

UMANAND, L and BHA T, SR, 1992. Design of magnetic components for switched 

mode power converters. New Delhi: Wiley Eastern 

133 



VILLABLANCA, M, eta!. 2001. 36-Pulse HVDC transmission for remotely sited 

generation. IEEE Transaction on Power Delivery, Vol. 16, No. 4, October 2001, pp. 

462-467 

WALKER, 1 J, 2004. Private conversation at "Engineering Faculty Research Day" at 

Vaal University ofTechnology , 14th January, Vanderbijlpark, South Africa 

134 



ANNEXURE A 

VECTOR CALCULUS 

Gradient (rectangular): Vf =.X aj + ji aj + z aj 
at at at 

. ~ ~ ~ 
Divergence (rectangular): V . A =-+-+­ax ay az 

C l ( I ). 0 -(aAz aAy l -(aAx aAx) -(aAy aAx l ur rectangu ar . v x A= x - - - + y - - - + z - - -ay az az ax ax cy 

a2 J a2 J a2 J Laplacian (rectangular): V2 f = -
2 

+ -
2 

+ - 2 ax ay az 

Vector identities 

A·B = B·A 

A x B=-BxA 

A. (B +C)= A. B +A. C 

A X (B +C) =A X B +A X c 

A ·(B x C) = B·(CxA) = (B x C)·A = C ·(Ax B) 

A x (B xC) =(A ·C)B - (A ·B)C 

V(Jg) = f"Vg+ gVJ 

V ·(/A)= J(V · A)+A· Vf 

V ·(A x B) = B ·(V x A)-A ·(V x B) 

Vx(fA)=Vf x A+ JV x A 
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(A.l) 

(A.2) 

(A.3) 

(A.4) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

(A. I 0) 

(All) 

(A.12) 

(A.l3) 

(A.14) 

(A.l5) 



Y' x (Y'/) = 0 

Y' ·(Y' x A)=O 

v x (v x A) = v (v. A)- v 2 A 

Y' X (JY'g) = Y'j X Y'g 

Divergence theorem: i A · ds = J \7 · A dv 

Stokes's theorem: f A·dl = J \i'xA·ds 
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(A.l6) 

(A.l7) 

(A.l8) 

(A.l9) 

(A.20) 

(A.21) 



ANNEXURE B 

COMPOSITE CONDUC T ORS 

1 Stranded conductor 

1.1 Geometric mean radius (GMR) from the inductance point of view for a multi­

stranded conductor (Glover & Sarma 1994: 171): 

"The GMR of strand conductors is provided by conductor manufacturers." (B.1) 

1.2 Geometric mean radius (GMR) from the capacitance point of view (Glover & 

Sarma 1994: 188): 

" .. . , it is a normal practice when calculating line capacitance to replace a stranded 

conductor by a perfect cylindrical whose diameter equals the outside radius of the 

stranded conductor." 

2 Bundle conductor 

2.1 Geometric mean radius (GMR) for Nb conductors per bundle: 

d eq = the equivalent diameter of the bundle 

Nb =the number of conductors per bundle 

d =the diameter of one conductor 

A= the radius of the circle ofthe bundle 

(B.2) 

(B.3) 

2.2 GMR for a quad S.C.A 42 x 4,14 mm AI.+ 7 x 2,32 St. (Raynham & Goosen 

1979) 
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The copper equivalent approximate cross-section area: 343 mm2 

~ 
d = ~-----;- = 21 mm 

Distance between conductors of the bundle is 45 em and therefore: 

45 
A = r;; = 3 1 8 em 

....;2 ' 

d = ~4-21·318(4- 1 ) = 228 mm eq 

req=ll4mm (B.4) 

138 



ANNEXURE C 

518 H-TYPE SUSPENSION TOWER 

Figure 88 518 H-Type suspension tower 
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ANNEXURE D 

QUICK FIELD SIMULATION RESULTS 

440 kV THREE-PHASE TRANSMISSION LINES 

WITH BUNDLE CONDUCTORS AND SHIELD WIRES 

1 Potential profile for points P 18 and P28 on level B (see Figure 35) 

Table 6 Simulation results- potential profile for P18 and P28 

rot (0
) Vu (kV) VL2 (kV) Vu (kV) Vris(kV) V P2B (kV) 

0 -311,8 0 31 1,8 -65,697 65,667 
5 -326,3 31,4 294,9 -62,974 67,884 
10 -338,3 62,5 275,8 -59,78 69,582 
15 -347,7 93,2 254,6 -56,107 70,77 
20 -354,5 123,1 231,4 -52,043 71,379 
25 -358,6 152,1 206,5 -47,571 71,47 
30 -360 180 180 -42,733 71,021 
35 -358,6 206,5 152,1 -37,562 70,02 
40 -354,5 231 ,4 123,1 -32,116 68,493 
45 -347,7 254,6 93,2 -26,41 66,468 
50 -338,3 275,8 62,5 -20,533 63,898 
55 -326,3 294,9 31,4 -14,49 60,862 
60 -311,8 311,8 0 -8,325 57,357 
65 -294,9 326,3 -31,4 -2,097 53,412 
70 -275,8 338,3 -62,5 4,136 49,069 
75 -254,6 347,7 -93,2 10,327 44,328 
80 -231,4 354,5 -123, 1 16,472 39,287 
85 -206,5 358,6 -152,1 22,473 33,933 
90 -180 360 -180 28,314 28,315 
95 -1 52, 1 358,6 -206,5 33,935 22,476 
100 -123,1 354,5 -231,4 39,291 16,4 78 
105 -93,2 347,7 -254,6 44,335 10,336 
110 -62,5 338,3 -275,8 49,078 4,147 
115 -3I ,4 326,3 -294,9 53,423 -2,083 
120 0 31 1,8 -31 I ,8 57,371 -8,309 
125 31 ,4 294,9 -326,3 60,878 -14,472 
130 62,5 275,8 -338,3 63,916 -20,5I3 
I35 93,2 254,6 -347,7 66,489 -26,388 
140 123,1 231,4 -354,5 68,515 -32,093 
I45 152, I 206,5 -358,6 70,044 -37,537 
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!50 180 180 -360 71,046 -42,706 
!55 206,5 152, I -358,6 71,496 -47,544 
160 231,4 123,1 -354,5 71,407 -52,015 
165 254,6 93,2 -347,7 70,798 -56,078 
170 275,8 62,5 -338,3 69,611 -59,751 
175 294,9 31,4 -326,3 67,913 -62,945 
180 311,8 0 -311,8 65,697 -65,667 
185 326,3 -31,4 -294,9 62,974 -67,884 
190 338,3 -62,5 -275,8 59,78 -69,582 
195 347,7 -93,2 -254,6 56,107 -70,77 
200 354,5 -123,1 -231 ,4 52,043 -71,379 
205 358,6 -152,1 -206,5 47,571 -71,47 
210 360 -180 -180 42,733 -71,021 
215 358,6 -206,5 -152,1 37,562 -70,02 
220 354,5 -231,4 -123,1 33, 116 -68,493 
225 347,7 -254,6 -93,2 26,41 -66,468 
230 338,3 -275,8 -62,5 20,533 -63,898 
235 326,3 -294,9 -31,4 14,49 -60,862 
240 311,8 -311,8 0 8,325 -57,357 
245 294,9 -326,3 31,4 2,097 -53,412 
250 275,8 -338,3 62,5 -4,136 -49,069 
255 254,6 -347,7 93,2 -10,327 -44,328 
260 231,4 -354,5 123, I -16,472 -39,287 
265 206,5 -358,6 152,1 -22,473 -33,933 
270 180 -360 180 -28,314 -28,315 
275 152, I -358,6 206,5 -33,935 -22,476 
280 123, I -354,5 231,4 -39,291 -16,478 
285 93,2 -347,7 254,6 -44,335 -10,336 
290 62,5 -338,3 275,8 -49,078 -4,147 
295 31,4 -326,3 294,9 -53,423 2,083 
300 0 -311,8 311,8 -57,371 8,309 
305 -31,4 -294,9 326,3 -60,878 14,472 
310 -62,5 -275,8 338,3 -63,916 20,513 
315 -93,2 -254,6 347,7 -66,489 26,388 
320 -123,1 -231 ,4 354,5 -68,515 32,093 
325 -152,1 -206,5 358,6 -70,044 37,537 
330 -180 -180 360 -71 ,046 42,706 
335 -206,5 -152,1 358,6 -71,496 47,544 
340 -231,4 -123.1 354,5 -71,407 52,015 
345 -254,6 -93,2 347,7 -70,798 56,078 
350 -275,8 -62,5 338,3 -69,611 59,751 
355 -294,9 -31,4 326,3 -67,913 62,945 
360 -311,8 0 311,8 -65,697 65,667 
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2 Potential profile for points Pte and P 2c on level C (see Figure 35) 

Table 7 Simulation results- potential profile for P1c and P2c 

rot n Vu (kV) VL2 (kV) VL3 (kV) I VPIB (kV) I VP2B (kV) I 

0 -311,8 0 311,8 -51,366 51,36 
5 -326,3 31,4 294,9 -49,166 53,16 
10 -338,3 62,5 275,8 -46,598 54,554 
15 -347,7 93,2 254,6 -43,655 55,55 
20 -354,5 123,1 231,4 -40,411 56,088 
25 -358,6 152,1 206,5 -36,849 56,22 
30 -360 180 180 -33,002 55,929 
35 -358,6 206,5 152,1 -28,899 55,202 
40 -354,5 231,4 123,1 -24,585 54,06 
45 -347,7 254,6 93,2 -20,069 52,528 
50 -338,3 275,8 62,5 -15 ,428 50,56 
55 -326,3 294,9 31,4 -10,66 48,266 
60 -311,8 311,8 0 -5,801 45,521 
65 -294,9 326,3 -31,4 -0.898 42,466 
70 -275,8 338,3 -62,5 4,002 39,095 
75 -254,6 347,7 -93,2 8,862 35,405 
80 -231,4 354,5 -123,1 13,683 31,478 
85 -206,5 358,6 -152,1 18,385 27,3 
90 -180 360 -180 22,955 22,909 
95 -152, 1 358,6 -206,5 27,346 18,339 
100 -123, 1 354,5 -231,4 31,525 13,639 
105 -93,2 347,7 -254,6 35,451 8,819 
110 -62,5 338,3 -275,8 39,141 3,96 
115 -31,4 326,3 -294,9 42,51 -0,938 
120 0 311,8 -311,8 45,564 -5,838 
125 31,4 294,9 -326,3 48,267 -10,694 
130 62,5 275,8 -338,3 50,6 -15,459 
135 93,2 254,6 -347,7 52,565 -20,097 
140 123, I 231,4 -354,5 54,095 -24,61 
145 152,1 206,5 -358,6 55,233 -28,921 
150 180 180 -360 55,957 -33,02 
155 206,5 152,1 -358,6 56,245 -36,863 
160 231,4 123,1 -354,5 56,11 -40,421 
165 254,6 93,2 -347,7 55,568 -43,661 
170 275,8 62,5 -338,3 54,568 -46,6 
175 294,9 31,4 -326,3 53,17 -49,164 
180 311 ,8 0 -311,8 51,366 -51,36 
185 326,3 -31,4 -294,9 49,166 -53,16 
190 338,3 -62,5 -275,8 46,598 -54,544 
195 347,7 -93,2 -254,6 43,655 -55,55 
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200 354,5 -123,1 -231 ,4 40,411 -56,088 
205 358,6 -152,1 -206,5 36,849 -56,22 
210 360 -180 -180 33,002 -55,929 
215 358,6 -206,5 -152,1 28,899 -55,202 
220 354,5 -231 ,4 -123,1 24,585 -54,06 
225 347,7 -254,6 -93,2 20,069 -52,528 
230 338,3 -275 ,8 -62,5 15,428 -50,56 
235 326,3 -294,9 -31,4 10,66 -48,266 
240 311,8 -311 ,8 0 5,801 -45,521 
245 294,9 -326,3 31,4 0,898 -42,466 
250 275,8 -338,3 62,5 -4,002 -39,095 
255 254,6 -347,7 93 ,2 -8,862 -35,405 
260 231,4 -354,5 123,1 -13,683 -31,478 
265 206,5 -358,6 152,1 -18,385 -27,3 
270 180 -360 180 -22,955 -22,909 
275 152,1 -358,6 206,5 -27,346 -18,339 
280 123,1 -354,5 231,4 -31 ,525 -13,639 
285 93 ,2 -347,7 254,6 -35,451 -8 ,819 
290 62,5 -338,3 275 ,8 -39,141 -3 ,96 
295 31,4 -326,3 294,9 -42,51 0,938 
300 0 -311 ,8 311 ,8 -45 ,564 5,838 
305 -31,4 -294,9 326,3 -48,267 10,694 
310 -62,5 -275,8 338,3 -50,6 15 ,459 
315 -93,2 -254,6 347,7 -52,565 20,097 
320 -123 ,1 -231,4 354,5 -54,095 24,61 
325 -152,1 -206,5 358,6 -55 ,233 28,921 
330 -180 -180 360 -55 ,957 33 ,02 
335 -206,5 -152,1 358,6 -56,245 36,863 
340 -231,4 -123,1 354,5 -56,11 40,421 
345 -254,6 -93 ,2 347,7 -55 ,568 43,661 
350 -275 ,8 -62,5 338,3 -54,568 46,6 
355 -294,9 -31,4 326,3 -53 ,17 49,164 
360 -311 ,8 0 311 ,8 -51 ,366 51 ,36 
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ANNEXURE E 

SHORT-CIRCUIT CURRENT FOR 

CAPACITIVE IMPEDANCE SOURCE 

The maximum current delivered by a source takes place for a short-circuit. If one of 

the pickup coil conductors is grounded as in Figure 89, then the total short circuit 

current will be: 

Ish = lshl + lsh2 + lshJ (E. I) 

X 

z 

Figure 89 Capacitive impedance source 

(E.2) 

with: 

m = 1, 2, 3 

Vph =VLI .J3 = 254 kV 
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and: 

F (E.3) 

where: 

Dom the distance between pickup coil conductor and main line conductor; 

each value is determined from the above figure . 

a the length of the pickup coil conductor (250m) 

r0 the radius of pickup coil conductor (0,7 mm) 

r eq the equivalent radius of bundle conductors (see Appendix B.4) and 

is114mm 

&0 11(36n109
) F·m-1 

= 8,842 pF·m-1 

c,, = T'. 8,842 ·1 ~-\2. 250] = 0,949 .J0-9 F 
In (8, 5+4,5) +3, 5

2 

o, 7. 1 o-3 
. o, 114 
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(E.4) 

(E.5) 

(E.6) 

(E.7) 



Ish2 =j·2·n·50·1, 08·10-9 ·254·103 ~=86,2·10-3 l 90° A (E.8) 

Ish 3 = j · 2 · n · 50 · 0, 949 ·1 o-9 
· 254 · 1 031 + 120° = 75, 7 ·1 o-3121 0° A (E. 9) 

Ish = 10-3 [(75,34 - j43,5)+ j86,2 + (-65,56 - j37,85)] 

(E.1 0) 
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ANNEXURE F 

POWER TRANSFERRED TO A RESISTIVE LOAD 

FROM ROGOWSKI COIL 

1 Parallel compensated model 

Figure 90 shows the parallel compensated equivalent diagram of the Rogowski coil 

with a resistive load RL. For an ideal 1:1 isolation transformer, the load from the 

secondary is seen unchanged in the primary. 

I Tr 

l 
I 1:1 l R;n Lm I 
I 

Cc 
R, ~ RL 

~ E VI v. 
CP 

j j 

Figure 90 RCPA para llel compensated equivalent model 

If E, V1 and I are complex phasors, then the active power dissiNted on RL is: 

(F.l) 

If the load (and transformer) is replaced with its image in the primary, which is RL, 

then the impedance of the circuit is: 

R ( X) Z=J) +jX + L - } c 
"m L RL - JXc 

(F.2) 
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where: 

R;n = internal resistance 

XL = internal inductive reactance 

Xc = capacitive reactance that includes internal and compensation 

capacitance 

RL = load resistance 

(F.3) 

(F.4) 

VJ = E R~- JXc -jRLXc 

(R;nRL + XLXC )- J(R;nXc + RLXC -RLXL) RL- JXc 
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(F.5) 

(F.6) 

RL [( R;nX~ + RLX~- RLXLXC )
2 

+ ( R;nRLXC + XLX~ f] 
V. .]* = E 2 (F.9) 

' [ (R;nRL + xLxc f + (R;nXc + RLXc - RLx L)2T 

The above expression is real, therefore: 

RL [( R;nX~ + RLX~ -RLXLXc f +( R;nRLXc + XLX~ f] 
p = E2 --=------------------::-----=-

[ (R,nRL + XLXC )2 + (R;nXc + RLXC- RLX L)2 r (F.l 0) 

As derived in the paragraph 6.3.5, the main parameters are: 

• Erms = 475V 

• R;n = 103,4 n 
• XL= 27if L;n = 49,4Q 

• Xc = XL = 49,4 n 
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The maximum power takes place when: 

(F.ll) 

But expression (F.ll) is complicated enough for this derivation. In order to 

overcome this problem, Math CAD was used to plot the power versus load graph (see 

Figure 91) and calculations for few values of RL were performed (see Table 8). 

Table 8 Parallel-compensated modell: power versus load 

RL (Q) 40 50 55 60 

p (JV) 318 328 329 328 

M (55 Q, 329 W) 

340 ----- ----- T z-- -----r·------ --
. ' ' 
' ' ' ' ' ' 

p (RL) 320 ------------ -~ -l'" - --------- --~ ------- -- - ---t -------------. : : 

300 _,___ _ ___._____; ___ __;. ___ ___._ _ _..:,_____ 

w ~ 00 w 100 

RL 

Figure 91 Parallel-compensated model 1: power versus load graph 

The maximum power is transferred for RL =55 Q and the value is: 

P= 329 W 

80 

313 

The calculation was done again for parameters presented in paragraph 6.3.5: 

150 
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• Erms = 1108 V 

• R,-, = 144,8 Q 

• L,-, = 0,834 H 

• C = 12,1 ~-tF 

Table 9 Parallel-compensated model 2: power versus load 

RL (Q) 200 

P(W) 1535 

2000 

1800 

1600 

300 400 500 550 600 700 

1805 1930 1975 1979 1974 1946 

' ' ' ' - ---- __ ,. __ ---- ~-- ------------;.---- -- ----- --~-- ----------
' 
' ' 

' ' I I I I 

- ------- ---- - -~-- ----- ------- ~-- - --- ------- ~-- ---------- --t 
I I I I 
I I I I 
I I I I 
I I I I 

200 400 800 1000 

Figure 92 Parallel-compensated model 2: power versus load graph 

The maximum power is transferred for RL = 550 Q and the value is: 

P= 1979 W 

2 Series compensated model 

800 900 

1903 1852 

(F.13) 

Figure 90 shows the series compensated equivalent diagram of the Rogowski coil 

with a resistive load RL. For an ideal 1: 1 isolation transformer, the load from the 

secondary is seen unchanged in the primary. 
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I 

Rm L;n Cc I 
Tr 

I I 1: I 
I 
I 

R,~ RL 

E VI v. 
Cp 

l l 
Figure 93 RCPA series compensated equivalent model 

The derivation of power dissipated on RL follows the same logic as for the parallel 

compensated model. It should be noticed that: 

(F.l4) 

Then: 

Xc = 1/wCc (F. l5) 

Total impedance of the circuit is: 

But XL = Xc and: 

(F.l6) 

I = E/(R;n + Rt) 
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(F.l7) 

The expression of the current is real and then: 

l=J=EI(Kn +RI) (F.l8) 

(F.l9) 

The maximum power takes place when: 

(F.20) 

And the condition for maximum power is: 

RL =R;n (F.21) 

Pmax = 545,5 W (F.22) 

If the wire of 2,5 mm2 is used, then: 

RL = R;n = 144,8 n 

Pmax = 2119,6 W (F.23) 

153 



ANNEXURE G 

I nternationa I 
IOR Rectifier 
INPUT RECTIFIER DIODE 

Oescription/F eatures 

The 20ETS .. rectifier SAFEIR series has been 
optimized for very low forvvard voltage drop, with 
moderate leakage. The glass passi vation 
technology used has reliable operation up to 

150"C j1Jnction temperature. 

Typical.applications are in input rectification and 
these producl5 are designed to be used with 
International Rectifier Switches and Output 
Rectifiers which are available in identical package 
outlines. 

Output Current in Typical Applications 

Bulletin 12101 rev. 8 07/97 

SAFEIR Series 
20ETS .. 

VF < 1V@ 10A 

IFSM 300A 

V RRM 800 to 1600V 

Single-phase Bridge Three-phase Bridge Units 

Capacllive lnputnlterTA = SS•c. TJ = 125 c, 16.3 
common he:Jtsink o f 1 "Cl'N 

21 A 

Major Ratings and Characteristics Package Outline 

Characteristics 20ETS .. Units 

I F(!N) Sinusoidal 

waveform 
A) ;, 

VRRM S.OO to 160v v 

1FSM 300 ;\ 

VF @ 1DA, TJ = 25" C 1.'1 \f 

TJ -40 to 150 ~c T0-220AC 

Al so available In SMD-220 package (series 20ETS .. SJ 
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20ETS .. SAFEIR Series 
eu~iin 12'101 rev. B 07~7 

Voltage Ratings 

Rzlrt Nurrber 

20ET"9:6 

2i:'ETB12 

20ETS1B 

VRRM. mzmmlrn 
pemk re'le~U! ·rclt~ 

\( 

Bllll 

1:.t'C 

1600 

PIO'OOe termm111ooorung Fcrvollllges a bam 12DDV 

Absolute Ma.ximu m Ratings 

Parameters J!ETS .. Ur11E 

I~ Max .MerllJli5FDIWllrdCLrTe111 ~) A 

tl'.li'J Mloc Pe.!lkUleC)J; .... -.... ~~tm:~ :iOO 

&rgeD .. urent SOD A 

I :it Mm:. Ptft:rfu s i-g 316 ! A'J. ~ 
442 I' 

1~\lt. M!u:. l24ttalusing 4420 A:...,'s 

Electrical Specifications 

Parameters ':i!JETS .. Ur1ts 

v RU Max. Fotw~~n:l Vclbge Drc.p 1.1 v 
r, Fcrwa-tl sbpe resislzn-...e 1D.4 mn 

V" fT1:1 1lTM h cld ·vc ~ e 0.85 'II 

b Mn. Re\'Orne Lc:mlco!g!! OJrmnt 0.1 
rnA 

1.0 

Thermal-Mechanical Specifications 

Para~rn 2C€TS Unlls 

T.~ Mm:.J!Sdir11Tempe:nalln!Rmnge . 401o 1&1 "C 

1~ r.~.Slo~TernperztureRange -40tc1&1 •c 
~c; Mu .Therm~ R.eisislllnceJurr.iDn 1.3 "C.'ti 

tcC11se~ 

1\v.,. h1ax. Therm~ Rsi!rllln~Jurr.tDn 52 "'CH'r 
tcAmtjent 

Kucs l)p. I hclllTVJI K=!rllln::e~ D.tl "'GrYi 
toHeasinlt 

wt llf1J roxi m 11te We! qd 2(0.0 J g(m:.) 

T hbunlingTcn:pe Mn. 6(6) Kg. tan 
Uax:. 12~111) tlbf-n) 

~~e 10-2~ 

2 
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lnternotional 
ma Rectifier 

VR!I\I , ITI!lXirum non repetti•m IP.IIil 

peak~ \'Ot:zlge 150"C: 
'U' rnA 

goo 1 

1'3110 

~roo 

Coooitioos 
@Tc::: 105"'C, 1BO"GOOdJc;licnh:!tfsine:wm'l!! 

1t\'ns~nepulse, 1'1!0:!VRRS.1Z!Rlted 

11)nsSm J=U51!1,rovdl.lge ~i:d 

10ms:sinepul5e,rllmdV~1Z!Rlied 

1Ctnr;SmpJ!ie,ro·rol.lge ~i:d 

t=-0.11D' 10ms, no~ge112ff!ied 

Conditbns 

@ 20A, TJ = 2B"C 

T = J 
1&r'C 

T = 25-c J 
VR = f.!llc!d VRI:JJ 

T1 =-150 "C 

Coooitioos 

DCq::Jerztoo 

Moonma5U"Iilt.:ie,llll1tdhzn:lgea,;~ 



I ternotional 
ma Rectifier 

Q: 
,g 
i 
E 
lJ 

e 
u 
~ 

j 
~ 
il 
::ii 

~ 
§ 
I e. 
i 
& 
I!! 

I 
§ 
i 
i 

] !f.) 

1® 

U J 

10!:1 

110 

100 

.31 

2S 

211 

15 

10 

:511 

2 ~ s a w 1z 1 ~ 1;; l lil '-'=' zz 
A loti rD. f CiYJart:f Cum; t>\1 

Fg.1-CISTei11R:!ti-gCim~lllic.s 

4 12 16 i'O u. 
A'A.'IllgQ la~'tl!lrd CUTCint (.0.) 

Fig. 3 -Fa rwardPo werlo a CI-Rncterisli2!. 

AI.Alt!t lbllld ~~fortdlk:rl >'lrd Wltl 
~ "-"' VIlli lA A lid fO!;)Yit'lg 'i.u tg;: 

· ln1L'!I1J • 1 ~ 

~ ~ •OO Hla.t:tm s 
.!Dill 0.01 oos 

~ ..... 
"'II~ 

Ita. 
~ ~ 

:;11)[!'5 •. 5m1~ i"' 

I I 
1 10 100 

r.l.tnoo Eq...; ~·&ld H;:l C)QI Oil~ iu . 4 

Fig. 5- MmimumNoo-R.epeiiiveSt.rgeCurrent 
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20ETS .. SAFEIR Series 
IM eJin 121 Dt n:tl . 8 r:HfdJ 

J\ ~gQ n::no'l!ld Cl.JTQrt (Al 

Fig .2-CuJTentR~tingCh:!rllclerisD:5 

!i 10 1:!'. "' 2S 

Aonegg f c:n.ad Cl.mlrt (AJ 

Fig. 4-FcrwllrdPI:Nferl02iChamrteristrs 

1'11~ ~< lrllln I:U11~::m fs ) 

Fig.6 -ltbu:irum Na-~-Repetili\-e&JrgeCurrert: 
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20ET8 .. SAFEIR Series 
8u~tin 12101 rev. B 07.97 

u 
a .coot 

4 

0 U!:. 1 l .S 2 E, 3 35 ~ 

I11TI.1n l:'l llOi!l1.n flriM'Sd \bllttg~:~ (lfl 

Fg. 7 -FcrwllrdVdll'IIJeOropChl!lliGI:eri&t~ 

0.001 ODl fl.l 

s. Ill' \Y.aw f\.aH~r.slan (.!Q 

Fig.B-lhermZ!I rnp~lu-ucC~~c5 
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Outline Table 

j_R::1 3 D.61 ~.51 fD le;! 

4.32(0.11) 1 

S.QB f.\1.2 [)',1 REF. 

Ordering lnfonnation Table 

D 
II 

II 

CurrmtRlllh3 

Ci'•:tit.Canfg..~~w: 

£: = Single Oode 

PlEblge: 

T "' TIJ.:ZlQ.b.C 

II T}fr- r1 Siioon: 

II 
S = Stlln:!olrd ~· Rec!iier 

Vdl¥ c~; C:OOe:,; 100:::. VRRII 
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jJ w.x. 

00 :;: a::ov 
12 ;;: 121:0\1' 

16 ::: 1imv' 

20ETS .. SAFEIR Series 
Bull!!in rz1 01 reu. 9 U1197 

1.:27[0 .115) 

l!.Sll IU1 

l!.EU L"D.1D} 

IY<SE 
MTHOOE 
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International 
IOR Rectifier 

ANNEXURE H 
PO- 91579A 

IRG4PH30KD 
INSULATED GATE BIPOLAR TRANSISTOR WITH 
ULTRAFAST SOFT RECOVERY DIODE 

Short Circuit Rated 
UltraFast IGBT ----............ - .... 

Features 
• High short circuit rating optimized for motor control, 

tsc =10ps, Vee= 720V , TJ = 125"C, 
Vm:: = 15V 

• Combines low conduction losses with high G 
switching speed 

• Tighter parameter distribution and higher efficiency 
than previous generations 

• IGBT co-packaged with HEXFREOTM ultrafast, 
ultrasoft recovery antiparallel diodes 

Benefits 
• Latest generation 4 IGBT's offer highest power density 

motor controls possible 
• HEXFREDTI•1 diodes optirni.zed for performance with IGBTs. 
Minimized recovery characteristics reduce noise, EMI and 
switching losses 

• This part replaces IRGPH30MD2 products 
• For hints see design tip 97003 

Absolute Maximum Ratings 
Parameter 

VcEs Collector-to-Emitter Voltage 
lc @ Tc ::2s~c Continuous Collector Current 
lc @ T c = 1 oooc Continuous Collector Current 
I eM Pulsed Collector Curren!(]) 
ILM Clamped Inductive Load Current (1J 

IF @ Tc= 100''C Diode Continuous For.vard Current 
IFM Diode 1•1aximum Forward Current 
t,.., Short Circuit Withstand Time 
VGE Gate-to-Emitter Voltage 
Po@ Tc= 25"C Maximum Power Dissipation 
Po @ T c = 1 OO"C Maximum Power Dissipation 
TJ Operating Junction and 
TsrG Storage Temperature Rdnge 

Solderino Temperature, for 10 ooc. 
Mountinq Torque, 6-32 or M3 Screw. 

Thermal Resistance 
Parameter 

RaJC Junction-to-Case· IGBT 

RoJC Junction-to-Case- Diode 
Racs Case-to-Sink, flat, gJ<=ased surface 

RoJA Junction-to-Ambient, typical socket mount 
Wt WeiQht 

www.irf.com 
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E 

n-channel 

VcES = 1200V 

V CE(cn) typ. = 3.1 OV 

@VGE= 15V, lc= 10A 

T0-247AC 

Max. Units 
1200 v 
20 
10 
40 A 
40 

10 
40 

10 ~IS 

± 20 v 
100 
42 

w 

-55 to +1 50 
'C 

:?J:lO (0.063 in. (1.6mm) from case) 
tOibfoin (1 .1 Nom) 

Min. Tvp. Max. Units 
- -- 1.2 

- - - 2.5 ' CNJ 
- 0.24 I -
- -- 40 

- 6 f0.21) - q (oz) 

2!7/2000 



IRG4PH30KD 
lnternationa I 
lOR Rectifier 

Electrical Characteristics @ TJ = 25°C (unless otherwise specified) 
Parameter Min. Typ. Max. Units Conditions 

VrBAleEs Collector-to-Emitter Bra'lkd:Jwn Volk~geOl 1200 - - v VaE = 01/, le = 250~A 
AV(EJl;cEsfATJ T empe.rature Cooft. of Breakdown Volk1ge - 0.1 9 - VI"C VaE = OV. lc = 1.0mA 

VoE(cr~) Colleotor-to-Emitter Saturation Voltage - 3.10 4.2 lc= 10A VGE = 15V 
- 3.90 - v lc = 20A See Fig. :2. 5 
- 3.01 - lc = 1 OA, TJ = 150"C 

VaEtlhl Gate Threshold Voltaqe 3.0 - 6.0 VeE= VaE. lc = 250JJA 
,'I.VG~hl,\TJ Tempemture C·Yeff. of Threshdd Vdtage - -12 - mV/"C VeE= VaE. le = 250tJA 
g,. Forward Tran&.-;onductance@) 4.3 6.5 - s VeE= 100\1, lc = 1 OA 
IcES Zero Gate Voltage Collector Current - - 250 flA VaE = OIJ, VeE = 1200V 

- - 3500 VaE = OIJ, VeE = 1200V, TJ = 150"C 

VFM Diode Forward Voltage Drop - 3.4 3.8 v lc = 10A See Fig. 13 

- 3.3 3.7 lc = 10A, TJ = 150"C 

IGEs Gate-to-Emitter Leakage Current - - ±100 nA VaE = ±201/ 

Switching Characteristics @ T J = 25°C (unless otherwise specified) 
Parameter Min. Tvp. Max. Units Conditions 

Oo Total Gate Charg_e iturn"onj - 53 80 le= t OA 

~. Gate - Emitter Charge (turn-on) - 9.0 14 nC Vee = 400V See Fig.8 

Ogc Gate - Collector Charge (1LJrn-on) - 21 32 VGE= 15V 

~(on) Tum-On Delay Time - 39 -
t, Rise Time - 84 - TJ = 2s~c 

Turn-Off Delay Time 
ns 

le = 1 OA, Vee = 800V ~!oKl_ - 220 240 

tt Fall Time - 90 140 YaE = 15V, RG = 23il 
Eon Turn-On Switching Loss - 0.95 - Energy losses include 'tail" 

!:ott Turn-Off Switching Loss - 1.15 - mJ and diod!.l reverse recovery 
E,. Total S'Nitching Loss - 2.1 0 2.6 See Fig. 9,10,18 

lsc Short Circuit \"v'i1hstand Time 10 - - ~5 Vee = nov, TJ = 125•c 
vGE = tsV, Ro = s.on 

~(on) TLirn·On Delay Time - 42 - TJ = 15occ. SBfJ Fig.10,11,18 
t, Rise Time - 79 - lc = 1 OA, Vee = aoov 

Turn-Off Delay Time 
ns 

VaE = 15V, Ra = 23fl. ~off) - 540 -
It Fall Time - 97 - Energy losses include 'tail" 

E,, Total Switchinq Loss - 3.5 - mJ and diode reverse recovety 
LE Internal Emitter Inductance - 13 - nH Measured Smm !rom package 

Cies Input Capacitance - 800 - VGE =OV 
Coe.s Output Capacitance - 60 - pF Vee= 30\1 See Fig. 7 
C,.., Reverse Transfer Capacitance - 14 - f = t .OMHz 

trr Diode Reverse Re<::overy Time - 50 76 ns TJ = 25' C See Fig. 

- 72 110 TJ = 125CC 14 IF= t OA 

lrr Diode Peak Reverse Recovery Current - 4.4 7.0 A TJ = 25°C See Fig. 
- 5.9 8.8 TJ = 125"C 15 VR = :200\1 

Orr Diode Rev<:rse Recover; Charge - 130 200 nC TJ = 25"C See Fig. 

- 250 380 TJ = t25"C 16 difdt = 200A/po 

di(rec)'-'dt Diode Peak Rate of Fall of Recovety - 21 0 - A/flS TJ = 25°C See Fig. 
During tb - 180 - TJ = 125'C 17 

2 www.irf.com 
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international 
IOR Rectifier 
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(Load Current = IRMS of fundamental) 

iOO 

g 
?. ~ 

h , 
. )~ 

c 
~ 
:s 
u 
iii 
.t 
E 10 w 

~ loP 

~ 

A 
, 

~TJ= ; so•c f 
I I 

v' /TJ:25i'C 

I I I 
VGE = 15V 
20~s PULSE WIDTH 

£ 
~ 
u 
<!) 

'5 
(.) 

.j -

TJ = ; 5o •c 
II 

I 

7 7 TJ = 25 ~~c 

1/ 
) Vee= sov 

Sus PULSE WIDTH 

10 6 B 10 12 

V CE. Collector-to-Emitter Voltage (V) V GE• Gate-to-Emitter Voltage (\0 

Fig. 3 - Typical Transfer Characteristics 

14 

Fig. 2 ·Typical Output Characteristics 
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International 
IOR Rectifier 

lc= 20A 

lc= 1~~~ 

.,~! I !J 
I" I'-

~~ ~ o ~ ~ ro ~ 100 1~1~ 1~ 

T J , Junction Temperature C C} 

Fig. 5 - Typical Collector-to-Emitter Voltage 
vs. Junction T en1perature 

Notm: 
1. Duly fadcrD = t1/ t2 

2. P9ai<TJ= PoM X Z1hJC + Tc 

0.00001 0.0001 0.001 O.ot 0.1 

t1, Rectangular Pulse Duration (sec) 

Fig. 6 - Maximum Effective Transient Thermal Impedance, Junction-to-Case 
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lnternationo I 
!OR Rectifier 

1<ro 

1COO 

\. 

VGE = OV, f= 1MHz 
Cigs = Cg;~ + Cgc , c.:e 
Cres = Cgc 
Coes = C~ + Cge 
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ro:J 
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Cl c 
(tl 

·"' tn) 
Cl 
<il 
0.. 
r:! 
() 

c5 400 
.\ 
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;,ro ~?es 
I .... 

... 1-o 

"'-o;;Cres .... 
0 

SHORTED 

1 10 100 

VeE, Collector-to-Emitter Voltage (V) 

Fig. 7. Typical Capacitance vs. 
Colleclor-to-Emitter Voltage 
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Fig. 9- Typical Switching Losses vs. Gate 
Resistance 
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ANNEXURE I 

ELECTRONIC DRAWINGS 

RCPA- DW 1 Static switch driver and main filter 

RCPA- DW 2 Control system 

RCPA- DW 3 Reference source (PLL) 

RCPA- DW 4 Auxiliary power supply 
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ANNEXUREJ 

ROGOWSKI COIL UNDER A DOUBLE-PARALLEL 

TRANSMISSION LINE 

The purpose of these measurements has been the validation of the three-phase model 

for the Rogowski coil power application. 

• To try to validate some theoretical conclusions 

• To estimate what will be the voltage for a full scale coil 

An equivalent situation is illustrated in Figure 94 . 

~ ... ~ .. 

~ : : - t ~ F® ~:"W""' 
u 

-.; 
u 
2 ., 
> 

Figure 94 RCPA under a double-parallel transmission line 

The coil has been placed at half distance between two consecutive towers therefore 

the curve of lines has a minimum influence. 

Geometrical parameters were determined by telemetry: 

• Distance between towers = 246m. 

• Distance between lines and position of the coil D = 8,5 m 

Evaluation of the voltage induced into the Rogowsky coil: 
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Let us consider that phase sequence for the second parallel line is the same as the 

first: 

i2 (t) = I 1 sin ( wt) 

i3 (t) = I 1 sin ( wt + 120°) 

i4 (t) = / 2 sin ( wt + 120°) 

i5(t) = I 2 sin ( wt) 

NOTE: 

• The currents in the lines are not known. 

• The only assumption that could be done is the same amplitude of the currents: 

/1 =h =/ 

• A possible method for evaluation regardless of the line currents is to do the 

ratio 'Eh I I'£, between voltages measured for horizontal and vertical position 

Then applying (6.12) to (6.18) to this particular situation the result is: 

k =2·Jr·50·200·2·1·10-7 =12 57·/·10-7 

' 

eh3(t) = 0 

( )
2 2 8,5 + 0,43 + 8, 5 

eh2 (t) = -k ·In 
2 2 

cos( wt) 
(8, 5 - 0, 43) + 8,5 

= -1, 2 712 · I · 1 0-3 cos ( wt) 
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(2·8,5+0,43)
2

+8,5
2 

( 0) 
eh1 (t) = -k ·In 

2 2 
cos cut -120 

( 2 . 8, 5 - 0' 4 3) + 8, 5 

= -1,0175 · I ·1 o-3 cos( cut -120°) 

( )
2 2 4. 8, 5 + 0, 43 + 8, 5 

eh4 (t) = -k ·In 2 2 
cos( cut+ 120°) 

( 4. 8, 5 - 0, 4 3) + 8, 5 

= -0,5985 ·I ·1 o-3 cos (cut+ 120°) 

(5·8,5+0,43)
2 

+8,52 

eh5(t)=-k·ln 
2 2

cos(cut) 
(5·8,5 - 0,43) +8,5 

= -0,4892 ·I ·1 o-3 cos( cut) 

(6·8,5+0,43)
2

+8,5
2 

( 0) 
eh6 (t) = - k · Jn 

2 2 
cos cut -120 

(6 ·8,5-0,43) +8,5 

= - 0,4125 · I ·10- 3 cos( cut - 120°) 

eh = - ( 0, 518 ·I ·1 o-3
) cos (cut + 43,7°) 

ev3(t)= - 2·k·ln 
8
'
5

+
0
,
43 

cos(cut+120°) 
8,5-0,43 

= - 2,5457 ·I ·10-3 cos (cut + 120°) 
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- (8,5)
2 

+(8,5+0,43)
2 

( ) 
ev2 (t) - - k ·In 2 2 cos wt 

(8,5) +(8,5-0,43) 

=-I, 2112. I . 1 o-3 cos ( wt) 

( )2 ( )2 2 . 8, 5 + 8, 5 + 0, 4 3 
ev1 (t) = -k ·In 2 2 cos ( wt -120°) 

(2·8, 5) +(8,5-0,43) 

= - o, 5085 . I .w-3 cos ( wt - 120°) 

( )2 ( )2 4 ·8,5 + 8,5+ 0,43 
ev4 (t) = -k ·In 2 2 cos ( wt + 120° ) 

(4·8,5) +(8,5 - 0,43) 

= -0,1496 ·I ·10-3 cos( wt + 120°) 

(5·8,5/ +(8,5+0,43f ( ) 
ev5 (t) = -k · In 2 2 cos wt 

(5 ·8,5) +(8,5 - 0,43) 

= -0,0978 ·I ·I o-3 cos ( wt) 

( )2 ( )2 6 . 8, 5 + 8, 5 + 0, 4 3 
ev6 (t) = -k ·In 2 2 cos( wt - 120° ) 

(6 ·8,5) +(8,5-0, 43) 

= -o, 0687 . I .J o-3 cos ( (!)/ - 120° ) 

ev = - ( 0,927 ·I ·10-3 )cos( M -98,2° ) <Ev(rms) = 0,65511 o-3 
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'Eh(rms) I 'Ev(rms) = 0,559 

The first measurement has been done with the coil positioned horizontally and then 

vertically under the far-right line (under i3) for a minimal influence of the parallel 

transmission line; the measured values are: 

<Eh = 0,360 v 

<Ev=0,615V 

'Eh(rms) I 'Ev(rms) = 0,585 

COMMENTS: 

a. The determined through measurements ratio ~(rms) I 'Ev(rms) differs to 

the estimated value; the error is 4, 7 percent. 

b. Probably the amplitude of the currents in the two parallel lines are not 

the same. 

c. The measurements for horizontal and vertical have not been done 

simultaneously and this could explain part of the error. 

d. Overall, it can be concluded that the measurements validate the 

theoretical model. 

e. The electrostatic potential at 2m height above the ground is around 

lkV. 
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ANNEXUREK 

EXPERIMENTAL WORK - PHOTOGRAPHS 

The two coils 

-· .. .. . -· .... . 
•• • e e e 
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Measurements with small coil for single-phase 
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/ 

Setup for three-phase currents 

Recording data: three-phase horizontal 
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Recording data: three-phase vertical 

Testing the electronics 
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