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Abstract: Harmonic interference is a major hazard in the current power system that affects power
quality. How to extract harmonics quickly and accurately is the premise to ensure the sustainable op-
eration of power system, which is particularly important in the field of new energy power generation.
In this paper, a harmonic extraction method based on a time-varying observer is proposed. Firstly,
a frequency estimation algorithm is used to estimate the power grid current frequency, which can
estimate the frequency in real time. Then, applying the zero-crossing detection method to convert the
frequency into a phase variable. Finally, using the phase variable and integral current signal as input,
a observer is modeled to extract each order harmonic component. The proposed method is evaluated
on a FGPA test platform, which shows that the method can extract the harmonic components of the
grid current and converge within 80 ms even in the presence of grid distortions. In the verification
case, the relative errors of the 1st, 5th, 7th and 11th harmonics are 0.005%, —0.003%, 0.251% and
0.620%, respectively, which are sufficiently small.

Keywords: harmonic extraction; observer; distorted grid

1. Introduction

The development and utilization of solar energy, wind energy and tidal energy will
gradually replace the traditional fossil fuels to build an environment-friendly human
society [1,2]. Nevertheless, the use of renewable energy [3] will inject harmonics into the
power grid. The harmonic caused by the increase in nonlinear load [4,5] will lead to a
decline in power quality (PQ), which will damage the equipment with strict requirements
for power quality [6]. Therefore, real-time, fast and accurate harmonic extraction is the
premise of harmonic control and power system sustainable operation, especially in the
field of renewable energy.

There have been a lot of papers on the study of harmonics. Harmonic extraction
is the first step in many applications, such as active power filter (APF) used to elimi-
nate harmonics in power systems [5,7-9]. In addition, harmonics is also applied to fault
detection of electrical equipment, such as transformers [10], induction motors [11] and
interleaved DC-DC converters [12]. In terms of harmonic extraction methods, traditional
methods can be roughly divided into two kinds: frequency-domain methods and time-
domain methods [13]. For frequency-domain methods, the Fast Fourier Transform (FFT) is
a typical harmonic analysis method, which requires one cycle of sampling and analysis
of the original signal before harmonic information can be obtained [14]. This means that
FFT cannot perform harmonic extraction in real time and will fail when the signal period
keeps changing. In [15], many improved FFT methods are introduced and the improved
methods are widely used. Another harmonic extraction method of frequency domain
methods is wavelet transform, which is an anti-noise method but imposes a large computa-
tional burden on the device [16,17]. For time-domain methods, traditional time-domain
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techniques include instantaneous reactive power theory (IRPT), Kalman filter theory, syn-
chronous reference frame (SRF) method, the second-order generalized integral (SOGI)
method, etc. [18-22]. An enhanced instantaneous power theory based on current decompo-
sition is introduced in [18], which can be applied to unbalanced three-phase power systems
where the traditional IRPT method cannot be applied. In [19], a grid harmonic detection
method is proposed based on Kalman filtering and the generalized averaging method.
In [20], a multiple synchronous reference frame (MSRF) is proposed to calculate the posi-
tive and negative sequence components of harmonic currents. SRF [23] is a time-domain
method based on park transform with complex calculation. The SOGI-based method uses
a second-order filter (notch filter) for harmonic extraction. In [21], a multiple second-order
generalized integrators-based comb filter is proposed to extract selective harmonics. In
addition, considering the rapid development of intelligent algorithms, there are many
intelligent detection algorithms for harmonic extraction, such as artificial neural network
(ANN) [24], particle swarm optimization algorithm [25], etc. The above-mentioned intelli-
gent algorithms for harmonic detection all have the common disadvantage that they require
sufficient training samples to ensure the accuracy of the output. In addition, some new
methods and ideas [7,26,27] have been introduced for harmonic detection. As mentioned
in [7], harmonic detection based on a multi-rate composite observer for periodic signals is
introduced, which has good tracking performance in both continuous and discrete schemes.
In [26], the observer-based system state estimation algorithm is used to estimate harmonics
provided that the fundamental frequency is known. In [27], the unknown states of each
order of harmonics are estimated online using a linear time-invariant Luenberger observer.
Nevertheless, there are disadvantages, such as that the frequency should be known in
the algorithm, poor robustness against sudden changes in frequency, etc. A simple and
high-quality hardware circuit is introduced to extract grid harmonics in [28]. By sending
the collected signal to the detection circuit, the circuit acts as a high pass filter. In this
method, due to the hardware circuit not being able to be changed after being manufactured,
once its cut-off frequency is determined, it will lead to poor portability.

This paper proposes a method with good robustness against frequency changes to
extract every order harmonics for distorted grid. To avoid subsequent processing, the
amplitudes are selected as new states. The procedure of the proposed method is as
follows. Firstly, a frequency estimation method is used to extract the real-time frequency of
the original signal. Then, by utilizing the zero-crossing detection method and real-time
frequency, the phase variable 6 is calculated online. Finally, the harmonic component
of each order is extracted online by a time-varying observer. No additional hardware is
required in this method, and the calculation burden is small. For validating the proposed
model and the effectiveness of the extraction method, a FPGA-based experimental platform
is built and experimental evaluation is carried out.

This paper is organized as follows. Section 2 presents the theoretical analysis of
proposed method. The simulation results are presented in Section 3. The relevant results of
the experiments are shown in Section 4 and the discussion is presented in Section 5. Finally,
conclusions are made in Section 6.

2. Methodology

In order to obtain the harmonic information accurately, the fluctuating signal frequency
should be tracked in real time. Accordingly, a frequency estimation method based on the
adaptive control theory is used to extract the frequency. After that, the real-time frequency
is converted into phase variable 6, adapting to the harmonic extraction observer built in
Section 2.3. Then, the harmonic components are extracted as the output variables of the
observer. The block diagram of the system is given in Figure 1, where Z~7 and [ denote
the delay module and integral module, respectively. In addition, 7 is the delay time, w is
angular frequency and 0 is the phase angle. The proposed methods of this study will be
shown in detail in the following subsection.
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Figure 1. Block diagram of harmonics detection.

2.1. Robust Frequency Extraction

As mentioned in [29], the real-time tracking of frequencies is achieved using a robust
frequency estimation, and a mathematical model is constructed. From Fourier series
theory, a periodic current signal involving harmonic disturbances in the power grid can be
expressed as [27]

i(t) = Ay sin(wt + ¢1) + i Ay sin(nwt + ¢y), (1)
n=2

where ) A, sin (nwt + ¢y) is the harmonics of i(t), w is angular frequency, ¢ is the time,

n=
Ay is amplitude of each harmonic, ¢, represents the initial phase and #n denotes the order
of harmonics. By discretizing Formula (1), then using the time delay of the discrete signal,
it can be rewritten as

i(k— 1) = Aysin (wWkTs — wT+ ¢1) + Y Aysin (nwkTs — nwt + ¢n) , (2)
n=2

(o]
i(k—27) = Aysin (WkTs — 2wT + 1) + Y Ay sin (nwkTs — 2nwT + ¢y) , (©)]
n=2
where 7 is the delay time, k = 0,1,2, ... and T; represents the sampling time.
After a series of mathematical transformations, it can be rewritten as

i(k)+i(k—21) = OZO‘, Apsin(nwk Ts + ¢,) + oZo) Ay sin(nwkTs — 2nwT + ¢n)
n=2 n=2

—2coswt Y. Aysin(nwkTs — nwt + ¢y) + 2coswTi(k — T).
n=2

)

Let the higher harmonics be A(k), set time delay signals i(k — 7) and i(k — 27) as i1 (k)
and ip(k), respectively. It can be obtained that

i(k) +iz(k) = 2 cos wtiy (k) — A(k). (5)

Let coswT = 7. Once v is estimated when the frequency is under distorted conditions,
the calculated value is no longer accurate. Defining e(k) as the output error,

e(k) = 24 iy (k) —i(k) — i (k)
=2(F — 7)ir(k) + A(k) (6)
= 27i1 (k) + A(k),
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where 4 is the estimation value of y and ¥ = 4 — 1y is error signal of estimation. Here, a
robust tracking model is established.

e+ 1) =30 - 2t s e, )

where m(k) = \/K, + (2i1(k))?, T is a preset positive parameter and f (k) is defined as

*

—o9y(k), |7(k)| >
f(k):{ oA OI > o

0 7 ()|

where 7* is greater than or equal to the maximum possible value of y(k) and oy is greater
than zero. This method is robust to the influence of harmonics in non-ideal cases. The
structure of the robust extraction method is shown in Figure 2. Therefore, the frequency
estimation of power system with higher harmonics can be obtained by

(k) = ecos (1K) )

T

where @ (k) is the estimation value of true value w(k). The proof of effectiveness [29] and
theoretical support [30] of this frequency detection will not be discussed at length here.

=

Y

i(k)+i(k —2t) = 2¥i(k —1)— A(k)

e(k)

i(k—1)(®)+A(k)

i(k)+i(k—2v) = 2yi(k —1)— A(k)

2 (o)i(k—1)
m’ (k)

Figure 2. Block diagram of the robust frequency estimation.

2.2. Zero-Crossing Detection

In this part, the real-time frequency is converted into the phase variable, which is used
as the input of the harmonic extraction observer in Section 2.3. The relationship between
them follows Formula (10)

6= w(k)T.. (10)

Because the existence of errors is inevitable, it will cause the accumulation of errors
in the process of phase accumulation. To eliminate the cumulative error, the phase error
is cleared at the end of each cycle. The zero-crossing detection algorithm of the current
is shown in Figure 3, which illustrates in detail the procedure of the algorithm used to
eliminate the cumulative error in the phase angle.

The procedure of the algorithm for each sampling cycle is the same. For the zero-
crossing detection here, the aim is to eliminate the errors that occur in each cycle in time,
and the method presupposes that the signal being detected has both positive and negative
values. If the collected signal does not have the above properties, such problems can be
solved by changing the reference value.

e At step 1, the reference i* for the determination is defined, where i* is equal to 0.
Furthermore, the auxiliary variable C is defined and its initial value is set to 0. In
addition, the signal needs to be sampled and preprocessed.
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e Atstep 2, the phase angle 0 is calculated by 6 = 6 — C. After 0 is calculated for the
current sampling period, go to step 3 to prepare the phase angle calculation for the
next sampling moment.

e Atstep 3, execute and determine whether i(k — 1) at the last sampling moment is
greater than i*. If i(k — 1) is not greater than i*, the algorithm continues back to step 2.
If the value of i(k — 1) is higher than the reference value i*, then continue to step 4.

* At step 4, execute and determine whether i(k) at the current sampling moment is
greater than i*. If i(k) is greater than the reference i*, the algorithm continues back to
step 2. If signal i(k) is lower than the reference value i*, then continue to step 5.

* Atstep 5, after the determination conditions of both step 3 and step 4 are satisfied,
step 5 sets the phase angle 6 to 0 to satisfy the consistency with the phase of the
detected signal. Prior to this, the auxiliary variable C = C + 8 is updated.

Step 1:

Define the reference value i*
Define the auxiliary variable C
Sampling current and preprocessing

Step 2: -
Calculate the phase angle 6

i

ik-1)<i’

Step S:
Update auxiliary variables C

and set @ to 0

\

Transmit € to observer

Figure 3. Steps of zero-crossing detection algorithm.



Mathematics 2021, 9, 2245

6 0f 20

2.3. Harmonics Extraction Method
2.3.1. Harmonics Observer Design

According to [31], the grid current expression can be written as
ia(t) = ao+ Y _ancos (nf) + b, sin (nf), (11)

where 6 = wt + ¢; represents the phase, a9 is the DC component and ¢ is the initial phase.
Once the values of {ag,a1,by,...,a,,by,} are detected, DC component and harmonics can
be obtained directly.

Setx = [x1 xp X3 X4 -+ Xops1 Xous2]! = [[ia(t)dt ag ay az -+ a, by]T as the state
vector, and a dynamic system can be established as

y=Cx

where y denotes output vector and

, (13)

M:{l cos@ sinf --- cos(nd) sin(né)]

002n+1)x (2n+1)
C=[100 - 0], (14)

Based on Formula (12), a linear time-varying observer is built, and the error feedback
is returned back to the observer for continuous correction so that £ approximates the true
value of x. The observer equation is:

i [ Oamstynt Moty (2ns) }x ~Lw)(@-y) (15)
g =Cx
where T

L(wt) = [Ly Lay Lg1cos® ---Lgycosn® Ly, sinnf] (16)

L(wt) is the error feedback matrix of the output. Ly, Lgo, Lg1, .., Lan, Ly, are feedback
coefficients, which are positive constants shown in Table 1. The structure of the harmonic
extraction observer is shown in Figure 4.

x= |:02(n+l)><l M2(n+l)><(2n+l) :| x
y=Cx

L(wt)

AR

y=Cx

Figure 4. Block diagram of the harmonic extraction observer.

2.3.2. Effectiveness Proof of Observer

To demonstrate observer validity, the error signal X = £ — x is defined. (12) and (15)
are subtracted, which can be expressed as

X= ([ 02(n4+1)x1 Ma(n+1)x(2n+1) } - L(wt)C):Z = H%. (17)
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If it is proved that £ converges to x when t — oo, i.e., ¥ — 0, it denotes that the
estimator of the observer £ converges to the actual value x. Define the Lyapunov function as

1

V(X) = §~TP37, (18)
1 1 1 1 1
where P = dia {1, —, ,,---,/}-
S\ Lo’ Lot' Lot” " Lan’ Lo

Obviously, V(X) is a positive definite function. Calculate the derivative of V(¥), then

) 1. 1
V(%) = % P¥+ -%'P¥
2 2
L \Tpe | oTprmrs
= 5[(Hx) P%+ %' P(H%)] (19)
= #'PH%
= —Lox3 <0,
where
[ —Lg 1 cosf@ sinf --- cosunf sinnf ]
-1 0 0 0 e 0 0
—cosf 0 0 0 e 0 0
PH— | —sin6 0 O o - 0 0 . (20)
—cosnfd 0 0 0 e 0 0
| —sinnf O 0 o .- 0 0

V (%) satisfies the following conditions: (a) V (¥) is a positive definite function and (b)
V(%) < 0. Therefore, V() is a Lyapunov function.

In order to prove the convergence of the observer, aset S(r) = {JZ e Ry (g) < r}

and its largest invariant set E(r) = {&% € S(r)|V (&) = 0} are defined. It is obviously that
any Xp = %1 dog dig big - anE bue] € E(r) always satisfies
av(¥g) _
a7 (21)
X1 = 0.
From (21), it can be obtained that
dog + a1g cos 6 + bypsin® + - - - + d,p cos n0 + by sinnf = 0. (22)

Since 1,cos 8,sin 0, ..., cos nf, sin nf is linear independent, Equation (22) has only one
set of solutions,

[aOE @1 bip - g bup| = 0. (23)

According to LaSalle’s Invariance Principle, it means that any point in S(r) converges
to 0 as time f tends to infinity, i.e., X converges to 0 when t — oc.

Discretizing the continuous form of the observer equation, the sampling period is
expressed by Ts.

(k+1)
ok+1) = *TsLao(xl(k) — x1(k)) + do (k) : (24)
( ) = —TsLancos(n0) (%1 (k) — x1(k)) +a i (k)
(k+1) = =TsLyysin(nf) (%1 (k) — x1k)) + bu (k)
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3. Simulation

In order to verify the feasibility of the proposed method of extracting harmonics in this
study, simulation is carried out in Matlab/Simulink. According to the sampling frequency
in [7,11,32], the sampling frequency fs is set to 40 kHz in simulation. The simulation results
will be presented in the later part of this section from different perspectives. Considering
that the object under study is the actual distorted grid current, the current signal is set
as follows.

ip =4 cos(wt) + 2sin(wt) + 0.25 cos(5wt) + 0.3 sin(5wt) + 0.02 cos(7wt)

. . (25)
+ 0.05sin(7wt) 4 0.0015 cos(11wt) 4 0.0030 sin(11wt),
where w = 27f and f is the grid frequency. The initial value of the grid frequency is
designed to be 50 Hz.
The simulation validation provides a complete demonstration of the performance of
the proposed method under different scenarios. The following three different scenarios in
three dimensions, frequency, phase angle, and amplitude of the signal, are simulated.

¢ Case 1: Harmonic extraction of a distorted power grid without any current parameter
jump. In this scenario, the feasibility of three parts of harmonic detection can be
analyzed and derived, namely frequency estimation, phase angle calculation and
harmonic component extraction, respectively.

e  Case 2: The fundamental frequency and amplitude of the current signal are distorted
again. In this scenario, the frequency and the amplitude of the signal jumps at a
certain moment, which is a test for the dynamic performance of the proposed method.
The specific jump range is given in the following simulation.

*  Case 3: The phase angle of the current signal changes abruptly. In this scenario, unlike
in the previous case, only the initial phase angle is changed, which leads to deviations
from the true value of the phase derived in the zero-crossing detection. In order to
provide a more visible picture of the impact of the sudden phase angle change, the
phase shift is set to 107t /11.

3.1. Verification: Case 1

Regarding Case 1, a current signal identical to Equation (25) is generated in the
simulation to simulate the set scenario. Figure 5 shows the simulation results for the
feasibility of zero-crossing detection in the proposed method. The result shown in Figure 5
indicates that the phase angle 6 obtained by the zero-crossing detection algorithm is
accumulated without error, as shown in the figure, which is highly consistent with the
original signal. It can be clearly seen that the grid current signal changes to 0 after each
cycle and the phase angle immediately becomes 0 under the action of the zero-crossing
detection algorithm.

8

|

Time(s)

Figure 5. Simulation results of comparison between 6 and i,.

The stable convergence process of each harmonic component extracted by the observer
and the tracking of the reconstructed current are shown in Figures 6 and 7, respectively.
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The reconstructed current i, is obtained by adding the extracted harmonics and DC com-
ponent. The stable convergence process of each harmonic parameter extraction from 0
to 0.15 s is shown in Figure 6. In the time period of 0 to 0.05 s, due to the fact that the
harmonic extraction algorithm is not introduced, the obtained harmonic parameters are 0.
At 0.05 s, the harmonic extraction part is applied. At this time, the harmonics are effectively
calculated, but cannot immediately converge to the accurate value. The observer is in a
dynamic transition process. At almost 0.1 s, the harmonic parameters gradually tend to be
stable. It is clear that each harmonic parameter converges within 80 ms, which means that
the algorithm can extract each harmonic component in four cycles. On the premise of an
accurate phase angle, the proposed method can extract the information of each harmonic
for any signal containing periodic harmonic components. If the frequency and amplitude
fluctuation rate of the detected signal are very large, its convergence may be poor. The
traditional amplitude phase detection time is more than 80 ms [33], so further harmonic
extraction of the signal will take a longer time.

13

a, and b, (A)
[\S]
Y

0 0.05 0.1 0.15
Time(s)

Figure 6. The stable convergence process of each harmonic parameter extraction.

T

:
|
Il
I

" | i
0.08 0.28 0.48 0.68
(@)
: ] B
\ \
5 e
< \ \
S0 e f f
~
S \ \
- T B R o
\ \
5 | i
0.08 0.28 0.48 0.68

(b)
Time(s)

Figure 7. (a) Comparison between reconstructed current i, and original current i,. (b) Error current.
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Simulation results of the reconstructed current are shown in Figure 7a, which indicates
that i, can track i, well. The error is defined as an index to characterize the difference
between 7, and i,. From Figure 7b, the error converges to 0 quickly. It is proved that the
original current can be deduced back through the extracted harmonic components, and
the correctness of the extraction results and the effectiveness of the harmonic extraction
are verified.

3.2. Verification: Case 2

Considering that the distorted power grid not only contains corresponding harmon-
ics, but may also have frequency or amplitude jumps due to the influence of various
factors during normal operation, in order to verify the anti-interference performance of the
proposed method, a simulation test with sudden changes in amplitude and frequency is
implemented. In this subsection, the expression of the current signal i, after the jump is
as follows:

ip = 3cos(wt) + 5sin(wt) 4 0.5 cos(5wt) + 0.5 sin(5wt) + 0.05 cos(7wt)

. . (26)
+ 0.05sin(7wt) + 0.0015 cos(11wt) + 0.0030 sin(11wt).

The result in Figure 8a shows that the target frequency can be estimated by the pro-
posed method. In this paper, the frequency and amplitude jump times are set at 0.8 s. When
the frequency changes from 50 Hz to 49 Hz, it can be obtained that the frequency value
of i; observed by the algorithm immediately jumps upward, so the frequency is quickly
re-estimated. From Figure 8b, the changes in the frequency and amplitude occurring at
0.8 s has little effect on zero-crossing detection, and the phase variable 0 is also accurately
obtained after the jump occurs.

54 ﬁ‘
\

I —

f(Hz)

(a)

~

O(rad) and i,(A)
L o

_ n‘»ﬂ ‘r‘ ' ' ﬁ'{huv'ku'w'f‘»iu;u;fg‘v ‘ i

0.6 0.8 1 1.2
(b)
Time(s)

Figure 8. Simulation results with frequency and amplitude jump: (a) frequency, (b) comparison
between 0 and i,.

Figure 9 shows the output harmonic parameters {a,, b, } of each order harmonic
obtained by the observer. Whether it is the dynamic transition at the beginning or after
suffering from the jump, the parameters of harmonic components converge within 80 ms.
Using the harmonic component obtained by the proposed algorithm to reconstruct the cur-
rent, a reconstructed current gradually converging to the original grid current is obtained in
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Figure 10a. The error current is shown in Figure 10b. As expected, the reconstructed current
can also track the original current well. The adjustment time within 80 ms after frequency
hopping and amplitude hopping also shows that it can quickly converge to stability.

12 | | | | | | |
\ \ \ \ \ “ a7
| | | | | b br
S AT/ e e e b b ]
bs b1
% | | | | | ‘ ‘
= \ \ \ \ \ \ \
g 4 **\***f***\***@*ﬁ**ﬂ***f***
‘i \ \ \ \ \ \ \
S \ \ \ \ \ \ \
0 o= i ] ] WE‘E‘E
| | | I | | |
\ \ \ \ \ \ \
4 | | | | | | |
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6
Time(s)

Figure 9. The values of each harmonic parameter extraction with frequency and amplitude jump.

8 T T T
\ \ ’ i .
4 | T
g \ \
s [ \
= of |
=]
© T
RIERvA \ \
—8 AL 0.82 0.84 L x
0.4 0.6 0.8 1 12
(a)
? T r i
B R S ]
= \ \
by | | Ll |
% 0 T 1 v f
g | | |
e e - === —— —
\ \ \
5 1 L |
0.4 0.6 0.8 1 12
(b)
Time(s)

Figure 10. (a) Comparison between i, and i,. (b) Error current.

Based on the simulation results of the error current, one of the main findings is that
although the frequency and amplitude jumps at 0.8 s increase the error suddenly to about
1 A, it can be concluded that the proposed algorithm has a good convergence performance.
The magnitude of the error can be reduced to almost 0 in less than 80 ms.

3.3. Verification: Case 3

This subsection will present the scenario described in Case 3 where only the phase
changes. The grid current with the parameters is defined as follows:

i, = 6sin(wt) + 1.5sin(5wt) 4 0.7 sin(7wt) + 0.1sin(11wt), (27)
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where the grid frequency is designed to be 50 Hz. To show the effect of the abrupt phase
angle change, the phase shift is set to 1077/11 at 0.8 s.

The results of the frequency and phase angle estimation under the condition of abrupt
phase change are shown separately in Figure 11. In contrast to Figure 8, it can be concluded
that the abrupt phase change of the signal directly affects the frequency estimation as well
as the phase detection results. Since the frequency of the original current signal is not
changed, the frequency finally returns to its initial value.

55

50

i
|
|
|
|

f(Hz)

45 d —

\
\
|
0.6 1

i ‘a’ ' ‘ﬁ’hﬁﬂﬁ" i W‘k‘}"‘* ]
gl T

Figure 11. Simulation results with phase jump: (a) frequency, (b) comparison between 6 and i,.

Figure 12 shows the extraction of the harmonic component values, and it shows that
the abrupt change in phase has some effect on the extraction of the harmonic observer, but
does not affect the accurate extraction of each parameter or the convergence of the observer.
Similar to Case 2, the reconstructed grid current and the error of the current are shown
in Figure 13. Compared with the error shown in Figure 10b, it can be seen that the error
current of Case 3 in the dynamic transition stage fluctuates greatly, which is related to the
size of the phase shift angle. Changing the phase shift angle is equivalent to translating the
original grid current on the coordinate axis; the larger the angle of translation, the larger
the corresponding error when the phase jump occurs.

Table 2 gives a more complete comparison of the current signal with the harmonic
information obtained by the proposed method. In Table 2, a, and b, denote the real
values, and 4,, and b,, denote the parameter values obtained by the observer where ¢, and
¢y represent the harmonic amplitudes of the real current and the reconstructed current,
respectively. e, represents the relative error between c,, and ¢,. It can be seen from the
table that the relative errors of the 1st, 5th, 7th and 11th harmonics are 0.005%, —0.003%,
0.251% and 0.620%, respectively, and the error is small enough. It is worth noting that the
available data are not considered to be subject to uncertainty or inaccuracy. As for such
problems, fuzzy logic [34-36] may bring better results.

Table 1. System and control parameters.

(4] r Lo Layn Ly, fs fe
1/1000 1/1000 1800 1,000,000 1,000,000 40 kHz 40 kHz
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Table 2. Parameters comparison.

n 1 5 7 11
f/Hz 50 250 350 550

an 0 0 0 0
by, 6.0 1.5 0.7 0.1
4y 0.07711 0.05889 0.06289 0.01409
by 5.99980 1.49880 0.69894 0.09963

ey = \/a,2 + b2 6.0 1.5 0.7 0.1

e = \/82 + B2 6.00029 1.49996 0.70176 0.10062

eq, - - - -
ep, —0.003% —0.080% —0.151% —0.370%
ec 0.005% —0.003% 0.251% 0.620%

0.8
Time(s)

Figure 12. The values of each harmonic parameter extraction with phase jump.

error(A)

(b)
Time(s)

Figure 13. Simulation results with phase jump: (a) comparison between i, and i,. (b) Error current.
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4. Experimental Evaluation

To further validate the effectiveness of the proposed harmonic detection method,
an experimental evaluation is carried out on the test platform shown in Figure 14. The
platform mainly consists of NI CompactRIO-9033 and LabVIEW software. The key part of
the experimental platform is NI CompactRIO-9033, which is a high-speed controller with
an embedded FPGA module chip. It can be connected to NI 9025 (analog input module)
and NI 9263 (analog output module) through specific ports to transfer data through an
internal bus. The LabVIEW environment can realize human—computer interaction, and it
can not only upload experimental data to a PC through an Ethernet port, but also make
real-time changes during the experiment.

The experiment is similar to the simulation. The whole process is as follows: (1) the
proposed algorithm is programmed to the FGPA module in the LabVIEW environment.
(2) N19205 is used to collect the analog current generated by NI 9263 and pass the signal
into the controller NI CompactRIO-9033. (3) The compiled program processes the incoming
data to obtain harmonic information. (4) The experimental data are uploaded to the PC. It
mainly verifies whether the three parts of the algorithm meet the following requirements:
the tracking of frequency, the effectiveness of zero-crossing detection and the convergence
of each harmonic extraction result. The system and control parameters are given in Table 1;
the sampling frequency of the signal f; is 40 kHz and the sampling frequency of the
controller f, is also set to 40 kHz.

NI Compact
RIO 9033

Z
o
o
2

Ethernet

PC « >

[eudis Joreuy

i
Y

Z
S
&

(a) (b)

Figure 14. The test platform. (a) block diagram. (b) experimental test bench.

Figure 15 shows the experimental results after the simultaneous jump of frequency
and amplitude. Although the instantaneous fluctuation caused by the jump is greater than
the simulation results, it can be seen that the results shown in Figure 15a,b are basically
consistent with the simulation results in Section 3.

Figure 16 shows the convergence process of harmonic component parameters from
3.0 s to 3.7 s; it is clear that the parameters can be estimated within a short time.
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(b)
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Figure 15. Experimental results: (a) frequency. (b) Comparison between 6 and i,.

i | | | | |
3.1 3.2 33 3.4 345 3.6
Time(s)

Figure 16. Experimental results: the values of each harmonic parameter.

Figure 17a,b show the tracking of the reconstructed current for the original current
signal and the error current between the two, respectively. In short, the results for harmonic
components and reconstructed currents demonstrate the accuracy and stability of the
observer. It is able to extract harmonics quickly and accurately in the presence of grid
frequency and amplitude jumps.

In summary, the experimental results also prove that the proposed method can track
the frequency in real time and accurately extract the harmonic components under distor-
tion conditions.
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Figure 17. Experimental results: (a) comparison between 7, and i,. (b) Error current.

5. Discussion

From the perspective of the results obtained, the proposed harmonic extraction method
is able to meet the expected requirements. The frequency estimation algorithm can enable
the observer to obtain frequency information when the fundamental frequency of the
detected signal is unknown, thus enabling the designed observer to effectively extract each
harmonic component.

For the harmonic extraction of the current signal i, = 6sin(27tt x 48) + 1.5sin(5 x
271t x 48) + 0.7 sin(7 x 271t x 48) + 0.1sin(11 x 27t x 48), the comparison of this method
with the input observer [22] and FFT is shown in the subsequent part. Table 3 presents the
comparison between the FFT and the method proposed in this paper. The FFT extraction
results are obtained by the FFT analysis module of Matleb/Simulink, where Mag represents
the amplitude. From Table 3, it can be obtained that the proposed method is not much
worse than the FFT method in terms of accuracy. For FFT, however, it is not possible to
extract harmonics in real time because it needs to sample at least one cycle of the signal.
Of course, it can be inferred that the accuracy of the proposed method decreases as the
harmonic order increases, while the FFT does not.

Table 3. Comparison of methods for harmonic estimation.

FFT Proposed Method True Value
n f/Hz
Mag (A) ay by, &y = /a2 + b2 Mag (A)
1 48 5.999 0.0872 6.0011 6.0017 6.0
5 240 1.501 0.1100 1.4973 1.5013 15
7 336 0.6984 0.0727 0.7018 0.7055 0.7
11 528 0.1003 0.0151 0.1012 0.1023 0.1

A comparison between the proposed method and the input observer method is shown
in Figure 18, which represents the dynamic transition process and steady-state process of
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the extraction of harmonic components a1, by, a5 and bs. At 0.1 s, the harmonic extraction
algorithm is added. The four subplots (a), (b), (c) and (d) demonstrate that the results
obtained by both methods can converge to a certain value in a very short time (a few
cycles), and it can be seen from (c) and (d) that the results of the proposed method are
closer to the true values of 4, and b, in terms of the extracted accuracy. In order to
present the extraction effect of the first and fifth harmonics more visually, Figure 19 shows
the comparison of the harmonic waveforms, where i; and i5 represent the fundamental
wave and fifth harmonic, respectively. The figure shows that the estimates produced by
both methods are approximately equivalent after 0.146 s. From both subplots, it can be
concluded that the proposed method is advantageous due to it taking less time in the
dynamic transition process.

8

1 1 1
Proposed method Proposed method
4 — Input observer Input observer | |
;? I I I
— 0 e ]
S | R \
B \ [ P A1 A I o]
| | |
0.1 0.2 0.3 0.4 . . 0.3 0.4
(@) (b)
4 — 3 -—

1
Proposed method
Input observer

Proposed method
Input observer

2 —2 R
<’ | | |

|
< 0t —————— == —

\ \

0 x 1
0.4 0.1 0.2 0.3 0.4

(d)
Time(s)

Figure 18. Comparison between proposed method and input observer: (a) a;. (b) by. (c) as. (d) bs.

8

‘M I T
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25 I |
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Time(s)

Figure 19. (a) Fundamental wave. (b) Fifth harmonic.
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6. Conclusions

In this study, a method for real-time harmonic extraction of distorted grid currents
is proposed, which consists of three parts: robust frequency extraction, zero-crossing
detection and harmonic parameter extraction. The original current signal is reconstructed
by summing the extracted harmonics. Simulations and experiments are performed to
verify the effectiveness of the proposed harmonic detection method. Both simulation and
experimental results show that the method is able to extract each harmonic quickly and
accurately based on the observer and also has good performance in the case of sudden
current changes.

The proposed harmonic detection method is accurate and fast. It can extract harmonics
effectively and accurately in real time. However, in the process of harmonic extraction, the
amplitude jitter is a little large and the transition time is not short enough before obtaining
the accurate value of each harmonic parameter. This will be a problem to be solved in
future research directions. In addition, the application of harmonic extraction in practice
may also be a future work direction, such as transformers, induction motors, etc.
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Abbreviations

The following abbreviations are used in this manuscript:

PQ power quality

APF active power filter

DC direct current

FFT fast fourier transform

IRPT  instantaneous reactive power theory
SRF synchronous reference frame

SOGI  second-order generalized integral
MSRF  multiple synchronous reference frame
ANN  artificial neural network
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