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Abstract—In this paper, a new reference current generation
method is proposed for effective harmonics mitigation and reactive
power compensation of three-level neutral-point diode clamped
inverter-based shunt active power filter (SAPF) under nonideal
grid voltage conditions. The proposed method is named as dual
fundamental component extraction algorithm. In operation, the
proposed algorithm extracts at the same time, the desired funda-
mental current and voltage components for generating reference
current and synchronization phases, respectively. As a result, the
proposed algorithm is able to generate reference current that en-
sures in phase operation of SAPF with the operating power system,
without depending on any phase-locked loop elements. Besides, the
proposed algorithm employs self-tuning filter (STF) for accurate
computation of the fundamental components. Design concept and
effectiveness of the proposed algorithm are thoroughly studied and
evaluated in MATLAB-Simulink. Additionally, a laboratory pro-
totype utilizing TMS320F28335 digital signal processor is built to
validate its feasibility. Encouraging findings obtained from both
simulation and experimental works demonstrate effectiveness of
the proposed algorithm under both ideal and nonideal grid voltage
conditions.

Index Terms—Active power filter (APF), clarke transformation,
current harmonics, indirect current controlled (ICC), multilevel
inverter, self-tuning filter (STF).

I. INTRODUCTION

IGH current harmonics in power distribution system
H caused by extensive applications of nonlinear loads is
one of the most significant power quality problems that have
attracted tremendous research interests. The presence of har-
monic currents in the power system not only degrades over-
all system efficiency (low-power-factor performance), but also
causes other associated problems, which include overheating of
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equipment, failures of sensitive devices, and capacitor blowing
[1]. Therefore, it is compulsory to install mitigating devices to
confine and eliminate harmonic currents generated by the non-
linear loads. In fact, various innovative techniques have been
proposed in the literature [2] to reduce the impacts of harmonic
currents and major research works have been conducted on con-
trol algorithm designs [3].

Shunt active power filter (SAPF) is the most effective mitiga-
tion tool which has extensively been applied to alleviate current
harmonics problems. Presently, for SAPF applications, multi-
level inverters are recognized as a better alternative over stan-
dard two-level voltage source inverters due to their superior
advantages in terms of better output voltage quality with lower
harmonic levels and lower power losses [4], [S]. However, the
multilevel inverters employed are mostly restricted to three-level
inverters, since controller complexity needed to maintain volt-
age balance of dc-link capacitors while controlling the complex
switching operation of SAPF, increases as the number of level
increases [6], [7]. For a three-level neutral-point diode clamped
(NPC) inverter, voltage across each of its splitting dc-link ca-
pacitors has to equally be maintained at half of its overall dc-link
voltage.

Effectiveness of SAPF in current harmonics mitigation is
strictly dependent on the accuracy of its reference current gen-
eration algorithm. By possessing an accurate reference current,
the SAPF should be able to effectively alleviate harmonic prob-
lems [7], [8]. Although various methods with unique merits
have been proposed for generating reference current [3], [9],
[10], time-domain-based approaches especially synchronous
reference frame (SRF) [11]-[13] and instantaneous power (pq)
theory [14]-[16] are still the predominant methods applied
due to their simple implementation features that reduce con-
troller complexity and eventually ease the process for practical
implementation.

Despite their simplicity as compared to their counterparts
classified under frequency domain category such as fast Fourier
transform [5] and learning technique category such as artificial
neural network [17], they actually suffer from some potential
disadvantages that have restricted the capability of SAPF. For
instance, one major drawback of SRF algorithm is the necessity
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of synchronization reference phase, particularly obtained from
phase-locked loop (PLL) that requires thorough implementation
if the source voltages are unbalanced and/or distorted. Besides,
PLL requires implementation of proportional-integral (PI) con-
troller that can properly work only with a proper tuning of
its gain parameters [18]. This is a tough and time consuming
process as the tuning of PI controller is normally obtained via
empirical approach.

In contrast, pq theory algorithm does not involves any PLL
elements, but it requires additional voltage processing, and ac-
tive and reactive power calculation process, and thus, increases
computation burden of the designed controller. Moreover, both
SRF and pq theory algorithms are still relying on numerical
filters [either low-pass filter (LPF) or high-pass filter (HPF)] to
obtain their respective current and power components for gen-
erating reference current. Nevertheless, LPF is more preferred
as it provides better harmonic cancellation effects [3]. However,
itis revealed in [7], [16] that numerical LPF still cannot provide
accurate fundamental component detection where the detected
fundamental component is reported to carry high amount of rip-
ples. Hence, reference current generated in this manner will not
be accurate. Besides, a typical LPF can only perform well by
having a good compromise between its cutoff frequency and
the order of filter, which requires careful consideration and is
difficult to be attained.

Both SRF and pq theory algorithms are reported to be ef-
fective under ideal (balanced and sinusoidal) and nonideal (un-
balanced and/or distorted) source voltage conditions [19], [20].
However, to work effectively under nonideal source voltage con-
ditions, additional self-tuning filter (STF) has to be integrated
with the algorithms: for SRF algorithm, STF is applied to im-
prove ability of PLL (referred to here as STF-PLL) [19], and
meanwhile for pq theory algorithm, STF is integrated directly
with the main algorithm (referred to here as STF-pq) [20]-[22].
It is important to note that, presently, STF has only been adapted
to SRF and pq theory algorithms. In operation, STF serves as
a voltage processing algorithm where it extracts fundamental
components of nonideal source voltages before applying them
in the process of generating reference current. From here, it is
clear that even though STF has been adapted to SRF and pq the-
ory algorithms, it only allows the algorithms work effectively
under nonideal source voltage conditions but it does not allevi-
ate the inherent problems of SRF and pq theory algorithms as
described previously.

Another weakness of the existing algorithms is related to the
characteristic of their generated reference current. The charac-
teristic of the generated reference current actually determines
operation of the subsequent current control algorithm [23]-[25].
For instance, if a nonsinusoidal reference current is provided,
the current control algorithm will be operated according to direct
current control (DCC) scheme. On the other hand, if a sinusoidal
reference current is provided, the current control algorithm will
be operated according to indirect current control (ICC) scheme.
It is worth noting that the existing SRF [11]-[13], pq theory
[14], [15], and STF-pq theory [21], [22] algorithms are still pro-
ducing a nonsinusoidal reference current based on the extracted
harmonic current. In this manner, the desired switching pulses
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(generated by current control algorithm) meant for controlling
mitigation operation of the SAPF will be generated based on
DCC scheme.

As reported in [25]-[27], source current is potentially pol-
luted by switching ripples resulted from switching operation of
SAPF, thus, quality of the mitigated source current is degraded.
However, DCC scheme that generates switching pulses by com-
paring a measured injection current (SAPF output current) with
a nonsinusoidal reference current (obtained from reference cur-
rent generation algorithm) [23]-[25], does not possess exact
information on the characteristics of the actual source current.
Therefore, even if the source current is polluted by the gen-
erated switching ripples, DCC scheme is unable to alleviate
the problems due to lack of essential information. As a result,
mitigated source current with higher total harmonic distortion
(THD) value is produced.

Although ICC scheme that operates by comparing the actual
source current with a sinusoidal reference current (obtained from
reference current generation algorithm) has been demonstrated
in [16], [23]-[25], [27] to overcome weaknesses of the DCC
scheme, there is still no relevant work on the existing SRF, pq
theory, or even STF-pq algorithms that have been conducted to-
gether with the ICC scheme. Hence, this work is aimed to filling
this gap. Unlike DCC scheme, the ICC scheme that possesses
exact information on the characteristic of the actual source cur-
rent is free from switching ripples problems [16], [25], [27] and,
thus, providing superior harmonics mitigation performance.

Therefore, based on the described limitations of the existing
SRF and pq theory algorithms, this paper proposes a new time
domain-based alternative control algorithm named as dual fun-
damental component extraction (DFCE) algorithm. The newly
proposed algorithm is specifically designed to suit requirements
of current control algorithm that operates under ICC scheme. It
is able to accurately generate the desired reference current and
at the same time provides synchronization phases to ensure ef-
fective operation of SAPF even under the influence of nonideal
source voltages, without using any PLL elements (as required by
the existing SRF algorithm), unnecessary power calculations (as
required by the existing pq theory algorithm) and any low-pass
filtering processes (as required by both the existing SRF and pq
theory algorithms). In addition, it adopts the STF technique for
effective operation under nonideal source voltage conditions.
Simulation study using MATLAB-Simulink and experimental
test utilizing digital signal processor (DSP) are performed to
verify and validate design concept and effectiveness of the pro-
posed DFCE algorithm. Moreover, comparative analysis with
existing approaches is also performed to investigate improve-
ments achieved by the proposed algorithm.

The rest of the paper is organized as follows. In Sec-
tion II, a brief review on three existing algorithms for gen-
erating reference current of SAPF is provided. Next, in Sec-
tion III, operation of SAPF is briefly described. Particulars of the
proposed algorithm are presented in Section IV with clear il-
lustration. Simulation and experimental findings are presented
and thoroughly discussed in Section V and VI respectively. Fi-
nally, Section VII concludes significant contributions of this
work.
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Fig. 1.
algorithm and all the other associated algorithms.

II. REVIEW OF TIME DOMAIN-BASED REFERENCE CURRENT
GENERATION ALGORITHM

This section briefly reviews three existing time-domain-based
reference current generation algorithms of SAPF. The well-
known SRF [7], [13] and pq theory [14], [16] algorithms are
first described, followed by descriptions of the improved version
STF-pq [20], [21] algorithm. The reader is referred to [7], [14],
[21] for further details on the described algorithms.

A. SRF Algorithm

SREF is one of the widely applied algorithms in the literature.
This algorithm operates based on Park transformation. First,
the measured three-phase load currents are transformed into
their respective two-phase dg-frame components to separate the
fundamental (ir,q(tund) and irq(fund)) and harmonic (ir,qnar)
and i1, 4(nar)) components of the instantaneous load currents (i1 4
and ir,,). As mentioned earlier, the main disadvantage of this
algorithm is that it requires PLL to determine angular position
of the source voltage so as to provide synchronization reference
phases for the transformation process. After transforming the
load currents into synchronous dg-frame, LPFs are applied to

Three-phase three-level NPC-inverter-based SAPF: (a) circuit configuration and (b) the applied control system showing the reference current generation

separate the fundamental and harmonic components. Finally, the
desired reference currents are generated by using the extracted
harmonic components via inverse Park transformation.

B. Instantaneous Power (pq) Theory Algorithm

Instantaneous power (pq) theory is another well-known algo-
rithm in the literature. This algorithm operates based on Clarke
transformation, where the measured three-phase source voltages
and load currents are simultaneously transformed into their re-
spective two-phase «f3 representations. Next, the active and
reactive powers that also compose of fundamental (Ff,,q) and
Q(fund)) and harmonic (Py,,) and @ 1,,)) components are cal-
culated. Once calculated, LPFs are applied to separate the fun-
damental and harmonic components of active and reactive pow-
ers. Then, from the harmonic components of active and reactive
powers, the harmonic components of load currents (7 (1,ay) and
i3(har)) are derived. Finally, the desired reference currents are
generated by using the extracted harmonic components of load
currents via inverse Clarke transformation. Since source volt-
ages are involved directly with the calculation process, hence
the generated reference current will be working in phase with
the operating power system.
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C. STF-Based Instantaneous Power (STF-pq Theory
Algorithm

As mentioned in Section I, STF is basically applied to deal
with problems caused by nonideality of source voltages. In [20],
[21], the STF is integrated with the existing pq theory algorithm
to filter out voltage harmonics from the distorted source voltages
before applying them in the calculation process of active and
reactive powers. At the same time, the STF also operates to
balance the filtered voltages. Additionally, another similar STF
is applied to extract the harmonic components of load currents
(ta(har) @nd Zg(ar)), Which are then used together with the
distortion-free filtered voltages in the pq theory calculation.

III. CIrRcUIT CONFIGURATION AND CONTROL ALGORITHMS OF
SAPF

Circuit configuration of the proposed three-phase three-level
NPC inverter-based SAPF and its control algorithms are shown
in Fig. 1. The SAPF is connected at point of common coupling
(PCC) between three-phase source and nonlinear rectifier load.
In operation, a typical SAPF injects an opposition current (also
known as injection current) back into the polluted power system
at PCC to cancel out harmonic currents and improve power
factor, and at the same time drawing the necessary instantaneous
dc-link charging current ¢4, to regulate its switching losses.
Based on Fig. 1(b), it is clear that effective operation of SAPF
requires complete cooperation from its control algorithms that
include reference current generation, dc-link capacitor voltage
regulation, neutral-point voltage deviation, and current control
algorithms.

Nevertheless, this paper focuses solely on reference current
generation algorithm where a new control algorithm named as
DFCE is proposed. For dc-link capacitor voltage regulation al-
gorithm, PI technique [28] is applied. Next, neutral-point voltage
deviation control algorithm with fuzzy-based dwell time allo-
cation technique [29] is employed to maintain voltage balance
of splitting dc-link capacitors. Basically, it delivers an appropri-
ate incremental time interval AT with respect to the instanta-
neous voltages across each splitting dc-link capacitor (Vj.; and
Vic2), to maintain equal inflow and outflow of current at neutral-
point Z. Finally, a 25-kHz space vector pulse width modulation
(PWM) current control algorithm [30], [31] that operates based
on the ICC scheme is adopted to govern switching operation of
SAPFE.

IV. DFCE ALGORITHM

The working principle of the proposed DFCE algorithm is
shown in Fig. 2. Basically, the structure of DFCE composes
of two STF-based fundamental component extraction parts
that are executed simultaneously: the lower part (fundamental
current extraction) generates the required reference current, and
the upper part (fundamental voltage extraction) serves as syn-
chronization algorithm to coordinate the phase of the generated
reference current with respect to the phase of the operating
power system.
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Fig. 2. Reference current generation algorithm based on DFCE.

The fundamental component extraction processes are per-
formed in af-frame where the measured three-phase load
currents and source voltages are first transformed into their
respective two-phase a3 representation by using Clarke-
transform matrix as follows:

T . 2 Jcosf (t) cosby(t) costs(t) M
o0 73 |sinf (t) sin6y (t) sinbs(t)
where
2m

and 0(t) is an angular arbitrary function and is considered as
0(t)=0.

Let the measured three-phase load currents and source
voltages expressed in matrix form be irqpe = [iq 45 i.]* and
Vsabe = [va vy ve]T respectively. Hence, their corresponding
« representations can be expressed as

[ia ZS]T - Taﬂ iLab(t (3)
[Uoz 'US]T == Taﬁ VSabe- (4)

Under the influences of nonlinear loads, load currents in a3-
frame actually can be decomposed into fundamental (fund) and
harmonic (har) components as follows:

|:iLu :| _ |:iLa(fu11d) + iLa(har) 5)
iLﬁ Z.LJ"}(fund) + Z.L;ﬁ'(haur)

where i1 (fund) and iz, g(rund) represent the fundamental com-
ponents of load currents in o3-frame, and meanwhile 4, (1ar)
and i7,g(nar) represent the distorted components of load currents
in a-frame.

For generating reference current, both fundamental load cur-
Tent 77,q (fund) and iz g(fund) COMponents are required and they
are extracted using STF. Basically, the transfer function of STF
can be derived from integration process of the SRF as follow
[32]-[34]:

Vi (t) =¥t [e 79U, (t)dt (6)
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Fig. 3. Bode diagram of STF for different values of parameter K (w, =
100  rad/s).

where U, (t) and V,,, (t) represent the instantaneous signal be-
fore and after integration process, and w is the angular frequency
of the signal.

Next, by performing Laplace transformation on the input
U,y (t) and output V,, (¢) signals, transfer function as follow
can be obtained. It is important to note that U, () and V,,, (t)
can be either current or voltage signals

Viy (5) _
Usy (s)

For the purpose of reference current generation in SAPF ap-
plications, an additional constant K is added in H (s) [35]-[37]
to restrict its magnitude at unity for w = w, . Concurrently,
the phase delay will be equal to zero at that particular angular
cutting frequency w.. After adding the constant K, (7) can be
rewritten as

s+ jw
s2 +w?’

H(s) = @

H(S): Vry (S) :K(S + K)+]w(’ . (8)
Usy (3) (s + K)* + w2

The filtering performance of STF is strictly dependent on
the value of parameter K. Fig. 3 shows frequency response of
the STF tuned at w, = 100 7 rad/s, for values of parameter K
ranging from 20 to 120. It can be observed that the magnitude
of STF is limited at |H(s)| = 0 dB and there is no phase dis-
placement introduced by STF at w,. In other words, STF is able
to perform without any phase delay and amplitude changing
[21], [34], [36]. Moreover, it is also clear that selectivity of
STF is better with smaller value of K. Furthermore, by taking
inverse Laplace transform of (8), the time constant of STF is
found to be equal to 1/K [21], [34]. Therefore, the dynamic
response of STF improves (shorter response time) with larger
value of K. Since, parameter K affects both selectivity and dy-
namic response of STF, hence it must carefully be selected for
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achieving a good compromise between the selectivity and dy-
namic response, so as to ensure optimum performance of STF.
Transfer function H (s) in (8) can be further expanded as

Vi (5) + %, (5)
Uz (s) +jUy ()
_gle F B dgee ©)
(s + K)” 4+ w.?
(s + K)
(s + K)* + w2

) (U, () + U, (s)) .
(10)

H(s) =

V(o) + 3, (o) = K (

e
(s + K)*+w.?

Next, by equating the real and imaginary parts, the following
expression can be obtained:

K(S + K) Kw,
Vals) =——3——= Uu(s) - ————U
(=) (s + K)4w? (=) (s + K)* + w2 v(e)
(1)
 K(s + K) Kw,
W) T K e O e e
(12)

Finally, by solving (11) and (12) simultaneously, they can
further be simplified as

Vils) =5 0 () -V (6) - LW ()
Vils) = 5 (U, ()~ Vy D)+ LVa(s). (9

Here, for extracting fundamental load current iy, (funq) and
i1, 3(fund)» the output signals V, (s) and V, (s) are replaced with
iLa(fund) (8) and iz 5(funa) (5), respectively, and meanwhile the
input signals U, (s) and U, (s) are replaced with iy, (s) and
ir5(s), respectively. As a result, transfer function of STF (for
fundamental load current extraction) can be expressed and sim-
plified as follows:

|:7;La(fund) (8) :|

_ ﬁ |:Z.La (S) - Z.Ln{(fund) (S):|
i1, (fund) (5)

s |irs (8) = irg(funa) (5)

+ 27T_=f0 |:_Z.Lﬂ(fund) (S):| (15)

S 7:La(fund) (S)

where K is a constant gain parameter and f. is the cutting
frequency. For the sole purpose of fundamental load current
components extraction, STF is revealed to perform effectively
for K set between the ranges of 20-100, and f. fixed at 50 Hz
[20], [21]. Note that parameter K is relabeled as K; to indi-
cate that it is applied for fundamental load current components
extraction purposes.

With the extracted i7q(funa) and ipg(fund), Mmagnitude
I7fund_mag Of the desired sinusoidal reference current ig, refabe
is computed according to the following approach:

Iqund_mag = \/iLa(fund)2 + iLﬂ(fund)2~ (16)
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TABLE I
COMPARISON AND EVALUATION OF REFERENCE CURRENT GENERATION ALGORITHMS

Features

Reference current generation algorithms

SRF [7], [13]

pq theory [14], [16]

STF-pq [20], [21] The proposed DFCE

Characteristic of the generated Nonsinusoidal (suit DCC

Nonsinusoidal (suit DCC

Nonsinusoidal (suit DCC Sinusoidal (suit ICC scheme)

reference current scheme) scheme) scheme)
Number of numerical filters 2 LPFs 1 LPF or 2 HPFs No No
required
Additional elements/calculations ~ PLL for synchronization =~ Voltage preprocessing, active STF, voltage preprocessing, STF, voltage preprocessing
required purpose and reactive power active and reactive power
computation computation
Effectiveness under ideal source Yes Yes Yes Yes
voltage
Effectiveness under non-ideal No No Yes Yes
source voltage
Applied for selective harmonic No No No No
mitigation
Advantages Easily implementable, and ~ Easily implementable, does  Does not require LPF, HPF,  Does not require LPF, HPF, PLL
most appropriate for not require PLL, and effective PLL, and effective and power calculations (simplest
harmonic mitigation under performance under ideal ~ performance under both ideal structure), better mitigation
ideal source voltage condition  source voltage condition  and nonideal source voltage performance due to
conditions implementation with ICC scheme,
and effective performance under
both ideal and non-ideal source
voltage conditions.
Disadvantages Require additional PLL Computational burden is Computational burden is Careful tuning of STF’s gain

element, suffer from time

numerical filters, and not
effective under nonideal
source voltage conditions

higher than SRF due to
delay due to dependency on additional voltage and power additional STF elements, and
calculations, suffer from time
delay due to dependency on
numerical filters, and not

higher than pq theory due to parameter is required for effective
operation.
require careful tuning of
STF’s gain parameter for
effective operation.

effective under nonideal
source voltage conditions

On the other hand, under nonideal source voltage conditions,
the measured source voltages that have been transformed into
af-frame can also be decomposed into fundamental and har-
monic components. Hence, from (4), the source voltages in
af3-frame can be rewritten as

|:USa:| _ |:USa(fund) + USa(har) (17)

vsg VS (fund) T VSB(har)

where Vg, (fund) and Vg5(fund) denote the fundamental compo-
nents of source voltage in a3-frame, and meanwhile vg (par)
and vg 3 (1,ar) refer to the distorted components of source voltage
in a5-frame. The distorted components are the components ex-
isted due to nonideality of source voltages and must be removed
to obtain the desired synchronization phases.

For generating the synchronization phases, another STF is
adopted to extract the desired fundamental source voltage
VSa(fund) and Vgg(tund) components. In this case, from (13)
and (14), by replacing the output signals V,(s) and V,,(s) with
VSa(fund) (8) and vgg(una)(s), respectively, and the input sig-
nals U, (s) and U,(s) with vg,(s) and vgg(s), respectively,
transfer function of the second STF (for fundamental source
voltage extraction) can be expressed and simplified as follows:

[05a<fund> (S)} _ K [’Usﬂ (5) = Vsa(fund) (S)]
Vs (fund) (S) S Vsp (S) — Usg(fund) (S)

+ 27ch |:_USH(fund) (8):| .

18
S USa(fund) (S) (18)

Similarly, for effective performance of STF in extracting fun-
damental component of source voltages, K should also be set
between the range of 20-100 and f, fixed at 50 Hz [20], [21].
Note that parameter K in this case, is relabeled as K to indi-
cate that it is applied for fundamental source voltage compo-
nents extraction purposes. Nevertheless, for optimum filtering
performance of the adopted STFs, a small study is conducted
to determine the best K; and K values with reference to the
reported gain ranges.

With the extracted vg (fund) and vgg(funa), inverse Clarke
transformation as expressed in (19) is executed to transform
the extracted fundamental component of source voltages in o[-
frame back into its three-phase representation vsfund abe

UStund a Vo (fund
T
USfund b | = Ta[f o (fund) . (19)
VS 6 (fund)
UStund ¢

Atthe same time, Vg (tund) a0d Vg g(funq) are used to calculate
the required amplitude Vstund mag Of Vsfund abe according to the
following approach:

VSfund_mag = \/USu(fund)2 + US[J‘(fund)Z- (20)

With the availability of vsfund abe and Vstund mag» the desired
synchronization phases sin(wt),. can be obtained according to
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TABLE II
PARAMETERS SPECIFICATIONS OF THE PROPOSED SAPF

Parameter Value Unit
Fundamental source voltage (rms) 400 (line to line) \%

Fundamental frequency 50 Hz
DC-link capacitor 3300 (each) nk
Reference overall dc-link voltage 880 v

Limiting inductor 5 mH
Switching frequency 25 kHz

the following approach:

sin (wt) 5. = [sin (wt) sin (w — %’r) sin (wt+ %’r)]T

_ USfund abe @1
VSfund,mag

Since the synchronization phases are obtained by processing
directly the source voltages, hence the phases obtained in this
manner will be equivalent to the actual phases of the operating
power system. In other words, it can track the angular position of
the operating power system. Finally, by using the generated syn-
chronization phases sin (wt)qp., and together with T Lfund_mag
[obtained from (16)] as well as magnitude /4. of instantaneous
dc-link charging current 4. (delivered by dc-link capacitor volt-
age regulation algorithm), the desired sinusoidal reference cur-
rent 49 ref qbe 1S generated according to the following approach:

iS, ref abc = [Iqund,mag + Idc] sin (Wt)ab(;- (22)

In this manner, the desired reference current can accurately
be generated under any scenario of source voltages (both ideal
and nonideal) and, thus, granting the proposed DFCE algorithm
and also the connected SAPF, the ability to work effectively
under nonideal source voltage conditions. Moreover, owing to
the sinusoidal characteristic of the generated reference current
19.ref abe» the designated SAPF is controlled under ICC scheme
that enhances its mitigation performance.

For better clarification on the benefits of the proposed DFCE
algorithm, the features of the proposed DFCE algorithm and the
three existing time-domain-based reference current generation
algorithms are compared and contrasted in an organized manner,
as summarized in Table 1.

V. SIMULATION RESULTS

Simulation model of the proposed SAPF and its control al-
gorithms are developed and evaluated in MATLAB—-Simulink.
Table II summarizes the details of the proposed SAPF’s param-
eters. To evaluate performance of the newly proposed DFCE
algorithm, comprehensive simulation studies are performed by
considering four cases of source voltages: in case 1, balanced-
sinusoidal source voltage, in case 2, harmonic-distorted source
voltage, in case 3, unbalanced-sinusoidal source voltage, and in
case 4, unbalanced-distorted source voltage. The specifications
of the applied source voltages are given as follows.
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Case 1: Balanced-sinusoidal source voltage (THDa =
THDb = THDc = 0.00%)
vga = 326 sin (wt)
vsp = 326 sin (wt — 120°)
vs. = 326sin (wt 4 120°) . (23)
Case 2: Harmonic-distorted source voltage (THDa =

THDb = THDc = 32.17%)
vsa = 326sin (wt) + 80 sin (3wt) + 60 sin (bwt)
+ 30sin (7wt) + 10 sin (9wt)
vsp = 326 sin (wt — 120°) + 80 sin (3 (wt — 120°))
+ 60sin (5 (wt — 120°))
+ 30sin (7 (wt — 120°)) 4 10sin (9 (wt — 120°))
vse = 326sin (wt + 120°) + 80sin (3 (wt + 120°))
+60sin (5 (wt + 120°))

+ 30sin (7 (wt + 120°)) + 10sin (9 (wt + 120°)) .
(24)

Case 3: Unbalanced-sinusoidal source voltage (THDa =
THDb = THDc = 0.00%)

vga = 326 sin (wt)
vgp = 286 sin (wt — 120°)
Vse = 366 sin (wt + 120°) . 25)

Case 4: Unbalanced-distorted source voltage (THDa =
14.71%, THDb = 17.48%, and THDc¢ = 17.92%)

Vs = 326 sin (wt) 4+ 30sin (3wt — 120°)
+ 20sin (5wt + 120°) + 30 sin (Twt)
+ 10sin (9wt — 120°)

vgp = 286 sin (wt — 120°) + 40 sin (3wt)
+ 20 sin (5wt 4+ 120°) + 20 sin (7wt — 120°)
+ 105sin (9wt + 120°)

vge = 366 sin (wt 4 120°) + 50 sin (3wt) + 40 sin (5wt)
+ 105sin (7wt — 120°)
+10sin (9wt + 120%). (26)

Aninductive nonlinear load is constructed using a three-phase
uncontrolled bridge rectifier feeding a series connected 50 2
resistor and 50-mH inductor. Comparative analysis is also con-
ducted to investigate improvements achieved by the proposed
DFCE algorithm in comparison to the existing SRF, pq theory,
and STF-pq algorithms. The main performance parameter used
to evaluate effectiveness of the proposed DFCE algorithm is the
THD value of mitigated source current that must be maintained
within the 5% limit set by IEEE Standard 519-2014.

Initially, a small study on selecting the best gain values (K
and K5) for the applied STF is conducted. The study is con-
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TABLE III —
OBSERVATION TIME TO OBTAIN STABLE INJECTION CURRENT AND THD VALUE 2 3
OF MITIGATED SOURCE CURRENT OBTAINED FOR SPECIFIED GAIN 5 jm
=
K and K> Inductive load
=
Time (s) THDa (%) 2
Qo
- E
20 0.20 2.20 a
30 0.14 2.90
40 0.12 2.27 =
50 0.10 1.73 S E’
60 0.08 1.87 B
70 0.06 2.37 ) a
80 0.05 1.74
90 0.04 175 2
100 0.04 2.76 ey
110 0.03 222 e
120 0.03 2.24 w 3
5]
S 4 32
s s 200 5§
5@ 0f- 2 5
7= -200¢---; O -20
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O 20 : : : 2 2.01 2.02 2.03 2.04
= ()
e Time (s)
=
g_?: é s Fig. 5. Steady-state simulation waveforms (case 2) of SAPF, which include
O -20 three-phase (a) source voltages vg, (b) load currents ¢, (c) source currents g
—_ resulted from SRF algorithm, (d) source currents ¢g resulted from pq theory
P § algorithm, (e) source currents i g resulted from STF-pq algorithm, and (f) source
5 s currents i g resulted from DFCE algorithm.
— cycles and the measured THD in within the allowable limits.
< . . . .
i~ Although a larger gain value can provide a quicker formation of
2 & stable injection currents %;,j, the THD of the mitigated source
w o= . . . « .
O currents ig is revealed to be higher. This is due to the fact that a
2 larger gain value degrades the selectivity of STF [20], [21], [34].
32 Hence, the selected gain value should be as small as possible
2 E 10k X : x after considering the best time taken and THD values achieved.
% 20 5 0 z 2 52 = é}:! Ed Steady-state simulation waveforms of SAPF that includes
’ ) ’ ' three-phase source voltages vg, load currents iz, and source
Time (s) currents ig mitigated by SAPF utilizing different reference cur-
rent generation algorithms, obtained for cases 1, 2, 3, and 4 are
Fig. 4. Steady-state simulation waveforms (case 1) of SAPF, which include

three-phase (a) source voltages vg, (b) load currents 4y, , (¢) source currents ig
resulted from SRF algorithm, (d) source currents ig resulted from pq theory
algorithm, (e) source currents i g resulted from STF-pq algorithm, and (f) source
currents ig resulted from DFCE algorithm.

ducted considering only case 1 balanced sinusoidal source volt-
ages. Table III summarizes the observations regarding the time
taken for DFCE algorithm to successfully form a stable injection
current 4;yj, and the THD measurements recorded for the miti-
gated source current i when K and K> values are varied from
20 to 120. The findings are revealed to satisfy the theoretical
characteristic of STF (as discussed in Section IV), where larger
K, and K, values lead to shorter response time of STF. From
Table III, the best K7 and K, values are found at 90 where
the time taken (response time) by the algorithm is only two

shown in Figs. 4, 5, 6, and 7, respectively. Meanwhile, the corre-
sponding THD values of source current ¢ recorded before and
after mitigation by the SAPF, for each source voltage condition
are tabulated in Table I'V.

From the findings, under balanced-sinusoidal (case 1) source
voltage condition (refer Fig. 4), it is clear that the source currents
15 are well mitigated by SAPF utilizing each reference current
generation algorithm. From Table IV, it can be observed that the
THD values of source currents ig are reduced from 27.34% to
around 2%, and thus, complying with the allowable 5% limit.
However, SAPF with the proposed DFCE algorithm performs
outstandingly by achieving the lowest THD values as compared
to the other algorithms.

Next, under harmonic-distorted (case 2) source voltage con-
dition (refer Fig. 5), it can be observed that the performance of
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Fig. 6. Steady-state simulation waveforms (case 3) of SAPF, which include
three-phase (a) source voltages vg, (b) load currents ¢y, , (c) source currents ig
resulted from SRF algorithm, (d) source currents ¢g resulted from pq theory
algorithm, (e) source currents i g resulted from STF-pq algorithm, and (f) source
currents ¢g resulted from DFCE algorithm.

both SRF and pq theory algorithms are not acceptable. As shown
in Table IV, the THD values of source currents ig are reduced
from 33.54% to around 10% with the SRF algorithm [refer
Fig. 5(c)] and around 20% with the pq theory algorithm [refer
Fig. 5(d)]. However, by utilizing the STF technique, both STF-
pq and the proposed DFCE algorithms are observed to perform
effectively under harmonic-distorted source voltage condition.
The THD values recorded are around 2.9% with STF-pq [refer
Fig. 5(e)] and 2.4% with DFCE [refer Fig. 5(f)] algorithms.
Furthermore, under unbalanced-sinusoidal (case 3) source
voltage condition (refer Fig. 6), it can be observed that all the
reference current generation algorithms perform well except pq
theory algorithm. Specifically, as shown in Table IV, the THD
values of source currents ig obtained by the pq theory algorithm
[refer Fig. 6(d)] is around 8%, where it fails to comply with the
IEEE standard 519-2014. Meanwhile, SRF [refer Fig. 6(c) and
STF-pq [refer Fig. 6(e)] algorithms manage to reduce the THD
values to around 3%. Most importantly, the proposed DFCE
algorithm [refer Fig. 6(f)] provides the best mitigation perfor-
mance by achieving the lowest THD values of around 2%.
Finally, under unbalanced-distorted (case 4) source voltage
condition (refer Fig. 7), it can be observed that the performance
of both SRF and pq theory algorithms are once again not ac-
ceptable. Based on Table IV and by focusing on phase a source
current g, , the THD value recorded is 8.11% with the SRF algo-
rithm [refer Fig. 7(c)] and 14.66% with the pq theory algorithm
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Fig. 7.  Steady-state simulation waveforms (case 4) of SAPF, which include
three-phase (a) source voltages vg, (b) load currents iy, , (c) source currents ig
resulted from SRF algorithm, (d) source currents g resulted from pq theory
algorithm, (e) source currents ¢ g resulted from STF-pq algorithm, and (f) source
currents ig resulted from DFCE algorithm.

[refer Fig. 7(d)]. However, the integration of STF technique
has once again granted both STF-pq and the proposed DFCE
algorithms, the ability to work effectively under unbalanced-
distorted source voltage condition. The THD value recorded
for phase a source current ig, is 2.96% with the STF-pq [refer
Fig. 7(e)] and 2.40% with the DFCE [refer Fig. 7(f)] algorithms.

Additionally, graphical presentation on the THD values of
source current ¢g mitigated by SAPF using different reference
current generation algorithms, for phases a, b, and c is shown,
respectively, in Figs. 8(a)—(c), to provide a clearer observation on
the performance of each reference current generation algorithm.

As an overall, the existing SRF and pq theory algorithms
are observed to work effectively under ideal (balanced and si-
nusoidal) source voltage conditions but their performance are
poor when the source voltage is nonideal (unbalanced and/or
distorted). In other words, the nonideal source conditions have
significantly degraded the performance of SAPF while using the
existing SRF and pq theory algorithms. Nevertheless, this prob-
lem actually has been addressed in the literature with the devel-
opment of STF-pq algorithm [20]-[22]. Besides, the simulation
findings obtained in this study also supported the effectiveness
of the existing STF-pq algorithm under both ideal and nonideal
source voltage conditions. However, the important finding of this
study is that mitigation performance of SAPF while using the
proposed DFCE algorithm is revealed to be better than the ex-
isting STF-pq algorithm. Moreover, for all four cases of source
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TABLE IV
THDS OF SOURCE CURRENT OBTAINED UNDER SPECIFIED CASES OF SOURCE VOLTAGE CONDITIONS FOR EACH REFERENCE CURRENT GENERATION ALGORITHM
(SIMULATION RESULTS)
Source voltage conditions Current THDs of the phases, (%)
SRF [13] pq theory [14] STF-pq [21] DFCE
a b c a c a b c a b c
Before Connecting SAPF
Case 1 27.34 27.34 27.34 27.34 27.34 27.34 27.34 27.34 27.34 27.34 27.34 27.34
Case 2 33.54 33.54 33.54 33.54 33.54 33.54 33.54 33.54 33.54 33.54 33.54 33.54
Case 3 27.84 30.47 24.27 27.84 30.47 24.27 27.84 30.47 24.27 27.84 30.47 24.27
Case 4 33.53 25.56 27.78 33.53 25.56 27.78 33.53 25.56 27.78 33.53 25.56 27.78
After Connecting SAPF
Case 1 2.12 2.09 2.05 232 221 2.23 2.03 1.95 2.00 1.75 1.73 1.70
Case 2 10.69 10.74 10.80 20.77 20.66 20.74 2.89 2.90 2.94 241 243 2.44
Case 3 3.13 3.27 3.23 8.02 7.93 8.01 2.75 2.75 2.81 2.02 1.85 2.04
Case 4 8.11 5.29 7.19 14.66 12.72 14.86 2.96 2.29 2.76 2.40 2.00 2.15
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Fig. 8. Performance comparison of reference current generation algorithm for different cases of source voltage conditions: (a) phase a, (b) phase b, and
(c) phase c.

voltage conditions, the source currents 7g mitigated by SAPF
while using the proposed DFCE algorithm are observed to work
in phase with their respective source voltages vg, which leads to
almost unity power factor. The benefit offered by the proposed
DFCE algorithm is that the improved mitigation performance of
SAPF can be achieved via a simpler control structure: without
involving any additional low-pass filtering processes in isolat-
ing the harmonic and fundamental components of load currents,
and PLL element in generating synchronization phases.

VI. EXPERIMENTAL RESULTS

A laboratory prototype is built to validate practically per-
formance of the proposed DFCE algorithm. For experimental

testing, two distinct source voltage conditions are considered:
in case A, balanced-sinusoidal source voltage and in case B,
unbalanced-sinusoidal source voltage. Both source voltages are
supplied from a three-phase programmable ac source (Chroma
6590). For case A, the supplied voltage is set at 50 Hz, 100
Vrms (line to line). Meanwhile, for case B, 50-Hz voltage
supply with magnitude vg, = 53 Vrms,vg, = 36 Vrms, and
vg. = 45 Vrms is applied. Next, the desired reference overall
dc-link voltage is set at 220 V. A TMS320F28335 DSP board is
configured and programmed to perform all control algorithms
of SAPF and to generate the desired gate pulses for the NPC
inverter.

The steady-state experimental waveforms of SAPF utilizing
the proposed DFCE algorithm that includes three-phase source
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Steady-state experimental waveforms (case A) of SAPF utilizing the proposed DFCE algorithm, which include (a) three-phase source voltages vg,

(b) three-phase source currents i, (¢) phase b source voltage v (100 V/div), load current ir,;, (5 A/div), injection current iy, j; (2 A/div), and source current i g,

(5 A/div), and (d) dc-link voltages.
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Steady-state experimental waveforms (case B) of SAPF utilizing the proposed DFCE algorithm, which include (a) three-phase source voltages vg,

(b) three-phase source currents i, (¢) phase b source voltage vgy, (100 V/div), load current i, (5 A/div), injection current 4;,, 5, (2 A/div), and source current i g,

(5 A/div), and (d) dc-link voltages.

voltages vg, three-phase source currents ig, phase b voltage
and currents, and dc-link voltages, obtained for cases A and B
are shown in Figs. 9 and 10, respectively. Based on Fig. 9(b),
it is clear that under balanced sinusoidal source voltage con-
dition, SAPF utilizing the proposed DFCE algorithm shows
effective mitigation of harmonics generated by the inductive

load, where THD values recorded for each phase of mitigated
source current ig are THDa = 3.49%, THDb = 3.58%, and
THDc = 3.64%, respectively.

Similarly, as shown in Fig. 10(b), SAPF utilizing the pro-
posed DFCE algorithm is also revealed to work effectively un-
der unbalanced sinusoidal source voltage condition, where THD
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TABLE V
THDS OF MITIGATED SOURCE CURRENT OBTAINED UNDER SPECIFIED CASES
OF SOURCE VOLTAGE CONDITIONS (EXPERIMENTAL RESULTS)

Source voltage conditions Current THDs of the phases, (%)

STF-pq [21] DFCE
a b c a b c
Case A 3.88 391 3.95 349 358 3.64
Case B 392 433 412 359 410 3.88

values recorded for each phase of mitigated source current ¢g
are THDa = 3.59%, THDb = 4.10%, and THDc = 3.88%,
respectively. All THD values recorded are below 5% which com-
ply with the IEEE Standard 519-2014. Moreover, from Figs. 9(c)
and 10(c), the mitigated source currents ¢g obtained for cases
A and B, seems to work in phase with their respective source
voltages vg and, thus, achieving almost unity power factor.

In experimental work, performance achieved by SAPF while
using the proposed DFCE algorithm is compared with the per-
formance demonstrated by SAPF utilizing the existing STF-pq
algorithm. Table V summarizes the comparative findings. Based
on Table V, it is clear that the proposed DFCE algorithm per-
forms with a lower THD value of source current as compared to
the existing STF-pq algorithm and, thus, confirming superiority
of the proposed DFCE algorithm. Concurrently, it also reveals
superiority of ICC-based control over DCC-based control in
terms of mitigation performance (lower THD value), which is
achieved via minimization of switching ripples problems.

Furthermore, it can be observed from Figs. 9(d) and 10(d) that
for both cases of source voltage conditions, all dc-link voltages
(Vies Viaer, and Vgeo) of the SAPF are properly regulated and
maintained at their respective desired values. Besides, voltages
across both splitting dc-link capacitors (Vj.; and Vq.2) of the
SAPF are observed to have equally maintained at half of its
overall dc-link voltage V{;.. Therefore, it can be confirmed that
the design concept and operation of SAPF utilizing the proposed
DFCE algorithm in harmonics mitigation are correct and valid
under both ideal and nonideal source voltage conditions.

VII. CONCLUSION

In this paper, the design concept and effectiveness of a newly
proposed control algorithm that generates accurate sinusoidal
reference current signal, for effective harmonics mitigation and
reactive power compensation of SAPF under the case of ideal
and nonideal grid voltage conditions have been discussed. An al-
ternative time domain-based control algorithm, which operates
under ICC scheme and is named as DFCE, is proposed where
two STF-based fundamental component extraction algorithms
are integrated together to manage distortion, unbalance and non-
ideality of voltages and currents. In the proposed algorithm, the
STF-based fundamental current extraction algorithm is used to
extract balanced-sinusoidal load current signals. Concurrently,
the STF-based fundamental voltage extraction algorithm pro-
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cesses the distorted and unbalanced voltages to track the exact
angular positions of the operating power system. The proposed
algorithm provides the benefit of improved performance with-
out the need for additional LPF in isolating the harmonic and
fundamental components of load currents, and PLL element
in tracking the angular positions. Simulation work reveals that
utilization of the proposed DFCE algorithm has significantly
improved mitigation performance of SAPF by achieving mini-
mum THD values. Moreover, the proposed algorithm is proven
to work effectively under different scenarios of grid voltage con-
ditions (both ideal and nonideal). The minimum THD values
recorded for mitigated source currents clearly show advantages
of the proposed DFCE algorithm over the existing SRF, pq the-
ory, and STF-pq algorithms especially when operating under
nonideal grid voltage conditions. Furthermore, the experimen-
tal findings have confirmed effectiveness of the proposed DFCE
algorithm under both ideal and nonideal grid voltage conditions
as conducted in simulation work.
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