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Abstract: In this paper, a refined reference current generation algorithm based on instantaneous
power (pq) theory is proposed, for operation of an indirect current controlled (ICC) three-level
neutral-point diode clamped (NPC) inverter-based shunt active power filter (SAPF) under
non-sinusoidal source voltage conditions. SAPF is recognized as one of the most effective solutions
to current harmonics due to its flexibility in dealing with various power system conditions. As for
its controller, pq theory has widely been applied to generate the desired reference current due to
its simple implementation features. However, the conventional dependency on self-tuning filter
(STF) in generating reference current has significantly limited mitigation performance of SAPF.
Besides, the conventional STF-based pq theory algorithm is still considered to possess needless
features which increase computational complexity. Furthermore, the conventional algorithm is
mostly designed to suit operation of direct current controlled (DCC) SAPF which is incapable of
handling switching ripples problems, thereby leading to inefficient mitigation performance. Therefore,
three main improvements are performed which include replacement of STF with mathematical-based
fundamental real power identifier, removal of redundant features, and generation of sinusoidal
reference current. To validate effectiveness and feasibility of the proposed algorithm, simulation
work in MATLAB-Simulink and laboratory test utilizing a TMS320F28335 digital signal processor
(DSP) are performed. Both simulation and experimental findings demonstrate superiority of the
proposed algorithm over the conventional algorithm.

Keywords: current harmonics; distorted supply voltage; multilevel inverter; power electronics;
power quality; reactive power compensation

1. Introduction

The widespread use of nonlinear loads has greatly degraded the quality of grid currents via
generation of harmonic currents. Harmonic currents not only degrade overall system efficiency
by worsening its power factor (PF) performance, but also cause other associated problems such as
equipment overheating, failures of sensitive devices and capacitor blowing [1-3]. Therefore, it is
compulsory to minimize harmonic levels of a power system.

In order to minimize harmonic contamination, various mitigation solutions such as passive filters,
active power filters and hybrid filters have been proposed [4-6]. Nevertheless, the shunt-typed active
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power filter (SAPF) [4-7] is the most effective solution to current harmonics issues. Additionally, it is
also capable of improving PF performances [7-11] by reducing reactive power burden on the power
system, while mitigating harmonic currents. Generally, SAPF performs by injecting opposition current
(simply known as injection current) back to the harmonic-polluted power system which allows the
polluted source current to regain its sinusoidal characteristic with fundamental frequency.

Most research works on SAPF adopt a general two-level voltage source inverter (VSI) topology [12-14].
However, multilevel inverters which have been reported to be superior to conventional two-level
inverters [15-17] in term of output voltage quality (less harmonic distortions), are acknowledged as
better alternative. The harmonic contents of the generated output voltage can be reduced greatly
by increasing the number of output voltage levels. However, for SAPF applications, the multilevel
inverters employed are mostly limited to three-level inverters [2,18,19], as the high number of switching
states and severe voltage imbalance problems of multilevel inverters (five-level and above) pose a
great challenge in controller design. In three-level neutral-point diode clamped (NPC) inverter, voltage
across the two splitting DC-link capacitors must equally be maintained at half of the overall DC-link
voltage [2,17,19] so that a balanced injection current can be generated for effective cancellation of
harmonic currents. Moreover, if the voltages are unbalanced, there is a high risk of premature switches
failure due to over-stresses, and further increases of the total harmonics distortion (THD).

The effectiveness of SAPF is strictly dependent on how quickly and how accurately its reference
current generation algorithm performs in generating the required reference current. Under balanced
and sinusoidal source voltage conditions, various research works on this particular algorithm have
been reported in the literature such as synchronous reference frame (SRF) [20-22], instantaneous power
(pq) theory [2,23-25], dg-axis with Fourier (dqF) [26], fast Fourier transform (FFT) [27], synchronous
detection (SD) [28,29] and artificial neural network (ANN) [30,31]. Nevertheless, among the available
algorithms, pq theory algorithm provides the best advantages which include simple design, increased
speed and fewer calculations, and thus makes it more likely to be implemented practically.

In real conditions, the main source voltages may be distorted (non-sinusoidal) and this greatly
degrades the mitigation performance of SAPF which is commonly designed to operate under balanced
and sinusoidal source voltage conditions. In this case, performance of the normal pq theory algorithm
which applies low-pass filtering technique in extracting the required fundamental components [32] is
poor and may even fail to function properly. Therefore, in order to ensure effective operation of SAPF,
it is highly essential to properly consider the condition of the source voltages for the design of the
reference current generation algorithm.

One of the effective approaches to deal with non-sinusoidal source voltages is by applying an
optimization algorithm. In [33-35], an optimization algorithm is proposed to determine the required
reference current by optimizing the operation of controller to meet THD limits set by IEEE Standard
519-1992 and other performance indices such as unity power factor. However, this work is limited to
simulation studies only. IEEE Standard 519-1992 has now been revised as IEEE Standard 519-2014 [36].
Nevertheless, the THD limit of 5% for current is still valid in the latest IEEE standard and should be
complied accordingly to ensure optimum power system performance. Next, another work in [37]
has adopted a nonlinear optimization algorithm to obtain the best compromise between THD limits
and unity power factor. However, the aforementioned optimization algorithms suffer from one major
disadvantage where it depends on complex iterative approaches to solve the optimization problem.
The strong dependency on an iterative approach can impose additional computational delay, which
may restrict effectiveness of these control algorithms under dynamic-state conditions. As a result, the
optimization algorithm proposed in [33-35,37] focused on harmonics mitigation under steady-state
conditions only.

Another alternative is by using an adaptive notch filter (ANF) [38]. In [39], ANF is applied
together with the pq theory approach to generate the required reference current for SAPE. The ANF is
used to process the non-sinusoidal source voltage and distorted load current so that the fundamental
voltage and current components can be extracted to compute the required fundamental average power.
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The fundamental average power is the main parameter involved in reference current generation.
However, the performance of ANF strictly depends on its damping ratio and adaptation gain, which
requires a fine tuning process to work effectively. Besides, the work is limited to simulation studies only.

A Dbetter alternative is by incorporating a self-tuning filter (STF) [7,40]. In the context of SRF-based
reference current generation algorithms, the STF algorithm has been applied to enhance the ability
of phase-locked loops (PLLs) to work under non-sinusoidal source voltages [41]. Like optimization
algorithms, this algorithm is only evaluated under steady-state conditions. Another application of
STF can be found in pq theory-based reference current generation algorithms, hereafter referred to as
STE-based pq theory (STF-pq) algorithms [42]. In this case, the STF algorithm is applied to process the
non-sinusoidal source voltage so that a purely sinusoidal reference voltage can be generated for proper
synchronization purposes. Unlike an optimization algorithm which is commonly realized through a
complex iterative computation process and an ANF approach which requires a fine tuning process,
the STF-based algorithm which is simple and straightforward greatly reduces system requirements
for practical implementation. Nevertheless, as compared to SRF-based algorithm, STF-pq theory
algorithm is much more preferable as it does not require additional PLL elements for synchronization
purposes. Most importantly, the STF-pq theory algorithm is reported in [42] to work effectively under
both steady-state and dynamic-state conditions.

In the context of STF-pq theory algorithms, for effective generation of reference currents, another
STF is commonly implemented to process the transformed set of load currents [40,42]. However,
the performance of STF is fully dependent on its fixed gain value which is normally obtained via an
empirical approach. Owing to the dependency on the fixed gain value, the STF is unable to perform
satisfactorily in controlling nonlinear or time-varying systems, thus significantly affecting the accuracy
of the generated reference current. Besides, the conventional STF-pq theory algorithm is still considered
to possess redundant features which do not represent the basic requirements of reference current
generation, thereby increasing the computational burden of the algorithm.

Another weakness of the conventional STF-pq theory algorithm is related to the characteristics
of its generated reference current. To date, the conventional STF-pq theory algorithm still produces
a non-sinusoidal reference current [7,40,42] and thus forces the SAPF to operate based on a direct
current controlled (DCC) scheme [43—45]. From previous literature [45-47], it is revealed that the
SAPF switching operation produces switching ripples which potentially degrade the THD value of
the mitigated source current. However, the DCC scheme which generates pulse-width modulation
(PWM) switching pulses based on error signals resulting from the difference between the measured
injection current and its non-sinusoidal reference current counterpart [43-45], does not possess accurate
information on the characteristics of the actual source current. Therefore, even if the source current is
contaminated by switching ripples, DCC scheme is unable to alleviate the problems due to a lack of
exact information. As a result, a mitigated source current of higher THD value is produced. Although
the indirect current controlled (ICC) scheme which generates PWM switching pulses based on error
signals resulting from the difference between the actual source current and its sinusoidal reference
current counterpart [2,22,43,44] has been proven to overcome this weakness of the DCC scheme,
there is still no work on STE-pq theory which has been conducted together with ICC scheme. In fact,
the working principle of the conventional STF-pq theory algorithm has limited its application to
DCC schemes.

Therefore, this paper presents a refined STF-pq theory algorithm which suits the operation of
ICC-based SAPF in which a sinusoidal reference current is produced to govern the operation of the
designated SAPF. Three aspects are identified for performing further refinements: fundamental
component detection technique for generating a reference current, algorithm complexity and
characteristics of the generated reference current. The design concept and effectiveness of the proposed
algorithm are verified using MATLAB-Simulink. For performance comparison, a conventional STF-pq
theory algorithm is developed too, and both algorithms are tested under highly nonlinear steady-state
and dynamic-state conditions with a non-sinusoidal voltage supply. Moreover, a laboratory prototype
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is developed with the proposed algorithm downloaded in a digital signal processor (DSP) for
further validation.

The rest of the paper is organized as follows: in Section 2, the proposed SAPF with control
algorithms is described. Section 3 presents the details of the proposed reference current generation
algorithm applied in the SAPF’s controller, highlighting the improvements and refinements performed.
The simulation and experimental findings are presented, and critically discussed in Sections 4 and 5
respectively, showing effectiveness of the proposed algorithm with equivalent comparison to the
conventional algorithm. The paper ends with a brief conclusion in Section 6 by summarizing the
significant contributions of this work.

2. Shunt Active Power Filter (SAPF) with Control Algorithms

Circuit configuration of the proposed three-phase SAPF is shown in Figure 1. A three-level NPC
inverter is employed as the SAPF and it is connected at point of common coupling (PCC) between
the three-phase non-sinusoidal voltage supply and the nonlinear rectifier load. The rectifier is further
connected to two types of loads: resistive (R) and inductive (RL) loads. Meanwhile, the SAPF’s
controller consists of four control algorithms: reference current generation, DC-link capacitor voltage
regulation, neutral-point voltage deviation control, and current control (switching) algorithms.
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Li
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non-sinusoidal
i . R/RL
supply Injection Instanta.neous Rectifier load
current DC-link pc )
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( iinj ) 1 C
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\ T Vaer
L ST 01
[aaas! 7z V;Ic
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inductor \S3 D> “_|_V
S Cch _ dc2
N D4
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(a)

Source current ( s abc )
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Figure 1. The proposed three-phase three-level NPC inverter-based SAPF: (a) circuit configuration and
(b) control algorithms.
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Nevertheless, the main focus of this paper is on reference current generation algorithm where
a refined control algorithm is developed based on STF-pq theory. Meanwhile, DC-link capacitor
voltage regulation algorithm with an inverted error deviation (IED) technique [3] is applied to
consistently maintain the overall DC-link voltage at the desired level by delivering the required
DC-link charging power I, so that the required injection current i;,; can be accurately generated.
Additionally, a neutral-point voltage deviation control algorithm [48-50] is applied to maintain voltage
balance of splitting DC-link capacitors, by delivering the required incremental time interval At with
respect to the resulted instantaneous voltage error (V;.1—V;») between the splitting DC-link capacitors.
Finally, PWM switching pulses S1_4 for controlling operation of SAPF are generated by a 25 kHz space
vector PWM (SVPWM) current control algorithm [18,51,52].

3. Refined Self-Tuning Filter-Based Instantaneous Power (pq) Theory Algorithm

In order to clearly demonstrate the unique features of the proposed reference current generation
algorithm, and at the same time, for showing proper comparisons, the particulars of the conventional
algorithm which is developed based on STF-pq theory are first presented serving as a benchmark for
improvement. Next, by referring to the conventional STF-pq theory algorithm, the proposed algorithm
known as refined STF-pq theory algorithm is elaborated, highlighting the improvements made.

3.1. Conventional Self-Tuning Filter-Based Instantaneous Power (STF-pq) Theory Algorithm

The working principle of the conventional STF-pq theory algorithm is shown in Figure 2a.
Generally, the reference current generation process is accomplished via a series of mathematical
calculations of instantaneous power in a balanced three-phase system. The calculations are conducted
in the o-f3 domain where all the required three-phase signals are converted into their respective
two-phase x-f3 representation by using a transformation matrix T, [32,53] which is expressed as:

T. — 2| cosOi(t) cosO3(t)  cosOy(t) 1)
PI7 V3| —sin@;(t) —sin@3(t) —sinBy(t)
where: )
s
0p(t) = 0(t) + - (ph — 1), ph = 1,2,3 ?)

and 0(t) is an angular arbitrary function which is considered as 6(¢) = 0.
Therefore, by applying Ty, the source voltage vsg and load current i; g in o-3 domain are
obtained according to the following approach:

v ] 0sq
US(O; = qu Osp 3)
L Usc
i T iLa
[ - = qu irp (4)
lLB .
| ILe

where vg,, vgp,, and vg., and i, ipp, and ij., are the three-phase source voltages and load currents
respectively.

Under non-sinusoidal source voltage conditions, source voltage in x-3 domain can actually be
decomposed into dc and ac components as follows:

USa | _ U5 (dc) + Us«(ac) 5)
Usp UsB(de) T Vsp (ac)



Energies 2017, 10, 277 6 of 21

where v5q(4.) and vgq () represent the fundamental (dc) and distorted (ac) components of source
voltage in « domain respectively. Similar relation holds for source voltage in 5 domain, vgg g4
and vgg (4¢)-
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Vsabe Tp, > ':'_;:_‘
—_— s v
@ | Yse 'sg (dc)
©) “T™
A 4 A 4 l L 4
[ i (ac DCC Scheme
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g 1L (d9) P Real (o) current | ! :
i Second > - and derivation | 4 j. . :
Labe Secon Il ]
abe | Tpg [ STF . Imaginary (g) 3 Vinj, ref - s i
@ lLﬂ llﬂ(dc) — . power i.. ”| Space Vector 14}
> > - | g9 | calcutation inj, ref PWM  |——p
> algorithm
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|—> + an )
- Linj
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algorithm
()
Vs, Vs, (do)
vsabc Ty ” I;‘Tri_' v
\Z 'S (dc)
3 S B
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\ 4 \ 4 A y
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voltage regulation
algorithm

(b)

Figure 2. Reference current generation algorithms: (a) conventional STF-pq theory and (b) refined
STF-pq theory.

In order to deal with non-sinusoidal source voltage conditions, a self-tuning filter (STF) is
commonly applied to process the source voltage so that dc components of the source voltage can
be extracted, serving as reference voltage to ensure in-phase operation of SAPF with the designated
power system. In [7,40,42], the transfer function of STF for source voltage processing (after performing
Laplace transformation) can be summarized as follows:

Usa(de)(5) | _ Ki| vsa(s) = 0se(ac) (s) +2L](c —Usp(de) () ©)
Vs (de) (5) s | vsp(S) —Vspdc)(s) s Vs (de) ()

where Kj is a constant gain parameter and f; is the cutoff frequency. From [42], in order to achieve
the best filtering performance of STF in extracting dc components of source voltage, K; and f; are
commonly set at 100 and 50 Hz, respectively.

On the other hand, under the influences of nonlinear loads, the load current in &-f3 domain can
also be decomposed into dc and ac components as follows:

Lo - iLoc(dc) + iLOé(lZC) (7)
iLp i@ (de) T 1LB (ac)

where ij o (4) and if o (qc) Tepresent the fundamental (dc) and distorted (ac) components of load current
in oc domain respectively. A similar relation holds for load current in 3 domain, iy g4 and iy g (4c)-
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For generating a reference current, both i} ,(,¢) and iy g (,) components are required. Generally,
they are obtained by using indirect identification approach [54], where the dc components are first
extracted by using a second STF followed by removal of the extracted dc components from the actual
load current in -3 frame. This approach can be expressed as follows:

ILa(ac) | _ | TLo—STF (iLoc(dc) + iLoc(ac)) ®)
iLB(ac) iLp —STF(iLﬁ(dc) +iL[3(ac))

Meanwhile, the transfer function of the second STF for extracting the dc components of load
currents can be expressed as follows:

[ iLou(dc) (8)

irg(dc)(s)

_K
s

iLoc(s) - iLoc(dc) (S)
iLg (8) — irp (de) (5)

+ znfcl —irp(ac)(8) ] )

s i o(dc)(8)

From [7,40,42], in order to achieve the best filtering performance of STF in extracting dc
components of load currents, K, is commonly set at a value between the range of 20 to 80, and
fe is fixed at 50 Hz.

Once the dc components of source voltage vy (4c) and v (4c), and ac components of load current
I (ac) and iy g (4c) are computed, instantaneous complex power s is calculated as follows:

5= P(ac) +jq(ac) = vSocB(dc)iLocB(ac)* = (vSoc(dc) - jvSB(dc)) (iLoc(ac) +jiL[5(ac)) (10)

= (UScx(dc)iLoc(ﬂc) + USB(dC)iLﬁ(ﬂC)) +j<vSoc(dc)iL[3(ac) - ZJS[S(dC)iLoc(ac))

which can be rewritten as:

Pac) _ US(de) VS (dc) iLoc(ac) (11)
9(ac) ~UsB(de)  Usw(dc) iLﬁ(ac)
where p ;) and g, represent the distorted (ac) components of instantaneous real and imaginary
powers, respectively.
After adding the DC-link charging power P, required for regulating the overall DC-link voltage

of SAPF to the computed p(,) (readers may refer to Figures 1b and 2a), the required three-phase
reference injection current i, .. is generated according to:

Linj,ref a

. ]" f - quT vSOC(dC) _USB(dC) p(ac) + P,

Linjref b - (12)
i det(pq) Usp(dc)  YS«(dc) q

inj,ref c

where det(pgq) = Uscx(dc)z + vSB(dc)Z'

The non-sinusoidal i;,; s forces the subsequent PWM switching pulses S; 4 meant for controlling
mitigation operation of SAPF, to be generated based on the DCC scheme which operates by requiring
the measurement of the actual injection current i;,;.

3.2. Proposed Simplifications and Refinements

Despite the fact that the conventional STE-pq theory algorithm has been acknowledged as a
straightforward and an effective algorithm in generating reference currents, it nevertheless has
shortcomings and redundant elements which potentially degrade its performance. Therefore,
additional refinements are performed, bringing about the development of refined STF-pq theory
algorithm as shown in Figure 2b. Three noteworthy refinements are proposed and highlighted
as follows:
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(1) A mathematical-based fundamental real power identifier is proposed to replace the second STF.

(2) Reduction of the algorithm complexity through removal of imaginary power calculation.

(3) Generation of sinusoidal reference source current instead of non-sinusoidal reference
injection current.

The first refinement is proposed with the aim of overcoming the limitations of STF in extracting the
dc components of the load current, which include a tedious gain tuning workload and significant delay
in dc component detection. In order to implement the proposed refinement, the process for generating
the required reference current needs to be changed. Previously, for generating reference current, STF
is applied at earlier stage to extract the required dc components of load current before computing
the instantaneous power. However, for the proposed refined STF-pq theory algorithm, all the dc
components extraction processes (for reference current generation) are executed after computing the
instantaneous power.

Mathematically, from (4) and (6), the instantaneous real power p in «- domain is first
computed as:

Lo
[p] [ VSau(dc) VSR (de) } l i ] (13)

Similarly, due to influences of nonlinear loads, the computed instantaneous real power p consists

of p(4c) (fundamental) and p ;) (distorted) components which can be expressed as follows:

[p] = [P(dc) + p(uc)] (14)

Since the dc component of real power is equivalent to its average value, a mathematical-based
fundamental real power identifier is proposed to compute the average value. The proposed
fundamental real power identifier is given as:

1 T
P(ac) = Paverage = T /0 (P(dc) + p(uc))dt (15)

where Pyyerqge is the average value of p and T is the period of the signal.

In this manner, the need of STF in extracting the dc components of load current is eliminated,
thus removing the gain tuning workload as well as the possibility of inaccurate and inefficient dc
components computation due to improper tuning.

Next, the second refinement is proposed, aimed at further reducing the algorithm complexity
through removal of the imaginary power g calculation which is considered to be unnecessary in the
context of reference current generation. In order to suit the working principle of the ICC scheme, the
proposed algorithm is designed to produce a sinusoidal reference current. The generated sinusoidal
reference current is expected to consist of only a fundamental sine component and to work in-phase
with the source voltage. Hence, it is unnecessary to include imaginary power g calculation which
represents the phase difference between the source current and source voltage, in the process of
generating a reference current. In other words, computation using real power p alone is good enough
to represent the sinusoidal characteristics and in-phase operation (with source voltage) of the resulted
sinusoidal reference current.

Finally, the third refinement is proposed aimed at further reducing the higher THD value of the
source current resulting from DCC-based operation. Therefore, operation of the conventional STE-PQ
theory algorithm is modified to fulfill the requirements of the ICC scheme. In order to realize this
modification, a reference current with sinusoidal characteristics must be generated. From (15), with the
availability of p4), the required P is then added to regulate the overall DC-link voltage of SAPF, and
as a result, the sinusoidal three-phase reference source current ig ,,r can now be generated according to:
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;S,ref a B quT (p(dc) + PC) U5 (dc) (16)
iS,rEf b det(pq) US3 (de)
Srref ¢

The sinusoidal ig ;s enables the subsequent PWM switching pulses S;_4 to be generated based
on measurement of i instead of i;,;. In other words, it changes the DCC-based operation to ICC-based
operation. Unlike DCC-based operation, ICC-based operation which has been reported in [43-45,47]
to possess exact information on switching ripples existing in the source current, allows accurate
generation of reference currents to continuously control the operation of the SAPF and thus eliminates
any unnecessary problem caused by SAPF switching operations.

4. Simulation Results

The proposed three-phase three-level NPC inverter-based SAPF utilizing the refined STF-pq
theory algorithm is tested and evaluated in MATLAB-Simulink. Detailed simulation studies are
performed under both steady-state and dynamic-state conditions which involve two cases of
source voltages: in case 1, non-sinusoidal source voltage with only odd harmonics and in case 2,
non-sinusoidal source voltage with both odd and even harmonics. For these two voltage cases, the
source voltages applied are expressed as follows:

Case 1: Non-sinusoidal source voltage with only odd harmonics (THD = 28.11%)

vs, = 326sin(wt) + 70sin(3wt) + 50sin(5wt) 4 30sin(7wt) 4 10sin(9wt)

vsp = 326sin(wt—120") +70sin(3(wt —120")) + 50sin (5(wt — 120))
+30sin(7(wt —120")) + 10sin (9 (wt — 120°)) (17)

vse = 326sin(wt+120") + 70sin(3(wt +120")) + 50sin(5(wt +1207))

+30sin(7(wt +120")) + 10sin(9(wt + 1207))
Case 2: Non-sinusoidal source voltage with both odd and even harmonics (THD = 28.10%)

vs, = 326sin(wt)+ 8sin(2wt) + 70sin(3wt) + 4sin(4wt) + 50 sin(5wt)
+2sin(6wt) + 30 sin(7wt)

vgp = 326sin(wt —120") +8sin(2(wt —120°)) + 70sin(3(wt —1207))
+4sin(4(wt —120")) + 50sin(5(wt — 120°) ) + 2sin(6(wt —1207))
+30sin (7 (wt —1207))

vse = 326sin(wt+120") +8sin(2(wt +120")) + 70sin(3(wt + 1207))
+4sin(4(wt +120")) 4 50sin(5(wt +120")) + 2sin(6(wt +1207))
+30sin(7(wt +120"))

(18)

Meanwhile, two types of nonlinear loads are considered for the simulation studies. The first
nonlinear load is constructed using a three-phase uncontrolled bridge rectifier feeding a 25 (2 resistor
(resistive) and the second nonlinear load is developed using a similar rectifier feeding a series connected
50 Q) resistor and a 50 mH inductor (inductive). Moreover, the conventional STF-pq algorithm is also
tested for comparison purposes. The key specifications of the proposed SAPF are summarized in
Table 1.

Under steady-state conditions, each reference current generation algorithm is evaluated in term
of current harmonics mitigation performance (THD value) demonstrated by SAPF. Meanwhile, under
dynamic-state conditions, each reference current generation algorithm is evaluated in term of dynamic
response (response time) demonstrated by SAPF in current harmonics mitigation. For this analysis,
two dynamic-state conditions are created by changing the nonlinear loads from resistive to inductive
and inductive to resistive, respectively.
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Table 1. Proposed parameters for SAPF.

Parameter Value
Fundamental Source Voltage (line to line) 400 Vyms, 50 Hz
DC-link capacitor 3300 pF (each)
DC-link reference voltage 880V
Limiting inductor 5mH
Switching frequency 25 kHz

4.1. Steady-State Condition Analysis

For the case 1 non-sinusoidal source voltage condition, steady-state simulation waveforms of
SAPF utilizing the refined STF-pq theory algorithm which includes three-phase source voltage v,
load current i1, injection current i;,;, and source current ig, for resistive and inductive loads are shown
in Figure 3. Meanwhile, for the case 2 non-sinusoidal source voltage condition, the steady-state
simulation waveforms are shown in Figure 4. The corresponding THD values of source current ig
resulted from SAPF utilizing each reference current generation algorithm obtained for case 1 and case 2
non-sinusoidal source voltage conditions, are recorded in Tables 2 and 3, respectively.

From the findings, it is obvious that under both non-sinusoidal source voltage conditions, SAPF
utilizing each reference current generation algorithm has successfully removed the harmonic currents
generated by both nonlinear loads, resulting in THD values of far below 5%, complying with the limit
set by IEEE Standard 519-2014 [36]. However, SAPF utilizing the refined STF-pq theory algorithm
performs outstandingly by achieving THD values of 0.09%-0.33% lower than conventional STF-pq
theory algorithm, thereby showing the superiority of the proposed algorithm over the conventional
algorithm under steady-state conditions. Furthermore, it can be observed that the mitigated source
current ig is working in phase with the source voltage vg for all nonlinear loads, thereby improving
the power factor to almost unity.

Table 2. THD values of source current ig under case 1 non-sinusoidal source voltage condition
(Simulation Result). N/A: not applicable; STF-pq: self-tuning filter-based instantaneous power;
SAPF: shunt active power filter.

Total Harmonic Distortion, THD (%)
Phase a Phase b Phase ¢

Reference Current
Generation Algorithm

Resistive Inductive Resistive Inductive Resistive Inductive

Before Connecting SAPF
N/A 23.90 24.80 23.90 24.80 23.90 24.80

After Connecting SAPF
Refined STF-pq 1.70 2.23 1.73 2.25 1.70 2.22
Conventional STF-pq 1.79 2.37 1.82 2.35 1.81 2.37

Table 3. THD values of source current ig under case 2 non-sinusoidal source voltage condition
(Simulation Result).

Total Harmonic Distortion, THD (%)

Reference Current

Generation Algorithm Phase a Phase b Phase c
Resistive Inductive Resistive Inductive Resistive Inductive
Before Connecting SAPF
N/A 31.34 37.86 31.34 37.86 31.34 37.86
After Connecting SAPF
Refined STF-pq 1.76 2.71 1.80 2.76 1.78 2.73

Conventional STF-pq 1.88 3.04 2.02 3.07 1.98 3.05
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Figure 3. Steady-state simulation waveforms (case 1) of SAPF utilizing the refined STF-pq theory
algorithm which include three-phase source voltage vs, load current iy, injection current i;,; and source
current ig for (a) resistive and (b) inductive loads.
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Figure 4. Steady-state simulation waveforms (case 2) of SAPF utilizing the refined STF-pq theory
algorithm which include three-phase source voltage vs, load current iy, injection current i;,,; and source
current ig for (a) resistive and (b) inductive loads.
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4.2. Dynamic-State Condition Analysis

For case 1 non-sinusoidal source voltage conditions, dynamic behaviour demonstrated by each
reference current generation algorithm under dynamic-state conditions of resistive to inductive and
inductive to resistive is shown in Figure 5. Meanwhile, for case 2 non-sinusoidal source voltage
condition, the dynamic behaviour of each reference current generation algorithm in mitigating
harmonic currents is shown in Figure 6. Based on Figures 5 and 6, it is clear that for both dynamic-state
conditions, regardless of the non-sinusoidal source voltage case (1 or 2) the refined STF-pq theory
algorithm shows the best performance with a response time of 0.02 s. Meanwhile, the conventional
STF-pq theory algorithm performs poorly with a response time of 0.04 s. In other words, SAPF utilizing
the proposed algorithm shows superior dynamic performance by achieving a response time two times
faster than the conventional algorithm.

In addition, other important aspects of three-level NPC inverter-based SAPF which include overall
DC-link voltage regulation, voltage balancing of splitting DC-link capacitors and neutral-point voltage
deviation control are thoroughly investigated to further verify effectiveness of the proposed SAPFE.
Based on Figures 7 and 8, under both non-sinusoidal source voltage conditions, it is clear that all
DC-link capacitor voltages are properly regulated and maintained at the desired value. Moreover,
voltages across both splitting DC-link capacitors (V.1 and V;.,) are equally maintained at half of
the overall DC-link voltage V;;. with minimal neutral-point voltage deviation and thus confirming
the effectiveness DC-link capacitor voltage regulation and neutral-point voltage deviation control
algorithms applied in the proposed SAPFE.

Source Voltage vs (V Source Voltage vs (V
o T 1gf()1 . ol PP PN 1g!s()

200

-200 : : : : : : . ! . : - - :
400 G A T T B 400 I B T B
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Figure 5. Phase A simulation waveforms (case 1) which include source voltage vg, load current iy,
source current ig resulted from refined STF-pq theory algorithm, and source current ig resulted from
conventional STF-pq theory algorithm for dynamic-state conditions of (a) resistive to inductive and
(b) inductive to resistive.
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Figure 6. Phase A simulation waveforms (case 2) which include source voltage vg, load current iy,
source current ig resulted from refined STF-pq theory algorithm, and source current ig resulted from
conventional STF-pq theory algorithm for dynamic-state conditions of (a) resistive to inductive and
(b) inductive to resistive.
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Figure 7. Simulated waveforms (case 1) of overall DC-link voltage Vj, splitting DC-link capacitor
voltages Vjq and Vj,, and neutral-point voltage deviation Vd (V. — V) for dynamic-state
conditions of (a) resistive to inductive and (b) inductive to resistive.
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Figure 8. Simulated waveforms (case 2) of overall DC-link voltage Vj,, splitting DC-link capacitor
voltages Vjq and V., and neutral-point voltage deviation Vd (V. — V) for dynamic-state
conditions of (a) resistive to inductive and (b) inductive to resistive.

Based on all the simulation results obtained in both steady-state and dynamic-state conditions,
it is clear that the refined STF-pq theory algorithm provides the best current harmonics mitigation
performance with low THD and fast response time. On the other hand, the conventional STF-pq
theory algorithm which has widely been reported in the literature performs well under steady-state
conditions (THD < 5%). However, under dynamic-state conditions, the conventional STF-pq theory
algorithm is unable to track and respond fast enough to rapid nonlinear load changes.

5. Experimental Verification

A laboratory prototype was developed to validate practically the performance of the refined
STF-pq theory algorithm. The experimental setup for the proposed SAPF is shown in Figure 9.
For experimental testing, a three-phase, 50 Hz, 100 Vs, non-sinusoidal voltage source is considered,
and it is supplied from a three-phase practical transformer. The waveforms of source voltage applied
in experimental testing are shown in Figure 10. It can be seen that the source voltage is balanced but
non-sinusoidal with THD = 6.91%. Meanwhile, the desired overall DC-link reference voltage is set
at 220 V. Furthermore, a TMS320F28335 DSP board is configured and programmed to perform all
control algorithms of the SAPF and to generate the desired PWM switching pulses for the three-phase
three-level NPC inverter. A similar analysis to what was performed in the simulation work is
considered for the experimental analysis.

The steady-state experimental waveforms (phase A) of SAPF utilizing the refined STF-pq theory
algorithm which includes source voltage vs, load current iy, injection current i;,j, and source current is,
for resistive and inductive loads are shown in Figure 11. Meanwhile, the THD values of source current
ig in all phases resulted from SAPF utilizing each reference current generation algorithm are recorded
in Table 4. On the other hand, Figures 12 and 13 show the dynamic behaviour of SAPF utilizing each
reference current generation algorithm in current harmonics mitigation for dynamic-state conditions
of resistive to inductive and inductive to resistive respectively.
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Figure 9. Experimental setup for the proposed shunt active power filter (SAPF).
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Figure 10. Steady-state experimental waveforms of the three-phase non-sinusoidal source voltage
(phase) with THD = 6.91%.

Table 4. THD values of source current ig in all phases resulted from SAPF utilizing each reference
current generation algorithm (Experimental Result).

Total Harmonic Distortion, THD (%)
Phase a Phase b Phase ¢

Reference Current
Generation Algorithm

Resistive Inductive Resistive Inductive Resistive Inductive

Before Connecting SAPF
N/A 24.75 25.32 24.98 25.15 24.84 25.22

After Connecting SAPF
Refined STF-pq 3.13 3.34 3.21 3.45 3.16 3.39
Conventional STF-pq 3.72 3.93 3.78 3.89 3.86 3.98

The findings confirm that under non-sinusoidal source voltage condition, SAPF utilizing each
reference current generation algorithm has successfully removed the current harmonics generated by
both nonlinear loads, resulting in THD values of below 5%. However, SAPF utilizing the refined STF-pq
theory algorithm performs outstandingly by achieving the lowest THD values, which is 0.44%—-0.70%
lower than the conventional STF-pq theory algorithm. Moreover, the mitigated source current ig seems
to work in phase with the source voltage vs and thus achieving almost unity power factor.
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Most importantly, by using the refined STF-pq theory algorithm, the response time of two cycles
(0.04 s) in current harmonics mitigation which is achieved previously by using the conventional STF-pq
theory algorithm is now significantly reduced to one cycle (0.02 s), thus confirming the superiority of
the proposed algorithm over the conventional algorithm under dynamic-state conditions.

* :
: : : : (100 V/div)

wm%% pYara

£ Vs
(100 V/div)

s
(10 A/div)

s
© (5 A/div)

Time (10 ms/div) Time (10 ms/div)
(a) (b)

Figure 11. Steady-state experimental waveforms (phase A) of SAPF utilizing the refined STF-pq theory
algorithm which include source voltage vs, load current iy, injection current i;,; and source current ig
for (a) resistive and (b) inductive loads.

@) (b)

Figure 12. Experimental waveforms (Phase A) for dynamic-state condition of resistive to inductive
which includes load current iy (5 A/div) and source current ig (5 A/div) resulted from SAPF utilizing
the (a) refined STF-pq theory and (b) conventional STF-pq theory algorithms.
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Figure 13. Experimental waveforms (Phase A) for dynamic-state condition of inductive to resistive
which includes load current iy (5 A/div) and source current ig (5 A/div) resulted from SAPF utilizing
the (a) refined STF-pq theory and (b) conventional STF-pq theory algorithms.

Furthermore, Figure 14 shows the experimental result obtained for the overall DC-link voltage V.,
and the splitting DC-link capacitor voltages (V.1 and V), for dynamic-state conditions of resistive
to inductive and inductive to resistive. The findings show that all the DC-link voltages (Vj., Vj1
and V) of the proposed SAPF are properly controlled at the desired value for both dynamic-state
conditions. Moreover, voltages across both splitting DC-link capacitors (V.1 and V) are successfully
maintained at half of the overall DC-link voltage V;, with minimal deviation, hence, confirming the
effectiveness of the DC-link capacitor voltage regulation and neutral-point voltage deviation control
algorithms applied in the proposed SAPFE.

+ +
220V Ve 220V Vi
et ™ P i A st el s ekl bl
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Figure 14. Experimental waveforms of overall DC-link voltage V. (20 V/div) and splitting DC-link
capacitor voltages V.1 (10 V/div) and Vy, (10 V/div) for dynamic-state conditions of (a) resistive to

inductive and (b) inductive to resistive.

Based on all the simulation and experimental findings in both steady-state and dynamic-state
conditions, the improvements achieved by the refined STF-pq theory algorithm has clearly revealed
significant roles of applying mathematical-based fundamental real power identifier, simplifying the
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algorithm complexity, and generation of sinusoidal reference current to suit ICC-based operation.
The implementation of the proposed algorithm has significantly improved the mitigation performance
of the proposed SAPF. In addition, the effective control of all the DC-link voltages at their respective
desired values together with minimal neutral-point voltage deviation has further verified the design
concept and the effectiveness of the proposed SAPF in current harmonics mitigation.

6. Conclusions

This paper has successfully demonstrated a refined reference current generation algorithm based
on STF-pq theory for a three-phase three-level NPC inverter-based SAPEF. In this algorithm, three main
refinements are performed which include incorporation of a mathematical-based fundamental real
power identifier, simplification of the algorithm complexity and generation of a sinusoidal reference
current. Comprehensive analyses in both steady-state and dynamic-state conditions are conducted
to evaluate the performance of the proposed algorithm. Simulation work reveals that utilization of
the proposed algorithm improves the mitigation performance of SAPF during steady-state conditions
by achieving low THD values. Moreover, a significant improvement can be observed during
dynamic-state conditions where the proposed algorithm performs successfully with fast response
times. The proposed algorithm is not limited to inverter-based SAPF with aspecific type of load or
under specific non-sinusoidal source voltage conditions. In fact, it is proven to work effectively with
various types of nonlinear loads and under highly harmonic-distorted non-sinusoidal source voltages.
Furthermore, the experimental findings have confirmed the effectiveness of the proposed algorithm in
both steady-state and dynamic-state conditions as shown in simulation work. The low THD value
and fast response time clearly show the advantages of the refined STF-pq theory algorithm over the
conventional STF-pq theory algorithm, especially in dealing with dynamic-state conditions.
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