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Abstract

The power quality problem, especially regarding harmonics contamination, has
dramatically affected the overall power system stability. In response to this, using
an Active Power Filter (APF) is considered one of the compelling methods to
overcome harmonics issues. This paper presents the implementation of Shunt APF
with an improved adaptive notch filter known as Extended Fryze Adaptive Notch
Filter (EFANF) for fundamental signal extraction. The adaptive notch filter has
improved the utilization from a single-phase to three-phase application for direct
fundamental signal extraction and is designed to cater DC link voltage regulation
controllers based on the power loss equation by applying Fryze current control
power. This extraction algorithm inherits simple design construction and frequency
tracking, eliminating PLL reliance on synchronization. The proposed algorithm
also improved the design by eliminating the needs of low pass filter as others time
domain algorithms. The algorithm's effectiveness in operation for the Shunt APF is
validated through simulation using MATLAB/Simulink and experiment work by
integrating the algorithm with DSPACE RS1104. Based on both evaluations, the
results obtained show a satisfactory and reasonable agreement in mitigating the
harmonics for multi-load conditions. Simulation and experimentally proven
harmonics mitigation managed to reduce under 5% following the IEE standard, and
the algorithm function within expectation for both steady and transient state
conditions. In comparison between the simulation and experimental results, both
results show almost similar results in terms of waveform for source voltage, source
current, load current, and filter current in both steady state and transient state. In
terms of THD values, both simulations and experimental results recorded that the
THD values for both conditions are below 5%, where the range is 1.45% to 2.46%
for simulation and 2.88% to 3.65% for experimental results. Furthermore, the DC
link also tended to be maintained by the algorithm.
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1. Introduction

The development of power systems has shaped multiple power generation,
transmission, distribution, and application segments. All the advancements are
often polluting and distorting the power system by increasing the utilization of non-
linear loads, mainly contributed by power-electronics devices [1-3]. The need for
power electronics devices can exponentially increase within the industrial and
consumer sectors. Based on the extensive use of sensitive loads, such as computers
and microprocessor-based industrial controllers, and now with the emergence of
renewable energy such as solar and wind and the growth of electric vehicles, there
is a growing need for effective harmonic measurement and compensation systems.
Although conventional solutions have been used to mitigate power quality, such as
passive filters in terms of harmonics, the solution is deemed ineffective, especially
when involving load changes. As implementation of standard regulation in power
flow is becoming more rigid such as IEEE519 and IEC 61000-3-2, active power
compensation is seen as a better choice in realizing power quality (PQ) control.

Active power compensation offers better PQ compensation, especially harmonics,
power factor, and active-reactive power control. Furthermore, the protection,
management, performance, and efficiency of active power compensation are realized
through continuous development in developing signal processing, detection, and
extraction within mathematical algorithms and hardware throughout the past years. One
of the apparatuses demonstrating a solid ability to eliminate harmonics is the Active
Power Filter (APF) system. Such filters are an excellent way to reduce harmonic
disturbances of voltage and current, sudden voltage fluctuations, transient disturbances,
and current and voltage faults. Currently, there are multiple topologies of active power
compensation available for additional compensation, such as series active power filter
[4], shunt active power filter (SAPF), hybrid active power filter, and Unified Power
Quality Conditioner (UPQC). Effective and efficient compensations are compulsory
when dealing with harmonics' power quality. Hence, a precise algorithm is essential for
extracting harmonics elements in controlling the power system's active power filter
(APF). Over the years, various identification and extraction techniques have been
developed; the methods can be divided into time and frequency domains.

The methods used in the frequency-based domain vary from commonly used fast
Fourier and discrete Fourier algorithms, Kalman Filtering algorithm to wavelet
transformation algorithm [5-7]. When using the mentioned techniques, most of the
algorithms designed in the frequency domain require transformation, which is a little
tedious to be applied in the time domain and usually incongruous with changing load
in the power system. Another drawback of the frequency domain method is that it
requires numerous cycles for better current estimation. In applying APF, the commonly
used extraction method is usually within the time domain to cater to the changing
waveform of loads in real-time situations, especially when involved with data
acquisition. The time-domain techniques are divided into a few categories: classical
methods derived from instantaneous power theory [8-10]and synchronous power
theory [11-13], such as PQ, PQR, etc. DQ method. However, these methods usually
involve multi-conversion planes and require additional filters to extract the information.

Another emerging method is the intelligent algorithms, which vary from the neural
network, adaptive neural network, and adaptive linear neuron, where all these
algorithms require training within the process [14-17]. Besides these three methods,
another method used in the APF is the notch filter method, which is simple in design
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and can accommodate changes in loads [18]. The work introduced adaptive notch filters
as harmonics, interharmonics processing methods, and time-domain signal analysis
[19]. However, the method is limited to only processing information due to the
algorithm's lack of a controlling method for DC link control. Yazdani et al. also
proposed the ANF for three-phase application [20], which performed harmonic reactive
current extraction and harmonic decomposition. However, the work was limited to
monitoring and extraction only. The ANF also been applied for ICC and DCC current
control, but within this research also the DC Link control is not accounted for [21]. In
some other works, the ANF replaces the lowpass filter function in the PQ algorithm for
shunt APF [22-24] with a three-phase four-wire system. Although the strategy takes
advantage of the transformation of the frame for instantaneous power flow, the
application of ANF has increased the algorithm's complexity as the method includes the
transformation process and integration of the ANF for filtering purposes. This strategy
undermines the ANF's capability to directly filter the system's fundamental signal.

To utilize the potential of the ANF in shunt APF application. This paper presents
an extended ANF application for harmonics extraction, DC link control, and current
control. Within this method, three elements are focused on as the APF control system:
the computational algorithm of reference current, the voltage regulation for the DC
link control, and the generation of the firing pulse of the voltage source inverter (VSI).
The main section of the paper is the proposed Extended Fryze Adaptive Notch Filter
(EFANF) as the main algorithm component. The algorithm implements the Adaptive
Notch Filter (ANF) as three-phase extraction algorithm where each block extract
individual phase and the algorithm is implementing Fryze algorithm as current
control and reference current generation where there this method applied
minimization method in finding active and nonactive current calculation. Adjacent to
the adaptive capability of the ANF, the algorithm also provides self-synchronization
for the EFANF. This section also discusses the implementation of DC link voltage
regulation, where the PI method is introduced as stability control within the EFANF,
all highlighted in sections 2 and 3. The simulation and experimental works results are
explained in section 4 of the paper. Finally, section 5 concludes the research
contribution and highlights the overall significance of the impact of the work.

2. Principle Operation of Shunt APF

Shunt APF is implemented using a current control-voltage source inverter (CC-
VSI), as shown in Fig. 1. The CC-VSI are connected in parallel with the non-linear
loads through filter inductance. The CC-VSI performs the main task within the
power quality system: inject (opposite magnitude) any unwanted harmonics current
components produced due to the load current in the supply system at the point of
common coupling (PCC). The instantaneous current source of the overall system is
given in Eq. (1), where i;4(t) is the source current, i; (t) is the load current and i (t)
is the compensation current.

is(t) =i () —ic(t) (D

Meanwhile, the instantaneous voltage source vg(t) is given in Eq. (2), and the
non-linear load current can be considered as the embodiment of fundamental current
component and harmonics current components, as shown in Eq. (3)

vg(t) = Vsinwt (2)
ip(t) = Yno I sin(nwt + 0,) = [ sin(wt + 0,) + Yoy I, sin(not + 0,) (3)
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Fig. 1. Shunt APF system.
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The instantaneous power of the load p; (t) can be figured out based on Eq. (4)
given as
pL(t) = i;(t) X vs(t = V,sin®wt X cos@, + V,, I;sin wt X coswt X sing; +
Vin sin wt(XyZ, Insin (nwt + 0,)) = ps(t) + p,(6) + pu(t) “)
The equation consists of active power pg(t), reactive power p,(t), and

harmonics-induced power py, (t). Based on this, the real power drawn from the load
is given in Eq. (5).

pr(t) = Vi sin*wt X cos@, (5)

3.Principle of Current Control System

The structure of the current control system is shown in Fig. 2. The system can be
divided into three major components. The first part is the computation of the
reference current using an extended fryze adaptive notch filter (EFANF), the
second part is the self-synchronization of the EFANF, and the third component is
the DC link voltage regulation and the firing pulses for the APF.
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Fig. 2. Shunt APF system flow diagram.
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3.1. Adaptive notch filter

Ideally, an adaptive notch filter (ANF) works in the concept of a linear gain applied
for all the frequencies except a specified frequency where the frequency gain is
zero. Based on this characteristic, the filter can withdraw an implicit signal of the
sinusoidal waveform from the specified frequency's measured component of an
electrical power system. ANF has well been researched in removing noises within
the sinusoidal waveform [25]. Originally, ANF is based on an IIR filter [26];
however, with improvement in the notch frequency, the filter can adapt to notch
frequency change with time by tracking the input signal frequency variation. This
tracking capability eliminates the need for the signal frequency to be consistent, as
is usually required for the typical notch filter to work efficiently. The ANF's
dynamic operation can refer to the following set of differential equations.

¥+ 0%x = 2¢e0e(t) (6)
6 = —yxBe(t) 7
e(t) =u(t) —x 3

The ANF can be composed of the following elements based on the differential
equations. The input signal of the ANF is given by u(t). The estimation frequency of
the ANF system is given by 6. The accuracy and convergence speed are determined
by two coefficients within the ANF known as y and €. The two coefficients, however,
must compensate each other for the ANF to work effectively and most efficiently,
6 represents the updated law for the frequency estimation [27].

In a functional single sinusoidal input u(t) = Al sin ( @0t + ¢1), the used ANF
has an explicit characteristic where it has a unique periodic orbit located at O as
shown in Eq. (9). For a single ANF system, three functional outputs will be produced
by the ANF, which are the filtered cos signal noted by x but in negative magnitude,

filtered sin signal noted as % which is identified as the input signal and finally 0 as
the frequency of the signal.

x —A; cos(wot + ¢1)/wg
0= <JE> = ( A;sin wg (wot + @1 ) ) )
0 wo

When involving a three-phase power system, for a shunt active power filter, the
measurement of the waveform will apply three-phase waveforms of voltage and
current for supply and load. Any three-phase sinusoidal voltage or current can be

represented based on Eq. (10).

ug (0) Ag sin(wt + @y
u(t) = up(t) | = Ap sin(wt + @y (10)
u.(t) Acsin(wt + @,y

For the three-phase application, improvement can be applied to the ANF in terms
of frequency tracking as the filter shares the common frequency w, in the same
electrical power system. Based on this, the frequency law of triple ANF can be shared,
thus reducing the complexity of the ANF from the 9th order to the 7th order integration
function. The ANF will work in parallel order in extracting the fundamental
components by sharing the standard frequency over time. The fundamental equation of
the ANF for a three-phase system can be nominated in Eqgs. (11) to (13), where the
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phase is represented as n for phases a, b, and c. Meanwhile, the updated law of
frequency is based on the summation of the error signal of all three phases.

¥, + 0%x, = 2e0e,(t) (11)
0 = —y0 X xn €,(t) 12)
en(t) = un(t) - xn (13)

When the equation is expanded to the respective phase, the ANF phase error
equation is given as Eq. (14), the error for each phase is inserted into Eq. (12), where
the ANF phase update law is given as Eq. (15).

€q (t) Ug (t) - J.Ca
en(t) = | ep(®) | = up(t) — % (14)
€c (t) Uc (t) - J‘CC

0 = _yez Xn en(t) = _yg(xaea(t) + xbeb(t) + xcec(t))

=6 (g (ug (t) — %4) + xp (up (t) — %p) + xp (uc () — X))
_Y(exa (ua(t) - xa) + be (ub (t) - xb) + be (uc(t) - xc)) (15)

The ANF for each phase is given as Eq. (16), where 8 is obtained from the
integration of 6 and x obtained from the double integration of ¥.

ANF, ¥q + 0%x, = 2e0e,(t)
(ANFb> = jéb + szb = deeb(t) (16)
ANF, ¥ + 0%x, = 2e0e.(t)

3.2.Reference current estimation

In a three-phase power system, based on Eq. (4), the power flow within the system
usually consists of absolute power, reactive power, and harmonics power.
Therefore, the power term containing all efficient and non-efficient powers terms
in the three-phase system is defined as Eq. (17).

Se2 = (3V61161)2 + (3VelleH)2 + (3VeHIel)2 + (3VeHIeH)2 (17)

where (3V,;I,1)? refers to the fundamental effective apparent power and
(BVorlon)? + (3Veyle1)? + (3Veyley)? refers to nonfundamental effective apparent
power. By applying ANF for the measured voltage and current, their fundamental
components can be extracted, and the fundamental power for the system can be
obtained based on the extracted components. Based on this, the estimation of the
reference supply current will be produced. However, to ensure the successful task of
SAPF, the DC link voltage needs to be controlled to ensure that it is maintained at the
reference value. As the DC link of a SAPF acquires its power from the line and is
accustomed to losses due to switches and active power transfer, the DC link voltage
is exposed to various disturbances, leading to instability of the voltage. To be
overwhelmed with this condition, a DC link control is essential to the SAPF. The DC-
link reference is determined and compared with this system's measured DC link
voltage. The error between the reference and measured DC link voltage is passed into
the proportional-integral controller (PI). Loss is integrated into the instantaneous
power equation, as in Eq. (18), where this is on the improvement point compared to
previous works for ANF application SAPF.
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53‘1) = Uaia+vbib +vCiC+PdC (18)

The error or difference obtained from DC link voltage measurement is shown in
Eq. (19), and the PI controller is applied towards the error to get the value as power
losses of DC-link shown in Eq. (20).

epac(t) = Vacref — Vdcsense (19
Pdc = Pdc (t - 1) + Kp (evdc(t) - evdc(n - 1)) + Kievdc(t) (20)

Meanwhile, the three-phase reference supply is obtained through the fryze
equation [28-31], where this method determines the reference current based on the
average value of three-phase instantaneous power. The equivalent conductivity
calculates the average current, and the average admittance is determined based on the
concept of aggregate voltage as follows,

G, = ?]—322‘1’ , where V# = Jv2 + v + v? (22)

When the equation is expanded, the reference current can be given as,

frerk = Gevi, k= (a,b,¢) (23)
(Walig+vpip+vcict+Pac)Xvg
- 0 240 2402
lrefa ) \/ a' Vb' Ve
B i (Wqig+vpip+vcic+Pac)Xvp 24
lrefkk = .Tefb = JvaZtvp2tvc? (24)
lrefc (Vaiq+Vpip+vcic+Pac)Xve
Vva2+vpZ+v 2

The individual reference current for each phase sequence can be obtained from
Eq. (24).
4.Result and Analysis

The performance of the proposed EFANF is verified by simulation and
experimental works. Table 1 describes the parameters of design that are being
applied in the simulation.

Table 1. Simulation parameters.

Parameter Value

Source Voltage 415V (RMS),50 Hz

Source Impedance 1Q,1 mH

DC Link Capacitance 3300 pF

DC Link Reference Voltage 700V

Filtering Inductor 500 mH

ANF Gains e=0.16,y = 180

Non-linear load Resistive Load

(3 Phase rectifier with 3 load R1=80Q,R2=50Qand R3 =361
conditions) Resistive with Inductive Load

R1L1 = 77Q30mH,
R2L2 = 690 36 mH and
R3L3 = 41041 mH
Resistive with Capacitive Load
R1C1 = 65Q 12 uF,R2C2
= 65019 pF and R3C3 = 650 36 pF
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4.1.Simulation results

The performance, reliability, and efficiency of the EFANF for a balanced three-
phase SAPF are initially simulated and evaluated using MATLAB-Simulink.
According to the circuit shown in Fig. 3, inputs for the EFANF algorithm are based
on the measured igq, isp, isc, iq, i1p,iic and the three-phase source voltage vy, ,
Vsp , Usc to come out with currents references irerq, lrefp» lrefq for the APF.
Evaluation is based on resistive load for three load conditions and tested for sudden
changes of load for increasing and decreasing current and the keenness of the
EFANTF to succumb to the changes. The operation is tested to activate the APF after
reaching a simulation time of 0.1s.

2
g
g
gl 3

2
g
2§

)
i

2

Fig. 3. MATLAB simulation diagram for EFANF control system.

The system will be subjected to a non-linear rectifier with three different
resistivity values for the output. Fig. 4 shows the output waveform of the power
system connected with SAPF at the point of PCC. The measurement is taken before
the PCC for source voltage (Vs) and sources current (Is) and after the PCC for load
voltage (V1) and load current (I1). As shown in Fig. 2, the system's voltage is a pure
sinusoidal waveform, and the load is a distorted waveform due to the rectifier. Figure
5 focuses on phase-A waveforms for source voltage, source current, load voltage, and
load current. To obtain the THD for the simulation, PowerGui FFT Analysis Tool
MATLAB Simulink is used for immediate result. Based on the Fast Fourier
Transform (FFT) analysis, it can be shown that the harmonics due to non-linear load
are given in Fig. 7, where the THD value is 28.29 percent.

Based on Fig. 5, the current source waveform is being mitigated from the
distortion by the SAPF. From point 0.1s, the load waveform has become sinusoidal,
and at the same time, no distortion occurred within the source voltage and load
voltage, and there is not also change that happened towards the load current. The APF
is successfully mitigating the harmonics at the PCC. To evaluate the APF currents,
details of the reference current, compensation current, and filter current are given in
Fig. 6. It is shown that the EFANF managed to extract the fundamental current after
three cycles of the waveform, and the compensation current is provided in Eq. (25).

icomp = Isource — iref (25)
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Fig. 4. Simulation results of 80 Q load for source voltage, load
current, and source current before and after activation of APF.
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Fig. 5. Simulation results for phase A before and after activation of APF.
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Fig. 6. Simulation result for reference current, compensation current,
and filter current before and after activating APF for phase a.

Figure 6 shows the waveform for the reference current, compensation current,
and filter current for phase a. The ANF produces the reference current and inputs
it into the APF current control. The difference between the reference and source
current will have the required compensation current for the APF to mitigate the
harmonics. At simulation time 0.1s, the APF is activated, and the filtering current
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follows the required harmonics mitigation value for the load. The total harmonics
distortion value of the source current after connecting APF is seen to reduce to
3.20 % due to the compensation current, as shown in Fig. 7.

FFT analysis s

e a5 TGS R s Fundamental (50Hz) = 7,63 , THD= 2.46%

Mag (% of Fundamental)
g
Mag (% of Fundamental)

o 2 4 s 8 1 12 14 16 18 20 L i i 2 = 0 M N a2

() (b)

Fig. 7. THD analysis for simulation of 80-Q load
(a) before connecting APF and (b) after connecting APF.

Furthermore, the EFANF is simulated with two other stationary load conditions:
resistive loads of 50 and 36 ohms, respectively. The waveforms of the voltage source,
load current, and source current after compensation for both given loads are shown.
In contrast, for investigated waveform for a single dedicated phase, a can be seen in
Fig. 8. Based on the measured waveforms shown in Fig. 9, the EFANF provided the
reference signal to the SAPF controller and mitigated the harmonics for all the
stationary load conditions. The SAPF managed to bring down the THD from 28.29
% to 2.55% for 50-Q load and 2.40% for 36-Q load, respectively, as highlighted in
the spectrum FFT analysis in Fig. 10. The obtained results confirm the capability of

the EFANF in compensation purposes for operating SPAF to mitigate harmonics
produced by the non-linear load system.

AVAVAVAVAS

] " m 1] e s i (%] 13 4
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Fig. 8. Simulation results of phase-a source voltage, source current,
load voltage, and load current for (a) 50-Q and (b) 36-Q loads.
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Fig. 9. Simulation results of phase a reference current, compensation
current, and reference current for (a) 50-Q and (b)36-Q loads.
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FFT analysis FFT analysis
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(a) (b)
Fig. 10. THD result after APF compensation for (a) 50 Q and (b) 36 Q loads.

The proposed algorithm was also tested under different variations of loads for
reactive power compensation under inductive and capacitive base loads to validate
the adaptabilities of the algorithm in SAPF mitigation for the various waveform. Fig.
11 shows the result of the proposed EFANF for resistive with inductive load for three
different loads, which are R1L1, R2L2, and R3L3 for source current, load current and
filter current. On the other hand, Fig. 12 shows the source, load, and filter currents
for three different resistive with capacitive loads given as R1C1, R2C2, and R3C3.
Comparing the load current and source current for all three related loads, resistive
with inductive and resistive with capacitive, shows that the EFANF can mitigate both
reactive power compensation for resistive with inductive loads and resistive with
capacitive loads. The THD values of the current source after mitigation for all loads
are given as 2.41% for R1L1, 1.73% for R21.2, 1.25% for R3L3, 1.91% for R1C1,
2.09% for R2C2, and 2.54% for R3C3. Based on the given THD values, it can be
proved that the EFANF can supply the SAPF effective reference current to reach the
IEEE standard for the value of the harmonic below 5%.

10 T Source Current Waveform:
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Filter Current Waveform
T T T

Fig. 11. Simulation results of source current, load current
and filter current for (a) R1L1, (b) R2L2, and (c) R3L3 loads.
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Fig. 12. Simulation results of source current, load current,
and filter current for (a) R1C1, (b) R2C2, and (c¢) R3C3 loads.

Adaptableness of the EFANF is also being evaluated. The proposed algorithm is
also simulated under a dynamic-state condition where the load will change between
three resistivity load values that will directly affect the amount of current in the
system. The dynamic changes are evaluated in changes of a resistive load from 82-Q
to 50-Q and from 50-Q to 36-Q2, where the changes will induce the increase of current
changes. Figure 13 provides simulation results for both conditions with the voltage
source, load current, and current source at transition points. It is shown that the
EFANF managed to cater to the changes in load and respond to them immediately,
whereas based on the figure, the EFANF required 0.05s to correspond to the changes.
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(b)

Fig. 13. Simulation results of source voltage,
load current, and source current under transient-state
conditions for (a) 86-Q to 50-Q and (b) 50-Q to 36-Q.

Furthermore, the EFANF adaptability to dynamic changes is also simulated for
the loads' changes from 36 ohms to 50 ohms and 50 ohms to 82 ohms. The simulated
waveforms are presented in Fig. 14 for both conditions, where the figure illustrates
source voltage, load current, and source current. The findings confirmed the
capability of the EFANF to produce the corresponding reference current within both
stationary and transient conditions.
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Fig. 14. Simulated result of EFANF under dynamic
changes for loads of (a) 36-Q to 50-Q and (b) 50-Q to 82-Q Re.
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4.2. Experimental results

A laboratory hardware setup was developed to validate the proposed algorithm. The
hardware consisted of measurement circuits with current and voltage sensors, a
three-phase inverter connected to the filtering inductor as APF, and DSPACE
RS1104 as the controller, as shown in Fig. 15. A DSpace controller board is the
connection point between the sensors and the output signals. For the APF, a three-
phase inverter with DC-link is connected as the voltage source. The prominent role
of the DSPACE is to implement the harmonics extraction algorithm, which will
generate the reference current based on the EFANF. For the experiment, the
supplied voltage of the system is set at S0Hz, 100 Vrms (line-to-line voltage). The
experimental results of utilization of the proposed EFANF algorithm with PI DC-
link control for resistive loads are shown in Fig. 16. The results include source
voltagevs, source current ig, load current i; and filter current if;ze, .

The SAPF with EFANF effectively mitigates the harmonic current for the
steady-state condition. The measurement is done using the Agilent DSO-X 2014A
oscilloscope for the experimental result, covering source voltage, source current,
load current, and filter current. In terms of THD calculation, the measurement is
done by downloading the data from the oscilloscope. The data are then measured
for harmonics decomposition using FFT analysis in MATLAB/Simulink.

A Filter

Inductor

Fig. 15. Laboratory hardware setup.
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Fig. 16. Experimental results of THD for
three-phase source current after compensation.
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All harmonics are managed to be reduced below the required IEE standard, 5%.
Nevertheless, the THDs of the three-phase supply current are monitored to see the
algorithm's effectiveness in the experimental work, where the THD value can be seen
in Fig. 16. From the results, the algorithm managed to reduce the harmonics of the
source current with THD from 28.62% to 2.88%, 2.89% and 3.2% for 80 Ohms load,
28.77% t0 2.94%, 3.13% and 3.11% for 50 Ohms load, lastly from 28.56% to 3.65%,
3.14% and 3.19% for 36 Ohms load regards to phase IA, IB and IC.

Figure 17 shows the waveforms of phase-a source voltage, source current, load
current, and filter current in a steady-state condition obtained from experimental
work. The source current waveform is sinusoidal and is in phase with the measured
source voltage. Thus, THD is reduced for all the given loads, as shown in Fig. 17.
The response of the proposed algorithm for steady-state conditions, when
introduced to an inductive and capacitive load, is also confirmed with the
experimental setup. The result is shown in Fig. 18, where it can be verified that the
proposed algorithm can mitigate resistive with inductive loads for values R1L1,
R2L2, and R3L3. After mitigation, the source current loads THD are given as
2.70%, 2.63%, and 2.78%, respectively.
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Fig. 17. Experimental results of source voltage, source current, load current,
filter current and THD values for (a) 82-Q (b) 50-Q and (c) 36-Q loads.
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Fig. 18. Experimental results of source voltage, source current,
load current, filter current and THD values for (a-i) 67-Q2 and 30H,
(a-ii) 69-Q and 36H, (a-iii) 76-Q2 and 41H loads, (b-i) 60-Q 12uF,
(b-ii) 60-Q 17uF and (b-iii) 60-Q 36uF loads.

The resistive with capacitive loads values of R1C1, R2C2, and R3C3. The values
are within the required IEEE standard. THD's mitigated source current values are
2.52%,2.99%, and 5.00% for each load. Based on these values, it can be concluded that
the proposed EFANF algorithm can produce the appropriate reference current for the
SAPF to work effectively. The SAPF also seems to have better stabilities for the
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resistive and inductive loads than capacitive loads. However, in terms of mitigation, the
EFANF can mitigate all the different types of loads in the experimental setup.

The effectiveness and feasibleness of the proposed algorithm were also verified
for transient-state operation during load-changing conditions. Figure 19 shows the
state for reducing load capacity, which causes ascending current state, Fig. 19 also
shows the increased load capacity, which causes descending current state. In both
states, the EFANF managed to mitigate within 20ms for all load changes.
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Fig. 19. Experimental results of source voltage, source current, load current,
filter current, and DC-Link voltage during transient-state conditions of

(a) 82-Q to 50-Q (b) 50-Q to 36-Q (c) 82-Q to 50-Q and (d) 50-Q to 36-Q.

In comparison between the simulation and experimental results, both results
show almost similar results in terms of waveform for source voltage, source current,
load current, and filter current in both steady state and transient state. In terms of
THD values, both simulations and experimental results recorded that the THD
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values for both conditions are below 5%, where the range is 1.45% to 2.46% for
simulation and 2.88% to 3.65% for experimental results.

5.Conclusions

This paper presents the EFANF extraction algorithm utilized in SAPF to
compensate for current harmonics in the three-phase three-wire system. The
proposed algorithm demonstrated its capability to generate the reference current
based on the notch filtering technique, as shown in both simulation results in
MATLAB/Simulink and experimental work based on the validation with DSPACE
RS1104. As the EFANF is self-synchro based on frequency adaptability, PLL is
not required. The algorithm extracted the fundamental component and mitigated
harmonics in balanced load conditions based on the analyses of steady-state and
transient state conditions. The performance of the proposed algorithm has also been
verified for different types and values of reactive loads both in simulation and
experimental works.

The design of the EFANF also gives an optional improvement on the DC link
voltage control algorithm as the losses of the DC link is provided as power losses within
the system. In terms of performance, the EFANF managed to produce the THD
according to the requirement of the IEE standard. Furthermore, the algorithm can adapt
to the different types of loads. However, in the adaptation of EFANF, the algorithm is
still dependent on two coefficients y and ¢ for the algorithm to be working effectively.
In current works, the coefficients are obtaining through empirical method. To improve
the effectiveness of coefficients, future works are recommended to obtain the best
possible coefficients values through optimization method.
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Nomenclatures

3Verloy Fundamental effective apparent power
3Venlen Harmonics power

G, The equivalent conductivity

lrefa» lrefps lrepa  Generated reference current phase a, b and ¢ Ampere
s Lsp) Isc Current source phase a, b and ¢, Ampere
Vsa»Vsh» Vse Voltage source phase a, b and ¢, Volt

y Accuracy coefficients

Greek Symbols

€ Convergence speed coefficients

0 Estimation Frequency

0 Updated law for the frequency estimation
Wy Reference frequency
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Abbreviations
APF Active Power Filter
EFANF Extended Fryze Adaptive Notch Filter
SAPF Shunt Active Power Filter
THD Total Harmonics Distortion
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