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Abstract—Low-frequency harmonics which are close to the
fundamental have characteristics of small amplitude and non-
stationary state, and contain complex side-lobe inter-
harmonics. To ensure the precise and real-time extraction of
the whole spectrum band, the compensation measure is
difficult. In order to solve this detection problem, a hybrid
detection algorithm is proposed based on elliptic digital
bandpass filter with boundary characteristics and single-
frequency notch filter with optimal Q-factors, which can
effectively extract the according band. Single-frequency notch
filter has excellent third-order harmonic suppression ability
and dynamic robustness characteristics. Elliptic digital
bandpass filter can extract harmonics of target frequency
band and ensure the phase offset, so as to achieve effective
spectrum separation. Simulation with MATLAB is adopted to
improve the design process. The validity of the detection
algorithm is verified by experiments with digital analysis
system based on DSP.

Index Terms--harmonic suppression; single-frequency notch

filter; elliptic digital bandpass filter; low-frequency harmonics.

I. INTRODUCTION

In recent years, although the Experimental Advanced
Superconducting Tokamak (EAST) made in China has
acquired a series of great achievements in the research of
controllable nuclear fusion and provided a great guiding
significance to the construction and operation of the
International Thermonuclear Experimental Reactor (ITER).
However, the power supply has gradually become the
source of some non-characteristic harmonics with abundant
side-lobes, especially the low-order inter-harmonics.
Furthermore, capacitive branch of reactive power
compensation forms resonance accompanied with the
reactor on the grid side, which endangers the safety of the
whole system [1], [2]. The whole system is shown as Fig.1.

As the starting point of harnessing harmonic pollution,
harmonic detection has become an important research object
for scholars. The harmonic current detection based on
instantaneous reactive power theory and adaptive detection
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method effectively extracts the fundamental signal which is
used to subtract the grid signal, and then the compensation
signal is obtained [3]-[6]. The methods are widely used
because of their remarkable effects on the extraction of
fixed-frequency signal, however, the problem of signal
extraction in a certain frequency band cannot be solved.
Wavelet analysis method has better time-frequency
characteristics, which can availably detect abrupt harmonics
and obtain more accurate harmonic parameters. However,
the application is limited due to long sampling time, difficult
selection of wavelet bases and ineffective separation of
similar frequencies [7], [8]. Considering the dynamic and
steady state characteristics of the whole system, the
background and method of harmonic detection are
introduced.
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Figure 1. EAST poloidal power supply system.

II.  PRINCIPLES

The typical phenomenon of second-harmonic emission
from poloidal field power supply is revealed by analyzing a
large number of operation data of harmonics in poloidal
field during EAST experiment, as shown in Fig.2. The
frequency and amplitude of inter-harmonics emitted by
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converters under typical operating conditions are shown in
Fig.3.
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Figure 3. Typical emission phenomena of inter-harmonics.

As can be seen from Fig. 1 and Fig. 2, the second
harmonic and its adjacent inter-harmonic have larger
amplitude and are quite close to the fundamental frequency,
which brings large difficulties to the restraining process.
Therefore, the research object of this paper is to control the
inter-harmonic near the fundamental wave, for convenience
of the research, low-frequency harmonics are defined as
signals with the frequency range between 75Hz and 125Hz.

Due to the signal transition band is narrow and the
fundamental current is of large amplitude to 2kA, the
design of traditional filters is challenged [9]. Considering
the harmonic capacity of EAST, ITER and other devices,
APF (Active Power Filter) cannot be used to achieve full-
band harmonic control. How to effectively compensate
low-band harmonics and inter-harmonics is a problem to be
solved. Since the signal to be extracted is the harmonic of a
certain frequency band and the inter-lobe harmonic, how to
guarantee the efficacious compensation of APF from the
phase offset is another urgent problem to be considered
[10], [11]. In the design process of digital filter, the high
attenuation of amplitude will result in the high order of
function, which causes the design difficult to realize in
engineering. Moreover, the signal changes rapidly and
dramatically, so the real-time performance of the treatment
process is particularly important.

Aiming at the questions mentioned above, the

requirements of the detection system should be analyzed.

1) In order to extract the low-frequency harmonics, a
passband filter needs to be designed. Since the
narrower the bandwidth of the filter is, the more
complex the detection system is, appropriately
increasing the bandwidth is necessary.

2) When the phase difference between APF output
signal and grid signal is between -90° and +90°, the
compensation effect is achieved. Therefore, to
ensure that the phase of 75~125 Hz signal is within
the range is necessary, and considering the delay

characteristics of APF itself, the phase of the filter
should be controlled between -60° and +90°.

3) To avoid the third harmonics inrush because of the
increase of bandwidth, the 3rd-order harmonics need
to be suppressed at the same time.

Therefore, a comprehensive detection algorithm of
harmonic extraction is needed to meet the above
requirements.

III. DETECTION ALGORITHM

A.  Optimum design of passband filter boundary

To extract the second harmonics and its inter-harmonics
submerged in high amplitude fundamental-frequency signals,
it is necessary to design reasonable boundaries of pass, stop
and transition bands, and to establish an improved
amplitude-phase model combined with  different
compensation requirements.

For filters, the maximum attenuation of passband R,, the
minimum attenuation of stopband R, , the boundary
frequency of passband o, and the cut-off frequency of
stopband w, are the four key factors in the design process by
(1) and (2).

cop:2*[(81+A61),(£2+A0'2)]/E (1)

o, = 2”‘[(51 +A0;), (s, +A0'4)] /| F, (2)
Where F denotes sampling frequency and F,=3200Hz ; &,
denotes the left boundary frequency of passband; &,
denotes the right boundary frequency of passband; Ao,
denotes adjustable frequency.

In engineering design, the maximum attenuation of
passband and the minimum attenuation of stopband are
generally set to 3dB and 30dB, respectively, that is:

R, =3dB (€)
R, =30dB “)

According to analysis of detection system and the zero-
crossing characteristic of the filter used to suppress the
fundamental and the 5th harmonics, & and &, can be set to

the values as follows:

& =50H:z
{ (5)

g, =250Hz

Considering that the larger the order N of the filter is, the
more difficult the expected effect of the whole system is to
be achieved, therefore in this paper, the value of N is no
more than 7:

N<7 (6)

Considering that the frequency band needed to be
extracted is close to the second harmonic, by iterative
operation of (1)-(6), the optimum solution can be obtained
as (7), as shown in Fig.4.

{m}, =2*[66.1,190]/3200

™
o, =2*[0.1,250]/3200

Authorized licensed use limited to: Hefei Institutes of Physical Science. Downlcdded on June 23,2020 at 08:16:41 UTC from IEEE Xplore. Restrictions apply.



RP Rs
g F g

s

v

Combine Equation
H®
Adjust A0,

4—
<_

No

Yes

Filter
selection

v

Transfer function

L

Amplitude/phase-
frequency
characteristics

hether phases 0
filter meet the

Figure 4. Iterative operation of determining parameters.

Common types of digital filters are Butterworth,
Chebyshev and elliptic filters. Since Butterworth and type-I
Chebyshev filters cannot meet the phase requirements of
this design (between -60° and +90°), and elliptic filters are
equal ripple approximation in passband and stopband, of
which approximate characteristics of passband and
stopband are excellent. For the same performance
requirement, the order of elliptic filter is lower than that of
type-1I Chebysheyv filter, and the transition band is narrower.
Therefore, the elliptic digital bandpass filter is chosen in
this design [12], [13].

And according to functions of ellipord, the transfer
function of elliptic filter is obtained as follows:

ih]z’i
O —
1+ Za/zﬂ
=

®)

Where the coefficients of denominator polynomial and
numerator polynomial are respectively shown as Table 1.

TABLE L COEFFICIENTS OF TRANSFER FUNCTION

a;(i=0,1,-- b;(j=0,1,--
1 0.0138929
-5.6705687 -0.0521682
13.5754119 0.0626892
-17.5600790 0
12.9436131 -0.0626892
-5.1551689 0.0521682
0.8668964 -0.0138929

Through the simulation, the amplitude/phase-frequency
characteristics of the elliptic digital bandpass filter are

shown in Fig.5.
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Figure 5. Amplitude/Phase-frequency characteristics of elliptic filter.

B.  Notch filter based on optimal Q-factors

Owing to the large amplitude of the third harmonic in
the passband frequency, it is necessary to adopt effective
filtering methods. Notch filter is equivalent to a band-stop
filter which can be used to filter out the harmonic
components with a specific frequency. Thus, notch filter has
good effect in suppressing single-frequency interference
without influencing the control performance of other
frequency bands.

The typical transfer function of the second-order Q-
factors notch filter is expressed as

G(s)=4 _ ste; )

0
sS+os!Q+o)

Where A, denotes the gain of the filter, generally 4, =1 ;

@, is characteristic angular frequency; O denotes the

equivalent quality factor, showing the frequency selection
performance of notch filter. The larger the value of O, the

narrower the transition band, that is, the better the notch
effect, but the longer the delay time, the worse the dynamic
response performance [14], [15].

The signal changed rapidly and violently, therefore, it
needs to be compensated in two cycles of fundamental.
Considering that the delay time of digital filter is very short,
the delay time of notch filter circuit should be controlled in
two cycles, that is, 0.04s. Due to the increase of the quality
factor of notch filter will lead to the increase of delay time,
and the dynamic response delay will exceed 0.04s after ¢

exceeds 10, so the situations are simulated when the value
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of 0 is 5, 8 and 10, respectively. When o, =27 f, =3007,
4,=1, the amplitude/Phase-frequency characteristics and

dynamic response process of the notch filter under
MATLAB simulation environment are shown in Fig.5 and
Fig.6 when the quality factor values are 5, 8 and 10,
respectively.
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Figure 6. Amplitude/Phase-frequency characteristics.
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Figure 7. Dynamic response (MATLAB simulation).

From Fig.6, the attenuation of signal amplitude at
characteristic frequency 150Hz (the third harmonics) is as
high as -125dB, which means that the amplitude of third
harmonics can be attenuated to approximately 0. And as the
quality factor increases, the transition band is narrower and
the notch effect becomes better, on the other hand, the delay
time is longer, which means that the dynamic response
performance becomes worse. Comprehensively considering,
the notch filter circuit with Q as 8 will be selected. And
equation (9) can be expressed by (10).

(10)

(s)= 52+ (27 x150)*
57+ (27 x150)s /8 + (27 x150)*

IV. EXPERIMENTAL VERIFICATION

A.  Elliptic digital bandpass filter

In order to verify the effectiveness of elliptic digital filter,
a DSP digital analysis system based on TMS320F2812 is
designed. Three cases in the experiment are shown in Fig.§,
the green line is the input signal (sine wave) and the purple
line is the output wave through DSP with algorithm of the
elliptic filter. And the peak value of the input signal in this
design is 2V. And the results of the treatment are shown in
Table 2.

Casel: 75Hz sine wave
(Input signal )

i = . t/s
WaseZ: 100Hz sine wave
. (Input signal )
t/s
\/\/V\Zase3: 125Hz sine wave
(Input signal)

t/s

Amplitude(V)

Figure 8. Output waveform of the elliptic digital filter.

TABLE IL. AMPLITUDE AND PHASE VALUE OF CHARACTERISTIC
SIGNALS AMONG TREATED SIGNALS
Frequency(Hz) Amplitude(V) Phase(degree)
75 0.781 86.92
100 0.892 30.23
125 0.952 -30.44

As is shown in Table 2, amplitudes of signals needed to
be extracted satisfy the maximum attenuation (3dB), that is,
amplitudes of the signals are above 0.707V. The phases of
the signals also meet the design requirements. The results in
Table 2 verifies the correctness of the design, and the signals
mentioned in this design can be effectively extracted.

B.  Analog notch filter

To further validate the design function of the notch filter,
F42N150 analog notch filter is used with the same DSP
digital analysis system. Compared with the notch filter
made up of UAF42 of TI Company, F42N150 has smaller
volume and fewer external components, which can adjust
the quality factor directly by adjusting the external
resistance.

In this experiment, the dynamic and steady state response
performance of notch filter is verified by using sine wave
signal of 75Hz and 125Hz as reference signals respectively.
Testing experiments include steady-state and dynamic
response performance testing, results of which when Q is 8
are shown in Fig.9 and Fig.10. The green line represents the
output wave of mixed signal after the analog notch filter,
and the purple line is the reference signal.

Casel: 75Hz sine wave
(Reference signal)

t/s
Case2: 125Hz sine wave
(Reference signal)

Amplitude(V)

t/s

Figure 9. Static response.
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Figure 10. Dynamic response (Experiment).

Table 3 gives the performance of the analog notch filter
from the experiment. The results are consistent to the
prediction. Moreover, the third harmonics are disappeared
in Fig.9 and Fig.10. The results test that the third harmonics
are suppressed by the analog notch filter.

TABLE IIL PERFORMANCE OF F42N150 NOTCH FILTER
Reference Phase error of Delay of
signal Quality factor steady-state dynamic
frequency response response
75Hz 8 3.7° 20ms
125Hz 8 18.9° 20ms

V. CONCLUSIONS

A hybrid harmonic detection system based on elliptic
digital bandpass filter and single-frequency notch filter is
designed, which can effectively solve the continuous band
detection problems of inter-harmonics. Meanwhile, the 3rd-
order harmonics can also be suppressed to a low extent. The
experimental results of the hybrid system reveal that the
low-frequency harmonics near the fundamental can be well
extracted, and the third harmonics can be attenuated to less
than 1%, which fully verifies the correctness and
effectiveness of the detection system.
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