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Abstract:  
The enclosure of AC gas-insulated transmission lines 

(AC-GIL) is ordinarily made of aluminum. In HVDC sys-

tems, it can be economically and technically reasonable 

to manufacture the enclosure of GIL from steel. To check 

the feasibility to operate such DC-GIL even under AC the 

relevant losses in the steel enclosure must be known.  

The present paper compares three different methods to de-

termine the specific iron losses of steel when exposed to 

magnetic fields with power frequencies. The iron losses 

as a function of the magnetic field strength are measured 

with a pipe sample in a coaxial conductor arrangement, a 

pipe sample in a toroidal core test and with relevant strips 

in an Epstein frame. The results from the three test meth-

ods are found to be in good agreement. By calculating the 

iron losses in a GIL with steel enclosure the reduction of 

the transmission capacity is estimated when changing 

from DC to AC operation.  

 

1. Introduction 
The increasing use of renewable energy sources leads to 

longer distances between energy production and consum-

ers. Onshore and offshore wind farms are examples for 

this trend. Transmission of high power over long dis-

tances is usually performed by means of HVDC transmis-

sion. The gas-insulated transmission lines (GIL) with  
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steel enclosure represent one option for HVDC power 

transmission. For the sake of maximum flexibility in net-

work operation, power transmission in relevant GIL sec-

tions should then also be possible by HVAC, provided 

that a third conductor is available. In order to calculate the 

transmission capacity of such GIL sections, the losses oc-

curring under AC operation must be known.  

For the determination of the specific iron losses and other 

material properties of electrical steel sheets and strips, 

which are usually used in rotating and stationary electrical 

machines as well as in electrical components, standard-

ized measuring methods have been established. Among 

others, the determination can be carried out by means of 

Epstein frames [1], single-sheet tester [2], ring and param-

eter method [3]. In the standard measurement methods, 

steel sheets or strips are exposed to a magnetic field which 

is as homogeneous as possible. Thus, the samples experi-

ence a similar magnetic field situation like for example in 

static electrical machines.  

In the vicinity of current-carrying conductors a concentric 

magnetic flux density is formed in accordance with Am-

père's circuital law. Thus, the aforementioned standard-

ized measuring methods cannot be adopted without 

checking their suitability. In the area of power cables, 

there are no standardized measurement methods for the 

direct determination of the losses in the enclosure caused 

by alternating magnetic field [4]. Power losses are deter-

mined in particular by calculation methods, e.g. 

IEC 600287-1 [5].  
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To verify the calculation models, the power dissipation in 

the enclosure can be determined by its temperature rise. 

The heat capacity of the enclosure, the temperature rise 

shortly after switching on the load current and the time at 

which the temperature change is recorded can be used to 

determine the power loss in the enclosure [6].    

Alternatively, the losses of a conductor with and without 

shielding, conduit or pipe can be determined by measur-

ing the current, the voltage and the phase shift. The losses 

in the metallic casing are the difference between the AC-

losses with and without metallic casing. In most methods, 

the losses are given by the ratio of AC-Resistance to DC-

Resistance of the test object [7] – [10]. Due to the lack of 

a relevant standard for the determination of the AC re-

sistances, different measuring methods can be used [11].  

Furthermore, in complex cable arrangements, e.g. in me-

tallic cable ducts, the losses can be determined numeri-

cally after measuring the material parameters of the me-

tallic casing. In [12] the material parameters of a cable 

duct were determined by Epstein frame. The calculated 

power losses correspond well to the measured values. 

The experimental effort to determine the conduction 

losses in any kind of metallic casing is relatively high. To 

clarify whether the effort can be reduced by alternative 

experimental methods, three measuring methods for the 

determination of the specific losses were studied: 

- High current test  

- Ring core test 

- Epstein frame 

By using these methods, the specific losses of the steel 

grade L245 (acc. to ISO 3183), which is used notably in 

pipeline construction, are determined and represented as 

a function of the magnetic field strength [13].  

With these methods, a statement can be made about the 

expected losses in metallic casings, e.g. enclosures of GIL 

or protective pipes of cables, by simple standardized tests. 

2. Electromagnetic Basics  

2.1. Quasistationary Electromagnetic Fields 

The quasistationary electromagnetic fields can be de-

scribed by a system of algebraic equations and partial dif-

ferential equations. According to Ampère's circuital law, 

the current I corresponds to the line integral of the mag-

netic field strength H along the closed contour s around 

the conductor. The current can be also described by the 

current density S integrated over the area A [14]: 

 

∮ 𝑯 ∙ d𝒔 = ∬ 𝑺 ∙ d𝑨

 

(𝐴)

 

(𝑠)

= 𝐼 (1) 

 

According to the law of induction, the induced voltage ui 

corresponds to the magnetic flux density derivation 

dB·dt -1 over the area A. The line integral of the electric 

field strength E along the closed line s around this area 

results also in the induced voltage [14]:  

   

𝑢i = ∮ 𝑬 ∙ d𝒔 = − ∬
d𝑩

d𝑡
∙ d𝑨

 

(𝐴)

 

(𝑠)

= −
d𝜙

d𝑡
          (2) 

2.2. Magnetic Constant Field Measurement 

The static hysteresis loop is measured using the magnetic 

constant field method. The iron losses, which in this case 

are identical to the hysteresis losses, are determined from 

the area of the hysteresis curve.  

2.3. Magnetic Alternating Field Measurement 

Further to the hysteresis losses, there are also eddy current 

losses and after-effect losses caused by diffusion pro-

cesses in the metal texture, the latter type of loss being 

negligible [15]. These losses can be measured by expos-

ing electrical sheets to 50 Hz magnetic fields.  

Eddy Current Losses 

According to the law of induction from (2), a voltage ui is 

induced in the iron when the magnetic flux density B(t) 

changes over time and the cross-section AFe remains con-

stant. 

𝑢i = −𝐴Fe ∙
d𝐵

d𝑡
 (3) 

 

Assuming a sinusoidal magnetic flux density we get: 

 

𝑢i = −𝐴Fe ∙ 𝐵̂ ∙ 𝜔 ∙ cos(𝜔𝑡) = 𝑖W(𝑡) ∙ 𝑅Fe (4) 

 

iW is the time-dependent eddy current and RFe the equiva-

lent ohmic resistance of the iron. The resistance depends 

on the geometry and the electrical conductivity of the ob-

ject. Ûi is the peak of the induced voltage of (4). The eddy 

current losses PW result from:  

 



 

 

𝑃W =
𝑅Fe ∙ 𝐼W

2

2
=

𝑈̂i
2

2 ∙ 𝑅Fe

=
(𝐴Fe ∙ 𝐵̂ ∙ 2𝜋 ∙ 𝑓)

2

2 ∙ 𝑅Fe
      

(5) 

 

  ⟹      𝑷𝐖 ~ 𝑩𝟐 · 𝒇𝟐 (6) 

 

Hysteresis Losses 

The hysteresis losses caused by friction of the Weiss do-

mains can be determined from the area of the static hys-

teresis curve. According to [14] the losses are as follows: 

 

𝑃Hy = 𝑉Fe ∙ 𝑓 ∙ 𝐴stat (7) 

 

VFe is the volume of the iron, f the frequency and Astat the 

area of the static hysteresis curve. 

Iron Losses (Remagnetization Losses) 

The eddy current and hysteresis losses (as well as after-

effect losses) are summarized as iron losses or remagnet-

ization losses. 

 

𝑃Fe = 𝑃W + 𝑃Hy (8) 

 

For characterizing a material the specific iron power loss 

pFe (W·kg-1) has been introduced. For the user of electrical 

sheets, the specific losses depending on the magnetic flux 

density B are of particular interest. The functional rela-

tionship is described by a formula based on the Steinmetz 

equation [15]: 

 

𝑝Fe =
𝑃Fe

𝑚a
= 𝑘𝐻𝑦 ∙ 𝑓 ∙ 𝐵 

𝑛 + 𝑘𝑊 ∙ 𝑓2 ∙ 𝐵2 (9) 

 

ma is the active mass of the sample. n, kHy and kW are pa-

rameters which are determined from the measured power 

loss characteristics. 

The magnetic flux density B is linked to the magnetic field 

strength H via the magnetic field constant µ0 and the ma-

terial-specific relative permeability µr.  

 

𝐵 = µ0 ∙ µ𝑟 ∙ 𝐻 (10) 

 

3. Test Object and Operating Condi-
tions 

3.1. Test Object and Material Sample 

The test object is a pipe section with a height hr of 102 mm 

and an inner diameter di of 161 mm (Fig. 1). The wall 

thickness lWall is 4 mm. The pipe section is made of the 

material L245 (acc. to ISO 3183). The mass of the sample 

is 1.590 kg.  

 

   

Fig. 1.  Geometry and mass of the material sample L245 according to 

ISO 3183   

3.2. Required Magnetic Field Strength 

In practice, the current carrying capacity of GIL results 

from the total losses of the transmission line and the ther-

mal boundary conditions (type of installation, permissible 

maximum temperatures, thermal conductivities, etc.).  

Typical current ratings at 420 kV or 550 kV with an en-

closure diameter of about 500 mm is between 3000 A and 

4000 A. Typical current ratings and diameters of the en-

closure for higher system voltages are summarized in Ta-

ble 1 [16]. 

At rated current the resulting magnetic field strengths in 

the enclosure as per Ampère's circuital law (1) are also listed 

in Table 1. 

TABLE I 

TYPICAL CURRENT RATINGS AND DIAMETERS OF GIL 

Variant 

 

Current 

in A 

Diameter 

in mm 

Magnetic Field 

Strength  

in A·m-1 

420 kV or 550 kV 4000 500 2546 

800 kV 5000 630 2526 

1200 kV 6000 800 2387 

 



 

 

Hence, for typical GIL designs and current ratings the 

magnetic field strength in the enclosure is in the range of 

2500 A·m-1  

3.3. Frequency 

GIL are usually operated with direct current or with alter-

nating current of 50 Hz or 60 Hz. 

When determining the specific iron losses in the follow-

ing tests, only the results measured at 50 Hz are presented.   

Enclosure Temperature 

The temperature limit of the enclosure depends on the 

type of installation.  

If GIL or parts thereof can be touched, e.g. in tunnel or 

air-laid installations, the maximum permitted surface 

temperature is 70 °C. If the GIL is not exposed to get 

touched during normal operation, the temperature shall 

not exceed 80 °C [17].  

From a technical point of view, the temperature limit of 

the encapsulation of directly buried GIL depends on the 

temperature resistance of the corrosion protection. With 

polypropylene coating the limit lies at 90 °C. In order to 

minimize, for example, the impact on soil flora and fauna 

caused by groundwater heating and soil dehydration, the 

temperature limit of the enclosure is usually subject to 

greater restrictions. Typical limit values are 40 °C or 

50 °C [16]. 

3.4. Grounding 

The enclosures of GIL are typically grounded at both 

ends. Therefore, under AC operation the induced voltage 

drives a current in the GIL enclosure which has almost the 

same magnitude but opposite polarity as the current in the 

inner conductor. In the experiments presented, only ar-

rangements grounded on one side are considered.   

4. Comparison of Measurement 
Methods 

4.1. High Current Test 

In the high current test, the mounting and magnetic exci-

tation of the pipe section is like in a GIL.  

Test Setup  

The pipe sample is mounted concentrically around a cop-

per conductor (Fig. 2). A high-current transformer feeds 

the current circuit. The current is measured using a 

Rogowski coil. The magnetic field strength in the steel en-

closure can be determined with the Ampère's circuital law 

(1).  

The voltage along the conductor is measured at two con-

ductor sections:  

- one at the pipe sample.  

- the other one at an uninfluenced conductor section.  

The voltage taps are equidistant and the measuring cables 

are crossed out to eliminate induced voltages. 

The temperature is measured by thermocouples type K 

(acc. to IEC 60584-3) [18]. One is attached to the pipe 

sample and another one to the inner conductor. The power 

dissipation is determined when the pipe sample has 

reached the typical operating temperature of GIL-

enclosures.  

 

 

Fig. 2.  High current test setup for the electrical determination of losses in 

steel enclosures 

Loss Calculation 

The power losses in the material sample could are deter-

mined by simply subtracting the total losses of the tube 

section from the losses of the conductor without tube. 

The specific iron losses are the quotient of the power loss 

and the mass of the pipe sample (9). 

Result of the High Current Test 

In the test series currents of up to 1719 A were applied, 

which corresponds to a magnetic field strength of 

3316 A·m-1. At the typical field strength of 2510 A·m-1 

and an enclosure temperature of approx. 72.0 °C, the 

losses in the pipe section were 130 W which corresponds 

to specific losses of 81.5 W·kg-1. 

The specific iron losses determined in the high current test 

as a function of the magnetic field strengths are shown in 

Fig. 7. 

4.2. Ring Core Test 

In accordance to IEC 60404-4, the hysteresis loop can be 

determined by means of a ring core test in a constant mag-

netic field. The area of the loop describes the hysteresis 

losses. However, no eddy current losses occur in the DC 

field, so the general conditions described in the standard 

were adopted and a different test procedure was chosen.   

Test Setup  

For the ring core test, the surface of the pipe sample is 



 

 

insulated by insulating paper and tape. Then, the sample 

is wrapped with an enameled copper wire to form a toroi-

dal coil with 438 windings around the pipe sample 

(Fig. 3).  

 

 

Fig. 3.  Step-by-step procedure for preparing the pipe sample for the ring core 

test   

 

With a variable voltage source it is possible to apply dif-

ferent currents at different frequencies to the coil (Fig. 4). 

According to the description in IEC 60404-4, the temper-

ature of the material sample was kept below 50 °C by 

means of a fan [3]. 

A power meter is used to measure current, voltage, fre-

quency and phase shift. The temperature of the pipe sam-

ple is measured by means of a thermocouple type K (acc. 

to IEC 60584-3) attached between insulating tape and 

electrical insulation paper.  

 

 

Fig. 4.  Test setup of the ring core test for the determination of magnetic steel 

properties 

 

Loss Calculation 

The DC resistance of the copper wire was measured prior 

to the test. The iron losses are determined from the meas-

ured total losses minus the copper losses which are calcu-

lated from the temperature-corrected resistance of the 

copper wire. 

Result of the Ring Core Test 

The iron losses in the pipe sample were measured at mag-

netic field strengths up to 8500 A·m-1. At 2480 A·m-1, the 

losses in the pipe section were 118.2 W which corre-

sponds to specific losses of 74.3 W·kg-1. This results in 

slightly lower losses compared to the high current test. 

One reason can be the temperature-correction of the wire. 

The temperature of the windings and the pipe sample is 

measured within the insulation. Depending on the losses, 

the winding experiences a natural or forced cooling. The 

temperature of the winding is probably slightly lower than 

measured. Thereby the copper losses are calculated 

slightly higher.  

The specific iron losses of L245 in dependence of the 

magnetic field strength measured by the ring core method 

are shown in Fig. 7. 

4.3. Epstein Frame 

According to IEC 60404-2, Epstein frames are used to de-

termine the magnetic properties of electrical steel strips 

and sheets [1]. However, the typical wall thicknesses of 

GIL enclosures are considerably greater than the cold 

rolled electrical steel sheets generally used in the electri-

cal industry. Moreover, conventional steel has a higher 

electrical conductivity than electrical steel sheets.  

In the Epstein frame four air coils are arranged in a square 

(Fig. 5). The magnetic field in each coil is almost homo-

geneous, and the strip-like samples to be measured are 

placed in the coils and connected at their ends to form a 

quadratic loop. 

The mechanical processing and deformation required to 

measure the pipe sample in the Epstein frame might 

change the properties of the sheet metal. 

Test Setup  

In order to measure the tubular material sample in the Ep-

stein frame, the pipe must first be sawn into pieces, 

straightened and cut into four equal sample strips. Each of 

the 4 mm thick strips has a length of 273 mm and a width 

of 23 mm. The strips of the sample material are inserted 

into the four air coils of the Epstein frame to form a square 

as shown in Fig. 5. According to IEC 60404-2, the total 

active mass of the four legs is 0.654 kg. The samples can 

be inserted, and the magnetic properties can be deter-

mined in accordance to IEC 60404-2. 

The 25 cm Epstein frame consists of four coils. Each one 

of them is placed on a square coil former as a layer wind-

ing and connected in series. Each coil former carries two 



 

 

windings, an outer primary winding to generate the mag-

netic field H for the excitation of the sample and an inner 

secondary winding to determine the magnetic flux density 

B. The coils are connected in series. Fig. 5 shows a section 

through the Epstein frame and the wiring of the coils. 

 

 

Fig. 5.  Section through the 25 cm Epstein frame with sample material (left) 

and wiring of the coils on the primary and secondary side (right). 

 

The primary windings of the Epstein frame are energised 

by a variable voltage source. The consumed power is 

measured by a power meter. The cold resistance of the 

primary winding is measured before the test (Fig. 6).   

 

 

Fig. 6.  Test setup of the 25-cm-Epstein frame for measuring the magnetic 

properties of the steel 

 

Loss Calculation 

In order to determinate the iron losses, the total power 

consumption in the Epstein frame needs to be measured. 

The iron losses of the sample are calculated by subtracting 

the copper losses of the primary windings from the total 

power consumption.  

Result of the Epstein Frame 

In order to allow a comparison with the previous meas-

urements, the temperature of the sample was set to 

72.0 °C. At this temperature and at a magnetic field 

strength of 2680 A·m-1 the losses in the sample strip ar-

rangement were 52.6 W which corresponds to specific 

power loss of 80.5 W·kg-1. The specific losses determined 

in the Epstein frame are shown in Fig. 7.  

Thus, the measured specific losses correspond well to 

the values measured in the ring core test and in the high-

current test. In the measured steel sample L245, there 

were no significantly higher losses, e.g. due to the influ-

ence of the additional cutting edges of the samples. The 

slight deviation may be caused by the air gap at the cor-

ners of the Epstein frame.  

The test shows that material samples for the production 

of enclosure materials can also be measured using the 

standardized Epstein frame method. 

5. Summary of the Results 

5.1. Evaluation of the Results 

The investigation shows that all three methods are suit-

able to determine the iron losses in material samples of 

GIL enclosures. The three different measurement meth-

ods lead to similar iron losses for magnetic field strengths 

up to 3000 A·m-1. Fig. 7 shows the specific power loss of 

the 4 mm steel sheet L245 measured with the high-current 

test, ring core test and Epstein frame as a function of the 

magnetic field strength. 

 

Fig. 7.  Specific iron losses of L245 according to ISO 3183 in dependence of 

the magnetic field strength up to 3000 A·m-1 at a frequency of 50 Hz deter-

mined by high current test, ring core test and Epstein frame. 

 

From the results of the measurement the specific losses 

depending on the magnetic field strength can be approxi-

mated by (11). 

 

𝑝Fe =
𝑃Fe

𝑚a
= 𝑘1 · 𝐻 + 𝑘2 · 𝐻2 + 𝑘3 · 𝐻3 (11) 

 

The material sample of L245 for the steel enclosure can 



 

 

be characterized by the following coefficients for 

H < 3000 A m-1: 

 

𝑘1 = 2.3 ∙ 10−3  
𝑉 · 𝑚

𝑘𝑔
  (12) 

𝑘2 = 1.4 ∙ 10−5  
𝑉 · 𝑚2

𝐴 · 𝑘𝑔
 (13) 

𝑘3 = −1.2 ∙ 10−9  
𝑉 · 𝑚3

𝐴2 · 𝑘𝑔
 (14) 

5.2. Impact on GIL  

In AC operation, the magnetic flux density caused by the 

current in the inner conductor, induces a voltage causing 

a current in the GIL enclosure which has almost the same 

magnitude but opposite polarity as the current in the inner 

conductor, provided the enclosure of GIL is grounded at 

both ends. The total losses of AC GIL are mainly caused 

by the current in the inner conductor and in the enclosure. 

Typical losses of AC GIL with aluminum conductor and 

aluminum enclosure are in the range of 120 W·m-1 (in 

420-kV-GIL) to 240 W·m-1 in 1200-kV-GIL [16]. At a 

constant resistivity, the losses are in direct proportion to 

the current in square (5). 

The mass density of the material sample can be calculated 

from its dimensions and mass (Fig. 1). Using the diame-

ters, listed in Table 1, and the wall thickness of the mate-

rial sample, a length related mass of 47.2 kg·m-1 (at 

420 kV GIL) to 94.5 kg·m-1 (at 1200 kV GIL) is obtained. 

Given that a DC-GIL with ferromagnetic enclosure shall 

be operated under AC, the total losses of the AC operation 

shall not exceed the losses under DC operation in order 

not to exceed the maximum permissible temperature. 

When using an enclosure made of L245 with one-sided 

grounding, the iron losses dominate even the resistance of 

the inner conductor increases due to the skin effect. As-

suming an equal resistance of the inner Conductor, the 

magnetic field strength for the same loss density like in 

AC GIL can be calculated by (11) and (5). For example, 

in a 420 kV GIL with a 4 mm thick enclosure made of 

steel grade L245, the maximum AC current loading could 

be only about 9.1 % compared to the nominal DC current. 

In that case, iron losses in the enclosure dominate with 

119.0 W compared to 1.0 W current heat losses in the in-

ner conductor.  

6. Conclusion 
In view of the lack of a standardized method to determine 

the iron losses in the steel encapsulation of a gas insulated 

transmission line (GIL) under AC operation three differ-

ent methods to determine the iron losses in steel samples 

are studied. It is shown that the iron losses for steel grade 

L245 measured with a pipe sample in a coaxial conductor 

arrangement, a pipe sample in a toroidal core test and with 

relevant strips in an Epstein frame leads to well matching 

results.  

In principle, DC-GIL can be operated also under AC. 

However, due to the relatively high iron losses in DC-GIL 

with encapsulations made for example from L245 the per-

missible AC current loading is significantly reduced com-

pared to the nominal DC current loading. This effect can 

be decreased by using steel grades with low specific 

losses. 
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