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Abstract: This paper outlines some modifications to conventional active power filters (APFs) to
compensate for the non-linearity of the load current. Since the APFs inject the required non-linearity of
the load harmonic current to make the current source sinusoidal, a combination of passive power filters
(PPFs) and APFs in series connection are more effective rather than individual usages. The proposed
control approach based on sliding mode control (SMC) with a suitable sliding surface selection
being applied to the proposed hybrid APF to increase the flexibility and reduce the complexity
of the controller. An outstanding tracking process based on the reference current in the rotating
dq frame is tested and guarantees the rapid convergence exponentially. An extra control loop is
provided for DC link voltage regulation to minimize the DC ripples and control the APF three-phase
output voltage levels. The presented solution provides an effective and straightforward load voltage
support, maintaining an excellent dynamic performance in load changing and current compensation.
The experimental results represent the authenticity of the proposed hybrid APF performance through
several different tests, implying a feasible control approach for active filtering systems.

Keywords: active power filter; control; harmonic compensation

1. Introduction

The usage of power quality compensators in the distribution system has been increased in recent
years due to the increasing number of non-linear loads connected to the grid. This can cause power
quality deterioration such as unbalancing, over-loading, over-voltage, under-voltage, voltage sag, and
swell, which affect the performance of sensitive loads [1]. The utilization of active power filters (APFs)
to solve and maintain the load voltage and grid non-linearity currents problems has been one of the
appropriate approaches that has received much attention in recent years. These filters are connected in
series or parallel to the power system to compensate the harmonics, load balancing, reactive power
control, and the null wire current recompensing if used. The APFs also have the capability of being
integrated as a combination of an APF and a parallel, which are studied in the flexible AC transmission
system (FACTS) field. The series active filter, which is controlled by a non-sinusoidal voltage source,
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has the function of compensating the grid voltage. In this case, using an integrated quality controller,
even with harmonics in the load current and voltage, can assure that there is a regulated voltage with a
low harmonic value [2-4].

Actually, the APFs as harmonic compensators based on a power electronics interface have been
the focus of many researchers and industries due to their simple structure and non-complexity. Power
electronics converters as the main part of these devices have been reviewed in prestigious literatures
from different points of view [5,6]. In the general classification, the converters used include voltage
source inverters (VSIs) and current source inverters (CSIs). VSIs have been introduced in multi-level
and multi-phase types, while in recent years, multi-level CSIs have been designed and implemented for
harmonic compensation [7]. Likewise, CSIs have undergone their laboratory and industrial evolution
and performance reporting and are presented in valid different structures [8]. These converter losses
can be classified into four subdivisions, including passive output filter losses (AC losses), conduction
losses, switching losses of power switches, and DC-side losses. Semiconductor conductive losses due
to equivalent resistance and voltage drop in the conducting state and switching losses are due to the
improper operation of the switches [9,10].

In recent years, there have been many researches conducted on APF performance evaluation
for load compensating. For example, the authors in [11] present the idea of using two VSI and
CSI simultaneously. Since the load current and therefore the reference current comprises different
harmonic components, it can play a significant role in dividing the reference current between the two
converters with different separating. The differential behavior of DC capacitors and DC inductors in
high-frequency and low-frequency currents is important for how the reference current is split between
the CSI and the VSI. Based on the obtained mathematical equations, if the proposed low-frequency
components are applied to the CSI and the high-frequency components are applied to the VSI, the
proposed APF can meet the design objectives. A classic APF contains a VSI with a three-leg bridge
structure and a DC link capacitor, whose topologies require a matching transformer and a large
number of active switching devices, which causes many disadvantages, especially in losses. These
considerations result in heavy weight and an expensive system [12]. The conceptual design of the
components of this integrated active filter is presented in [13]. By determining the CSI and VSI
contribution to the harmonic filter of the load current, the size of the passive elements on the DC and
AC sides, as well as the switching frequency, are determined. This design is based on the resulting
equivalent circuit and simple KVL principles as well as the commonly accepted criteria. The results of
the analysis show how and under what conditions the size of the passive elements in the proposed
structure is reduced compared to the conventional ones. However, although the theoretical foundations
of the size of the passive elements in the DC and AC sides of the converters in the integrated APF
structure are explained in [14], it is necessary to calculate and evaluate the impact of this reduction on
the overall filter losses by mathematical analysis.

The concept of current compensation by APFs has been drawn intuitively for better understanding
in Figure 1. It is assumed that a non-linear or unbalanced load is going to be fed through an AC
power source. Since the AC source should not generate the pulsating current due to the safety and
lifetime procedures, the sinusoidal current waveform is just allowed to be injected to the grid according
to power quality standards. Therefore, the non-linearity components of the required current are
supplied by the AFP [15-18]. In order to decrease the output voltage ripples using only passive
filters, the switching frequency is increased, which results in incremental switching losses a reduction
in the system’s efficiency. Other disadvantages of these filters are their strong dependence on the
resonant frequency to the equivalent impedance of the grid. Reducing the switching loss and switching
noise requires the soft-switching circuit and implementing the dynamic reactive power compensation
capability, which has been presented in [19]. Therefore, a quasi-DC link voltage-controlled loop in the
APF control method is added. However, the proposed adaptive DC control algorithm excludes current
harmonic consideration.
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Figure 1. The active power filter (APF) current compensation concept.

In this paper, a hybrid APF with current harmonic compensation is proposed to maintain the AC
power source sinusoidal. The SMC approach is utilized for load voltage support and appropriate
reference signal tracking. Briefly, the contributions of this manuscript are listed below:

e An L-C passive filter is connected in series with an APF to compensate the current harmonic.
It improves the system efficiency with an extra opportunity in conditions of whether the APF is
participating in the compensation process or not.

e  The SMC approach makes the convergence more achievable, especially in non-linear systems such
as the APF injection current.

e  The control approach is capable of overcoming the voltage unbalancing.

e The coding and implementation of the proposed strategy have removed the complexity of the
conventional approach.

e  The power-factor correction (PFC) and reactive power control are accessible.

2. Hybrid Active Power Filter Concept

Usually, most of the power electronics loads in the distribution network such as rectifiers, thyristors,
etc., are non-linear and generate unsolicited harmonics. An individual inductor is the simplest structure
as a filter that is not commonly used for medium and high-power converters due to problems such as
voltage reductions in the DC side of the inverter, low dynamic converter efficiency, cost increment,
and low power density [20-22]. The LCL filter is an attractive solution to overcome the problems
mentioned, which improves the harmonic mitigation at lower switching frequency [23]. Nowadays, the
most common device used to support the load voltage is a shunt capacitor, which could also improve
the reactive power. However, they suffer from harmonics existing in the power grid, which makes
them explode. A few later, the passive power filters (PPFs) were developed to compensate for the
non-linearity components through series or parallel connections. Their advantages include simplicity
in installation, but they were bulky and expensive. Therefore, the APFs have come into the industries
to overcome all the drawbacks declared above. The most important issue in operating APFs is how to
control and connect them to the power grid. Since in APFs, both the DC link voltage and load current
harmonics must be fully controlled, consequently, several nested control loops are usually required to
be designed and implemented. In addition, their switching and conduction losses are added to the
total system losses, and if an appropriate switching algorithm is not selected, it may greatly reduce the
overall efficiency. Various APFs have been introduced so far, with different applications depending on
how they are controlled and connected to the network [24-29]. A new type of compensator that uses
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both APFs and PPFs to improve performance is called hybrid APF, which has received much more
attention than the conventional ones [30].

APFs are usually divided into different categories according to their operation modes, control
strategy, series and parallelism connections, etc. Figure 2 shows the various topologies of APFs that
have been presented so far [28]. Figure 2a shows a four-switch APF controlled by two proportional
integrator (PI) controllers to provide gate pulses of power switches in each inverter legs. Another
PI controller is used to adjust the DC link voltage to make the inverter output voltage regulated.
This APF is categorized in a parallel classification that can supply the non-linear required load current.
A nine-switch AC/AC converter with a quasi-DC link is presented in Figure 2b to compensate the
non-linear load current. This APF topology is inflexible regarding controlling the power switches.
A full bridge type of conventional APF with an eight-switch four-leg converter is shown in Figure 2¢, in
which the separated DC link voltage into two parts facilitates the zero-current component recognition.
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Figure 2. The conventional APFs; (a) four-switch three phase shunt APF, (b) nine-switch AC/AC
converter with a quasi-DC link, (c) eight-switch four-leg converter, (d) back-to-back two level voltage
source converter (VSC), (e) three-switch three-capacitor multi-level inverter (MLI), (f) six-switch two
leg inverter, (g) 12-switch APF with feedback harmonic detection, (h) eight-switch dual parallel full
bridge inverter, Reproduced with permission from [28], Copyright Elsevier, 2017.

Figure 2d is dedicated a back-to-back two-level voltage source converter (VSC) to compensate for
the load current harmonics. The quasi DC link voltage between the load and the AC source provides a
better capacitive current injection. In Figure 2e, a three-switch three-capacitor multi-level inverter (MLI)
is proposed as a parallel APF. This topology is capable of compensating for the non-linear load current,
but the non-inductive properties of the APF are the drawbacks of the control method. A six-switch
two-leg inverter is represented in Figure 2f with a hybrid connection between the AC source and the
load. Figure 2g shows a 12-switch APF with a feedback harmonic detection scheme. This prototype is
equipped with two PI controllers, which make the current harmonics feasible to detect. Finally, an
eight-switch dual parallel full bridge inverter is proposed in Figure 2h, which is almost conventional
to the current compensation concept. These topologies are the eight kinds of APFs introduced for the
non-linear current compensation so far.

The proposed hybrid APF schematic is presented in Figure 3, containing both shunt passive and
shunt active power filters with novel control system-based sliding mode control (SMC).
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Figure 3. HAPF scheme; (a) Shunt APF with series in passive filter, (b) control diagram.
The state-space equations of the HAPF are mathematically formulated in Equation (1):
d(iarpd .
L, ( T ) = wLcipppg —vcg — UaVie + VL4

d(iarpq) .
7~ = —wLcigppg —vcg — UqViae + 014

d(v, .
CC% =iarpd + wCeUcy

Lc
)

d(v, .
Cc% = 1AFPq — a)CcUCq
where igrp 4 and igpp 4 are the dq frame compensating currents, the passive filter voltages in the dg
frame are vcy and vcy, respectively, and vy is the point of common coupling (PCC) voltage. The base
equation for DC link capacitance is found in Equation (2).

d(Vy) ) .
Cac I ~ = Ugiarp,g + Ugiarpg ()

Therefore, the state-space equations of the above-mentioned relations in normal format are
gathered in Equation (3).
4X = A(X) + B(X)u

Y = C(X) + D(X)u ®
where the matrixes X, u, A(X), B(X), C(X), and D(X) are given as follows:
X = [iAPP,q s LAEP,d » VCd UCq]T
(4)

T
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where the matrixes are represented in detail in Equation (5).

Llc(a)LciAFp,d —vcqg — UgVic + de) -
Llc(_CULciAFP,d —vcg — UgVac + ULq)
A(X) = c%(iAPp,d + a)CcUCd)
Clc(iAFP,q - chUCq)

0 =(=Vac) ©)

Based on multi-input multi-output (MIMO) control system concepts, around the set point of load
feeding, the linearization has been done using the Jacobean matrixes as below:

244(X) 244 (X)
odx1 T oxy

AL = : . :
9An(X) 9An(X)

ox te oxy
9B ©®)

(9u1

By =

9B, (X)
iy,

Therefore, the linear system is defined as shown in Equation (7).

d
EX:ALX+BLu+H+h (7)
where h represents the outgoing/external limited attenuations, and H corresponds to the indeterminate
matrix part of the linearized state space model. Then, selecting the desired reference vectors as X, the
error function is found in Equation (8):

E=X- Xd' (8)
Substituting Equation (8) for Equation (7) yields that:
iE*A E+B u—iX+AH+Ah )
T '

Utilizing high-order sliding mode control approaches will be useful to remove the chattering
effect in switching functions. Thus, in order to delete the steady-state system error, the sliding surface
is chosen as shown in Equation (10).

t
s:hE+bffw (10)
0
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where ki and kp are constant vectors. Using the differentiate from Equation (10) will result in:

d
%\9 = ki (ALE + Bru — EX—}—ALXd—i-AH—i-Ah) + kE. (11)
The main idea for implementing SMC in this control system is described in the following. In the
first step, the sliding surface (9) is defined regarding the tracking error. In the second step, the inputs
are designed due to 9 being obtained. In the third step, 9 and its derivative must turn in to get a zero
amount. In other words, the system paths leading to the 9 — 9 plane are converged to the balance point

with equation 8 = 9 = 0. This definition is plotted in Figure 4.

Figure 4. Convergence paths of the proposed controller.

Using the derivative from Equation (11) to achieve the second-order SMC is conducted to:

2
£y = (k142 + koAL) + ki ALBru + (ki A2 + kpAL)E + Xy — ko & Xy — ki 45 X,

12
+ (kAL + ko) (AH + Ah) + ki £ (AH + Ah) + kB 4u. 12)

If the possibility for reaching zero for 9 and its derivative in steady state by using the u signal is
obtainable, then the real input of the system is going to be achieved considering the integral of the u
signal. Therefore, the multi-state SMC sliding surface is defined as shown in Equation (13).

d
S=yd+ =9 (13)

where y is constant, and to calculate S, it could be done that:
a2

+(k1A% + koA + )/k]AL)Xd - ()/kl + kz) %Xd - %Xd + k]BL%Ll (14)
+ (kAL + yko + yki ) (AH + Ah) + ki & (AH + Ah).

S=yL8+ L5 = (A2 + kAL + Yk AL + Vho)E + (kiALBL + kaBy + ykiBL)u

In the next step, the control law () should be used to justify the following equation.

d
— 1
Sxdts<0 (15)

To obtain the rule explained in Equation (15) and converge exponentially, we should have:

C%S = —m1 S — mysign(S) (16)
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where m; and mj are positive constant coefficients. In this way, a suitable control rule should be
defined for a closed loop system to place the state variable on a sliding surface. Using the Lyapunov
function written in Equation (17) will guarantee the system's stability.

L)

V=35 (17)

To ensure the stability of the whole system, the first derivative of the aforementioned Lyapunov
function must by semi-definite negative. Therefore, we have:

4V = Sx 45 = S{(li A2 + koA + ki AL + Vo )E + (ki ALBy +kaBy + ykiB)u
H1 A2 + kAL + Yk AL) Xy = (vky + ko) £ Xy — X+ ki By 4u (18)
+(ykiAL + yky + yki ) (AH + Ah) + ky % (AH + Ah))

Substituting Equation (14) to Equation (16) results in:

U= —(leL)_l{(lqA% + koA + vk Ap + )/kz)E + (ki ALBL + koBL + yleL)u

2 ) (19)
—|—(k1AL + ko Ap + )/klAL)Xd + mq S + mypsign(S)

where the uncertainties and external attenuation applied to the reference vector are considered to be
zero. The vector (k1B L)_1 is non-zero, which has been obtained by the proper designing of the sliding
surface coefficient k;. Substituting Equation (19) in Equation (18) results in:

A S{—m15 — mpsign(S) + (YkiAL + Vka + vk1) (AH + Ah) + ki £ (AH + Ah)

(20)
~(vk1 + ko) Xg - LX) = —my S? + my|S| + T.S.
To ensure that the equation investigated in Equation (20) is negative, we should have:
my >0 (21)
d d
mp > (]/k]AL +vky + )/kl) (AH + Ah) + klﬁ (AH + Ah) = (yky + kz)%xd 22)

2 .
— Xy —mS = T.sign(S) —my|S|.

Finally, using integral operator applied to Equation (19) will obtain the control rule as below:

_ t
u= _(leL) 1 fO {(klAi + ko Ap + )/klAL + )/kz)E + (klALBL + kB +

23
)/leL)Ll + (klA% +kyA; + )/klAL)Xd +mS + mzsign(S)} dt’ (3)

Since in some systems, there are no available approaches to obtain the upper limitation, the
adaptive method is very useful in these conditions whether it is known or not. Therefore, the adaptive
rule is hired to obtain the 1, coefficient according to Equation (23). Thus, Equation (23) will be updated
as shown in Equation (24).

t

u=—(kB)™" f{(klA% + AL + Yk AL + Vo )E+ (ki ALBL + koBy + vk B )u 24)
0

+(1A2 + kAL + Ykt AL) Xy + my S + ripsign(S)} dt’

where i, represents the uncertainties upper limitation. To adopt it with an adaptive rule, we should
have:

2 =1y —my (25)
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where mj is the real gain and ni, represents the error estimation. According to [31], it can be
mathematically stated with Equation (26).

1
;o1 )
1y a|5| (26)

where a is a positive constant and n1;(0) represents the initial condition. Since the sliding surface (S) at
an infinite time of 9 must reach zero, the adaptive estimation of error of #i, is limited. Therefore, to
analyze the stability of the adaptive rule, a new Lyapunov function is defined as shown in Equation
(27).

—2

1 1
V=2-624= 27
25 +20¢m2 (27)

Using the first-order derivative for Equation (27) results in:
4y = Sx &S+ amy iy < S(T-mS -y sign(S)) + a(niy — my) + iy < T.S —mS? —mylS| < 0. (28)

The un-equality written in Equation (28) is valid for my > T.sign(S) —m1|S| and then, since at an
infinite time, the ¥ may not be completely zero, then the adaptive parameter 7i, can increase as time
goes on. Therefore, to solve this problem is to define the 77, in the dead area as shown in Equation (29).

1
: 2SI IS| > ¢
— a
e { 0 1S < & @)

where ¢ is a real positive constant coefficient. By the way, the adaptive gain « is designed lower than
the undefined system limitation to achieve the best results.

Thus, the injected current of the APF and the load voltage are ready to achieved as follows using
Fourier transform in Equation (30).

I(t) = 2% 4 Y [Ag, cos(naot) + Boy sin(nawpt)]

n=1

+ Zl[Amo cos(mawct) + By sin(mawct)] (30)
e

+ X Y. [Amncos(nwot + mact) + By sin(nwot + mawct))

m=1 n=-o0,n#0

where wg and w, correspond to the dc component and the frequent components, respectively.
The detailed formulations are explained in Equations (31) to (33).

(o] 1 )
Ao = ;[ﬁsz_l (2(2m - 1)7M) (1 + 3 cos (kn) sin((2k — 1)6)] 31)
Amoddneven = k;] [BZk—l (2(21’1’[ - 1)7-(M> (P(T’l) + P(—i’l))] (32)
P(n) = cos(nn) +3C0;£lk—:_12)ksiri((2n+2k71)9)
- sin2(n—-k-1)0) sin(2(n+k)6
Abtgpentioqs = Z[Cos(kn)sz_l(Z(Zm)nM) ( rg—k— - )6) ( 1£+k ) ))] (33)
k=1

where By represents the k! order of the Bessel function and M shows the modulation index.
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Theorem 1. If the pur -sinusoidal load current is going to be obtained, therefore, an extra term exists in the
g-axis component of the compensated current Igg comp, in which the model of the unwanted harmonics must be
equal to zero. Thus, we have:

N
Iq,comp,APF + Id,comp,APF = (Iq,DC,APP + Iqq,comp,APF + Z Iq,load COS(mCUt + (PqO))
m=1

(34)
+H(LypcapF + Lv—y L joad, AP €OS(mat + @yp) ).
In dynamic stability analysis, it is found that [29-31]:
5 2
lapc.apr 2 ( Z I qload +1 load) (35)

1

—(p _1yN p 2 )
Lag.comp,apF = (Iq,DC,APF 2 Lin—1 Letoaa + 14 load) Lg.comp,apF-

Due to the model definition described in Equation (5), the capacitor’s low voltage is deduced in
Equation (36).

do,
dth = CL(lAPPd + wC UCd)

, = Cl(lAppq - chUCd) (36)
ve

= = CL(lAFP,d”d + lAPP,qu)

By substituting Equations (1) and (36) to (35) for all current harmonics, we have:
Ved = (Iq DC,APE + Lgg,comp,APF + Z Ap sin(mwt) + By, Cos(ma)t))
el

(37)
Vg = o ( Iy,Dc,APF + Z Cpy sin(mwt) 4+ Dy, cos(ma)t))

m=1
where Ay, By, Ciy, and Dy, can be calculated using Fourier transform. It is not simple to calculate the
Iaq,comp component directly, but if a new positive variable is defined as p = vﬁc; therefore, by using an
additional PI loop, the Iyg,comp component will be maintained as below:

t

k' * * * ’
Lgg,comp = (kp+ j)(P—P ) =ky(p—p*) +ki f(P—P ) dt (38)

0

where v, represents the small signal component of the APF input voltage and p* = Vﬁc is the reference
DC voltage.

3. Experimental Results

In order to verify and validate the effectiveness of the proposed converter and the control method,
a laboratory setup is constructed and assembled (Figure 5) due to the specifications given in Table 1. In
these laboratory tests, the converter is first tested under linear load and then with a non-linear load
to check the performance of the provided active filter. The linear load is considered to be a balanced
three-phase grounded resistive-inductive branch that makes the current flow drawn from all phases be
equal. In the following, a non-linear load (diode rectifier and unequal resistive-inductive loads in each
phase) is considered as the inverter output. Figure 6 shows the waveforms of the load voltage, load
current, source current, and current injected by the filter. As it can be observed, the load voltage is
completely sinusoidal, with an estimated total harmonic distortion (THD) as 1.3%.
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measurement

Figure 5. Proposed APF prototype used in laboratory tests.

Table 1. Prototype specifications. PPF: passive power filter.

Parameter Description Value (SI) Implemented Device
Vac AC grid voltage, Phase to ground 220V, rms AC power source
fline AC line/grid frequency 50 Hz Function generator

w Switching frequency 12 kHz Function generator
Vbe DC link voltage 380V DC power supply
Cpc DC link capacitance 4 mF Constant type

Lc PPF inductance 1.5 mH Single coil

Cc PPF capacitance 220 uF Constant type

MOSFET Power switches 600V,. A R6006KNX
Dy Power diodes 800V, 2. A VS-20ETS08
DSspP Programmer Digital Signal Processor TMS320C6748
R-L Linear load 600 +01H Constant type

R — L — Rectifier Non-linear load 600 +01H Rectifier: VS-T20HF220
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Figure 6. Experimental results at normal condition; (a) three-phase line-to-ground load voltages
[volt/div: 220 V and time/div: 10 ms], (b) three-phase load currents [Amp/div: . A and time/div:
10 ms], (c) three-phase source currents [Amp/div: . A and time/div: 10 ms], (d) three-phase APF current
injected to the load [Amp/div: . A and time/div: 10 ms].
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The current injected by the APF is completely non-linear, making the current drawn from the
source totally sinusoidal. In fact, the mathematical relation Isource = Iapr + 04 causes the harmonic
deficiencies of the load current to be compensated by the APF, so that the three-phase source does
not endure high current stress and does not produce needle-shaped and pulsating currents. Figure 7
shows the THD coefficient for the source current and load current of phase A. As shown in this
Fourier spectrum at Figure 7a, the source current THD is equal to 1.33% and always produces a
sinusoidal current, because the rest of the non-linear load current is supplied by the APF, as shown
in Figure 7b. The APF current THD at phase A is approximately 23.89%, indicating practically the
complete compensation of load current harmonics. The source current fundamental harmonic is a little
smaller than the load current, because the non-linear part of the load current is procured by the APE.

—~ 9
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& THD =1.33 %
=
@]
v 3
=
5
5]
wn 0 n n "
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Harmonic order
(a)
9
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THD =23.89 %
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Figure 7. Current THD; (a) source current, (b) load current.

(=}

The experimental results for the three-phase average active and reactive power of the AC source
in the base case (scenario 1) is presented in Figure 8. It is worth mentioning that this figure is obtained
by multiplying the source voltage and current.

QS("I{I‘CG

P

source

Figure 8. Experimental results for average reactive power compensation [VA/div: 1000 VA and time/div:
10 ms].
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In the second scenario, the transient performance of APF is investigated. It is assumed that the
hybrid APF is not connected to the grid initially. Formerly, the APF connects to the load in parallel to
compensate for the non-linearity. Figure 9 represents the output waveforms of this experimental part.
As it is observed, the load current is completely non-linear over the entire testing period, because the
load has not been varied ever. The APF current is zero initially; however, after some time, it begins
to compensate for the load current, resulting in the source current being pure sinusoidal (the purple
graph). The green plot shows the DC link voltage, which is kept constant at all the experimented time
intervals. These accurate results have predicated the effectiveness and applicability of the proposed
control approach.

+

la,load

APF connecting instant Lo apF
b et sl e e i, |, B A | kA Pl \ '\I

La,SOuTCG
i ™, ™ o

A P )
e e e

Figure 9. Experimental results at the transient condition; (the orange color) the load current wave
form of phas. A [Amp/div: . A and time/div: 10 ms], (the blue color) the APF current wave form of
phas. A [Amp/div: . A and time/div: 10 ms], (the pink color) the source current wave form of phas.
A [Amp/div: . A and time/div: 10 ms], (the green color) the DC link voltage [volt/div: 500 V and
time/div: 10 ms].

The third scenario describes the non-linear load increasing from a half load to full load. In this
case, the load current driven at the 50% mode, which is half the total demand at the full load, as
measured in the yellow color shown in Figure 10. However, the non-linear characteristic of the load
has not been changed at all, and only its amplitude has grown up. The source current and APF current
have also increased substantially to supply all the load demand. A DC link voltage diagram shows that
at the moment of the load increasing, a voltage drop is observed. This voltage drop will be corrected
by the DC link voltage regulator loop after a certain period of time, and the voltage will return back to
the value before the load variation.

la,load
Load increasing instant ;

La,apF
AMNAAAMNAAATAANNAAAN N Y
'/-\G.?OHT%\JA ‘N\ /\
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Mﬂ#--n-ﬂ“m*ﬁ:lﬂﬂﬂ'-ﬁ
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Figure 10. Experimental results at load variation condition; (the orange color) the load current wave
form of phas. A [Amp/div: . A and time/div: 10 ms], (the blue color) the APF current wave form of
phas. A [Amp/div: . A and time/div: 10 ms], (the pink color) the source current wave form of phas.
A [Amp/div: . A and time/div: 10 ms], (the green color) the DC link voltage [volt/div: 500 V and
time/div: 10 ms].
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One of the important parameters that should be illustrated in the performance evaluation
comparison of APFs is the THD in source current and load voltage. This is because the non-sinusoidal
current source reduces the power source lifetime, indicating inappropriate filter performance. Figure 11
compares the THD of the source current with respect to the root mean square (rms) load voltage
in different methods. It is noted that THD obtained from the proposed control strategy at all the
voltage levels is lower than those of the existing methods, and this is proof of the proper controller
performance. The comparison results shown in Figure 10 only have been conducted out in theory
and simulation and the VSIs presented in [9] and [27] were not practically built in our laboratory.
Their THD is calculated only in simulations and under load voltage variations in the same situations.
The control methods used in [9] and [27] are “adaptive fuzzy neural network” and “Kalman filter
integrated with wavelet transform”, respectively. The first approach needs an extra module to adapt
the membership function with a neural network, resulting in much data analysis volume and a lower
response computation speed. The second one uses Kalman filter to estimate the unknown vectors of
the load current FFT spectrum, and discrete wavelet transform (DWT) is used for harmonic detection.
However, the proposed control approach only needs some constant SMC coefficients to insure the
Lyapunov function stability with high-speed convergence. According to these explanations, much
of the data analysis causes the load current not to be compensated completely, and as a result, the
SMC approach is more suitable to control the APF at non-linear conditions compared with those
other strategies.

39 M [proposed]
S m[27]
a [9]
£ 2% -
5
5
O 1% - —
o
2
=
=]
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110 220 240 350 500

load voltage [V, rms ]

Figure 11. Source current THD in terms of load voltage.

A number of control theories of HAPFs such as instantaneous reactive power theory, synchronously
rotating frame theory, and many more with several low-pass, high-pass, and band-pass digital filters
along with several closed-loop controllers such as the proportional-integral (PI) controller, the adaptive
fuzzy neural network (AFNN), etc., have been employed to implement HAPFs. Moreover, many
manufacturers are developing HAPFs even at quite large power ratings to improve the power quality
of a vast range of non-linear loads [30]. However, in this way, the most appropriate and easy to
implement control approach are the main factors. The significant reasons why we use SMC are listed
below in bullet and numbers:

1.  The SMC coefficients are easy to regulate based on the Lyapunov function and its first-order
derivative, while the other approaches have some disadvantages such as:

@) Proportional-integrator (PI): cannot be used in wide range of operation, and it is not able
to eliminate the dynamic errors perfectly.
O Fuzzy neural network (FNN) or adaptive FNN: uses large training data volume to calculate

the rules and implement the membership functions, the numbers of rules may be increased,
there are errors in the de-fuzzier block, and it uses high processing time for large systems.

O Kalman filter integrated with wavelet transform: error in estimations and detections, error
in uncorrelated and correlated data selection, error in calculation DWT coefficients.
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O Genetic algorithm (GA)-based PI: hard to find the global optimum, certain optimization
problems cannot be solved due to poorly known fitness functions, which generate
bad chromosomes.

@) Particle swarm optimization (PSO)-based PI: sometimes, the PSO algorithm fails to find
the required optimas when the problem to be solved is highly complicated.

O Bacteria foraging optimization (BFO)-based PI: although the convergence speed is faster
than GA and PSO, the drawback of the BFO algorithm is its fixed step size, which reduces
its average rate.

2. The SMC convergence used in this work is exponentially obtainable, resulting in a high-speed
response for load current tracking.

3. No extra complicated transform or membership function or neural network is needed to run
the simulation.

4.  Proper sliding surface selection has a powerful capability for signal tracking.

5. Good dynamic response can be achieved by SMC as proved in many studies in the literature.

The only current research gap is that the load current is not completely compensated with a
precise sinusoidal-shaped waveform. Although the presented strategy achieves better results than the
others mentioned above, still, the complete harmonic current compensation (THDy,,,, = 0) is a major
research topic for those scholars interested in APF.

The experimental and theoretical verifications of system efficiency are also added to the manuscript
due to the output rms load current variation, as shown in Figure 12. This verification implies that the
proposed prototype is working successfully with high efficiency and reliable performance.
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Figure 12. Experimental and theoretical efficiency analysis.

4. Conclusions

In this paper, an improved hybrid APF combined with a series PPF is introduced that compensates
the required harmonic load current using the SMC control method. Under the proposed control
method, three scenarios were implemented in the laboratory, summarizing the results as follows:

e The non-linear loads existing in power networks can easily be compensated without losing
network stability. This is proved by using the Lyapunov function and selecting the appropriate
controller coefficients.

e  The transient behavior of the load variation in the power system may lead to large-scale instability
and perturbations in the absence of suitable control methods. The proposed approach can prevent
such occurrences by using only one hybrid APF.

e The proposed APF responds quickly to non-linear loads and compensates for the non-linear
currents without any delay. This issue has been described in the second scenario.

e  An additional voltage control loop for DC link voltage can minimize the fluctuations and prevent
disturbance to the AC output voltage amplitude.

e  The load current magnitude has no effect on the APF performance provided, as fully tested in the
third scenario.
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e  The reactive power compensation in the proposed APF causes the DC link voltage to return back
to its initial range immediately after the contingency occurrence instant.
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