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The CICC (cable-in-conduit conductor) in ITER (International Thermal-nuclear Experimental Reactor) will run in high-current, 
fast transient magnet field and complex environment. In response to the impact of magnet fields above 10 T, the Nb3Sn con-
ductor has been introduced. However, the AC (alternating current) loss mechanism of Nb3Sn conductor on strain has not been 
explored. So, it is necessary to study the AC loss calculation method with transient electromagnetic field and wide range of 
strain, the coupling current in complex field and current signal of field is simplified to the spectrum effects of coil excitation, 
and calculation technology of AC loss, which contains the frequency, magnet field, coil characteristics and other parameters, is 
constructed to meet the discrete Fourier transform (DFT). By comparative analysis of simulation, it is found that the AC loss 
calculation of the conductor with spectrum algorithm is closer to the actual project value than the traditional algorithm. For the 
rapid excitation, in particular plasma discharge and burst, spectrum algorithm and the traditional algorithm are consistent. For 
the relative error calculation of hysteresis loss and coupling loss, it is found that the coupling loss is cumulative linearly, where 
the hysteresis loss is not so. As a function of the amplitude, frequency and phase angle, the relative error is less than 40%. The 
results showed that the method of Fourier restructuring is satisfactory. 
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1  Introduction 

The cable-in-conduit conductor (CICC), which is based on 
the concept of CIC (cable in conduit) by Chester, Altov and 
Hoenig, evolved from the internally-cooled superconductor 
(ICS) [1, 2]. With the rapid development of superconduct- 
ing theory and engineering application, the CICC with the 
advantages of supercritical helium cooling, high voltage 
insulation, low AC loss and multistage cabling, has been 
selected as the preferred conductor for use to Toroidal 
Fields (TFs), Poloidal Fields (PFs) in Experimental Ad- 
vanced Superconducting Tokamak (EAST, in China), Ko- 

rean Superconducting Tokamak Advanced Research 
(KSTAR) and International Thermal-nuclear Experimental 
Reactor (ITER). Moreover, the CICC is one of the impor-
tant conductors in the hybrid high magnet field. 

The CICC of the EAST superconducting Tokamak de-
vice which was constructed in China adopted the technol-
ogy of NbTi and pure copper strands [3]. However, the 
conductor of ITER, which will run in the complicated elec-
tromagnetic environment, should be subjected to impacting 
more than 10 T. Because of limitation of the NbTi-based 
CICC critical performance, it is difficult to meet operation 
requirements. All the CSs, TFs and part of PFs in ITER will 
use the Nb3Sn-based CICC, which has been developed 
based on niobium titanium (NbTi) technology. And yet, the 
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strain caused by heat, mechanical and other factors is a key 
problem that is widely observed. It is a response to the 
spread and dissemination of heat energy in a CICC, and 
gives rise to the quench phenomenon. It is obvious that 
strain will affect the operation of a CICC, and it is important 
in engineering design to carry out research of stability the-
ory under the strain effect of the Nb3Sn-based CICC. 

So far, there has been some progress in the theoretical 
investigation on these problems. For example, degradations 
of Nb3Sn conductors for the ITER model coils were found 
in 2002 and 2006 [4], the strain caused by electric force 
brings the internal bending of the CICC and performance 
degradation, and gives the thought to improve processing 
and testing methods. Wu’s team [5, 6], Zhang’s team [7, 8], 
Wang’s team [9] and other teams carried out a lot of 
experimental analyses on the conductor of ITER with 
Nb3Sn strand and short sample of the CICC, analyzed the 
sensitivity of critical current density to different strain and 
deterioration, and proposed to improve the performance of 
the critical current through controlling strain. 

In addition, the Nb3Sn conductor, in the fast changing 
magnet field by excitation current, will be sustained by the 
AC (alternating current) loss different from NbTi. Based on 
the AC loss calculation method of NbTi, a lot of work on 
AC loss calculation of Nb3Sn has been explored [2, 10−12]. 
For the low-frequency and slow changing magnet field, the 
AC loss calculation model of ITER CICC is proposed [13], 
where the AC loss is disposaled by dividing it into three- 

dimensional complex scalar. For the uniform time-varying 
transverse magnet field, coupling loss calculation technique 
of the CICC is given [14], the induced current in pair 
between sub-cables is treated, including pair of 
superconducting strands and copper strands. Because these 
calculation models contain a large number of coil 
geometries, the real-time magnet field and the spatial 
location of the coil need to be generated and determined, the 
traditional AC loss calculation is much complicated and not 
suitable for the optimization of fast-changing field. 

With the project on the numerical study of the CICC 
based stability [15], and the proposed numerical simulation 
model of the CICC to obtain the optimized and reasonable 
structure of the conductor with multi-variable constraints 
[16] and other preliminary work, it is found that the AC loss 
calculation of the NbTi-based CICC is lack of the study of 
the AC loss for the Nb3Sn conductors under the strain in-
fluence. With the grain specific defects, the void fraction, 
spatial location and contact status of the Nb3Sn conductors 
caused by residual stress will change, and will lead to the 
distortion of pinning force and the coupling loss time con-
stant. In the end, it will result in unpredictable change for 
the hysteresis loss and coupling loss. Therefore, the mecha-
nism of AC loss for the Nb3Sn conductor needs to be stud-
ied under the strain effect. In this paper, the transformation 
of magnet field and the excitation current signal spectrum 
are first discussed, the discrete Fourier transform (DFT) is 

then built, and the simplified calculation theory of the cou-
pling loss is finally proposed, which considers the fre-
quency (the excitation current to produce spectrum is re-
lated to critical current, whereas the critical properties of 
Nb3Sn, especially critical current, is affected by the strain 
(see Section 2.1), field strength and coil characteristics (it is 
related to the strain effect, see Section 2.1). By these studies, 
the theory of complex dynamic AC loss in the alternating 
magnet field  and the stable operation mechanism of the 
Nb3Sn conductor are understood clearly under the condi-
tions of fast excitation and plasma burst. 

2  Traditional calculation model of AC loss 

2.1  Theoretic basis of AC loss 

A CICC, in fast time-varying magnet field or current 
(excitation coil), performs differently from the DC. It will 
produce AC loss, including both hysteresis loss and 
coupling loss. 

Hysteresis loss is energy consumption, which works to 
drive flux lines movement and overcome pinning force. For 
Nb3Sn conductor, its pinning center is mainly formed by 
grain boundaries. So, the diffusion reaction and special heat 
treatment process is needed in manufacturing of super- 
conductor. The strain resulting from low temperature 
operation and Lorentz force will affect the critical parameter, 
especially for the pinning force. With the strain effect, the 
coupling loss calculation of the Nb3Sn conductor is different 
from that of the NbTi. 

Coupling loss is also energy consumption, which is 
caused by the induced current flowing between the 
superconducting filaments and resistant matrix, it exists in 
all superconducting cables. The void fraction of the Nb3Sn- 
based CICC and contact status will change with strain 
resulting from heat treatment and low temperature operation, 
it will cause unpredictable change for the calculation of 
coupling loss time constant. Therefore, the coupling loss 
calculation is different from that of NbTi. 

2.2  Calculation model of hysteresis loss 

Hysteresis loss can be calculated by the power of Lorentz 
force, which can be obtained by integral with magnetization 
curve of superconductors in changing magnet field, it also 
can be gained by integral with Poynting vector S=E×H to 
current or field, as well as by dot metrix integral of the 
conductor current density j and electric field E. 

The hysteresis loss per unit volume can be obtained by 
experience and theoretical analysis [17]. 

 p C e SC ,
.1

6
W J d A B  (1)  

where JC is the critical current density, de is the effective 
radius of superconducting wire, ASC is the total cross section 
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of superconducting wire in the cable, B  is the change rate 
of the magnet field 

The hysteresis loss can be obtained by volume integral 
with hysteresis loss power above. 

 pd .
V

W W v   (2) 

2.3  Calculation model of coupling loss 

The superconducting cable is twisted with multi-strands, 
and all of the strands are full transposition. For coupling 
loss calculation, the effective transverse resistivity and the 
effective torque are different from those of strands. In order 
to get the suitable formula for coupling loss calculation of 
superconducting cable, by the simplified method, the higher 
accuracy formula to calculate the coupling loss of the CICC 
can be achieved. 

In the process of calculation, the coil excitation (PF) and 
the stability characteristics of the CICC need to be consi- 
dered. Under the extreme condition of plasma discharge or 
burst, the superconducting wires in the CICC are almost 
saturated. Taking into account the saturation coefficient, the 
coupling loss of the CICC can be calculated as follows [15]: 
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where  is the coupling loss time constant, BT is the trans-
verse magnet field,  is the saturation coefficient, Bp is the 
penetration field, and u0 is the magnetic permeability of 
vacuum. 

It is obvious that the coupling loss time constant is the 
main parameter, and can be calculated by the following 
formula: 
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where n is the addition of coupling loss time constant of 
the nth level, it can be expressed as follows: 
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where *
nP , n and fvn are the effective length, the effective 

resistivity and void fraction of the nth level, respectively. 
The effective length and the effective resistivity can be 

written in eqs. (6) and (7) below. 
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where Pn, Rn, rn and Mn are the length, the radius, the radius 
of wire and the ratio of the contact surface of the nth level, 
respectively; beb is the character of contact resistance.  

Especially, when n =2, r1 is the radius of the wire, and R1 
is the radius of the strand. 

2.4  Ratio of the contact surface 

The ratio of the contact surface in the above formula is the 
key parameters to affect the coupling loss calculation. So 
the experience formula needs to be studied. For the CICC 
conductor, the ratio of the contact surface can be expressed 
as follows [18]: 

 1
1

,n
n n

n

R
M M

R 


  (8) 

where Rn is the radius of the nth subcable. In the range of 
the void fraction between 0.28 and 0.4, it can be known that 
the ratio of area contact increases as the radius of the 
twisted cable decreases.  

3  Spectrum calculation model of AC loss 

3.1  Basic conception model 

In the complicated magnet field, according to ref. [19], tak-
ing into account the strain effect of the Nb3Sn conductor, 
the excitation current is taken between 1/2 and 2/3 of the 
critical current, the strain effect quantitative model on criti-
cal current of Nb3Sn conductor is drawn from ref. [20] 
(which is similar to the relationship between critical current 
density and n-value in the HTS tapes [21]). Based on the 
strain effect, the simplified results of excitation current can 
be obtained. 

In the spectrum calculation model, the theory analysis of 
discrete Fourier transform (DFT) matrix for solving the dif-
ferent excitation current signals of the CICC is explored. 
The transform of Fourier components from the vector to the 
scalar is analyzed. Moreover, the AC loss components cal-
culation method of the CICC, which contains the magnet 
field, the frequency and the characteristics of conductor, is 
built. The calculation technology of the AC loss is achieved. 

By taking into account the strain effect, the coupling 
current of the Nb3Sn-based CICC and the penetration field 
are simplified to the spectrum effects of coil excitation. 
DFT, which is used to generate the spectrum of the CICC 
by excitation current, is constructed. Moreover, the fre-
quency domain analysis is carried out. 

Each Fourier component of the excitation current can be 
changed into the vector by the effective transformation ma-
trix function, where the main task is to get the superposition 
of all vector field contributions in conductor by the excita-
tion coil. 

It is the key technology to complete the conversion from 
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the vector to scalar in the model. A series of variables ex-
pressions can be obtained with the magnet field, frequency 
and characteristics of the conductor, which contains the 
void fraction of the CICC, the effective torque, the effective 
wire diameter, and the characterization of surface contact 
for each level cable and the coupling loss time constant. 
According to these concept and analysis, the AC loss com-
ponents can be calculated. In the actual measurement, due 
to the impact of strain, there is some difference for the same 
structure of the Nb3Sn and NbTi based CICC in their void 
fractions and characterization of surface contact. 

Based on mathematical expression of loss, the total loss of 
the CICC can be summed linearly by the different loss com-
ponents of excitation current corresponding to frequency. 

3.2  Calculation model of spectrum 

In order to simplify the calculation model and to obtain 
reasonable results, some of the limits and assumptions are 
given as follows: ① In a given position, the excitation field 
that leads to loss power density of the CICC is a periodic 
function. ② In a given position, the relationship between 
the contributions of magnet field caused by excitation coil is 
linear;  ③ The loss contribution of each coil is increased 
linearly. ④ The parameters of the CICC (such as cross sec-
tion of cable, length, wire diameter) are constant. 

According to condition ①, the AC loss of the CICC can 
be calculated by integral of power density ( ( , ), , )fq B x f x f  

at position x with frequency f. 

 ( ( , ), , )d d ,
i

f f
t V

q q B x f x f x t     (9) 

where Vi is the coil volume. In the ITER magnetic system, 
the magnet field is only generated by the currents and 
ferromagnetism contribution, the contribution of diamagne-
tism materials can be ignored. By condition ②, the magnet 
field is superposition linear. Fourier transform operation can 
be expressed as follows: 

 ( , ) (x) ( ),j j j
j

x f f  B T I  (10) 

where Tj(x) is the transformation matrix. 
The Fourier components of the current spectrum can be 

written as 

 ( ) [ ( )],j f I tI F=  (11) 

where F[] is the vector format of Fourier component, the 
overall system energy formed by the contribution of real 
and imaginary parts, i.e. amplitude and phase.  

As ③ shows that the loss of the CICC can be obtained 
by integral of power density in entire coil volume. The loss 
can be written by all frequency contributions with DFT. 

 ( ( , ), , )d .
i

f f
Vk

q q B x f x f x    (12) 

The power density of loss is the location function of the 
excitation field with frequency f, it can be expressed with 
the background field, change field and the parameters of the 
CICC. 

 0( ( , ), , ) [ ( ), ( , ), , ]f iq B x f x f B x B x f f C   (13) 

where B0(x) is the background field (constant), B(x, f) is 
the amplitude of change field with frequency f, representing 
a calculation sequence of discrete Fourier components. Ci is 
a series of the AC loss calculation parameters, such as cross 
section of cable, length of cable, time constant, magnetiza- 
tion factor, wire diameter and the critical current. [] is the 
loss function of the mean field, it depends on the common 
expression of vector field components, which contains a 
number of the real components (hysteresis loss and coupling 
loss) 

If vector module is used instead of the vector field, the 
background field will become Fourier components with 
zero frequency. 

 0
( ) (0)( )= Mod ,j j

j

xB x  
  
 T I  (14) 

where Mod[·] is the operation module to produce the com-
posite number (to reduce information of the phase), |·| is 
the operation module of the 3D vector (to reduce informa-
tion of space direction) . 

Similarly, the amplitude of change field can be expressed 
as follows: 

 ( ) ( )( , )= Mod j j
j

x fB x f     
 T I . (15) 

The loss equation can be gotten as follows: 
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As  shows③  that the total AC loss can be summed by the 
loss of all components (linear component), it can be written 
in the following integral form: 
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The above formula contains a large number of complex-
ity parameters with volume integral. Using condition , ④
that is, the parameters of the conductor are constant, com-
bining with the background field (obtained by mean-field 
module in the whole CICC space) and changing magnet 
field (obtained by given frequency module), the estimates of 
the AC loss can be obtained by integral of mean-field loss 
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function [] in the volume. 
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where jl is the weight factor, which is the transformation 
function of each component caused by the jth excitation coil. 
It can be obtained by the least squares fit. ijT  is the aver-

age volume transformation function of the CICC for the jth 
excitation coil. It is expressed as follows: 
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The background field B0 can be obtained by mean-field 
module in the whole CICC space. 
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Similarly, the amplitude of magnet field can be obtained 
by the given frequency. 
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4  Results and discussion 

4.1  Experiment conditions 

In order to fit and simplify the AC loss calculation model of 
the CICC in ITER, the period function of magnet field is 
selected with frequency f (such as the sine function form), 
whose maximum field and the smallest field are Bmax and 
Bmin, respectively. 

When the change magnet field is greater than the mean 
field, the smallest field becomes negative. In order to sim-
plify the AC loss calculation of two parts in the period, the 
part between 0 and Bmax is positive field, and the other part 
between Bmin and 0 is negative field (as indicated in Figure 1). 
Dealing with two parts separately and adding energy of 
each cycle, the accurate AC loss in entire cycle can be ob-
tained. 

The CICC structure of TFMC (toroidal field model coil) 
for the ITER magnet system is shown as Figure 2, which is 
made from Nb3Sn. From Figure 2 we can see the configura-
tion of the CICC. The first sub-cable contains three supercon- 

 

Figure 1  Schematic diagram of the magnetic field. 

 

Figure 2  Structure of CICC. 

ducting strands, the second sub-cable is made of 3 first sub- 
cables, in the third sub-cable there are 5 second sub-cables, 
the fourth sub-cable includes 4 third sub-cables, and 6 
fourth sub-cables form the cable. Finally, the cable that was 
embedded in the stainless steel conduit was transfigured 
into squared shape.  

4.2  AC loss calculation of CICC in ITER 

For the AC loss calculation of the CICC in ITER magnet 
system, assuming that the background field is superposition 
of harmonic excitation, the parameters model is established 
by the above description. In the model there are 13 concentric 
solenoid coils, including central solenoid coils (CS1-CS6), PF 
coils (PF1-PF6) and plasma produced in vacuum chamber.  

In the model, it is key to calculate all component contri-
butions of the coils in the magnet field. The background 
field caused by the jth coil at the position x in the CICC can 
be calculated in the following expression: 
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where Ncoils is the number of coils (it is 13 in the model).  
According to the magnet field of the solenoid, the aver-

age background field of harmonic excitation can be calcu-
lated as follows: 
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The background field of the CICC was only produced by 
the jth coil. Once the background field is gotten, the change 
field Bj of the CICC can be obtained with eq. (24), which 
is produced by current changing and linear superposition of 
the jth coil. 

 
_

| ( )|d .
i

j
ijj j j j j

V
i

B x x I I
V


     T T  (24) 

The weight factor j is related to change of mean field for 
the AC loss calculation. In the expression of loss, especially 
for the case that the hysteresis loss is not always linear, the 
average magnet field power will be considered. 

There are two methods to calculate AC loss. The first one 
is the spectrum algorithm, where the total AC loss can be 
obtained by calculating each harmonic field and cumulat- 
ing contribution of each frequency with the formulas in 
Section 2.2. The second one is traditional algorithm in Sec- 
tions 1.2 and 1.3. The hysteresis loss and coupling loss also 
can be obtained by integral with instantaneous loss power. 
The hysteresis loss power can be expressed as follows: 

 H C e

2 d
.

3 d
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 (25) 

The expression of the coupling loss and total loss can be 
written in eqs. (26) and (27). 
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 Pq = Hq + Cq . (27) 

The AC loss calculation of the spectrum algorithm and 
the traditional algorithm is shown in Figure 3. 

From Figure 3, it can be seen that the value of the AC 
loss power with spectrum algorithm is smaller than that of 
traditional algorithm. In general, the value of the AC loss 
power by the experimental measurements is smaller than 
that of traditional algorithm. Therefore, the spectrum algo-
rithm value is close to the engineering value. In the case of 
low frequency, there is an obvious difference between the  

 

 

Figure 3  Comparison of AC loss with two algorithms. 

traditional algorithm and spectrum algorithm. However, at 
high frequency, for the fast excitation, especially plasma 
discharge and burst, the spectrum algorithm and the tradi-
tional algorithm are consistent. 

4.3  Relative error calculation and analysis of Fourier 
component with simple field 

Based on the above calculation, the error evaluation of the 
AC loss is given with the simple spectrum components by 
Fourier component linear superposition for the purpose of 
the expected error limits being given in the worst case.  

For the measurement and analysis, the field perpendicu-
lar to the conductor is adopted by eq. (28): 

 1 2
1 2sin(2 ) sin(2 ).

2 2

B B
B f t f t  
      (28) 

It is composed of two harmonic functions, whose ampli-
tude is arbitrary. However, the frequency ratio f1/f2 is an 
integer, and the cycle integer multiple of the smaller fre-
quency is their period. For the given frequency, the coeffi-
cient of DFT is equal to B1/2 or 2

2 /2B . The relationship 

between the spectrum signal and its discrete Fourier trans-
form is shown in Figure 4. 

For solving the relationship of DFT with the different 
frequencies, it is required to obtain the desired amplitude of 
magnet field with algebraic addition and subtraction, by 
which the overlay spectrum can be produced. 

 

 

Figure 4  DFT of simple field and the frequency of the signal. 
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The experimental data, in a relatively wide parameters 
area of amplitude, frequency and the phase angle, are ana-
lyzed. According to the changes of harmonic excitation 
field ratio and frequency ratio and phase angle, the error is 
discussed,  

The relative error is expressed as follows with discrete 
Fourier components by the spectrum formula and the tradi-
tional formula. 

 P
.Error f

f

q q

q



 (29) 

For the hysteresis loss and coupling loss, it is found that 
the relative error of coupling loss is cumulative linearly, 
where the shielding effect is ignored. Estimate of each 
component is equal to the sum of all signals corresponding 
to the time integral of power, which directly results from 
Fourier series features. It is conserved for energy in domain 
of time and frequency  

For the hysteresis loss, it is not always linear. When fre-
quency ratio f1/f2=2 and phase angle =0° or =90°, the 
relative error ratio changing with the harmonic field ampli-
tude is shown in Figure 5. It can be seen that hysteresis loss 
was estimated better for the larger or smaller amplitude ra-
tio. For the middle of the amplitude ratio, in particular, 0.1 
<B1/B2<10, the relative error is larger (hysteresis loss is 
overestimated by Fourier restructuring). When the phase 
angle is 90°, the worst case appears, where the peak of rela-
tive error is about 40%. 

The relative error as the function of the phase angle is 
shown in Figure 6. When the amplitude ratio B1/B2= 0.75 
and frequency ratio f1/f2=1, the relative error fluctuates be-
tween 20% and 35%. It can be observed that the relative 
error is affected by the phase angle. In this range, the dif-
ference of the relative error is relatively small, which is less 
than 15%. 

The impact of harmonic frequency is shown in Figure 7. 
Given the condition of B1/B2=0.75 and difference of 
phase angle is 90°, the relative error becomes the function 
of frequency ratio in the range of 0.1−10. In this region, the 
relative error decreases with the increase of the frequency 
ratio. For the large frequency ratio, the component charac- 

 

 

Figure 5  Relative error changes with amplitude ratio 

 

Figure 6  Relative error changes with phase angle. 

 

Figure 7  Relative error changes with frequency ratio. 

teristics of loss can be distinguished clearly. So, the satis-
factory results of Fourier restructuring can be gotten. 

5  Conclusion 

By the simplified model of the AC loss calculation, a quick 
estimating AC loss method of the CICC in ITER magnet 
system is put forward, which can obtain the total AC loss 
based on calculation of each component with Fourier de-
composition in the excitation magnet field and all frequency 
contributions associated with the given current. 

By the analysis of simulation, it is found that the AC loss 
calculation of the CICC with spectrum algorithm is close to 
the actual project value. For the case of low frequencies, 
there is a large difference between spectrum algorithm and 
traditional algorithm. For the fast excitation, especially 
plasma discharge and burst, the spectrum algorithm and the 
traditional algorithm are consistent. 

For the relative error calculation of hysteresis loss and 
coupling loss, it is found that the coupling loss is cumula-
tive linearly, and the hysteresis loss is not entirely so. The 
relative error changes with the amplitude ratio, and is less 
than 40%. The relative error, as function of phase angle, is 
fluctuates between 20% and 35%. The relative error de-
creases with the increase of the frequency ratio, for the lar-
ger frequency ratio, the satisfactory results of Fourier re-
structuring can be gotten. 
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The method to estimate the AC loss of the CICC can be 
quickly gotten based on the analysis expression of Fourier 
restructuring in the excitation field. In the model, the AC 
loss calculation is related to calibration of amplitude and 
frequency. The method not only can better estimate the total 
AC loss, but also can analyze the contribution of each 
component in the conductor, and the model can optimize 
and control the plasma position and shape rapidly. 
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