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Abstract— Since noise degrades the control precision of
International Thermonuclear Experimental Reactor (ITER)
poloidal field (PF) ac/dc converter control system, a real-time
wavelet filter algorithm for feedback signal denoising is studied.
According to the requirements of ITER PF ac/dc converter
controller, a real-time digital filter based on a wavelet transform
is designed in this paper. The Daubechies wavelet is used as
the wavelet basis and the mandatory denoising method is taken
to remove the noise. In order to improve the boundary effects
of wavelet transform when the width of sliding window and
decomposition scale is quite small, the left and right symmetric
boundary extension method is proposed. Three different boundary extension methods are compared, and the effectiveness of the
proposed boundary extension method for denoising are described.
The experiments are carried out on ITER PF ac/dc converter
sequential control test platform to prove that the designed realtime wavelet filter eliminates the noise effectively and guarantees
the real-time processing of feedback signal.
Index Terms— International Thermonuclear Experimental
Reactor (ITER PF) ac/dc converter system, real time, signal
denoising, wavelet filter.

I. I NTRODUCTION
NTERNATIONAL Thermonuclear Experimental Reactor (ITER) is an international nuclear fusion research and
engineering project to demonstrate the feasibility of fusion
energy as a renewable energy source for solving energy crisis.
The poloidal field (PF) ac/dc converter system mainly provides
the slow ramp up and control of current to produce the
requested plasma shape and position [1], [2]. The performance
of ITER PF ac/dc converter system is one of the key for
physical experiment. The current closed-loop is used to make
the output dc current follow the plasma control system’s
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command. However, the feedback current signals are often
corrupted by noise because of the complicated electromagnetic surroundings. The noise in feedback signals not only
causes the instability of converter system, but also affects
the operation modes switching; therefore, the denoising for
feedback signals is very essential. Many denoising algorithms,
such as Savitzky–Golay [3] and low-pass filtering based on
Fourier transform [4], have been proposed in the past few
years. Since the characteristics that they are simple and easy
to be implemented, these traditional denoising techniques
are commonly used for signal denoising and usually achieve
satisfactory results for stationary signals [5]. However, these
arithmetic does not work well for the processing of nonstationary signals because of which may introduce much phase
lag and deteriorate the tracking performance.
A wavelet analysis was first introduced into the field of
geophysics in the early 1980s to study seismic signals [6].
With its multiresolution time-frequency features, it is particularly suitable to analyze and handle with nonstationary
signal [5], [6]. The wavelet analysis that uses wavelet basis
to approximate the signal has been applied in plasma science
for signal processing [7]–[10]. For wavelets, the amplitude
differs from the noise. This allows for thresholding of the
wavelet coefficients to remove the noise. Wavelet expansions
tend to concentrate the signal energy into a relatively small
number of coefficients with larger values compared with the
noise [11], [12].
In this paper, the real-time wavelet filter adapts
Daubechies (db) wavelet as wavelet basis, and the mandatory
denoising method is used to remove the noise in feedback
signals. The appropriate width of sliding window and
decomposition scale is selected by experience and tested by
simulation and experiment. In order to improve the boundary
effects of real-time wavelet filter when the width of sliding
window and decomposition scale is very small, the left and
right symmetric extension method is introduced.
This paper is organized as follows. Section II has
a brief introduction of ITER PF ac/dc converter system.
Section III introduces the wavelet transform and the multiresolution analysis used in real-time wavelet filter. Section IV
discusses the design principles and the methods used to
design an efficient algorithm. In this part, the comparison
between three different boundary extension methods is provided. Section V shows the calculation time experiment and
the experiments of real-time wavelet filter on ITER PF ac/dc
converter sequential control test platform system. The conclusion is drawn in Section VI.
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TABLE I
O PERATION M ODE OF ITER PF AC/DC C ONVERTER

Fig. 2.

Fig. 1.

Topology of ITER PF ac/dc converter module.
TABLE II
ITER PF AC/DC C ONVERTER M ODULE PARAMETERS

II. ITER PF AC/DC C ONVERTER S YSTEM
A. Main Circuit of ITER PF AC/DC Converter System
An ITER PF ac/dc converter system is composed by
thyristor-based phase controlled converter module, which
can implement four-quadrant operation [13]. Three operation
modes are included, which are circulation mode, single bridge
mode, and sharing current mode. Different modes switched
according to the value of output dc current, as shown in
Table I. There are 14 sets of converter modules to feed six
PF superconducting coils embedded in ITER machine. The
rated output dc current is 55 kA and the on-load voltage
is 1.05 kV of each [14]. The basic scheme of ITER PF
ac/dc converter system is shown in Fig. 1. Six-pulse forward
bridge CU1 and CU3 are linked to the same converter transformer, while the six-pulse reverse bridge CU2 and CU4 are
linked to the other. L d is the large purely inductive load and L p
is the dc reactor. BP is the external bypass device. ST is the
step-down transform and the CT is the converter transform.
DS and ES are the disconnect switch and earth switch,
respectively. The crucial parameters are given in Table II.

Configuration of ITER PF ac/dc converter controller.

in Fig. 2. It is a local level controller and defined as a kind
of embedded controller because of its embedded real-time
operating system QNX. The functions of the controller are
alpha control, circulation current control, sharing current control, signals sampling, data transfer, and converter electronic
protection. The controller is connected to TCN via PXI-6683H
board for time synchronization and time stamping. The alpha
controller is sending trigger pulses through optical fiber at
appropriate time to follow the reference signals. The output dc current signals are measured by current sensors the
model of which are HZFCS-30 Hall transducers, and then
transferred to the CPU as the feedback signals from AD
board. In this controller, the current closed loop is used
to track the accurate current, thereby meeting the requirements of the plasma position control. The main criterions of
the controller are high requirement for real-time capability
and output accurate current to follow the reference, and
therefore, eliminating the noise in feedback signals is very
significant.
III. WAVELET T RANSFORM
A wavelet analysis is a localization time-frequency analysis method for analyzing localized variations of power
within a time series that has been well developed in recent
decades [15], [16]. Wavelet transformation has become well
known as a useful tool for various signal processing applications [17]–[19]. Given a function (t), if (t) ∈ L 2 (R) and
satisfies
 +∞
ψ(t)dt = 0
(1)
−∞


t −b
1
(2)
ψa,b (t) = √ ψ
a
|a|

B. Control System of ITER PF AC/DC Converter System

where a, b ∈ R, a = 0, a is the dilation parameter and
b is the translation parameter. (t) is the mother wavelet
and a,b (t) is the wavelet basis. a,b (t) can be obtained by
dilating and translating (t) with a and b. The continuous
wavelet transform [20]–[22] is defined as


 +∞
1
t −b
x(t)ψ ∗
CWT x (a, b) = √
dt
(3)
a
|a| −∞

The controller is based on PXI hardware system with AD
board, DIO board, TCN board, and alpha controllers, as shown

where “*” denotes the complex conjugation. When a = 2 j ,
b = k2 j , j, k ∈ Z , (2) can be equivalent to (4) and the discrete
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on account of the limitation of the execution time for signal
processing. For the controller of ITER PF ac/dc converter
system, the conventional control period is tall (100 μs), and
the execution time of control software is t1 (40 μs). There are
num (13) channels in the ITER PF ac/dc converter system at
most. Hence, the time for a wavelet filter t2 can be obtained
by (10). Considering the time margin, the real-time wavelet
filter program must be complete in 3 μs. However, what’s the
most important is that both principles must be followed on the
premise of the filter effectiveness:

DWT decomposition filter bank.

scaling function is (5)

φ j,k

−j
2

ψ(2− j t − k)


−j
t − 2jk
=22 φ
.
2j

ψ j,k = 2

t2 ≤ (tall − t1 )/num.

(10)

(4)
(5)

The c j,k can be obtained from (6) and considered as a time
frequency map of the original signal x(t). d j,k is the sampled
version of the original signal x(t) in (7)
 +∞
x(t)ψ ∗j,k (t)dt
(6)
c j,k =
−∞
 +∞
d j,k =
x(t)φ ∗j,k (t)dt.
(7)
−∞

The wavelet coefficients of discrete wavelet transform (DWT)
are calculated by
⎧
x[n]h j [n − 2 j k]
⎪
⎨c j,k =
n
(8)
⎪
x[n]g j [n − 2 j k]
⎩d j,k =
n

where x[n] is a discrete-time series, and g j and h j represent
high- and low-pass quadrature-mirror matrix filters. The terms
c j,k and d j,k are, respectively, the kth approximation and detail
coefficients obtained at level j. The coefficients at level j + 1
can be calculated as
⎧
g[n − 2k]d j,k
⎪
⎨c j +1,k =
n
(9)
⎪
h[n − 2k]d j,k .
⎩d j +1,k =
n

The pyramid algorithm developed by Mallat [23] is a key
method to implement DWT, which presents the lowest computational load among all wavelet transform variants. The
pyramid algorithm is realized by a filter bank that successively
decompose the signal into detail and approximation coefficients, as shown in Fig. 3. According to the pyramid algorithm,
the inverse DWT is implemented by an analogous filter bank,
but with operations performed in the reverse order [24].
IV. D ESIGN OF R EAL -T IME WAVELET F ILTER
A. Design Principles
According to the requirements of the controller, there are
two design principles for real-time filter to abide by. Due to
the characteristic that the converter must respond in every
3.3 ms, the phase delay of filter must be less than 3.3 ms
is the first principle. The second one is that the wavelet
decomposition and reconstruction must be completed in 3 μs

B. Design Procedure
1) Wavelet Basis: The desired signals of ITER PF ac/dc
converter system have some characteristics, such as lower
frequency and strength. In order to improve the denoising
effectiveness of the real-time wavelet filter, a wavelet with
short supports and high processing speed is selected. By comprehensively analyzing of the existing 15 kinds of wavelet,
the Daubechies wavelet system satisfied the above requirements very well [25]. It can better maintain the original signals
with little distortion.
2) Decomposition Scale and the Width of the Sliding
Window Design: The decomposition scale j has a significant
influence on the filtering effect. If j is too small, the filter
cannot separate the noise from the signals completely. Vice
versa, the feedback signals may have a great deal of time
delay because of the computational complexity if j is too
large. Considering the design principles, the decomposition
scale j should be selected as 3 or 4 and it is ultimately decided
by simulations and experiments. The connection between
decomposition scale j and the width of sliding window is very
tight, which is that the minimum width of the sliding window
has to be larger than 2 j . However, the maximum width of the
sliding window is also limited by the calculation performance
of the controller. On account of the second principle that the
wavelet transform must be completed in 3 μs, the minimum
width of the sliding window 2 j is chosen.
3) Wavelet Threshold: The selection of the threshold will
directly affect the effect of filtering [26], [27]. In this paper,
the mandatory denoising method is utilized to eliminate the
noise. The high frequency signal can be set to zero directly
because of the characteristic of noise in feedback signals. Only
if the appropriate decomposition scale is selected, the useful
signal will completely retain. Half amount of calculation can
be reduced by using the mandatory denoising method.
4) Boundary Extension Methods: The boundary extension
topic must be treated in the process of decomposition and
reconstruction of the finite length data sequence. The problem
of boundary effects in filtering is by no means a new one,
especially for the real-time wavelet filter realized by sliding
window. There are several basic extension methods of correcting for boundary distortion in filter, including pad with zeros,
periodization, and symmetric extension, to name a few [28].
Different boundary extension methods affect results markedly.
The pad with zeros is shown in Fig. 4(a), where the signal
is assumed to be zero outside its support which also caused
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Fig. 4. Three boundary extension methods. (a) Pad with zeros. (b) Periodization extension. (c) Symmetric extension.

the mutation of boundary signals and introduced the high
frequency. The pad with zeros has no practical significance
in a real-time wavelet filter and it will not be discussed
in the following. The most common extension methods are
periodization, where the signal is assumed to be periodic
with the original data, as shown Fig. 4(b), whereas periodization extension method leads to consistent destruction
of the boundaries [29], [30]. A symmetric extension [31]
method is achieved by extending the signal by its mirror
image, whereby it becomes symmetric around the boundaries, as shown Fig. 4(c). Symmetric extension of signal
can eliminate the sharp discontinuities between boundaries
and has more significance in application [32]. However, only
appropriate symmetric extension method can lead to ideal
effect.
A lot of studies are made on the symmetric extension
method. The symmetric extension method in [33] and [34] was
discussed the case when the filter had even length and liner
phase. The symmetric extension method employs odd-length
signal for reducing boundary effects in [35]. Two kinds of
symmetric extension methods are proposed in [36], whatever
the length of the signal or the length of the filter is odd or even.
Most of the symmetric extension method studies are focused
on the odd–even feature of signal length and filter length in
the wavelet transform. The symmetric extension method is also
studied in the multiwavelet transform [37], [38].
In this paper, the left and right symmetric extension method
based on different extension methods in wavelet decomposition and reconstruction for the real-time filter is described
in detail. Unlike conventional symmetric extension as shown
in Fig. 4(c), the left symmetric is used in decomposition,
while the right symmetric is adapted in reconstruction. The
extension data flow is shown as the red block diagram
in Fig. 5(a) and (b). Fig. 5 shows the decomposition and
reconstruction of dB3 based on the pyramid algorithm. The left
and right symmetric extension is a deformation of symmetric
extension, which not only succeeds the merits of the symmetric
extension method, but also has better effect on signal real-time
processing.

Fig. 5. Block diagram of wavelet transform. (a) Block diagram of db3 wavelet
decomposition. (b) Block diagram of db3 wavelet reconstruction.
TABLE III
C OMPARISON OF T HREE B OUNDARY E XTENSION M ETHODS

The comparison of three boundary extension methods by
simulation based on MATLAB R2011b is shown in Fig. 6.
Compared with other extension method, the left and right
symmetric boundary extension method has better performance.
By this extension method, the real-time wavelet filter can
be realized based on db3 when the width sliding window
is 32 and the decomposition scale is 3, which means that
the effectiveness of the real-time wavelet filter can be implemented by less calculation and satisfied the requirements of
controller.
The signal-to-noise ratio (SNR) and the root mean square
error (RMSE) are calculated, respectively, to evaluate the
quality of noise suppression for three kinds of boundary
extension methods in Table III. The SNR is defined as

N
2
i=1 si
(11)
SNRdB = 10log10
N
2
i=1 (di − si )
where s is the original signal, d is the denoised signal, and
N is the length of the signal. The RMSE can be calculated as

N
2
i=1 (di − si )
RMSE =
.
(12)
N
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Fig. 6. Filtering effect comparison of three boundary extension methods by
simulation. (a) Comparison between original signal and denoised signal using
the symmetric extension method. (b) Comparison between original signal and
denoised signal using the periodization extension method. (c) Comparison
between original signal and denoised signal using the left and right symmetric
extension method.

The phase lag is calculated based on the simulation results.
According to the simulation, the left and right symmetric
has five point delay. The feedback signals of the ITER PF
ac/dc converter system are sampled at 4 KHz. The phase delay
obtained by (1/4000)*5 s is 1.25 ms. The phase delay can be
further reduced by increasing the sampling rate.
As shown in Fig. 6 and Table III, the left and right
symmetric boundary extension method utilized in this paper
has the maximum SNR and the minimum RMSE. And the
phase delay meets the design requirement well.
V. E XPERIMENTS
A. Calculation Time Experiment
Due to the computation complexities of the DWT,
the chip implementation is necessary in many real-time
systems [39], [40]. However, high frequency signals are easily
influenced by surroundings. In the ITER PF ac/dc converter

Fig. 7.

ITER PF ac/dc converter sequential control test platform.

Fig. 8.

Reference current waveform.

controller, the real-time wavelet filter is implemented by
C program [41], [42] in CPU without any additional hardware.
The C program can be implemented according to the description in Sections III and IV. In order to avoid the logic disorder
of the controller, the wavelet transform must be complemented
in 3 μs for each channel.
The model of the controller is 12C21ADX98Y3VQ2X
with real-time operating system QNX V6.5.0 and four cores
CPU, which are 2536 MHz. The installed memory of system
is 3506 MB. The designed controller has been approved by the
ITER international organization. There are 1000 filter channels
tested by clock cycles function at one time. According to the
experiments, the calculation time is 1.3 μs for each channel,
which is much less than the design principle 3 μs.
B. Experiments on ITER PF AC/DC Converter
Sequential Control Test Platform
The accuracy and smooth feedback signals not only have
a great effect on the precision of output dc current but also
beneficial to the stability of converter control. The oscillation
problems of the controller caused by fluctuations of Ifeed
because of the noise can be effectively avoided by real-time
wavelet filter. Therefore, the real-time wavelet filter is very
essential for the ITER PF ac/dc converter controller. The
effectiveness of a real-time wavelet filter is verified by the
experiments on the ITER PF ac/dc converter sequential control
test platform, which has the same topology of the ITER PF
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Fig. 9. Feedback current and Vset comparison experiment results on ITER PF sequential test platform. (a) Feedback current comparison before and after
filtering when Irefmax is equal to 200 A. (b) Vset comparison before and after filtering when Irefmax is equal to 200 A. (c) Feedback current comparison
before and after filtering when Irefmax is equal to 400 A. (d) Vset comparison before and after filtering when Irefmax is equal to 400 A. (e) Feedback
current comparison before and after filtering when Irefmax is equal to 600 A. (f) Vset comparison before and after filtering when Irefmax is equal to 600 A.
(g) Feedback current comparison before and after filtering when Irefmax is equal to 800 A. (h) Vset comparison before and after filtering when Irefmax is
equal to 800 A.

ac/dc converter module. This platform is designed to test the
sequence control function and the prototype is shown in Fig. 7.
The on-load voltage of converter is 300 V and the rated output
current is 1 kA. The reference current waveform is shown in
Fig. 8. In experiments, the reference currents Irefmax are set to
200, 400, 600, and 800 A, respectively. The feedback currents

Ifeed are the processing variable; therefore, the Ifeed before
and after real-time wavelet filter is saved in files to prove the
filtering effect.
The comparison of Ifeed before and after filter is shown in
Fig. 9(a), (c), (e), and (g). In converter controller, the feedback signals are dc currents. However, the real control

1184

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 44, NO. 7, JULY 2016

TABLE IV
C URRENT

by simulation is provided to prove that in the case of small
scale and short width of sliding window, the left and right
symmetric extension mode is superior to some of the existing
methods in terms of RMSE and SNR. The performance of
the suggested algorithm has been evaluated by performing
experiments on the ITER PF ac/dc converter sequential control
test platform. According to the results, the real-time wavelet
filter eliminates the noise effectively, which is benefit to the
stability of converter control.
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and after real-time wavelet filter. The SNR and the RMSE
are calculated as (11) and (12). Tables IV and V show the
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VI. C ONCLUSION
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