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ABSTRACT Current is no longer sinusoidal in modern electric networks because of widespread use of
power electronic-based equipments and nonlinear loads. Usually AC loss is calculated for pure sinusoidal
current, while it is no longer accurate when current is nonsinusoidal. On the other hand, efficiency of cooling
system in large scale power devices is dependent on accurate estimation and prediction of the heat load
caused by AC loss in design stage. Therefore, estimation of nonsinusoidal AC loss of high temperature
superconducting (HTS) material would be of great interest for designers of large-scale superconducting
devices. In this paper, at first nonsinusoidal AC loss of a typical HTS tape was calculated under distorted
currents using H-formulation finite element method. Then, a range of artificial intelligence (AI) models
were implemented to predict AC loss of a typical HTS tape. In order to find the best and more adaptive AI
model for nonsinusoidal AC loss prediction, different regression models are evaluated using Support Vector
Machine regression model, Generalized Linear regression model, Decision Tree regression model, Feed
Forward Neural Network based model, Adaptive Neuro Fuzzy Inference System based model, and Radial
Basis Function Neural Network (RBFNN) based model. In order to evaluate robustness of developed models
cross-validation technique is implemented on experimental data. To compare the performance of different
AI models, four prediction measures were used: Theil’s U coefficients (U_Accuracy and U_Quality), Root
Mean Square Error (RMSE) and Regression value (R-value). Obtained results show that best performance
belongs to RBFNN based model and then ANFIS based model. U coefficients and RMSE values are obtained
less than 0.005 and R-Value is become close to one by using RBFNN based model for testing data, which
indicates high accuracy prediction performance.
INDEX TERMS AC loss, artificial intelligence, artificial neural network, current harmonics, HTS tape, loss
prediction, numerical calculation, superconductivity.
I. INTRODUCTION

Transport AC loss of high temperature superconducting (HTS) material is one of the most important factors
together with carrying current level to design HTS transformers, superconducting magnetic energy storage, HTS cables,
and superconducting fault current limiters for power grid
applications. The total loss and efficiency of superconducting
coils of such large-scale power devices is key parameter
The associate editor coordinating the review of this manuscript and
approving it for publication was Behnam Mohammadi-Ivatloo
VOLUME 8, 2020

.

for network performance [1], [2]. Modern power network
suffers from pollution by voltage and current harmonics due
to widespread use of switching and speed control devices,
non-linear loads, and lighting control systems [3], [4]. Thus,
current in the power grid is no longer sinusoidal, and exhibits
a distorted waveform. Therefore, it is vital to estimate precise
nonsinusoidal AC loss in any HTS device prior to fabrication
and installation, e.g. in design stage.
Some papers in literature studied the effect of nonsinusoidal transport current AC loss on HTS tape, coil, winding, or even in component level using analytical, numerical
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or experimental approaches [5]–[14]. Most of the research
works in this field only considered an arbitrary distorted
current waveform such as saw-tooth, square-shape, and triangular, instead of study the effect of each individual harmonic
orders on the value of AC loss. The accurate calculation
and prediction of nonsinusoidal AC loss is essential for any
large-scale power applications, since the thermal stability and
performance of cooling system absolutely depends on the
value of AC loss as core heat load depends on the loading.
Artificial intelligence (AI) based methods are recently
implemented in many different engineering problems. But
application of AI models in applied superconductivity problems is certainly overlooked and has not been very popular.
For example, artificial neural network (ANN) is an AI based
method to solve complex problems such as data regression,
classification, or clustering. ANN needs to be trained with
data in order to be able to act as estimators and accurately
model/represent the data pattern/behavior. ANN has a great
potential to be used for solving applied superconductivity
problems.
In [15], an analytical equation combined with ANN was
linked to a finite element (FE) model in order to predict
a semi-analytical formula for the calculation of AC loss
of round wires under pure sinusoidal transport current in
a fully superconducting rotating machine. The drawback of
the proposed work is its complexity, as well as the need for
simultaneous and couple working of ANN estimator with FE
software. It makes this method slow and not robust enough,
because any bug in the estimator side would feed the wrong
information to the slow solving FE model. In [16], ANN was
used to estimate AC losses of an HTS SMES for thermal
stability studies. Firstly, the AC loss were calculated with a
multi-scale model in FE software, and then back propagation
ANN was implemented in MATLAB to estimate the loss.
The current of the SMES was pure sinusoidal current. Results
shown that the proposed simple back propagation ANN have
between 2.5% to 15% error in estimation. In [17], ANN was
used to design a MRI coil with complicated geometry. Using
ANN, the design solving process got fast, and its accuracy
increased. Still considering some of the parameters in the
modeling process to achieve such high accuracy would be
exhaustive. In [18], ANN was implemented in thermal design
of a transient model for the ITER facility magnet, in order
to predict the heat from the magnet to the liquid helium
bath load caused by AC loss during plasma operation. The
traditional calculation method for such study is exhaustively
time consuming, thus, researchers decided to have incredibly
faster estimation by giving up about 10% of accuracy.
There is a great potential to make AI involved in processing
and estimating AC loss for superconductors, due to the highly
nonlinear behavior of the HTS materials which makes FE
solving process very slow, as well as expensive price and
brittle nature of the HTS materials which make the experimental study very risky. Up to date, there is no literature
on application of AI for nonsinusoidal AC loss predicting
of HTS tapes. In this paper, firstly a 2D FE model was
207288

TABLE 1. Specifications of HTS coated conductor.

established in COMSOL Multiphysics to calculate AC loss
of a typical HTS tape under current harmonics, with different
amplitude, phase angles and harmonic contents to produce
enough data for AI models. Secondly, in order to reduce the
long computation time of the FE model, as well as complexity
of having a harmonic order dependent FE model for AC
loss under nonsinusoidal current, AI models including an
ANN model were used to predict the nonsinusoidal AC loss
for different harmonics. The proposed method is incredibly
fast and accurate. The findings of the paper including the
proposed best accurate model, will open the door for future
online AC loss estimation for HTS electric machines.
II. AC LOSS OF HTS TAPE UNDER NONSINUSOIDAL
CURRENT

Knowledge of AC loss in an HTS tape is critical for technical
and economical design of any large-scale superconducting
power network devices. Since, it is not only dictating the
efficiency of the device, but also the size of it, as well as
efficiency of cooling system. Therefore, prediction of AC loss
in design stage under nonsinusoidal current is crucial. On the
other hand, usually AC loss measurement or calculation is
offline and could be done on a piece of short sample, or a
device but under experimental set up; whilst using AI based
models helps to estimate loss under any new excitation during
the operating condition of superconducting devices.
In this paper, the H formulation FE modelling method is
used to calculate nonsinusoidal AC losses of a typical HTS
tape under different distorted currents at different THDs, carrying current levels, harmonic orders, and phase angles. The
parameters of the understudied tape were listed in Table 1.
There are two independent variables in FE model, H = [Hx ,
Hy ]T , where Hx and Hy are magnetic field components.
The E-J power law (1) was used to express the nonlinear
relation of electric field E and current density J in superconducting layer, as follows [5]:


 
n−1
E J = E0 Jc (B) J Jc (B)
(1)
where E0 = 1 µV/cm, and n = 25 is the power law constant derived from V-I characteristic, and Jc (B) is critical
current density dependent on external magnetic field, here
a modified Kim model was adopted, as expressed in (2).
Jc0 is the self-field critical current density. The k, α, and
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B0 are curve fitting parameters as 0.41, 0.24, and 41 mT,
respectively [8], [19].


 . −α
Jc (B) = Jc0 1 + k 2 B2x + B2y
B20
(2)
∂(µ0 µr H)/∂t + ∇ × (ρ∇×H) = 0
(3)
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Transport current at any time, It , was given by the integration of current density at corresponding time, J (t), on the
cross-section area  of superconducting layer, as shown
in (5):
Z
It = J (t)d
(5)


Transport AC loss of superconducting tape, with unit of
J /m/cycle, can be calculated by (6):
ZT Z
Q= 2

E · Jddt

(6)

T /2 

where T is the fundamental period of one cycle of applied
current.
In this paper, THD was defined to denote distortion of
transport current by each harmonic current component (Ihk )
with respect to fundamental harmonic (Ih1 ), as follows:
THDk % = (Ihk /Ih1 ) × 100
Ih1 = im · Ic

(7)
(8)

where k is the order of current harmonic, k = {3, 5, 7};
and THDk = {10%, 20%, 30%, 40%, and 50%}. Ic is the
critical current of tape; and im = {20%, 30%, 40%, and 50%}.
It is worthy to point out that the THD of distorted current in
simulations, reasonably covers the THDs of both industrial
and domestic nonlinear loads in real world applications.
In this paper, ϕk denotes the phase angle of applied nonsinusoidal current. In order to study the effect of phase angle of
current harmonics on AC loss in HTS tape, we always keep
the phase angle of fundamental current ϕ1 as 0, whilst varying
phase angle ϕk of each harmonic current from 0 to 2π (i.e.,
0◦ to 360◦ ) by 10◦ steps.
The nonsinusoidal current, inonsin (t) is formulated as
follows:
inonsin (t) = Ih1 sin (2πft +ϕ1 )+T HDk Ih1 sin (2πkft +ϕk )
(9)
where f is frequency of fundamental current, in this paper
f = 50 Hz.
The nonsinusoidal AC losses of the understudied HTS tape
were calculated using H-formulation in COMSOL Multiphysics, and illustrated in Fig. 1. In Fig. 1(a), to Fig.1(c),
VOLUME 8, 2020

FIGURE 1. Nonsinusoidal AC loss in HTS tape carrying harmonic current
components at different phase angles and different Ih1 /Ic ranges from
0.1 to 0.5. (a) carrying the 3rd harmonic. (b) carrying the 5th harmonic.
(c) carrying the 7h harmonic.

nonsinusoidal AC losses for 3rd , 5th , and 7th harmonics
were shown in 3D view versus phase angle of harmonics
(ϕk ), as well as current carrying level (im ). As it is depicted
in Fig. 1, nonsinusoidal AC losses drastically increased in
higher im , but the peak of AC loss occurs at different phase
angles for different harmonic orders; i.e. maximum AC loss
for 3rd and 7th harmonic occurs at 180◦ , whilst in case of 5th
harmonic it occurs at 0◦ . Therefore, nonsinusoidal AC loss
profiles are varying quite differently with phase angle and
carrying current level. On the other hand, AC loss is much
higher at higher THDs. The peak of AC loss increases with
THD following a power law trend.
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Now, we use these AC loss data points which are calculated
in this section as an input (training and testing) and also
validation data for next section to be implemented in AI based
models for predicting nonsinusoidal AC loss.
III. IMPLEMENTATION OF ARTIFICIAL
INTELLIGENCE-BASED MODELS

The main purpose of this paper is to predict AC loss in
HTS tapes while carrying nonsinusoidal current using AI
based models. Different regression models such as mathematical and Computational Intelligence (CI) based models could be implemented. Many models were introduced
for regression problems in literatures, but they have not
been applied for superconducting problems, so it would be
necessary to evaluate them to find the best model for AC
loss prediction. Therefore, Support Vector Machine (SVM)
regression model, Generalized Linear (GL) regression model,
Decision Tree (DT) regression model, Feed Forward Neural Network (FFNN) based model with three hidden layers
and Adaptive Neuro Fuzzy Inference System (ANFIS) based
model and RBFNN based model were considered to find
more adaptive and precise one to accurately predict AC losses
of a typical HTS tape. Note that GL and DT models are
mathematical based regression models while SVM, FNN,
ANFIS and RBFNN models are CI based regression models.
A. OVERVIEW OF REGRESSION MODELS
1) GENERALIZED LINEAR REGRESSION MODEL

Simplest choice for modelling linear relationship between a
response and predictive term is LR model. Since most of the
physical phenomena are non-linear, it is impossible to simply
solve them by LR, therefore it is necessary to improve LR
performance by nonlinear parameters. LR can be generalized
by using gamma distribution. The equations (10) and (11)
show the LR and GLR [20].
µ = b×X
µ−1 = b × X

(10)
(11)

where, vector b defines coefficients of linear combination
of the predictors X. The µ is the mean value of the normal
distribution which is used for LR.
2) DECISION TREE REGRESSION MODEL

The DTR model works based on a tree structure. Important
components of a DT are root node, decision node, leaf node,
splitting and pruning. DT structure is plotted upside down,
DT starts by a root nod, in the next levels nodes are split into
one or more child nodes which is called decision node. Leaf
nodes or Terminal nodes are the last nodes in the DT structure.
In the DTR, the mean value of the training data is assigned
to the leaf nodes. When test data falls into the tree, its output
is predicted by mean values [21].
3) SUPPORT VECTOR MACHINE REGRESSION MODEL

The SVM is basically a collection of set of hyper-planes
in high dimensional space. SVM maps input data to higher
207290

FIGURE 2. A typical regression of SVMR for training data.

dimension to increase separability of features between classes
or data space. Main concept of SVM is to increase functional margin between hyper-plane and the nearest training
data. SVM was introduced for solving complex classification
problems, but it can also be applied for regression problems.
Support Vector Machine Regression (SVMR) is based on the
SVM’s concepts and principles with some little changes in
calculation of cost function. In the case of prediction (regression) the most important thing is to find a function that maps
input data close to real numbers.
Fig. 2 shows that points should be approximate within the
decision boundary lines for good prediction. Red lines are the
decision boundaries and blue line is the hyperplane that fits
to the training data. The goal of SVMR is to minimize errors
(ζ and ε) and close decision boundary to the hyperplane.
Equation (12) shows the cost function of SVMR which should
be minimized with constraints g(xi) - wxi – b ≤ ε + ζ i and
wxi + b – g(xi) ≤ ε + ζ i∗ to find best regression model of
the problem. To minimize:
XN

1
kwk2 + C
ζi + ζi∗
(12)
i=1
2
where, w is a weight vector for the model, ζi and ζi∗ are
positive marginal values and C is controlling parameter. One
the most important controlling parameters which can help
to find better solution space for prediction and find more
adaptive hyperplanes is kernel. Kernel maps solution space
into higher dimensions linearly or non-linearly and could be
based on linear, Gaussian, or Polynomial functions.
4) FEED FORWARD NEURAL NETWORK BASED MODEL

The CI based methods usually find the best solution based on
an iterative algorithm for finding the optimum value of cost
function. In regression problems, cost function is similarity
between real output (which is called target) and output of
the algorithm (which is called predicted value). Artificial
Neural Network (ANN) based methods show their abilities
to develop reliable and accurate model to solve non-linear
and complex problems in literatures [22]–[25]. One of the
basic architectures of ANN is feed forward structure. As it
can be seen in Fig. 3, Feed Forward Neural Network (FFNN)
includes input layer, hidden layers, and an output layer. Each
VOLUME 8, 2020
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FIGURE 3. A typical structure of Feed Forward NN with two hidden layers.

FIGURE 5. A simple frame of RBFNN.

6) RADIAL BASIS FUNCTION NEURAL NETWORK (RBFNN)

FIGURE 4. Typical structure of ANFIS [27].

layer consists of neurons which are connected to neurons of
the next layer by synaptic weights [22]. Equation (13) shows
the relation between output and the structure of FFNN.
XJ = g(WIJ XI )

(13)

where, XI and XJ are the data in I th and J th layers that J=I+1,
WIJ is synaptic weight matrix between I th and J th layers and
‘‘g’’ is called activation or transfer function that could be
either a linear or non-linear function.
5) ADAPTIVE NEURO FUZZY INFERENCE SYSTEM BASED
MODEL

Another CI method that shows very promising performance
is Fuzzy logic [26]. Fuzzy logic-based methods work based
on human observation and not based on crisp values, so they
are able to consider vagueness and imprecision of data.
Developing optimum model for a complex problem is so
exhaustive and it needs full knowledge about the physics,
technology, and engineering of problem. Therefore, Adaptive Neuro Fuzzy Inference System known as ANFIS was
introduced to automatically generate fuzzy set by using ANN
structure. As Fig. 4 shows ANFIS includes five layers. At first
layer, membership functions are determined for input values
which is called Fuzzification layer. In the second layer that is
called Rule layer, firing strength of the rules that are generated
based on the first layer are predicted. The third layer normalizes the output of previous layer. At next layer, defuzzification
procedure is done for the last layer which returns the final
predicted value.
VOLUME 8, 2020

Although most of the aforementioned CI methods show
promising results, choosing the best one depends on database.
The most important advantage and disadvantage of
RBFNN are as follows:
• Advantage: Due to linear mapping from hidden layer
to output layer, RBFNN doesn’t trap into local minima.
By this linearity, error surface becomes quadratic and
therefore just has a single minimum.
• Disadvantage: Determining useful RBF centers are
extremely depends on the distribution of input data.
Therefore, RBFNN can present reliable outputs whenever experimental results are extracted by proper sampling rate.
The Main concept of the RBFNN is to assign input data to
closest and most similar training center. RBFNN consists of
functions which are based on Gaussian function and so-called
Radial Basis Function (RBF). As shown in Fig. 5, RBFNN
includes three layers. First layer is input layer and accept the
input data. In the second layer, input data is mapped onto
hidden layer. Each neuron in this layer is an RBF with a center
and a radius (also called spread). Equation (14) shows the
formulation of RBF. Center is determined during training step
by a learning method but radius should be determined based
on the knowledge of database.
!
(x − c)2
h (x) = exp −
(14)
r2
where, c and r are center (µ) and radius (Spread), respectively.
The most important variables in RBFNN is its weights. The
Euclidean distance between the new point and the center of
each neuron is calculated and then RBF is applied to the distance to generate the weight or in other words, the influence
of each neuron in output layer. Third layer is summation layer,
it means that the output of neurons in hidden layer which are
multiplied by their associated weights are added together to
be presented as an output.
IV. AC LOSS PREDICTION: RESULTS AND DISCUSSIONS

In this paper, in order to develop AI based models for predicting AC loss of HTS tape under nonsinusoidal current, amplitude, phase angle, and total harmonic distortion of current
harmonics are considered as input variables. For each order
of harmonics (the 3rd , the 5th , and the 7th ), 1110 experimental
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data are extracted based on the variation of input variables,
therefore 3330 experimental data are available for developing
AI based prediction models.
In this section, 5-fold cross-validation technique is used
to evaluate and validate the robustness of the proposed prediction models; therefore, all results are reported based on
the average values with their standard deviation. For each
harmonic order (the 3rd , the 5th , and the 7th ), 1110 experimental data are partitioned into 5 equal sized subsamples.
In each repetition of cross-validation, one subsample is used
as testing data, one subsample is used as validating data and
remained data are used as training data. The main purpose
of this paper is to develop an AI based model to predict AC
loss by using amplitude of harmonic current, phase angle of
harmonic current, and its THD. The range of these variables
are not same and in order to have the best training process,
it is necessary to normalize them in a same range. Therefore,
Min-Max normalization based on Equation (15) is used to
normalize all data into the range of zero to one.
(D − Dmin )
(15)
Normalized data =
(Dmax − Dmin )
where, D is input data, Dmin and Dmax are minimum and
maximum value of training data. Also, in order to evaluate forecast performance of developed model four prediction measures are used: Theil’s U coefficients (U_Accuracy
and U_Quality) [28], Root Mean Square Error (RMSE) and
Regression value (R-value). Uncertainty entropy coefficients
also called Theil’s U coefficients which is based on the information entropy concept are used for evaluating the similarity
between predicted and target (actual) values. Equations (16)
and (17) show Theil’s U accuracy and quality coefficients,
respectively. The RMSE which is shown in equation (18)
represents the square root of the difference between the original and predicted values of AC loss extracted by squared
the average difference over the data set. In addition, final
evaluation of proposed method for testing data are done by
R-value. As equation (19) shows coefficient of determination
or R-value represents the coefficient of how well the values
fit compared to the original values.

TABLE 2. Sensitivity analysis of model type for GLR based models for 3
rd , 5th , and 7th harmonics. Bold values are the best in each harmonic.

U _Accuracy
q
Pn

Generalized Linear Regression (GLR) has two main controlling parameters, model specification and distribution function. Model specification (type) helps to find and select best
functional form for a statistical model and determine which
variables could be included. Most well-known model specifications are ’Constant’, ’Linear’, ’Quadratic’, and ’Interaction’. Another parameter is distribution of variables which
can be ’Normal’, ’Poisson’, ’Gamma’, and ’Inverse Gaussian’. As it can be seen in Tables 2 and 3, best model specification for all harmonics is ’Quadratic’ and by using this
model type best distribution is ’Poisson’.

Target i − Predicted i
q
2
Pn
i=1 Target i

i=1

=

2
(16)

U _Quality
q
=q P
n
1
n

1
n

i=1

2
Target i − Predicted i
2 q P
Target i + 1n ni=1 (Predicted i )2

Pn

i=1

(17)

RMSEr

2
1 Xn
Target i − Predicted i
i=1
n
R − value
2
Pn
i=1 Target i − Predicted i
=1− P
2
n
i=1 Target i − mean
=
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TABLE 3. Sensitivity analysis of variables’ distribution for GLR based
models for 3rd , 5th , and 7th harmonics. Bold values are the best in each
harmonic.

where, Targets are true values, Predicted are estimated values,
mean is average of true values and ‘‘n’’ is the number of
training data. It should be mentioned that target value for
Theil’s U coefficients and RMSE is zero and for R-value
is one.
A. SENSITIVITY ANALYSIS OF THE PROPOSED AI BASED
MODELS

The main goal of this paper is to find best and adaptive model
for predicting AC loss of superconductors under nonsinusoidal currents, therefore, each model is justified in its best
performance. In each repetition of cross-validation process,
models are trained by training data and then, trained model
is evaluated by validating data and U_Accuracy as prediction
measure for all the harmonics. All obtained results are shown
based on the average of U_Accuracy values for five separated
runs and their standard deviation.
1) GLR BASED MODEL

(18)
2) DTR BASED MODEL

(19)

Using best algorithm for selecting the best split predictor at
each node of the tree, plays an important role for the DTR performance. Obtained results which are shown in Table 4 prove
VOLUME 8, 2020
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TABLE 4. Sensitivity analysis of predictor algorithm for DTR based models
for 3rd , 5th , and 7th harmonics. Bold values are the best in each harmonic.

TABLE 7. Sensitivity analysis of the type of membership function for
FFNN based models for 3rd , 5th , and 7th harmonics. Bold values are the
best in each harmonic.

TABLE 5. Sensitivity analysis of Kernel type for SVMR based models for
3rd , 5th , and 7th harmonics. Bold values are the best in each harmonic.

TABLE 6. Sensitivity analysis of the type of activation function for FFNN
based models for 3rd , 5th , and 7th harmonics. Bold values are the best in
each harmonic.

FIGURE 6. Sensitivity analysis of the number of hidden layers for FFNN
based models for 3rd , 5th , and 7th harmonics.

that using ’All splits’ algorithm will lead to better performance in comparison with ’curvature’ and ’interaction’ algorithms. By using ’All splits’ algorithm, all possible splits are
considered as predictor and it helps to search all solution
space.
3) SVMR BASED MODEL

One of the most important advantage of SVMR is using
Kernel. It can map feature space into higher dimension and
helps regression model to find more adaptive space to the
target values. Most common used Kernels for SVMR are
’Gaussian’, ’Linear’, and ’Polynomial’ types. According to
the obtained results in Table 5, Gaussian and Polynomial
kernels present similar performance, but in the most of the
harmonics ’Polynomial’ kernel is better than other kernels.
4) FFNN BASED MODEL

Two main parameters of FFNN structure are number of hidden layers and Activation Function (AF) which is applied
on each neuron in the layers. In order to find proper AF,
at first FFNN is initialized with one hidden layer consisted
of 3 neurons. Table 6 shows that best performance could be
obtained by using ’Logarithm sigmoid’ AF.
Then, sensitivity analysis has been done on the number
of layers by using ’Logarithm sigmoid’ AF for all neurons.
VOLUME 8, 2020

FIGURE 7. A sample of finding the best spread value for the proposed
RBF model.

Fig. 6 shows that best performance could be achieved by
increasing the number of hidden layers. In other hand, computational cost will be increased by the structure deepens,
while results are not changed significantly. Therefore, best
structure could be obtained by four hidden layers.
5) ANFIS BASED MODEL

It is absolutely important in any Fuzzy sets to use Membership Functions (MFs) most adaptive to the nature of data
and the solution space. It helps the rules of Fuzzy sets to
207293
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TABLE 8. Individual proposed models for 3rd , 5th , and 7th harmonics.

TABLE 10. Obtained results for testing data by using proposed AI models
for 3rd, 5th , and 7th harmonics.

TABLE 9. Obtained results for training data by using proposed AI models
for 3rd, 5th , and 7th harmonics.

cover all possible events. Table 7 shows that ’Gaussian’ and
’Generalized bell-shaped’ MFs are the best options for this
research work. By using ’Gaussian’ MF, lowest value of
U_Accuracy can be obtained, while low value of U_Accuracy
with least value of standard deviation can be achieved by
using ’Generalized bell-shaped’ MF.
6) RBFNN BASED MODEL

As mentioned in section (III.A.6.) the most important parameter for RBFNN is spread of radial basis function. In each
repetition of cross-validation, proper spread value has been
found by seeking from 0.001 to 5. As it can be seen in Fig. 7
which is one of the variations of the spread value for validating data for 5th harmonic, best spread value is 0.8. Sensitivity
analysis on spread value as presented in Table 8 shows that
best performance of RBFNN could be achieved when the
spread value is considered in the range of 0.5 to 1.
B. NONSINUSOIDAL AC LOSS PREDICTION FOR
SPECIFIED HARMONIC ORDER

According to the results of sensitivity analysis process, best
parameters are considered for AI models. In this step, in order
to evaluate proposed AI models, 5-fold cross-validation technique is used. In each repetition, models are trained by training data and then, performance of trained model is evaluated
using testing data. Evaluations are done based on four prediction measures which are presented in equations (16) to (19).
207294

FIGURE 8. Fitted predicted values versus Targets.

Table 9 and 10 show the performance of proposed models
for training and testing data in the 3rd , the 5th , and the 7th harmonics, respectively. Obtained results for training data show
that ANFIS and RBF based models present best performance.
Although, the performance of these two models are so similar
but according to the obtained results for testing data RBF
based model shows better performance.
C. A GENERAL AI BASED MODEL FOR ALL HARMONIC
ORDERS

Obtained results for testing data show that RBF based model
is very accurate and reliable. Therefore, in this section to
achieve final goal of this paper which is to introduce a general
model to predict nonsinusoidal AC loss of HTS tape under
different current harmonics, RBF based model is introduced.
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FIGURE 9. Comparison between proposed RBF based model and other AI based model according to U_Accuracy measure.

TABLE 11. Obtained results for evaluating RBF based models for all
experimental testing data.

Same as previous sections, cross-validation is used
to evaluate prediction performance of proposed model.
All 3330 experimental data are partitioned into five equal
sized subsamples. In this step, order of harmonic is considered as input variable in addition to three mentioned variables,
therefore, four input variables are used to develop RBF based
model.
According to the sensitivity analysis spread value is considered as 0.5. Table 11 shows the performance of proposed
model based on four measure factors and Fig. 8 presents the
regression results for testing data in one repetition of crossvalidation.
Obtained results for RBF based model show that
U_Accuracy, U_Quality and RMSE are close to zero and
R_Value is one. In addition, Fig. 9 which is based on
U_Accuracy measure illustrates that RBF based model is
accurate and reliable in comparison with other AI based
models. According to Fig. 9 performance of DTR-, FFNN, ANFIS- and RBF based models are so promising. Among
them best performance is belong to RBF, while ANFIS is so
close to it. FFNN based model has acceptable average value
but its standard deviation is not good enough.
V. CONCLUSION

Application of artificial intelligence in applied superconductivity is certainly overlooked. In this paper, several artificial
VOLUME 8, 2020

intelligence-based models and approaches were introduced
and implemented for predicting AC loss of a typical HTS
tape. For this purpose, nonsinusoidal AC losses of the
tape were modeled using finite element method based on
H-formulation in COMSOL Multiphysics. Three main orders
of current harmonics i.e. 3rd , 5th and 7th orders were considered to distort the transport current. Amplitude, phase
angle, and total harmonic distortion of current harmonics
were considered as study parameters.
Six deferent AI based models are considered to find more
adaptive and robust prediction model, which are Support
Vector Machine (SVM) regression model, Generalized Linear (GL) regression model, Decision Tree (DT) regression
model, Feed Forward Neural Network (FFNN) based model
with three hidden layer and Adaptive Neuro Fuzzy Inference
System (ANFIS) based model and RBFNN based model. For
each harmonic order, sensitivity analysis has been done to
find best controlling parameters for AI based models. Trained
models are tested for 3rd , 5th and 7th orders and also for all
harmonic orders condition.
Our investigations based on obtained results for training and testing data with cross-validation technique show
that best prediction performance is belong to RBFNN.
RBFNN based model presents less than 0.001 and 0.005
U_Accuracy value for training and testing data, respectively.
Also, R_Value for both of them is close to one. After RBFNN,
ANFIS based model could be a good choice for predicting AC
loss with less than 0.009 U_Accuracy value.
The AI-based models presented and implemented in this
paper, open new doors for introducing and using them in the
field of applied superconductivity. In addition, the optimal
model of this paper will enable online loss prediction of HTS
coils and windings in superconducting rotating machine of
future electric aircrafts.
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The future work is to use fuzzy logic/system for setting
a smart system capable of predicting the AC loss of HTS
rotating machine while nonsinusoidal current is a spectrum
of 20 harmonic components. This proposed fuzzy model will
be compared with the presented ANFIS and ANN models of
this paper from accuracy point of view. Note that fuzzy model
is an expert system, which not only needs data to be set, but
also need a deep knowledge of the problem/system as well.
REFERENCES
[1] D. H. N. Dias, G. G. Sotelo, F. J. M. Dias, L. M. M. Rocha, F. G. R. Matins,
F. Sass, and A. Polasek, ‘‘Characterization of a second generation HTS coil
for electrical power devices,’’ IEEE Trans. Appl. Supercond., vol. 25, no. 3,
pp. 1–4, Jun. 2015.
[2] M. Yazdani-Asrami, M. Staines, G. Sidorov, M. Davies, J. Bailey,
N. Allpress, N. Glasson, and S. Asghar Gholamian, ‘‘Fault current limiting
HTS transformer with extended fault withstand time,’’ Superconductor Sci.
Technol., vol. 32, no. 3, pp. 1–13, 2019.
[3] M. Yazdani-Asrami, M. Mirzaie, and A. A. S. Akmal, ‘‘No-load loss
calculation of distribution transformers supplied by nonsinusoidal voltage using three-dimensional finite element analysis,’’ Energy, vol. 50,
pp. 205–219, Feb. 2013.
[4] M. Yazdani-Asrami, M. Mirzaie, and A. A. S. Akmal, ‘‘Investigation on
impact of current harmonic contents on the distribution transformer losses
and remaining life,’’ in Proc. IEEE Int. Conf. Power Energy, Nov. 2010,
pp. 689–694.
[5] M. Yazdani-Asrami, W. Song, X. Pei, M. Zhang, and W. Yuan, ‘‘AC loss
characterization of HTS pancake and solenoid coils carrying nonsinusoidal currents,’’ IEEE Trans. Appl. Supercond., vol. 30, no. 5, pp. 1–9,
Aug. 2020.
[6] W. Song, J. Fang, Z. Jiang, M. Staines, and R. Badcock, ‘‘AC loss effect
of high-order harmonic currents in a single-phase 6.5 MVA HTS traction transformer,’’ IEEE Trans. Appl. Supercond., vol. 29, no. 5, pp. 1–5,
Aug. 2019.
[7] B. Shen, C. Li, J. Geng, Q. Dong, J. Ma, J. Gawith, K. Zhang, Z. Li, J. Chen,
W. Zhou, X. Li, J. Sheng, Z. Li, Z. Huang, J. Yang, and T. A. Coombs,
‘‘Power dissipation in the HTS coated conductor tapes and coils under
the action of different oscillating currents and fields,’’ IEEE Trans. Appl.
Supercond., vol. 29, no. 5, pp. 1–5, Aug. 2019.
[8] W. Song, J. Fang, and Z. Jiang, ‘‘Numerical AC loss analysis in HTS stack
carrying nonsinusoidal transport current,’’ IEEE Trans. Appl. Supercond.,
vol. 29, no. 2, pp. 1–5, Mar. 2019.
[9] B. Shen, C. Li, J. Geng, X. Zhang, J. Gawith, J. Ma, Y. Liu, F. Grilli, and
T. A. Coombs, ‘‘Power dissipation in HTS coated conductor coils under the
simultaneous action of AC and DC currents and fields,’’ Superconductor
Sci. Technol., vol. 31, no. 7, pp. 1–12, 2018.
[10] M. Yazdani-Asrami, S. A. Gholamian, S. M. Mirimani, and J. Adabi,
‘‘Calculation of AC magnetizing loss of ReBCO superconducting tapes
subjected to applied distorted magnetic fields,’’ J. Supercond. Novel Magn.,
vol. 31, no. 12, pp. 3875–3888, Dec. 2018.
[11] Z. Zhu, Y. Wang, S. Venuturumilli, J. Sheng, M. Zhang, and W. Yuan,
‘‘Influence of harmonic current on magnetization loss of a triaxial CORC
REBCO cable for hybrid electric aircraft,’’ IEEE Trans. Appl. Supercond.,
vol. 28, no. 4, pp. 1–5, Jun. 2018.
[12] B. J. H. de Bruyn, J. W. Jansen, and E. A. Lomonova, ‘‘AC losses in HTS
coils for high-frequency and nonsinusoidal currents,’’ Superconductor Sci.
Technol., vol. 30, no. 9, pp. 1–8, 2017.
[13] M. Tsuda, Y. Nakaide, D. Miyagi, and T. Hamajima, ‘‘Estimation method
of AC losses in HTS tape against a distorted current and/or a distorted magnetic field with harmonic components,’’ IEEE Trans. Appl. Supercond.,
vol. 25, no. 3, pp. 1–5, Jun. 2015.
[14] M. Spektor, V. Meerovich, V. Sokolovsky, and L. Prigozhin, ‘‘AC losses in
thin coated conductors under nonsinusoidal conditions,’’ Superconductor
Sci. Technol., vol. 25, no. 2, pp. 1–10, 2012.
[15] J. Leclerc, L. M. Hell, C. Lorin, and P. J. Masson, ‘‘Artificial neural
networks for AC losses prediction in superconducting round filaments,’’
Superconductor Sci. Technol., vol. 29, no. 6, pp. 1–10, 2016.
[16] Z. Zhang, L. Ren, Y. Xu, Z. Wang, Y. Xia, S. Liang, S. Yan, and Y. Tang,
‘‘AC loss prediction model of a 150 kJ HTS SMES based on multi-scale
model and artificial neural networks,’’ IEEE Trans. Magn., vol. 54, no. 11,
pp. 1–5, Nov. 2018.
207296

[17] H. Pan and G. X. Shen, ‘‘Application of artificial neural network methods
in HTS RF coil design for MRI,’’ Concepts Magn. Reson., vol. 18, no. 1,
pp. 9–14, Jul. 2003.
[18] L. S. Richard, R. Bonifetto, S. Carli, A. Froio, A. Foussat, and R. Zanino,
‘‘Artificial neural network (ANN) modeling of the pulsed heat load during
ITER CS magnet operation,’’ Cryogenics, vol. 63, pp. 231–240, Sep. 2014.
[19] W. Song, Z. Jiang, M. Staines, R. A. Badcock, S. C. Wimbush, J. Fang,
and J. Zhang, ‘‘Design of a single-phase 6.5 MVA/25 kV superconducting
traction transformer for the Chinese fuxing high-speed train,’’ Int. J. Electr.
Power Energy Syst., vol. 119, Jul. 2020, Art. no. 105956.
[20] R. H. Myers, D. C. Montgomery, G. G. Vining, and T. J. Robinson,
Generalized Linear Models: With Applications in Engineering and the
Sciences, 2nd ed. Hoboken, NJ, USA: Wiley, 2010.
[21] Q. Ding, ‘‘Long-term load forecast using decision tree method,’’ in Proc.
IEEE PES Power Syst. Conf. Expo., Atlanta, GA, USA, Nov. 2006,
pp. 1541–1543.
[22] N. V. Motlagh and M. Taghipour-Gorjikolaie, ‘‘Comparison of heuristic
methods for developing optimized neural network based models to predict amphiphobic behavior of fluorosilica coated,’’ Surf. Coat. Technol.,
vol. 349, pp. 289–295, Sep. 2018.
[23] F. Jafarian, M. Taghipour, and H. Amirabadi, ‘‘Application of artificial neural network and optimization algorithms for optimizing surface roughness,
tool life and cutting forces in turning operation,’’ J. Mech. Sci. Technol.,
vol. 27, no. 5, pp. 1469–1477, May 2013.
[24] M. Yazdani-Asrami, M. Taghipour-Gorjikolaie, S. M. Razavi, and
S. A. Gholamian, ‘‘A novel intelligent protection system for power transformers considering possible electrical faults, inrush current, CT saturation and over-excitation,’’ Int. J. Electr. Power Energy Syst., vol. 64,
pp. 1129–1140, Jan. 2015.
[25] M. Taghipour-Gorjikolaie and N. V. Motlagh, ‘‘Predicting wettability
behavior of fluorosilica coated metal surface using optimum neural network,’’ Surf. Sci., vol. 668, pp. 47–53, Feb. 2018.
[26] N. V. Motlagh and M. Taghipour-Gorjikolaie, ‘‘Fuzzy based models for
estimating static contact angle and sliding angle of liquid drops,’’ Prog.
Organic Coat., vol. 119, pp. 183–193, Jun. 2018.
[27] A. M. Abdulshahed, A. P. Longstaff, and S. Fletcher, ‘‘The application
of ANFIS prediction models for thermal error compensation on CNC
machine tools,’’ Appl. Soft Comput., vol. 27, pp. 158–168, Feb. 2015.
[28] E. Z. Martinez, D. C. Aragon, and A. A. Nunes, ‘‘Short-term forecasting
of daily COVID-19 cases in Brazil by using the Holt’s model,’’ J. Brazilian
Soc. Tropical Med., vol. 53, pp. 1–5, Jun. 2020.

MOHAMMAD YAZDANI-ASRAMI (Member,
IEEE) received the Ph.D. degree in electrical
power engineering, in 2018.
He was a Visiting Researcher/Research Assistant on a superconducting machine project with
the Superconductivity Division, ENEA, Frascati,
Italy, in 2015. He also worked as a Research
Assistant on a project for design development
and fabrication of a fault tolerant superconducting
transformer with the Robinson Research Institute,
Victoria University of Wellington, New Zealand, from 2016 to 2017. He also
worked as a Project Engineer for testing electric machine and components with the University of Warwick, U.K. He is currently a Postdoctoral Research Associate with the Department of Electronic and Electrical
Engineering, University of Strathclyde, Glasgow, U.K. His research interests include applied superconductivity for large-scale power applications,
cryo-electrification for modern transportation systems, material characterization as well as AC loss calculation and measurement for HTS and
MgB2 tapes and wires, and design development of superconducting rotating
machine, transformers, fault current limiters, and cables.
VOLUME 8, 2020

M. Yazdani-Asrami et al.: Prediction of Nonsinusoidal AC Loss of Superconducting Tapes Using Artificial Intelligence-Based Models

MEHRAN TAGHIPOUR-GORJIKOLAIE received the B.Sc. degree in electrical engineering
from the University of Mazandaran, Iran, in 2008,
and the M.Sc. (Hons.) and Ph.D. degrees in electronic engineering from the University of Birjand,
Iran, in 2011 and 2016, respectively. From January
of 2015 to July of 2015, he worked with the PRA
Laboratory, Department of Electrical and Electronic Engineering, University of Cagliari, Italy,
as a Visiting Researcher of multimodal biometric systems. He is currently an Assistant Professor with the University of
Birjand. His research interests include application of pattern recognition,
machine learning, artificial intelligence and computational intelligence optimization algorithms, and biometrics medical image processing.

WENJUAN SONG (Member, IEEE) received the
M.Eng. and Ph.D. degrees in electrical engineering
from Beijing Jiaotong University (BJTU), China,
in 2015 and 2019, respectively.
She was a Visiting Researcher/Research Assistant with the Robinson Research Institute, Victoria
University of Wellington, New Zealand, for more
than two years, from 2016 to 2018. Since 2019, she
joined the Department of Electronic & Electrical
Engineering, University of Bath, as a Postdoctoral
Research Associate. Her research interests include electromagnetic analysis
for superconducting power applications, AC loss calculation and measurement of superconductors, and design and development of superconducting
fault current limiters and transformers.

VOLUME 8, 2020

MIN ZHANG (Member, IEEE) received the bachelor’s and master’s degrees in electrical engineering from Tsinghua University, and the Ph.D.
degree in engineering from the University of
Cambridge. She spent a year as a Junior Research
Fellow at the Newnham College, Cambridge, and
then joined the University of Bath as a Lecturer.
She joined the University of Strathclyde as a
Reader in 2018. She is currently a Research Fellow with the Royal Academy of Engineering. Her
research interests include the application of high temperature superconductors in power system transmission, renewable generation, and electric
transportation.
WEIJIA YUAN (Senior Member, IEEE) received
the bachelor’s degree from Tsinghua University,
in 2006, and the Ph.D. degree from the University
of Cambridge, in 2010.
He then became both a Research Associate
at the Department of Engineering, University of
Cambridge, and a Junior Research Fellow with
the Wolfson College, University of Cambridge,
from 2010 to 2011. He joined the University of
Bath as a Lecturer/Assistant Professor in 2011,
where he was later promoted to a Reader/Associate Professor in 2016.
He joined the University of Strathclyde as a Professor in 2018. He is currently
leading a Research Team in the area applied superconductivity, including
energy storage, fault current limiters, machines, and power transmission
lines. He has been working closely with industry partners on all electric
propulsion for future electric aircraft, designing a fully superconducting
system for aerospace application. His work also involves renewable energy
integration and power system stability using energy storage systems.

207297

