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Abstract 

Intensive development in the field of high-temperature superconductors (HTS) 
has resulted in long length HTS with high current carrying capacity. The 
performance of HTS in the form of multifilamentary silver sheathed Bi-2223 tapes is 
close to the requirements for power application. Several power apparatus prototypes 
based on HTS have been and are being demonstrated. Recently the first commercial 
order for a HTS power apparatus was placed. Tennessee Valley Authority ordered 
two 12 MVA synchronous condensers with HTS rotor windings for reactive power 
compensation. 

In most power devices the conductor is carrying an AC transport current while it 
is exposed to an AC magnetic field transverse to the current path. In certain 
applications such as multi-layer power transmission cables or the control winding in 
a controllable reactor, the conductors are exposed to a magnetic field component 
longitudinal to the tape axis that is parallel with the current path. In this thesis, the 
losses in HTS tapes in longitudinally applied magnetic field are investigated and a 
single phase small scale controllable reactor with a loss optimized HTS control 
winding is designed, constructed and tested. 

An experimental setup to measure the losses in tapes exposed to longitudinal 
magnetic fields, transport currents, frequencies, and temperatures is presented. The 
system is based on a calorimetric loss measuring method where the losses are 
determined by the temperature response of the conductor when exposed to magnetic 
field and/or carrying transport current.  

Semi-empirical loss models are developed from the results of the loss 
measurements of non-twisted multifilamentary Bi-2223 tapes. The losses when the 
sample is carrying transport currents and is exposed to longitudinal magnetic fields 
are found to consist of hysteresis, flux flow, and eddy current losses. The hysteresis 
losses can be modeled with the critical state model. The flux flow losses can be 
described with a power law dependent current voltage characteristic.  

The loss models are well suited for the design of power devices in which HTS is 
exposed to longitudinal magnetic fields. Based on the knowledge of the losses a 
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single phase small scale controllable reactor with a loss optimized HTS control 
winding is designed, constructed and tested. A simple model of the magnetic circuit 
of the controllable reactor is presented. Calculations from the model are compared 
with experimental measurements. The feasibility to design controllable shunt 
reactors with large linear dynamic range, low losses and limited harmonic distortion 
is demonstrated. Compared to a copper control winding the HTS control winding 
increases the dynamic range and reduces the size due to the high current density and 
reduces the losses of the control winding.  
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1. Introduction 

1.1 Background 
In 1911 Kamerlingh Onnes [1] measured the electrical resistance of mercury at 

low temperature close to absolute zero. Something completely unexpected occurred: 
the resistance did not as expected decrease asymptotically to zero, but instead the 
resistance dropped abruptly to zero at 4.2 K. Mercury at 4.2 K entered a new state. 
Onnes called this state the state of superconductivity and the temperature at which 
this state of superconductivity occurs is now known as the critical temperature (Tc). 
Shortly after, a large number of metals and alloys were demonstrated to be 
superconducting at temperatures close to that of liquid helium. This class of 
materials is called low temperature superconductors (LTS). Due to the low operating 
temperature the use of LTS in power application is limited to high field DC 
magnets. Today, the biggest market for LST is superconducting magnets for 
magnetic resonance imaging (MRI) [2]. 

In 1986 a new class of ceramic superconductors was discovered. Bednorz and 
Müller [3] reported a ceramic material that became superconducting at 30 K. This 
discovery produced an explosive growth in the field and ceramic superconductors 
with high Tc were found shortly thereafter, of which two of the most important today 
are YBa2Cu3O7+� (� close to 0) (YBCO) with Tc=93 K [4] and Bi2Sr2Ca2Cu3O10+� 
(Bi-2223) with Tc=110 K. This class of superconductors is called high temperature 
superconductors (HTS). 

In a few years Tc had increased with over 100 K and many scientists believed that 
HTS with even higher Tc could exist. But the race in high Tc came to a halt and 
today the material with highest Tc is Hg0.8Tl0.2Ba2Ca2Cu3O8+� with Tc=138 K [5]. 
The effort has instead maneuvered to make useful conductors of the brittle ceramic 
compounds.  

The original HTS conductors were very limited in their current carrying 
capabilities and they were very fragile. Since then many efforts have been made to 
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produce flexible long length conductors usable in power application. Today, long 
length HTS with high current carrying capability made of silver sheathed 
multifilamentary Bi-2223 tapes are commercially available from several 
manufactures. The performance of these Bi-2223 tapes is close to the requirement 
for power application [6,7,8,9].  

The electrical resistivity of normal conductors is caused by scattering of charge 
carriers. The charge carriers are scattered by thermal motion of the lattice or by 
impurities and defects in the lattice. In the superconducting state, the scattering 
process is not active so that the superconductors can carry a DC current without any 
losses if the current is less than a critical current (Ic). But when a superconductor is 
carrying an AC current or is exposed to an alternating magnetic field, heat will be 
dissipated in the superconductor. In power application, the current carrying capacity 
of the conductor when exposed to magnetic fields is an essential issue. The losses 
have become one of the most essential aspects for HTS used in power applications. 
The losses are strongly dependent on magnetic field, temperature, transport current 
and frequency of the magnetic field and transport current. The determination of the 
losses and the transport current distribution under these conditions are generally 
based on measurements on single HTS conductors and semi-empirical models. 

I

B//

B=

B⊥

HTS filaments

Matrix  
Figure 1.1 A multifilamentary tape carrying a transport current when exposed to a magnetic 

field with components perpendicular, parallel and longitudinal to the tape. 

Due to the anisotropy of the HTS grain and the geometry of the tapes the losses 
are highly dependent on the direction of the applied magnetic field. Figure 1.1 shows 
a multifilamentary tape carrying a transport current (I) when exposed to a magnetic 
field with flux density (B). B have components perpendicular (B⊥), parallel (B//), and 
longitudinal (B=), to the tape. In most power devices the conductor is carrying an 
AC transport current while it is exposed to an alternating magnetic field transverse 
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to the current path. Several research groups have studied losses in HTS tapes under 
these conditions [10,11,12,13,14,15,16,17]. 

In certain applications the conductors are exposed to a magnetic field component 
longitudinal to the tape axis. A power transmission cables is built with several layers 
of the conductor. The different layers are twisted with different pitches. Such 
twisting results in a magnetic field component longitudinal to the tape axis [18]. One 
application where the use of HTS could be favorable is the control winding of a 
controllable reactor [19]. A large part of the control winding will be exposed to an 
alternating magnetic field longitudinal to the tape axis while the winding is carrying 
a DC transport current. There are only a few studies on HTS in longitudinal 
magnetic fields all carried out at temperature of 77 K [20,21,22,23,24,25].  

In this study the losses in Bi-2223 tapes exposed to longitudinal magnetic field 
under power application like conditions are investigated in detail to create an 
improved base for the design of power devices. Based on the knowledge of the 
losses a single phase small scale controllable reactor with a loss optimized HTS 
control winding is designed, constructed and tested. 

1.2 Power applications 
Power applications based on HTS tend to operate in one of the three general 

regimes, the low losses, the high current density or the transition between the 
superconducting and the normal state.  

A Synchronous condenser with a HTS rotor winding for reactive power 
compensation is the first commercialized HTS power apparatus. Tennessee Valley 
Authority (TVA) [26] has ordered two commercial 12 MVA units from American 
Superconductors [27] (AMSC) [9,28]. 

Several power apparatus prototypes based on HTS have been and are being 
demonstrated. By replacing the conventional conductor in existing power apparatus 
such as power transmissions cables [29] transformers [30,31,32], induction heaters 
[33] and rotating machines [9,34] the low loss of the HTS can increase the energy 
efficiency and the high current density can reduce the size and weight. The low loss 
of the HTS can also be utilized to facilitate new application such as superconducting 
energy storage (SMES) [35,36] or mechanical energy storage such as flywheels [37].  

The high current density can be utilized to generate high magnetic fields that for 
example can be used in magnetic separators, magnetic resonance imaging (MRI) and 
for particles accelerators [38]. Today, magnets are mainly constructed by LTS but 
HTS can be suitable in some magnets. 
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The transition between the superconducting and the normal state can be utilize to 
create resistive fault current limiters [39].  

The general disadvantage with HTS in power application is the cost of the HTS 
and the cooling system and the increased losses when exposed to magnetic fields.  

1.3 HTS conductors 
There are several different HTS materials and conductors available. For the use 

in power applications, flexible long length conductors with low costs and high 
current densities operating at relatively high temperature are wanted. 
Multifilamentary silver sheathed Bi-2223 tapes are the most established technology 
and the majority of prototypes demonstrated are based on these. Coated conductor 
and conductor based on MgB2 are under development.  

1.3.1 Silver sheathed Bi-2223 tape  
The powder-in-tube (PIT) technique [40,41] has become a widely used technique 

to process multifilamentary silver sheathed Bi-2223 tapes. 

The PIT process is schematically outlined here. First a precursor in the form of a 
powder is made. The powder contains the elements or compounds which will 
subsequently be reacted under heat treatment to form the superconductor. The 
powder is packed into a sealed metal tube typically silver or a silver alloy. Silver 
plays a special role in this technology because it is chemically inert to the elements 
and compounds in the powder, and because it allows oxygen to diffuse through it at 
high temperatures without itself oxidizing, facilitating the necessarily sensitive 
control of the oxygen content of the final HTS. The composite is transformed into a 
tape by a series of rolling and heat treatments. The final step consists of one or more 
heat treatments so that the powder reacts and forms the desired HTS material within 
each individual filament. 

A tape with many HTS filaments can be made by bundle several tubes together in 
an intermediate stage of the formation processing. The multifilamentary tape is more 
resistant to crack formation when bent and has lower losses than a single filament 
tape. The filaments can be twisted which reduce the losses when the tape is exposed 
to magnetic fields transverse the tape axis.  

The Bi-2223 tape is highly inhomogeneous. Grain boundaries and defects 
together with the short coherence length give rise to weak links which limit the 
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current density. These weak links and thereby the current carrying capacity of the 
Bi-2223 tape are highly dependent on magnetic field and temperature. 

The current transport property of the Bi-2223 grains is highly anisotropic. As a 
result the Bi-2223 tape has a two-dimensional behavior when exposed to a static 
magnetic field [13,16,42,43,44] and the current transport properties are dominated 
by the magnetic field component perpendicular to the grain layers. The grain layers 
are almost parallel with the tape surface. When exposed to static magnetic field with 
a direction that is close to parallel or longitudinal with the tape surface, Ic is limited 
by the magnetic field perpendicular component given by the misalignment of the 
grains [13,16]. 

Bi-2223 tape are commercially available in long length from several 
manufactures, such as AMSC [27], European Advanced Superconductor (EAS) [45], 
Furukawa Electric [46], Sumitomo Electric Industries (SEI) [47], Innova 
Superconductor (InnoST) [48] and Trithor [49]. These conductors are used in 
several power applications prototypes. The tape can never have lower cost than the 
material used and the large amount of silver, about 70% of the conductor, makes this 
kind of tape somewhat costly. 

1.3.2 Coated conductor 
The coated conductor or second generation HTS wire is basically a biaxial 

textured YBCO film that is deposited with different techniques onto a substrate, thus 
reducing the number of weak links and grain boundaries that are known to limit 
current transport. These conductors are believed to have a larger commercial 
potential than silver sheathed Bi-2223 tapes since it is possible to use materials with 
lower costs than the PIT technique. These conductors are still not commercial 
available in long length. AMSC [27] has a pre-pilot production line that began 
producing wires in September 2005 and they plan to have an annual wire 
manufacturing capacity of 720 km in December 2007. Recently, AMSC announced 
that they achieved commercial levels of current carrying capacity in long lengths 
coated conductor [50]. 

1.3.3 MgB2  
MgB2 is a material that has been known since the 1950s but only recently 

discovered to be a superconductor [51] with Tc about 40 K. The simple structure of 
MgB2 resembling those of LTS rather than those of HTS. Its relatively high Tc, easy 
fabrication and low cost make it interesting for power applications [8].  
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Today long length conductors mainly made for DC application are commercially 
available from several manufactures such as Columbus Superconductors [52] Hyper 
Tech Research [53] and Hitachi [54]. With operating temperature around the boiling 
temperature of liquid neon 27 K the cooling penalty factor is higher than for the Bi-
2223 tapes with operating temperature 77 K and the importance of losses increases. 
Today little is known about the losses for these conductors when exposed to 
alternating magnetic field and development work is needed to make conductors 
suitable for AC applications. 

1.4 Contents 
This thesis includes an extended summary of the seven papers, which 

complements the papers with a general background and specification of some 
general concepts. Section 4.4.4 is not included in any of the papers.  

In Section 2, the origins of losses are reviewed. In Section 3, the losses in HTS 
exposed to magnetic field transverse to the tape are reviewed and an empirical 
model to describe the losses in a winding carrying a DC current is presented. In 
Section 4, the losses in HTS exposed to magnetic field longitudinal to the tape are 
studied. The experimental details are described and the results are compared to semi-
empirical models. In Section 5, the design and construction of the controllable 
reactor is presented. The results from measurements on the magnetic circuit of the 
reactor are compared to a model. The losses of the HTS control winding are studied 
and compared to the model. The conclusions are given in Section 6. 

In Paper I, the losses in HTS tapes due to magnetic field transverse to the tape 
axis while carrying DC and AC transport currents are investigated and compared to 
models based on the critical state model. In Paper II, The design and construction of 
a calorimetric setup for measuring losses at variable temperatures, longitudinal 
magnetic field, and transport currents is presented. In Paper III, the losses due to 
longitudinal magnetic field are studied and compared to a model based on the 
critical state. In Paper IV, the losses due to longitudinal magnetic field and DC 
transport current are studied and compared to an empirical model. In Paper V, the 
design and construction of a controllable reactor with a HTS control winding is 
presented. In Paper VI, the design of the magnetic circuit of the controllable reactor 
is presented and the results from measurements on the magnetic circuit of the reactor 
are compared to a model. In Paper VII, the design and losses of the HTS control 
winding of a controllable reactor are studied and the determined losses are compared 
to the model. 
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1.5 The author’s contribution 
Dr. Niclas Schönborg was responsible for Paper I. The author contributed to the 

design and construction of the measurement system and performed the 
measurements. The author was responsible for Papers II-VII. The work was 
supervised by Prof. Sven Hörnfeldt. 
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2. Losses 

2.1 Importance of losses 
Superconductors can carry DC current with negligible or zero losses. But, heat is 

dissipated in the superconductor when the transport current is higher or close to Ic or 
when a superconductor is carrying AC currents or is exposed to alternating magnetic 
fields Reducing and controlling these losses (P) becomes an essential task in the use 
of superconductors in power applications. 

2.1.1 Cooling penalty factor 
The operating temperature (T) of a HTS is low compared to room temperature. 

To achieve this low temperature a cooling machine is generally used. Every watt of 
heat dissipated at T needs a certain amount of power in the cooling machine at 
ambient temperature (Tamb). The ideal cycle for a cooling machine is the Carnot 
cycle with alternating isothermal and adiabatic expansions and compressions of a 
gas. The efficiency of the Carnot cycle ( Carnotη ), that is the ratio of the amount of 
heat removed from the low temperature reservoir to the amount of work required, is 
dependent on T and Tamb. It can be shown that, 

TT
T

amb
Carnot −

=η . (2.1) 

The cooling penalty factor defined as 1/ Carnotη  is plotted as a function of T with 
Tamb=300 K in Figure 2.1. 
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Figure 2.1 The cooling penalty factor of the Carnot cycle with Tamb=300K 

At T=77 K, that is the boiling temperature of liquid nitrogen at atmospheric 
pressure, the cooling penalty factor of the Carnot cycle is 2.9. This means that 2.9 W 
is needed in an ideal cooling machine at Tamb=300 K to remove 1 W of heat flow at 
77 K. For a practical cooling system the cooling power needed is 3 to 10 times larger 
than for the Carnot process, meaning that the practical cooling penalty factor at 
T=77 K is 10 to 30. The cooling penalty factor at T=4.2 K, that is the boiling 
temperature of liquid helium at atmospheric pressure, is about 25 times higher than 
the cooling penalty factor at T=77 K, see Figure 2.1. This factor together with the 
fact that helium liquefiers are more complicated and expensive than nitrogen 
liquefiers makes HTS much more attractive than LTS for large scale power 
applications.  

However, it should be noted that at T=40 K the cooling penalty factor is only 
twice the cooling penalty factor at T=77 K. Any HTS will have an optimal 
temperature somewhere below the critical temperature. Temperatures below 77 K 
may be preferable depending on the operating conditions and the performance of the 
specific HTS conductor used.  
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2.1.2 Comparison with copper losses 
The future use of HTS in the power sectors depends on the benefits HTS offer 

compared to conventional copper or aluminum conductors. As the losses of HTS are 
lower than for conventional conductors the HTS can operate with higher current 
densities. The high current density of the HTS reduces the conductor volume and 
thereby the size and weight of the apparatus. 

Copper operating at 85 ˚C has resistivity 2�10-8 �m. The operating current 
densities are in the range of 1-4 A/mm2 this yields resistive losses in the range 20-80 
mW/Am. To compare these losses with the losses in an HTS at low temperature the 
losses are divided with the cooling penalty factor. The losses in an HTS at 77 K with 
cooling penalty factor 10 should therefore not be more than 2-8 mW/Am to be 
comparable with copper. 

For most power application, reducing the losses by a factor of 10 is good enough. 
Reducing the losses further at the expense of current density only increases the 
amount of HTS and therefore the conductor costs. For power application the HTS 
should be utilized with losses in the region of 0.2-0.8 mW/Am. 

2.2 Flux flow and flux creep losses 
All known HTS are type II superconductors. Type II superconductors differs 

from type I superconductors in their behavior when exposed to magnetic fields. 

When exposed to B a type II superconductor excludes all magnetic fields up to 
the lower critical flux density (Bc1). At |B|>Bc1 the magnetic fields penetrate the 
superconductor in the form of flux tubes in the same direction as the magnetic field. 
The flux tubes are called vortices and each vortex contains one single quantum of 
flux (�0), where |�0| is given by, ≈= eh 2/0� 2.07 10-15 Vs, where h is Planck’s 
constant and e is the electron charge. 

Vortices play a crucial role in the explanation of the current carrying capabilities 
of HTS. A more detailed description is given in ref [55]. A transport current with 
current density (J) creates a magnetic field with flux density (Bself-field) around the 
conductor. At |Bself-field|>Bc1, the vortices perpendicular to the current penetrates the 
superconductor. A Lorentz force per unit length (FL) will then act on a vortex 
FL=J×�0 and vortices start to move with a velocity (v). The moving flux induces an 
electrical field (E) in the same direction as the current E=Bself-field×v. This means, 
that an ideal homogenous type II superconductor cannot carry any current without 
losses at |Bself-field|>Bc1. However, real materials contain local micro structural defects 
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such as grain boundaries and dislocations. These defects locally pin the vortex by a 
pinning force per unit length (FP). The pinning force prevents the movement of 
vortices until FL exceeds FP. The critical current density (Jc) is the current density 
where FL=FP. An increasing B or increasing T weakens the potential wells at which 
vortices are pinned and thus reduce Jc. Thus, Jc becomes strongly dependent on both 
B and T [56].  

Flux flow can be thermally activated [57,58] this effect causes a slow rate of 
unpinning at current below Jc. This effect is called flux creep and is significant for 
HTS [59].  

At transport currents higher or close to the critical current, there will be losses 
caused by flux creep and flux flow. These losses (Pff) in W/m can be quantitatively 
described by the power law dependent voltage current characteristic [60,61], 

),(

0 ),(

Tn

c
ff TI

I
IEIEP

B

B ��
�

�
��
�

�
==  (2.2) 

where E is the electrical field along the length of the tape and n is the steepness of 
the E-I characteristic. For an HTS tape Ic is determined by the current that gives the 
electrical field (E0)=1 �V/cm. This arbitrary definition has become a widespread 
convention. Both Ic and n are dependent on B and T and can be used as fitting 
parameters to experimental data [12,13,20,22]. At E>0 the silver matrix will carry 
part of the current and for I >>Ic the matrix carries the major part of the current and 
the losses will instead increase as I2.  

Pff , Ic and n can easily be determined by measuring E and I with a four probe 
technique. Pff can also be measured by calorimetric methods as described in Section 
2.3.5 

2.3 AC losses 

2.3.1 Critical state model 
The critical state model is a macroscopic model developed by Bean [62]. The 

model describes the macroscopic penetration of a magnetic field into a 
superconductor. The theory is effective for modeling the irreversible penetration of 
an alternating magnetic field. Irreversible penetration of magnetic fields results in 
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hysteresis losses that are dissipated in the superconductor when exposed to 
alternating magnetic fields. 

Since the conductivity of a superconductor is almost a step function (n is large), 
Bean proposed the critical state model, in which there are only two states for current 
flow in an infinitesimal cross-section of a superconductor. The current density in 
such a cross-section is either zero or Jc. 

The model states, 

cJB 0µ=×∇  (2.3) 

where Jc is the critical current density vector.  
This means that the density of the screening currents that are induced by B equals 

Jc and the magnetic field will penetrate the superconductor from the edges. 
However, the conductivity is not a sharp step function. For an HTS, flux flow and 
flux creep gives the power law dependent current voltage characteristic, see 
Equation 2.2. 

2.3.2 Hysteresis losses according to the critical state model in HTS 
tapes exposed to longitudinally magnetic fields 

2d

w

B=

x

z

y

 
Figure 2.2 Multifilamentary tape exposed to a longitudinal magnetic field. 

As said above, an alternating magnetic field causes hysteresis losses by the 
irreversible penetration of the magnetic field. For a long slab of thickness (2d) and 
width (w) exposed to B=, see Figure 2.2,  

B=(0,B=,0) (2.4) 
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If w>>2d, the contribution from the magnetic field penetrating from the edges 
can be neglected, so that 0/ =∂∂ = zB . Equation 2.3 gives, 

cJB 0,0,0 µ=�
�

�
�
�

�

∂
∂=×∇ =

x
B

. (2.6) 

Figure 2.3 shows the magnetic field penetration according to Equation 2.6 for a 
given B=. 

JcB=

2d
x x

Jz
By

2d
-Jc

 
Figure 2.3 Magnetic field penetration according to the critical state model for a long and 

wide slab shaped HTS exposed to a magnetic field longitudinal to the tape axis. 

The magnetic field will fully penetrated the slab when B= reaches the flux density 
(Bp) so that, 

Bp=�oJcd. (2.7) 

The irreversible magnetic field penetration gives rise to hysteresis losses. The 
hysteresis losses in a multifilamentary slab shaped HTS tape (Physt) in W/m can be 
determined with the critical state model and Faraday’s law; see references 
[12,13,55,62] for details. 
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where f is the frequency of B=, A is the total cross-section area and CA is the 
effective area that is depending on the geometrical configuration of the filaments in 
a multifilamentary HTS. C and Bp are often used as fitting parameters for 
experimental data. Equation 2.8 is also valid for magnetic field parallel to the 
surface if the length of the tape is much larger than the thickness. 
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2.3.3 Hysteresis losses according to the critical state model in HTS 
tapes in magnetic field caused by AC transport currents 

The hysteresis losses due to the magnetic self field generated by AC transport 
currents can be described by the critical state model. Norris [63] calculated the 
losses in superconductors with different cross-sections. The Norris loss model for a 
tape with elliptical cross-section agrees well with measured losses in 
multifilamentary HTS tape [12]. The hysteresis losses (Pself) in W/m in a 
superconductor with elliptical cross-section in self field is described by, 

�
�

�
�
�

� −+−−=
2

)2()1ln()1(20 i
iiifIP cself π

µ
,         i<1, (2.9) 

where i=I/Ic, I is the peak value of the AC transport current and f its frequency. 

2.3.4 Eddy current losses 
An alternating magnetic field will always induce eddy currents in a conducting 

material. The eddy current losses (Peddy) in a silver sheathed multifilamentary HTS 
tape exposed to a longitudinal magnetic field consists of eddy current losses in the 
silver matrix (Pmatrix) and coupling eddy current losses due to the circulating 
screening currents between the filaments through the silver matrix.  

Pmatrix can be estimated with the eddy current losses in a pure silver tape with 
complete magnetic field penetration. For a multifilamentary tape the penetration is 
not complete and the losses become overestimated. Silver alloys with resistivities 
that are higher than the resistivity of pure silver are often used as matrixes [64]. 

Pmatrix in W/m in a thin conducting silver slab with complete magnetic field 
penetration is given by, 

matrix
matrix

wBdf
P

ρ
π

3
)2(2 232

==  (2.10)  

where �matrix is the resistivity of the silver matrix 2.7�10-9 �m at 77 K [64]. The 
losses become small at power frequencies (50 and 60 Hz) due to the limited size of 
the tape.  

The coupling losses are more difficult to estimate. The losses increase with the 
voltage between filaments squared. Meaning, the losses increase as B=

2 and f2 and 
can dramatically be reduced by an insulating layer around the individual filaments. 
For HTS tapes exposed to transverse magnetic fields coupling losses are reduced by 
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twisting the filaments. In longitudinal magnetic fields twisting the filament will 
instead increase both the coupling losses and the hysteresis losses [20,21,22].  

2.3.5 Loss measuring methods 
There are basically two types of measurement methods for losses in 

superconductors, calorimetric or electric. In the calorimetric measurements, 
dissipated energy is determined by measuring the temperature response of the 
sample or by measuring the boil-off of the cryogen coolant. The calorimetric 
measurement is a direct and intuitive method. The drawbacks compared to the 
electric methods are lower sensitivity and more time-consuming measurements. 

There are two different electrical measuring techniques; the four probe technique 
and the inductive method. With the four probe technique, the losses in the sample 
are determined by the voltage drop over the sample length due to a transport current. 
The inductive method determines the losses by measuring the magnetization of the 
sample caused by an external magnetic field.  

The electric measurements are fast and have high sensitivity. One drawback is 
that when measuring losses from more than one source, that is external magnetic 
field and transport current, the losses have to be measured separately with both 
techniques and the total losses are obtained by adding the contributions. Great care 
has to be taken to avoid the inductive voltage in the loops caused by the external 
magnetic field as they may dominate the small voltages in phase with the transport 
current. 

In this thesis the calorimetric and the four probe techniques are used. 



17 

3. Losses in HTS tapes exposed to parallel 
and perpendicular magnetic fields 

For most power apparatus the conductor is exposed to a magnetic field 
perpendicular to the transport current. The direction of the magnetic field is of most 
importance due to the anisotropic nature of the HTS tape. For a simple single layer 
long and thin coil the magnetic field is almost parallel to the tape in the middle of 
the coil. At the ends there is also a large perpendicular component. As said, the 
losses under these conditions are studied by several groups. In this Chapter the 
results of the measured flux flow losses in HTS tapes exposed to static magnetic 
fields, and an empirical model to calculate the flux flow losses in a simple coil, are 
presented. 

3.1 Flux flow losses in HTS tapes exposed to static 
magnetic fields 

3.1.1 Experiments and results 
Pff in a HTS tape exposed to static magnetic fields can be described by Equation 

2.2. E is measured with a four probe technique on a 20 cm long sample in self field 
when exposed to static B⊥ at 77 K. The measured E is fitted to Equation 2.2 and the 
fitting parameters Ic and n are determined. Figure 3.1 shows Ic and n as functions of 
the static B⊥ for sample 3.  

Both Ic and n decrease rapidly with increasing B⊥. For a tape with high Ic the self 
field can be relatively high. At low B⊥ the self field dominates therefore over the 
applied B⊥. The n value varies somewhat as the measuring accuracy is less than for 
Ic. 
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Figure 3.1 Critical current and n-value as functions of perpendicular static magnetic fields 

for sample 3. The lines are curve fits to the experimental data. 

3.1.2 Modeling losses in a winding carrying DC currents 
The DC current in a winding generates a static B. The separate turns in the 

winding are exposed to different B giving them different Ic, n and Pff. Pff for the 
whole winding can be described with the following empirical models. The grains are 
assumed to be parallel with the tape surface and the current transport properties are 
dominated by B⊥ so that Ic(B) and n(B) are approximated with Ic(B⊥) and n(B⊥). B is 
numerically calculated with Amperes law JB 0µ=×∇  in a two dimensional FEM 
program assuming a homogenous current density distribution (J) over the tape cross-
section in the direction of the tape. Ic and n for a single turn of the winding are 
approximated with Ic and n given by the average B⊥. However, as B⊥ varies over the 
width of the tape Ic, n and J also vary over the width of the tape. The complex 
structure of the HTS tape with many coupled filaments in a silver and stainless steel 
matrix makes the current distribution over the tape cross-section very difficult to 
estimate. However, the constant homogenous J and average B⊥ assumptions give 
results that are good enough for the purpose of simple coil design.  

The average B⊥ for each turn is obtained from the calculated B. Ic and n for the 
different turns are determined from the measurements presented in Figure 3.1. The 
local Pff is then calculated with Equation 2.2 and the total Pff is thereafter calculated 
by integrating the local Pff over the whole winding.  
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4. Losses in HTS tapes exposed to 
longitudinally magnetic fields 

In this Chapter, the apparatus and the measuring method for measuring losses in 
longitudinal magnetic fields are described. The results from the measurements are 
presented and compared with semi-empirical models. The Chapter is based on 
papers II, III and IV. 

4.1 Apparatus 

4.1.1 Sample arrangements 
The HTS sample in the form of a 30 cm long tape is mounted on an epoxy 

sample holder. The sample holder fixes the sample in the center of a magnet coil. 
The coil with the sample is placed in vacuum on the top of the cold head of a 
cooling machine. Two 20 � resistances with dimension 5 mm × 2 mm are glued to 
the sample and are used as heaters to control the temperature distribution in the 
sample. A 1.2 m long resistive wire is bifilar glued to the sample and used as a 
reference heater. The advantage with the reference heat arrangement is that the 
influence of heat capacity and heat conductivity of the sample do not have to be 
determined explicitly. The sample, current leads, heaters, and sensors are 
schematically shown in Figure 4.1.  

Reference heaterPt 100

Current leadStudied part 30 cmCurrent lead
Heater

B=

Heater

 
Figure 4.1 HTS sample with current leads, heaters, and Pt 100 sensors. 
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4.1.2 Magnet coil 
The 40 cm long coil generates a magnetic field that is longitudinal to the sample. 

The coil is made of 657 turns of rectangular shaped Litz wire. The Litz wire 
minimizes eddy current losses in the coil. The Litz wire consists of 240 insulated 
copper strands with diameter 0.2 mm and has a total effective copper area of 7.5 
mm2. A slightly larger number of turns per unit length at the coil ends homogenize 
the magnetic field distribution in the sample. Both the coil and the sample are 
supplied with currents by two 5 kVA power amplifiers. The input signals to the 
power amplifiers are taken from the same oscillator, such that the alternating applied 
magnetic field and the AC transport current are in phase with each other. The 
magnet coil on top of the cold head is shown in Figure 4.2. 

  
Cold head

Currents leads 

Radiation
shields

HTS
sample

Vacuum

Magnet coil

Current
feed-throughs

 
Figure 4.2 Schematic view of the experimental setup. 

4.1.3 Cooling system 
The cryostat is made of fiberglass reinforced epoxy. The magnet coil with the 

sample is placed on top of the cold head of a single-stage cooling machine. The 
cryostat is schematically shown in Figure 4.2. 

The vacuum space of the cryostat is evacuated to 10-1 mbar with a dual-stage 
rotary vane vacuum pump. The cold head of the cooling machine forms a cold trap 
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that reduces the pressure to less than 10-3 mbar when the cooling machine is running 
and the pipeline to the rotary pump is closed. Radiation shields with several layers of 
super-insulation limit the radiation heat leakage from the cryostat walls. 

4.1.4 Temperature measuring system 
Platinum resistance thermometers (Pt 100) are used to measure the temperature 

distribution and the temperature changes of the sample. Thermocouples of type E 
with a liquid nitrogen reference are used to measure the temperature on the magnet 
coil and the cold head and to calibrate the absolute temperature of the Pt 100 
sensors.  

4.2 Measuring method 
A calorimetric measurement is a direct and intuitive method to measure losses. 

Heat is dissipated in the sample either through a transport current, alternating 
magnetic field or by DC current trough the reference heater. The basic idea of all 
calorimetrical measurement methods is that the dissipated energy can be determined 
by measuring the temperature response. The most commonly used calorimetric 
methods are the isothermal [65] or the adiabatic. In this setup the heat exchange with 
the surroundings is controlled and measured.  

The heat equation with heat exchange of the sample to the surroundings for small 
temperature changes is given by, 

A
P

T
dt
dT

c +∇= 2λρ  (4.1) 

where c is the heat capacity (J/kgK), ρ  is the density (kg/m3), and λ  is the thermal 
conductivity (W/mK). 

The sample ends are in thermal contact with the cold head and thus attain a lower 
temperature than the middle of the sample when heat is dissipated in the sample. 
This creates temperature gradients along the sample so that the generated heat is 
removed from the sample. This heat transport to the cold head is measured by 
measuring the temperature decrease with time when no heat is dissipated in the 
sample. The heat dissipated in the sample is determined by measuring the 
temperature time derivative before and after applying the heat source. The 
temperature of the sample is cycled between two fixed temperatures by turning the 
heat source on and off. The time derivative at the desired temperature is determined 
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by measuring the rise and fall time (trise and tfall) to change the temperature a chosen 
amount ∆T as shown in Figure 4.3. 
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Figure 4.3 The temperature response at a heat input of 6 mW/m. The temperature is cycled 

between 69.94 K and 70.06 K by turning the heat source on and off. The rise and 
fall times are measured for ∆T=0.1 K. 

P is determined from trise and tfall by eliminating the second term in Equation 4.1. 
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The heat per unit time and unit length generated by the DC current through the 
reference heater is easily measured by measuring the voltage over the reference 
heater and the current through it. P is plotted against 1/trise+1/tfall for a fixed ∆T=0.1 
K around a fixed temperature 62, 70, 77 and 85 K in Figure 4.4. Such a reference 
curve has to be made for each individual sample at each temperature because it will 
depend on temperature, sample and sensor mounting. These reference curves are 
then used to determine the losses in the sample when it is heated by external 
magnetic fields and/or transport currents. 
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Figure 4.4 The heat per unit length from the reference heater as functions of 1/trise+1/tfall for 

temperature cycles with ∆T=0.1 K at four different temperatures. The lines are 
linear fits to the data. 

The method has the advantage that the results from a large number of thermal 
cycles are quickly obtained (1.5-100 s per cycle) without waiting for a static 
temperature distribution to be established in the sample. The heat transport from the 
sample to the cold head is controlled by the heaters at the sample ends. This control 
increases the loss measuring range so that losses between approximately 0.5-100 
mW/m can be accurately determined. 

4.2.1 Operating range and resolution 
The low temperature limit is determined by the capacity of the cooling machine 

and the heat leakage to the cold region. In the setup the lowest stable temperature in 
the sample is about 55 K. The loss measurements can be carried out up to the critical 
temperature of the sample. The maximal flux density peak amplitude is 250 mT at 
50 Hz and decreases to 25 mT at 500 Hz. The maximal transport current is limited 
by the heat generated in the current feed-throughs to approximately 200 A. 

 



4. Losses in HTS tapes exposed to longitudinally magnetic fields
 

24 

4.3 Samples 
Results of loss measurements from three similar samples are given. All samples 

are silver-sheathed non twisted multifilamentary Bi-2223 tapes.  Sample 1 has a 
cross-section of 4.0 mm × 0.25 mm, Ic (1 �V/cm at self field) is measured to 80.6 A 
at 70 K. Sample 2 has a cross-section of 4.0 mm × 0.24 mm and fill factor 0.313, Ic 
at is measured to 80.7 A at 70 K and 49.4 A at 77 K. Sample 1 and 2 are produced 
by Nordic Superconductor Technologies (NST) in 2002. NST's wire manufacturing 
was shut down in November 2002 and the purchased assets were incorporated into 
AMSC's operations. 

Sample 3 has a cross-section of 4.4 x 0.3 mm and Ic=146-149 A at 77 K. Sample 
3 is mechanically reinforced by stainless steel sheets at the wide side of the tape and 
produced with the name high strength wire by AMSC [27] in 2004. Sample 3 is 
electrical insulated with a spinal wrapped 15 �m thick film, named GORE™ High 
Strength Toughened Fluoropolymer Insulation.  

4.4 Results 
In this Section the results from the loss measurements in longitudinal magnetic 

fields are presented and compared with semi-empirical models. The Section is 
mainly based on Paper III and IV. 

4.4.1 Comparison between measured losses in two experimental 
setups 

The losses reported in Paper I are measured with a different calorimetric method 
and setup than that presented in Section 4.1. Setup 1 is the setup used for transverse 
magnetic fields. Setup 2 is the setup used for longitudinal magnetic fields. Setup 1 is 
described in detail in references [66,67].  

The losses are measured with both setups with the same sample (sample 1) when 
the HTS tape is carrying an AC current. Both setups gave similar result. Figure 4.5 
shows P as function of I peak value.  
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Figure 4.5 Losses as functions of AC current for the two experimental setups at temperature 

70 K in sample 1. The symbols represent measured values and the solid line is 
given by the Norris model, Equation 2.9. 

The measured losses are within the estimated accuracy of 10% for both setups 
and are in good agreement with the Norris model Equation 2.9. 

4.4.2 Losses in HTS tapes exposed to longitudinal magnetic field 

4.4.2.1 Hysteresis losses 
The Bean model can be used to describes the hysteresis losses in a slab shaped 

HTS tape exposed to B= if the width of the tape is much larger than the thickness 
(see Section 2.3.2). This condition has also to be fulfilled for the single HTS 
filaments in a multifilamentary tape.  

4.4.2.2 Eddy current losses 

In a silver sheathed multifilamentary tape, a longitudinal magnetic field will 
induce eddy current losses in the silver matrix and coupling eddy current losses due 
to the circulating screening currents between the filaments through the silver matrix. 
Peddy are generally lower then Physt at power frequencies and low B=. But at high 
frequencies or high B=, Peddy will contribute significantly to the total losses. Pmatrix at 
power frequencies is small due to the limited size of the tape.  
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4.4.2.3 Total losses 

P in sample 2 is measured at different B=, f and T. Figure 4.6, Figure 4.7 and 
Figure 4.8 show the losses per cycle (Q=P/f) as functions of f=10 to 1400 Hz at 
different B==2 to 200 mT peak amplitudes and T=62, 70 and 77 K. P in the 
measured range was found to consist of one part that increases as f2, (Peddy), and one 
part that increases linearly with f, (Physt). P is fitted to Equation 4.3 and Physt are 
separated from Peddy by the frequency dependence of P, 
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Figure 4.6 Losses at different longitudinal magnetic field as functions of frequency at 

temperature 62 K for sample 2. a) high magnetic fields b) low magnetic fields. 
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Figure 4.7 Losses at different longitudinal magnetic field as functions of frequency at 

temperature 70 K for sample 2. a) high fields b) low fields. 
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Figure 4.8 Losses at different longitudinal magnetic field as functions of frequency at 

temperature 77 K for sample 2. a) high fields b) low fields. 

Figure 4.9 a, b and c shows P and the separation into Physt and Peddy as functions 
of B= at f=50 Hz and T=62, 70 and 77 K. 

Physt is compared with the Bean model, Equation 2.8. The solid lines in Figure 4.9 
are obtained from the Bean model. The fitting parameters in the Bean model Bp and 
C are determined from the method of least squares fitting of the experimental data 
and the results are shown at the different T in the upper left corners of Figure 4.9 a, b 
and c and in Table 1. 

It is found that Physt significantly exceeds Peddy at low B= at power frequencies. 
For B=�3 mT, Peddy is undetectable and the loss per cycle do not increase with f. Peddy 
is strongly dependent on the area where eddy currents are induced. When B= is less 
or close to Bp this area is reduced. For B=>3 mT, Peddy as function of B= increases 
more than Physt. This means that the importance of Peddy increase at higher B= or 
higher f. At B==200 mT and f=50 Hz Peddy are about 20-25% of the total losses. 

The accuracy of the measured P is estimated to 10%. This limited accuracy 
causes a rather large scatter of the deduced Peddy, so that the expected B2 or the T 
dependence can not be confirmed. 

Figure 4.10 shows Qhyst as functions of B= at T=62, 70 and 77 K. The solid lines 
are obtained from the Bean model at the three values of T. 

Qhyst is found to be accurately described by the Bean model. At B=<Bp, Qhyst 
increases as B=

3. At B=>>Bp, Qhyst increases linearly in B=. Bp is about one order of 
magnitude lower in longitudinal magnetic field than for similar tapes in parallel 
fields, see Figure 4.11. 
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Figure 4.9 Losses as functions of longitudinal magnetic fields for sample 2 at 50 Hz and 

temperatures a) 62 K b) 70 K c) 77 K. The hysteresis and eddy current losses are 
obtained from the frequency dependences of the losses. The solid lines are 
obtained from the Bean model, Equation 2.8. 

In a multifilamentary tape with a conducting matrix the filaments will be coupled 
by screening currents that are circulating over several filaments through the 
conducting matrix. The screening current will pass through more of the silver matrix 
in longitudinal magnetic field than in parallel field. The resistance of the silver 
matrix will act as a barrier and reduce the screening currents and the coupling of 
filaments. Therefore, the filaments will not couple to the same degree as when the 
tape is exposed to parallel field. This means that Bp will be smaller in longitudinal 
field than in parallel field. This decoupling of filaments in longitudinal field is also 
reported in [24]. Because of the decoupling the total losses will be lower in 
longitudinal field than in parallel field if B>Bp.  
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Figure 4.10 Hysteresis losses per cycle as functions of longitudinal magnetic fields at 
temperatures 62, 70 and 77 K for sample 2. The solid lines are obtained from the 
Bean model, Equation 2.8. 

Following the critical state model the half effective filament thickness (df) can be 
estimated through Bp=�0Jcdf (see Equation 2.7). If the filaments are completely 
coupled the distance df would be half of the tape thickness (df=d). If the filaments 
are completely uncoupled the distance df is half of the filament thickness. 

Jc is estimated with Ic measured in self field divided by the cross-section area of 
the filaments. The determined Ic, Jc and df are showed in Table 1. 

Table 1 Obtained parameters in Bean’s model together with Jc and df derived from 
the model and measured Ic for three different temperatures. 

T (K) Bp (mT) C (-) Ic  (self field) (A) Jc (A/mm2) df (�m) 

62 3.85 0.87 114 377 8.1 

70 3.05 0.91 81 266 9.1 

77 2.25 0.89 49 162 11.1 

 

The decrease in Bp with T is found to follows the decrease of measured Ic with T. 
This means that P is higher at lower T when B>Bp and lower at lower T when B<Bp, 
see Figure 4.10. The differences in estimated df are due to measurement inaccuracy. 



4. Losses in HTS tapes exposed to longitudinally magnetic fields
 

30 

The average df is found to be 9 �m. df is less than d and larger than half the filament 
thickness. C is found to be essentially independent of T. 

4.4.2.4 Comparison of losses in parallel and longitudinal magnetic fields 

1

10

100

1 10 100

Parallel
Longitudinal

P
 (m

W
/m

)

B (mT)

Sample 1
T=70 K

 
Figure 4.11 Losses as functions of magnetic fields for two different magnetic fields 

directions, parallel and longitudinal to the tape. The dotted lines are guides to the 
eye. 

P in sample 1 when it is exposed to B// was measured using setup 1 and when it is 
exposed to B= using setup 2. Figure 4.11 shows P as functions of B in magnetic field 
parallel and longitudinal to the tape. 

In agreement with the argument of filament decoupling Bp for sample 1 is found 
to be one order of magnitude lower in longitudinal field than in parallel fields. This 
means, for B>>Bp, the losses are one order of magnitude higher for parallel fields 
than for longitudinal fields. For B<<Bp, the losses are one order of magnitude lower 
for parallel magnetic fields than for longitudinal magnetic fields, see Equation 2.8. 
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4.4.3 Losses in HTS tapes exposed to longitudinal magnetic field 
carrying DC transport currents 

4.4.3.1 Flux flow and flux creep losses 

With DC transport currents higher or close to the Ic there will be losses caused by 
flux creep and flux flow. These losses Pff can be quantitatively described by the 
power law dependent current voltage characteristic Equation 2.2. 

4.4.3.2 Hysteresis losses 

The static self field produced by the DC transport current is orthogonal to the 
alternating applied longitudinal magnetic field. In the critical state model the 
hysteresis losses caused by the longitudinal magnetic field are therefore independent 
of DC transport current. In contrast, the hysteresis losses caused by an applied 
alternating magnetic field transverse to the tape axis are dependent on DC transport 
current [68,69]. The Physt in a slab shaped non-twisted multifilamentary tape exposed 
to B= carrying DC transport current can be described by the critical state model 
Equation 2.8. 

4.4.3.3 Total losses 
It is assumed that P in a slab shaped non-twisted multifilament tape in an 

alternating B= carrying a DC transport current can be described as a sum of Pff, Physt 
and Peddy, 
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where P0(B=,T) is the sum of Physt and Peddy and is independent of I. P0, Ic and n are 
used as fitting parameters to experimental data. 

The measured P as functions of I for different B= and T at f=50 Hz are shown in 
Figure 4.12 for sample 2, Figure 4.14 for sample 1 and Figure 4.15 for sample 3. 

The measured losses are fitted to Equation 4.4. The symbols represent measured 
values and the solid lines represent Equation 4.4. The fitting parameters n and Ic as 
functions of B= for are shown in Figure 4.13 for sample 2, in the table in Figure 4.14 
for sample 1 and in Figure 4.16 for sample 3.The results from Section 3.1 Ic and n 
measured in static B⊥ are also shown in Figure 4.16.  
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Figure 4.12. Losses as functions of DC transport current at different alternating longitudinal 

magnetic fields and temperatures for sample 2. The symbols represent measured 
values and the solid lines are given by the model, Equation 4.4.  
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Figure 4.13 The fitting parameters Ic and n as functions of alternating longitudinal magnetic 
fields for sample 2 at three temperatures.  
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Figure 4.14 Losses as functions of DC transport current at different alternating longitudinal 

magnetic fields and 70 K for sample 1. The symbols represent measured values 
and the solid lines are given by the model, Equation 4.4. The fitting parameters Ic 
and n are shown in the table. 
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Figure 4.15 Losses as functions of DC transport current at different alternating longitudinal 

magnetic fields and 77 K for sample 3. The symbols represent measured values 
and the solid lines are given by the model, Equation 4.4.  
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Figure 4.16 Critical current and n-value as functions of the peak magnetic fields, measured in 

both perpendicular static magnetic fields and in longitudinal alternating fields. 
The lines are curve fits to the experimental data. 
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It is found that the measured losses are in good agreement with the model. Ic and 
n are strongly dependent on B= and T. The Ic and n reduction with increasing B= is 
much less for sample 3 than for sample 2. This result and the higher Ic for sample 3 
implies than the grain misalignment is larger for sample 2 then for sample 3. With 
the assumption that Ic only depends on B⊥ the Ic reduction with increasing B= 
corresponds to a grain misalignment of 4-6° for sample 3, see Figure 4.16. The grain 
misalignment is in the same order as determined in B// for similar tapes [13,43]. The 
longitudinal magnetic field and the transverse parallel field is both parallel to the ab-
planes of the Bi-2223 grains in a tape produced with the powder in tube technique 
[40].  

4.4.3.4 Optimal transport current 

To find the optimal transport current with respect to the losses, the losses per unit 
carried current and unit length P/I (W/Am) are studied. P/I as functions of I at 
different B= and T are shown in Figure 4.17 for sample 2 and Figure 4.18 for sample 
3. Figure 4.17 and Figure 4.18 show the same measurement as Figure 4.12 and 
Figure 4.15 respectively, but instead the results are presented as losses per unit 
carried current and unit length. The calculated losses at Ic are also given in Figure 
4.17 and Figure 4.18 and compared with the optimal working current. 

For low I the loss optimization is mainly an economical issue. HTS is not 
economically the best conductor choice when operating at low I. At high I the loss 
optimization is also a question of cooling. 

It was found that for sample 2 the optimal transport current is generally higher 
than Ic. This result is due to the relative strong reduction of both Ic and n when the 
samples are exposed to B=. The loss minimum is rather flat with respect to I so 
increasing or decreasing I does not dramatically increase the losses. 

The losses in a copper conductor at 85 ˚C and 2 A/mm2 are 40 mW/Am. For 
sample 2 at B==200 mT and T=85 K the optimal transport current is 18 A giving 
J=18 A/mm2 and P/I=2.8 mW/Am. With a cooling penalty factor of 10 the losses are 
almost comparable with the losses in the copper conductor. For sample 3, the 
optimal transport currents are relatively close to Ic. At B==200 mT and T=77 K the 
optimal current is 141 A giving J=108 A/mm2 and P/I=1 mW/Am, with cooling 
penalty factor 10 the losses are 4 times lower than the losses in the copper conductor 
at 54 times higher current density. With respect to the losses sample 3 is more 
suitable than sample 2 for the use in power apparatus operating at high B= and high 
I. 
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Figure 4.17 Losses per unit carried DC current and unit length as functions of DC transport 

current at different alternating longitudinal magnetic fields and temperatures for 
sample 2. The open symbols represent measured values and the solid lines are 
given by the model, Equation 4.4. The points � represent the calculated P/I at Ic. 
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Figure 4.18 Losses per unit carried DC current and unit length as functions of DC transport 

current at different alternating longitudinal magnetic fields at 77 K for sample 3. 
The open symbols represent measured values and the solid lines are given by the 
model, Equation 4.4. The points � represent the calculated P/I at Ic. 

4.4.4 Losses in HTS tapes exposed to longitudinal magnetic field 
carrying AC transport currents 

4.4.4.1 Flux flow and flux creep losses  

For AC transport currents the flux flow and flux creep losses can be 
quantitatively described by the power law dependent current voltage characteristic 
Equation 2.2 integrated over one period, 
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where tperiod is the period time. As E is in phase with I, IE is always positive. Ic and n 
are determined from the loss measurements in a sample carrying a DC transport 
current.  

For sinusoidal alternating transport currents the integral is analytically solved if n 
is an integer and numerically solved for any other values of n. 
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4.4.4.2 Hysteresis losses 

In the critical state model Physt generated by B= is independent of I (see Section 
4.4.3.2). The hysteresis losses Pself  due to the self field generated by the AC 
transport current are well described by the critical state model for a superconductor 
with an elliptical cross-section Equation 2.9. 

4.4.4.3 Total losses 

The total losses in a slab shaped non-twisted multifilament tape in an alternating 
B= carrying AC I are assumed to be a sum of Pff, Physt, Pself , and Peddy, 
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where P0(B=,T) is independent of I. The parameters in the model are Ic, n and P0. Ic 
and n are determined from the loss measurements when carrying DC transport 
current, see table in Figure 4.14. P0 is used as a fitting parameter to experimental 
data. 
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Figure 4.19 Losses in sample 1 as functions of AC transport current at different longitudinal 

magnetic fields at 50 Hz and 70 K. The symbols represent measured values and 
the solid lines are given by the model, Equation 4.6. 
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Figure 4.19 shows the measured losses in sample 1 as functions of peak 
amplitude of I at B==0, 60 and 120 mT and T=70 K. The symbols represent 
measured values and the solid lines represent Equation 4.6.  

It is found that the model is in good agreement with the measurements. The 
measured losses are somewhat higher than predicted by the model at B==60 and 120 
mT. 
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5. Controllable reactor 

One application where the use of HTS would be favorable is as a control winding 
for a controllable reactor. The high current density of the HTS winding reduces the 
size and increases the dynamic range of the controllable reactor. With the aid of the 
loss measurements and the semi-empirical loss models a single phase small scale 
prototype of a controllable shunt reactor with a HTS control winding is designed and 
constructed.  

In this Chapter, the design and construction of the controllable reactor and the 
HTS control winding are described. A simple model of the magnetic circuit of the 
controllable reactor is presented. Calculations from the model are compared to 
experimental measurements on the controllable reactor. The results from loss 
measurements of the HTS control winding are presented and compared with the 
model. The Chapter is based on papers V, VI and VII. 

5.1 Introduction 
Reactive power compensation is vital for obtaining efficient operation of long 

transmission power lines or cables. A long transmission line can be characterized by 
series inductors and shunt capacitors. The line is optimized for rated power. At 
reduced power a compensation of inductive reactive power is needed. Discrete units 
of conventional shunt reactors are therefore switched in and out in order of need for 
reactive power. If instead the reactance of the reactor can be controlled, the 
reactance could be adjusted to the load of the transmission line and thus providing a 
continuous reactive power compensation reducing the transmission losses and 
increasing transmission capacity of active power. 

There are two types of controllable reactors commercially available; the 
transductor [70] also called the saturable reactor (SR) and the thyristor controlled 
reactor (TCR) [71]. A transductor is a device with two windings on a ferromagnetic 
core. A DC current through one of the windings, a control winding, saturates the 
iron core and the reactance of the other main winding is decreased. The TCR is a 
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thyristor valve and a reactor in series. The reactance is changed by controlling the 
current through the reactor by the thyristor valve. 

The magnetic core in conventional shunt reactors are basically designed in three 
way, coreless, shell type and gapped core. The coreless reactor is a bare coil. The 
shell type has a magnetic shielding around the coil. The gapped core has an iron 
limb with a number of small air gaps formed by spacers. These three types store 
most of the magnetic energy in the air or air gaps. In contrast, the controllable 
reactor presented here, and the transductor store most magnetic energy in the iron 
core, and the magnetizability of the iron core is controlled with a DC current through 
a separate winding. The main difference in design between these two types is the 
placement of the control winding. In the transductor the control winding is placed so 
that it gives a static magnetic field in the same direction as the main alternating 
magnetic field. A DC current through the control winding saturates the iron core and 
the reactance of the reactor decreases. In the controllable reactor the control winding 
is placed so that it gives a static magnetic field perpendicular to the main alternating 
magnetic field. Thus the current in the control winding can control the direction of 
the magnetization of the core and thereby the reactance of the reactor without 
generating the large harmonics content associated with the transductor.  

Variable inductors designs where the permeability of the magnetic cores is 
controlled with similar field orientation techniques are under development 
[72,73,74]. 

5.2 Basic idea 
The basic idea is to store magnetic energy in the iron core and to control the 

magnetizability of the iron core with a DC current through a control winding. The 
iron core is shaped as a hollow cylinder. The cylinder is made of strips of grain 
oriented silicon steel, with saturation magnetization (�0Msat=2.07 T). The strips are 
rolled into rolls that are stacked into a cylinder. The rolling direction of the oriented 
steel, which is parallel to the easy magnetizing direction, is chosen to be in the 
azimuthal direction of the rolls. This results in a larger dynamic range of the reactor. 
Figure 5.1 shows a schematic figure of the hollow cylinder and two windings. The 
control winding goes through the hollow cylinder and generate a static magnetic 
field in the azimuthal direction of the iron cylinder. A second winding generates a 
main alternating magnetic field in the direction of the cylinder axis. Figure 5.1 also 
shows the magnetic flux density (Bcylinder=(Bz,B�)) and the magnetic field strength 
(Hcylinder=(Hz,H�)) vectors in cylindrical coordinates, when the iron is saturated. IAC is 
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the peak value of the AC current through the main winding and IDC is the DC current 
through the control winding.  

IAC

IDC

 
Figure 5.1 Schematic figure of the hollow cylinder with the two windings and the magnetic 

flux density and the magnetic field strength vectors in cylindrical coordinates 
when the iron is saturated. 

For an isotropic material the vectors Bcylinder and Hcylinder have essentially the 
same direction and 
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Bz depends on both Hz and H�. H� can be used to control the direction of the 
magnetization and thus Bz and the reactance of the reactor. 

A shunt reactor normally works with a constant voltage thus Bz is given. With the 
same argument as above Hz, as a function of Bz and H� can be calculated through 
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An unwanted effect is that B� has an alternating component superimposed on the 
static component. B� alternates between the peak value ϕµµ HM sat 00 +  and its 
minimum  

22
00 )( zcylindersat BM −+ Hµµ  (5.4) 

with a frequency that is twice that of Bz. This alternating B� induces a voltage over 
the control winding. To obtain a pure DC current through the control winding the 
DC current source has to have high output impedance. 

The magnetic anisotropy results in the cylinder being much easier to magnetize 
in the ϕ-direction and the vectors Bcylinder and Hcylinder are therefore not aligned. Bz is 
therefore somewhat lower than given by Equation 5.2 For large Hcylinder this 
deviation becomes less prominent. The technique of controlling the magnetizability 
can also be use in other power application such as filters and power control of radio 
frequency generators. 

5.3 The design and construction of the HTS control 
winding 

The coils should be designed so that the number of ampere turns in the hole of 
the hollow cylinder is maximized. Both the cooling and the direction of the magnetic 
field become crucial design parameters. The problem is to fill the round cross-
section of the hole with the rectangular cross-section of the HTS tape without 
increasing B⊥ and maintaining sufficient cooling.  

By assuming that the cross-section of the hole with area ( π2
ir ) is completely 

filled with the conductor so that the total current through the hole is evenly 
distributed over the cross-section of the hole the magnetic field in the azimuthal 
direction B� inside the hole at radius (r) can be calculated through Amperes law, 
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where Ncontrol is the number of turns in the control winding. 
This gives, 
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Figure 5.2 Single tape situated in the hollow cylinder. 

For a tape situated with the wide side in the y-direction B⊥=Bx as shown in Figure 
5.2. Equation 5.8 gives that B⊥ is independent of x and dependent on the current 
density and y. With the assumption that Ic only depends on B⊥, the highest Ic is 
obtained by minimize B⊥. To achieve this in practice one way is to have several 
pancake coils in the form of racetracks with the wide side of the tape in the 
azimuthal direction. For practical reasons the winding is divided into four parts with 
two double pancake coils in each part as shown in Figure 5.3. Two coils have 36 
turns (coil #1 and coil #2) and others two coils have 59 turns (coil #3 and coil #4) 
which gives Ncontrol=190 turns in total. The coils are constructed of AMSC high 
strength wire, sample 3. The total length of the HTS tape is 123 m.  

With the coils situated as in Figure 5.3 the current density is not evenly 
distributed over the cross-section of the hole as assumed in Equation 5.8. The local 
current density is higher than assumed and the magnetic field is higher than given by 
Equation 5.8.  

The coils are connected in series so that the same current flows through all four 
coils.  
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Figure 5.3 The hollow cylinder and the four HTS control windings as double pancakes, coil 

#1 and coil #2 has 36 turns coil #3 and coil #4 has 59 turns. 

The HTS is wound onto four bobbins made of glass fibre reinforced epoxy. The 
coils are then vacuum impregnated with a low viscosity epoxy making them 
mechanically stable.  

When submerged in LN2 the liquid can flow through gaps between the double 
pancakes keeping the coils cooled. The gaps are approximately 0.8 mm wide, see 
Figure 5.3.  

The fill factor, that is the amount of HTS in the hole, is Ncontrolw2d/2πri
2=0.35. 

The rest of the area is occupied with bobbins 41%, turn insulation and epoxy 16% 
cooling channels 8%. If the diameter of the hole is much larger than the width of the 
tape, as the case for larger sized reactors, it should be easier to design close-packed 
conductors. 

The minimum bending diameter of the used HTS is 70 mm (95% Ic retention). 
The bending radius becomes the dimensioning criteria for the racetrack shaped coils 
and thus the size criterion for this small reactor. 
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5.4 The design and construction of the small scale 
controllable reactor 

The hollow cylinder is made of grain oriented steel with grade M120-23 [75]. 
The steel sheet is cut into long strips in the rolling direction. The strips are then 
rolled into hollow cylinders with outer diameter 52 mm, inner diameter 30 mm and 
height 25 mm. Five of these cylinders are stacked into a limb with height 125 mm. 
Figure 5.4 shows a view of the magnetic circuit. In order to reduce eddy currents the 
cylinders and the yokes are electrical insulated from each other with a 75 µm Mylar 
film. Figure 5.5 shows a schematic view of the reactor with the windings and some 
photos during the construction. The reactor consists of tree limbs, two yokes and 
two windings. The central limb is the hollow cylinder. The two return limbs and the 
yokes close the magnetic circuit. They are made of oriented laminated steel with 
grade M120-23 [75]. The yokes have holes in the centre so that the control winding 
can be wound through the hollow cylinder and through the yokes.  

The main winding is made of 187 turns of copper conductor 7 mm x 1.6 mm. 
This winding is placed over the iron cylinder and gives the main alternating 
magnetic field in the direction of the cylinder axis.  

The whole reactor is submerged in LN2 (liquid nitrogen) keeping the HTS 
winding cooled. Figure 5.6 shows the finished reactor. 

 
Figure 5.4 The magnetic circuit of the reactor, with the hollow cylinder in the middle 

surrounded by the yokes and the return limbs. 
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Figure 5.5 Schematic view of the reactor and some photos during the construction. 
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Figure 5.6 The finished reactor.  

5.5 Magnetic circuits 

5.5.1 Control circuit 
The magnetic circuit of the control circuit is fairly simple. The control winding 

generates a magnetic field in the azimuthal direction of the cylinder. H� can be 
approximated with the applied magnetic field strength  

average

DCcontrol

r
IN

H
πϕ 2

=  (5.9) 

where raverage is the average radius of the cylinder. The inner radius of the cylinder is 
15 mm and the outer radius is 26 mm and raverage=20.5 mm.. H� is therefore 1.7 times 
higher in the inner part than in the outer part of the cylinder. Thus more magnetic 
energy is stored in the inner parts of the cylinder than in the outer part. This 
unevenly distributed magnetic energy reduces the dynamic control range and gives 
rise to harmonics. However, the hollow cylinder is the geometry that gives the most 
uniformly distributed magnetic field. 
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5.5.2 Main circuit 
The main winding generates an alternating magnetic field in the direction of the 

cylinder axis. The main magnetic circuit consists of the cylinder, the yokes and 
return limbs. The height of the cylinder (lcylinder) is 126 mm. There are some small 
unwanted air gaps between the cylinder and the yokes and in the lamination of the 
yoke, with total length (l�) The magnetic field strength in the gaps (H�) can be 
approximated with Bz/�0. The cross sections of the yokes and the two return limbs 
have twice the area of the central limb. Thus saturation of these parts is avoided. In 
the ideal case the magnetic field strength in the yoke and the return limbs are much 
smaller than Hz so that the magnetic circuit is closed without any significant 
demagnetizing effect in these parts. However, as the control winding goes through 
the yokes, the yokes are also exposed to a high static magnetic field. The yokes have 
narrow parts close to the holes, see Figure 5.4, where the flux from the control 
winding concentrates. If this flux density becomes large enough it saturates these 
parts of the yokes. This is an unwanted effect that increases the flux leakage from 
the cylinder through the air, giving rise to harmonics, reduces the dynamic range of 
the reactor and increases the magnetic length of the controllable main circuit. By 
assuming that these parts of the yokes with an average length of saturated

yokel  have a 
magnetic field strength Hz and that the rest of the yokes and return limbs have a 
magnetic field strength much less than Hz, Amperes law gives, 

δδ lHllHIN saturated
yokecylinderzACmain ++= )(  (5.10) 

where (Nmain=187) is the number of turns in the main winding. saturated
yokel  is roughly 

estimated to half the total width of the two yokes that is 30 mm. This gives the result 
that the magnetic length of the controllable main circuit is roughly 20% longer than 
the actual length of the cylinder.  

l� can be estimated from the measurements by assuming that H�>>Hz when IDC=0 
A, Equation 5.10 gives, 

0µ
δlB

IN z
ACmain ≈ . (5.11) 

5.6 Experiments 
The whole reactor is submerged in LN2. The main winding is fed by a variable 

voltage transformer with RMS voltage (UAC) at frequency 50 Hz. The HTS control 
winding is fed with a constant current source. Four pick up coils are placed around 
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the hollow cylinder, two near the centre and two at the edges. The induced voltages 
in the pickup coils are measured and thus Bz is determined.  

E and IDC are measured with a four probe technique for the HTS coils and then Ic 
and Pff are determined from E and IDC. A pickup coil is situated in the hole of the 
cylinder. The induced voltage in the pickup coil is measured and thus B= is 
determined. P0 for the HTS situated in the hole of the cylinder is determined by B= 
and from the data in Figure 4.15. 

5.7 Results and discussion 

5.7.1 Magnetic circuit 
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Figure 5.7 Measured reactive power of the main winding as functions of H� at different 

constant AC voltages at the main winding. The current through the control 
winding is shown at the top. 

Figure 5.7 shows the measured reactive power PR of the reactor as functions of 
H� when UAC is held constant at 20, 40, 60, 80 and 100 V. Bz the middle of the 
cylinder is found to be 0.32, 0.64, 0.96, 1.28 and 1.60 T respectively. As expected 
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when H� increases both Hz and the stored reactive energy increases. The reactive 
power at H�=103 kA/m is approximately 6 times the reactive power when no current 
goes through the control winding.  

With no current through the control winding the main magnetic energy is stored 
in the small air gaps between the iron rolls or in the laminated yoke. From Equation 
5.11 and the measurements when IDC=0 A, l� is estimated to 1.86 mm. Hz is 
calculated from Equation 5.10. Figure 5.8 shows the measured Bz in the middle of 
the cylinder as functions of Hz when IDC is held constant at 10, 30, 50, and 70 A. The 
average value of H� is then 15, 44, 74 and 103 kA/m respectively. The lines in 
Figure 5.8 are given by Equation 5.2.  

The simple model assumes that the iron cylinder is saturated and isotropic. The 
model agrees well with the measurements for high H� where the iron cylinder is well 
saturated and the effect of anisotropy is less prominent but differs somewhat for 
lower H�. Some flux leakage from the cylinder is observed. The measured Bz at the 
ends of the cylinder is 91% of the value in the middle when H�=0 kA/m and 
decreases to 81% when H�=103 kA/m.  
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Figure 5.8 Bz as functions of Hz at different constant DC currents through the control 
winding. The lines are given by Equation 5.2. 
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5.7.1.1 AC voltages over the control winding 

The voltage over the control winding is measured when UAC=100 V and 50 Hz 
(Bz is then 1.60 T), and H� is varied from 0 to 103 kA/m. The AC voltage over the 
control winding increases up till H�=11 kA/m where it has a maximum of 46 V with 
frequency 100 Hz. This agrees well with the expected voltage from the model, see 
Equation 5.4. The maximum voltage calculated from Equation 5.4 is 40 V at 
H�=0 kA/m. 

5.7.1.2 Harmonics 

The nonlinear current voltage response of the main winding gives rise to 
unwanted harmonics in IAC. The harmonics have several sources. The main sources 
are the anisotropy of the iron cylinder, the saturation effects of the yoke and the 
nonlinearity of Bz as function of Hz. It is difficult to express the two first in analytic 
terms but the third is included in our model.  

IAC is calculated with Equation 5.3 and Equation 5.10. The harmonics in both 
measured and calculated IAC are separated in Fourier components. The amplitude of 
the third harmonic (150 Hz) is detected and compared with the amplitude of the 
fundamental (50 Hz). The ratio between the amplitude of the third harmonic and the 
fundamental is plotted as functions of H� with constant Bz=1.3 T and 1.6 T in Figure 
5.9 and as a function of Bz with constant H�=103 kA/m in Figure 5.10. The solid 
lines in the figures are given from the model and the symbols represent the measured 
value.  

For low H�, the stored magnetic energy is dominated by the stored energy in the 
small air gaps, see Equation 5.10. Thus the calculated harmonic distortion decreases 
as H� decreases, see Figure 5.9. The measured harmonic distortion shows the 
opposite behavior and increases when H� decreases. This difference is mainly due to 
the anisotropy of the iron cylinder and that Bz is directed perpendicular to the rolling 
direction of the iron.  

Similar to a transformer with an iron core the harmonic distortion decreases with 
Bz, see Figure 5.10. Due to the anisotropy effects, the measured harmonic distortion 
is higher than the calculated value at low Bz.  

In the working region Bz=1.3 T the ratio between the amplitude of the third 
harmonic and the fundamental is between 4.5 to 9%, this is higher than expected 
from a conventional reactor but lower than from a TCR [76] or a transductor [70]. 
Higher harmonics can be detected especially for low H� but these harmonics have 
much lower amplitude than the third harmonic.  
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Figure 5.9 The ratio of the amplitude of the third current harmonic and the fundamental as 
functions of H� at Bz=1.3 T and 1.6 T. The lines are given by the model. 
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Figure 5.10 The ratio of the amplitude of the third current harmonic and the fundamental as a 
function of Bz at H� =103 kA/m. The solid line is given by the model. 
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5.7.2 Control winding 
With respect to the losses, each coil in the control winding can be divided into 

two parts. One part is inside the hollow cylinder where the tape is exposed to both a 
high static magnetic field from the coils in close contact with each other and a high 
alternating magnetic field from the main winding, resulting in both flux flow losses 
and hysteresis losses. The other part is outside the cylinder where the tape is exposed 
to a low static magnetic field as the windings are separated and a very low 
alternating magnetic field as the leakage flux from the yoke and the return limbs is 
very low, see Figure 5.3 and Figure 5.5. 

5.7.2.1 Critical current 

Ic for the four separate coils is measured before and after they are assembled into 
the final form of the control winding, see Figure 5.3 and Figure 5.5. The results are 
compared with the result from the model, see section 3.1, and are presented in Table 
2. 

Table 2 Measured and calculated critical current for the coils 

 Separate coils After assembled into the form 

of the control winding 

Number 

of turns 

Coil nr. Measured 

Ic (A) 
Calculated 

Ic (A) 
Measured 

Ic (A) 
Calculated 

Ic (A) 

#1 81  87.3  79  81.9  36 

#2 83  87.3  81  81.9  

#3 75  79.6  73  78.4  59 

#4 72  79.6  69  78.4  
 

Coils #1 and #2 have higher Ic than coils #3 and #4 as B⊥ increases with the 
number of turns. Ic only decreased with 2 to 3 A after the assembly which indicates 
that B⊥ is almost the same for the separated and the assembled coils and that B⊥ is 
almost the same inside and outside the cylinder. The calculations from the model 
generally give Ic somewhat higher then the measured value.  

5.7.2.2 Flux flow losses  

The calculated Pff for different turns inside and outside the cylinder at IDC=60 A 
and UAC=0 V is shown in Figure 5.11 for the four coils. When UAC=0 V the HTS is 
only exposed to the static magnetic field. 
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Figure 5.11 Calculated flux flow losses for different turns for coil #3 and #4 inside and 

outside the cylinder at IDC=60 A and UAC=0 V.  

Outside the cylinder B⊥ and Pff are highest in the turns in the middle of the stack 
that is turn #18 for coil #1 and #2 and turns #29 and #30, for the coil #3 and #4.  

Inside the cylinder B⊥ and Pff are highest for the turn #19 for the coil #1 and #2 
and turn #23 for coil #3 and #4. This difference is due to the cooling gaps between 
the coils that give rise to an asymmetric B, see Figure 5.3. 

Figure 5.12 shows the measured Pff compared to the calculated Pff as functions of 
IDC for the control winding when UAC=0 V. The difference in losses between the 
coils with the same number of turns corresponds to a difference in critical current of 
approximately 2 A to 3 A. The measured losses are found to be higher than the 
calculated losses. The difference corresponds to a difference in Ic of 2-9 A.  

B= is depended on both UAC and IDC. Figure 5.13 shows B= as functions of IDC at 
different UAC. When UAC increases, the magnetization of the hollow cylinder and B= 
increases. IDC controls the magnetization of the cylinder. When IDC increases the 
magnetization of the cylinder decreases and the flux is redistributed so that B= 
increases.  
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Figure 5.12 Flux flow losses for the control winding separated into the four coils as functions 

of DC transport current through the control winding. The lines are given by the 
model. 
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Figure 5.13 The longitudinal magnetic field as functions of DC transport current through the 

control winding for different AC voltages on the main winding.  
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When B= increases Ic decreases and Pff increases. Figure 5.14 shows the measured 
Pff as functions of IDC for different UAC and the calculated Pff at UAC=0 V. The 
measured losses are found to be higher than the calculated losses. The difference 
corresponds to a difference in Ic about 7 A.  

As expected the losses at UAC=100 V are found to be higher than the losses at 
UAC=0 V. At UAC=100 V and IDC=70 A, B= is 107 mT, a grain misalignment of 6° 
resulting in a component of 11 mT perpendicular to the grains. In the model, this 
component would reduce Ic around 4 A. At Pff=5 W the difference between 
UAC=100 V and UAC=0 V corresponds to a difference in Ic of 12 A. This difference is 
somewhat larger than what would be expected from the grain misalignment and the 
model. In the middle of the main winding B is directed longitudinal with the tape but 
at the ends of the main winding a relative large component of B is directed 
perpendicular to the tape. This component reduces Ic and increases Pff at the ends of 
the main winding. 
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Figure 5.14 The flux flow losses for the control winding as functions of DC transport current 

through the control winding for different AC voltages on the main winding. The 
solid line is given by the model. 

5.7.2.3 Hysteresis and eddy current losses  
P0 in the hole of the cylinder is determined from B= and from the data in Figure 

4.15 accordingly to Equation 2.8 and Equation 4.4. This method gives only P0 
generated by B=. The flux flow loss measurement, see Figure 5.14, indicates that B 



5. Controllable reactor
 

59 

has an alternating component perpendicular to the tape. P0 is therefore very likely to 
be underestimated.  

Figure 5.15 shows the determined P0 in the four coils as functions of IDC at 
different UAC. 
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Figure 5.15 The sum of hysteresis and eddy current losses as functions of DC transport 

current through the control winding for different AC voltages on the main 
winding. 

5.7.2.4 Total losses 
The losses of the winding are estimated by adding Pff with P0. Figure 5.16 shows 

P/IDC as functions of IDC at different UAC.  

The optimal transport current with respect to the losses is 25-40 A at UAC=100 V. 
This results in 0.25 mW/Am. This can be compared to the 40 mW/Am that is the 
losses in a copper conductor that carries 2 A/mm2 at 85°C (see Section 2.1.2). With 
a cooling penalty factor of 10 the losses in the copper conductor are 16 times larger 
than in the HTS. For most power application reducing the losses by a factor 8 is 
good enough. Reducing the losses further at the expense of current density only 
increases the amount of HTS and therefore the conductor costs. The loss minimum 
is rather flat with respect to IDC so increasing or decrease IDC does not dramatically 
increase the losses. Between IDC=5 A and IDC=62 A the losses are between 
0.25 mW/Am and 0.5 mW/Am.  
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Figure 5.16 Total losses for the control winding per unit transport current and unit length as 

functions of DC transport current through the control winding for different AC 
voltages on the main winding. 

For low IDC the loss optimization is mainly an economical issue. At high IDC the 
loss optimization is also a question of cooling. If a larger dynamic range is wanted, 
the reactor can technically be used from IDC=0 A up till the point were the cooling 
gets insufficient. But economically, continuous operation should be in the region 
that gives lower losses than a comparable copper conductor.  

Operating between IDC=0 and 62 A gives PR between 1.17 and 6.2 kVA resulting 
in a dynamic range of 5.3, see Figure 5.7. At IDC=62 A, J is 47 A/mm2. The average 
current density in the hole of the cylinder (Jhole) that is the total ampere turn divided 
by the area of the hole is Jhole=Ncontrol IDC/ π2

ir =17 A/mm2. 

Figure 5.17 shows the loss factor P/PR as functions of UAC. P/PR decreases with 
increasing UAC. At UAC=100 V, Bz is approximately 1.6 T, the onset of saturation 
gives rise to a nonlinear reactance, and a third harmonic component in the AC 
current can be noted, see Section 5.7.1.2. But with respect to the loss factor, UAC 
should be as high as the cooling of the HTS winding allows. 
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Figure 5.17 The total losses in the HTS winding divided by the reactive power of the reactor 

as functions of voltage over the main winding. The lines are guides to the eye. 

At IDC=60 A and UAC=100 V, P/PR=0.06% with a cooling penalty factor of 10 the 
loss factor is 0.6%.  

If the control winding was made of copper and operating with a current density 
between 0 and 2 A/mm2 with the same fill factor as for the HTS winding Jhole would 
be between 0 and 0.7 A/mm2. This would give PR between 1.17 and 1.5 kVA 
resulting in a dynamic range of 1.3. The resistive losses for such a copper winding 
would be between 0 and 12.8 W (if eddy current losses are neglected). This gives 
P/PR between 0 and 0.85%.  

5.7.2.5 Cost 

The drawback of an HTS control winding is the cost, the HTS conductor is 
expensive compared to conventional conductors. The high strength wire purchased 
from AMSC in 2004, sample 3, had a price of 28.25 $/m and another 5 $/m for the 
electrical insulation giving a total cost of 33.25 $/m. The density of sample 3 is 
measured to 8330 kg/ m3. (This is about 80% of the density of pure silver 10490 
kg/m3). This gives a cost of 3055 $/kg. However, the price for large scale production 
would be smaller but can never be less than the raw material price. The raw material 
silver price is today 2006-06-07 320 $/kg. This gives that the costs for sample 3 are 
approximately 10 times the silver price. This indicates that the costs for the HTS can 
be lower for large scale production. 
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The copper price has increased dramatically in the last years, today 2006-06-07 
the raw material copper price is 7.4 $/kg and the wire drawing and the insulation 
costs are approximately 2 $/kg [76], giving a total cost of 9.4 $/kg. 

When comparing conductors, both the cost and the losses of a conductor shall be 
compared with the transport current density of the conductor. Table 2 shows the cost 
per kg and the cost per kAm for copper and sample 3 for different J. J=47 A/mm2 
corresponds to I=62 A which is the current density for the tape in the coil at PR=6.2 
kVA and J=119 A/mm2 corresponds to I=155 A which is the Ic for sample 3 in self 
field. 

Table 3 The costs of sample 3 compared to the cost of copper. 

Copper Sample 3 Copper 

J=2 A/mm2 

Sample 3,  

J=119 A/mm2  

(I=155 A that is Ic at self field) 

Sample 3,  

J=47 A/mm2  

(I=62A) 

9.4 $/kg 3055 $/kg 42 $/kAm 216 $/kAm 540 $/kAm 

5.7.3 Other losses 
There are also other losses in the reactor such as resistive losses in the main 

copper winding and hysteresis and eddy current losses in the cylinder and yokes. 
The copper main winding for this reactor is not loss optimized and therefore the 
losses in the copper winding are high and dominating the total losses. At UAC=100 V 
and PR=6.2 kVA the resistive losses of the copper winding is 25 W, eddy current 
losses in the copper winding is estimated to 7 W, eddy current losses and hysteresis 
losses in the iron cylinder and yokes estimated to 1.2 W and the losses in the HTS 
winding are Pff=2 W and P0=1.3 W.  

5.7.4 Summary of the results 
The results from the single phase small scale reactor with an HTS control winding 
compared to a copper control winding are summarized in Table 4.  

Compared to a copper control winding the high current density of the HTS 
winding reduces the size and increases the dynamic range of the controllable reactor. 
The drawback is the cost. The cost of the control winding is 216 times more 
expensive than a copper control winding. There are other costs such as the costs of 
the iron, copper in main winding, glass fibre, epoxy and many others but the costs 
for the HTS control winding dominates. 
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Table 4 The single phase small scale reactor with HTS control winding compared 
to a copper control winding. 

Control winding material HTS, sample 3 Copper 

J (A/mm2) 0-47  0-2  

Jhole (A/mm2) (fill factor 35%) 

0-17  

(fill factor 35%) 

0-0.7  

H� (kA/m) 0-93 0-4  

PR (kVA) 1.17-6.2 1.17-1.5 

Dynamic range (-) 5.3 1.28 

P (W) 0-3.8 0-12.8 

P/PR (-) (with penalty factor 10) 

 0.05-0.6% 

0-0.85% 

Cost Control winding ($) 4120 19 

5.8 Remarks on the design of a full scale three phase 
controllable reactor 

The design of a full scale controllable reactor can be similar to the small scale 
version presented in this thesis. The obvious advantage with a large scale version is 
that the thermal insulation can be located around the HTS only. As the thickness of 
the thermal insulation does not scale with the size, but remains at about 5 cm, the 
relative volume of this insulation becomes smaller the larger the reactor is. Even if 
the thermal insulation will occupy some volume in the hollow cylinder a large 
amount of control currents can be fed through the hole. Another advantage for a 
large reactor is that the diameter of the hole is much larger than the width of the tape 
which simplifies the design of close packed conductors inside the hole so that the 
amount of HTS inside the hole can be increased. The minimum bending radius of 
the HTS will not limit the design for a full size rector. 

However, the topology of the three phase full scale reactor and the cooling of the 
HTS control winding become more complicated than the small scale version and 
will need considerable development work. The main drawback is the costs. The 
cooling machines and the cryostat as well as the HTS conductor are expensive 
compared to conventional design. 
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6. Summary and conclusions 

The measuring apparatus and calorimetric technique presented in this thesis is 
shown to be capable of giving loss results of HTS over wide ranges of temperature, 
magnetic field, transport current and frequency. The calorimetric technique is 
relatively fast and accurate, and is capable of measuring losses between 0.5-100 
mW/m. The data obtained from the apparatus can provide an improved basis for the 
development of loss models as well as the design of power devices based on HTS. 

The critical state hysteresis loss model can be used to model the hysteresis losses 
in non-twisted multifilamentary HTS tapes exposed to a longitudinal magnetic field. 
The penetration fields for multifilamentary tapes are low in longitudinal magnetic 
fields and decrease with temperature, which is attributed to low filament coupling. 
At low magnetic fields at power frequencies the eddy current losses are low but at 
high magnetic fields or high frequencies the eddy current losses contribute 
significantly to the total losses. 

The losses for a HTS tape in longitudinal magnetic fields carrying a DC transport 
current can be described with a current-independent part that consists of hysteresis 
and eddy current losses and a current-dependent part that can be described by a 
power law model. The critical current and the n value of the power law model 
decrease strongly with increasing magnetic field and temperature. 

The same basic assumptions can be used to describe the losses when the HTS 
tape is carrying AC transport current in a longitudinal magnetic field. Some 
considerations have to be taken. The AC current generate a hysteresis loss and the 
current dependent part as to be integrated over one period. 

Based on the loss models, a single phase small scale controllable reactor with a 
loss optimized HTS control winding is designed, constructed and tested. The 
feasibility designing controllable shunt reactors with large linear dynamic range, low 
losses and limited harmonic distortion is demonstrated. Compared to a copper 
control winding the HTS control winding increases the dynamic range due to the 
high current density, and reduces the losses.  

In the reactor a large proportion of the HTS is situated where the magnetic field 
from the main winding is very low and the HTS is mainly exposed to its self field. In 
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the middle of the iron cylinder the alternating magnetic field is directed longitudinal 
with the HTS tape yielding hysteresis and flux flow losses. However, these losses 
are lower than if the magnetic field is directed perpendicular to the transport current. 

In the constructed reactor the reactive power can be controlled between 1.17 kVA 
and 6.2 kVA by varying the DC current through the HTS control winding between 0 
and 62 A. At 6.2 kVA and 62 A, the losses in the HTS winding are estimated to be 
0.5 mW/Am. This is 8 times lower than the losses in a corresponding copper 
winding operating at 2 A/mm2 assuming a cooling penalty factor of 10. The current 
density for the HTS tape at transport current 62 A is 47 A/mm2. Compared to a 
copper control winding the high current density of the HTS winding reduces the size 
and increases the dynamic range of the controllable reactor. 
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List of symbols 

A  Cross-section of the tape [m2] 
B Flux density vector of applied magnetic field [T] 
B// Flux density, applied parallel to the tape surface [T] 
B⊥  Flux density, applied perpendicular to the tape 

surface [T]  
B=  Flux density, applied longitudinal to the tape  [T] 
Bc1  Lower critical flux density [T] 
Bcylinder=(Bz,B�) Flux density vector in the hollow cylinder in 

cylindrical coordinates [T] 
Bp  Flux density of the penetration magnetic field [T] 
Bself-field  Flux density vector generated by transport current [T] 
c Heat capacity  [J/kgK]  
CA Effective area [m2] 
Ceddy Eddy current constant, Peddy/f

2  [Ws2/m] 
d Half thickness of the tape [m] 
df  Half effective filament thickness [m] 
E  Electrical field along the tape length [V/m] 
E  Electrical field vector [V/m] 
E0  1 �V/cm, critical current criterion [V/m] 
f  Frequency [Hz] 
FL Lorentz force vector [N/m] 
FP  Pinning force vector [N/m] 
Hcylinder=(Hz,H�) Magnetic field strength vector in the hollow cylinder 

in cylindrical coordinates [A/m] 
H� Magnetic field strength in the air gaps [A/m] 
I Transport current [A] 
IAC Peak value of the AC current through the main 

winding [A] 
Ic  Critical current [A] 
IDC  DC current through the control winding [A] 
J  Transport current densities vector [A/m2] 
J Transport current densities [A/m2] 
Jc  Critical current density vector [A/m2] 
Jc  Critical current density [A/m2] 
Jhole Average current density in the hole of the cylinder [A/m2] 



List of symbols
 

68 

l�. Average length of the air gaps in the cylinder, yokes 
and return limbs [m] 

lcylinder  Height of the cylinder [m] 
saturated
yokel  Average length of the saturated parts in the yoke [m] 

Msat  Saturation magnetization [A/m] 
Ncontrol Number of turns of the control winding  [-] 
Nmain Number of turns in the main winding [-] 
n  Steepness of the current voltage characteristic [-] 
P Losses [W/m]  
P0 Sum of hysteresis and eddy current losses [W/m] 
Peddy Eddy current losses [W/m] 
Pff   Flux flow losses [W/m] 
Physt  Hysteresis losses [W/m] 
Pmatrix  Eddy current losses in matrix [W/m] 
PR  Reactive power of the reactor [VA] 
Pself  Self field hysteresis losses [W/m] 
Q  Losses per cycle [Ws/m] 
r=(x,y) Radius of the hole [m] 
raverage  Average radius of the cylinder [m] 
ri Inner radius of the cylinder [m] 
T  Operating temperature [K] 
Tamb  Ambient temperature of cooling machine [K] 
tfall Temperature fall time [s] 
tperiod Period time [s] 
trise  Temperature rise time [s] 
UAC RMS voltage over the main winding  [V] 
v  Velocity vector of moving flux line [m/s] 
w Width of tape [m] 
∆T Temperature change [K] 
�0  Single flux quantum vector [Vs] 

Carnotη  Efficiency of the Carnot cycle [-] 
λ Thermal conductivity  [W/mK]  
�o  Permeability for vacuum  [Vs/Am] 
�matrix  Resistivity of the matrix [Ωm] 
� Density [kg/m3]  
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