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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-phase shunt active power filter (SAPF)
under grid perturbations. The proposed reference technique is
specified as a self-regulator of dc-capacitor voltage. In oper-
ation, the proposed algorithm estimates the source reference
current rapidly and adaptively through power system disrup-
tions arising at source as well as load sides. The proposed
technique employs the Robust Extended Complex Kalman fil-
ter (RECKF) algorithm to generate reference current, which
confirms in phase action of SAPF with the functional power sys-
tem, without being reliant upon any phase-locked loop (PLL)
elements or proportional integral (PI) controller loop. As a con-
sequence, an economical SAPF system can be designed. More-
over, a Linear Quadratic Regulator (LQR) is formulated using
RECKF methodology for delivering stability and robustness in
the SAPF system. The design model and efficacy of the pro-
posed algorithm are fully studied and assessed in a laboratory
prototype employing dSPACE1104 to justify feasibility. The en-
couraging outcomes obtained experimentally demonstrate the
efficiency of the proposed approach under both steady and dy-
namic conditions of the power system.

Keywords: Shunt active power filter, Robust ex-
tended complex Kalman filter, Linear quadratic regu-
lator, grid perturbations

Introduction

Abnormal current harmonics in power distribution sys-
tems produced by widespread use of nonlinear loads
is a major power quality problem [1]; [2] attracting
huge research interest. The existence of harmonic cur-
rents in the power system not only impacts whole sys-
tem efficiency, but also triggers other related problems
such as overheating of equipment, failures of sensitive
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devices and capacitor blowing. Consequently, miti-
gating appliances need to be installed to limit and
remove harmonic currents created by nonlinear loads.
In fact, several new techniques have been suggested
in the literature review [3], [4],[5] to reduce the in-
fluences of harmonic currents and the main research
mechanisms have been accompanied with control al-
gorithm proposals. SAPF is an operational mitiga-
tion device which has been widely applied to alleviate
current harmonics problems. The efficacy of SAPF
in current harmonics alleviation is firmly dependent
upon the accuracy of its reference current creation al-
gorithm. By having a precise reference current, the
SAPF should be able to efficiently lessen harmonic
problems. Although numerous methods with distinc-
tive qualities have been proposed for producing ref-
erence current [6], [7], time domain approaches es-
pecially synchronous reference frame (SRF) and in-
stantaneous power (pq) theory [8], [9] are still the
principal methods used, owing to their simple opera-
tional features which decrease controller complication
and facilitate the process for real-time implementa-
tion. Other reference current generation techniques
including extraction of fundamental component have
already been developed through sliding DFT, wavelet
transforms etc.[10], [11]. However, their computa-
tional load is very high and are more appropriate for
power quality monitoring process than for real-time
uses. Further, several Kalman filtering methodologies
such as Extended Kalman Filter (EKF) and Extended
Complex Kalman Filter (ECKF) [12], [13], [14],[15]
have been developed to accurately estimate the am-
plitude, phase and frequency of a noisy signal, which
give rise to reference signal. RECKEF is suggested in
this paper, with a novel weighting function to factor in
non-ideal situations such as voltage disruption, mea-
surement noise. This weighting function is termed
robust exponential function and includes the square
value of the residual vector. As the residual vector
increases, the effects of irregularity rapidly decrease
compared to the exponential function stated formerly
in [12] and therefore the suggested RECKF methodol-
ogy offers enhanced estimation independent of all grid
disturbances. Central to attaining proficient SAPF
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operation is appropriate choice of a current controller
in addition to reference generation under consider-
ation of all grid perturbations. Over the past few
decades a considerable amount of research has been
carried out into structural control applications and op-
timal control theory. However, an optimum filtering
theory is needed to gain evidence for harmonics dele-
tion, harmonics and displacement power factor recti-
fication, harmonics and unbalance compensation and
harmonics with unbalance and displacement power
factor correction. LQR has been repeatedly chosen
for numerous applications[16],[17],[18] where an op-
timal controller is demanded. To fulfill performance
criteria, LQR is implemented with appropriate state
weighting matrices. The current controller involves
sliding mode control, dead beat control and hystere-
sis current control accompanied with outer voltage
regulation loop controlled by simple Proportional In-
tegral (PI) in the SAPF system. However, LQR does
not need any outward Pl controller loop and seeks to
minimize the performance index, which can decrease
the control attempts or maintain the energy of state
variables under control. A comparative assessment of
both linear and nonlinear KF algorithms (KF and pro-
posed RECKF) is performed for reference generation
and also for estimation of point of common coupling
(PCC) state space variables needed for designing the
LQR. To validate the performance of the presented
system, the design and modeling of the proposed sys-
tem are carried out in a developed prototype employ-
ing dSPACE1104.

Proposed RECKF and LQR Based
SAPF

Fig. 1 depicts the structure of the SAPF system. The
SAPF is organized to inject current into the PCC V.
so as to compensate the harmonic content of load cur-
rent ipqpe. | he grid perturbations such as measure-
ment noise and voltage distortion at PCC are taken
into account for SAPF compensation. Estimation of
in-phase and in-quadrature fundamental components
of both PCC voltages and load currents is done with
the help of KF and the proposed RECKF.
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SAPF structure and reference generation

Model of Shunt Active Power Fil-
ter

The complete SAPF model in the frame is represented
by equations 1, 2, 4 and 5, where ig , iy and vg, V4
symbolize the frame model for filter current and PCC
voltages respectively: the switching function, angular
frequency of the grid, the dc linkage capacitor voltage
and Ly , Ry are filter impedances.
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LQR Control Methodology

The benefit of LQR above over previous controllers
such as hysteresis, sliding mode and dead beat con-
troller is that it is organized to minimize the perfor-
mance index, which maintains the energy of state vari-
ables under control. The plant model for LQR is de-
fined below.

Tpt1 = Az + Brug (7)
yr = Crag (8)
where
A = GATS,BL = A_l(eATS — ].)B
and
Cp=C
The LQR law u; = —Kxj minimizes the cost func-
tion,
1 oo
J=3 > {af Qo + uf Ruy} (9)
k=0

@ and R are the state and control weighting matrices.
Gains K can be obtained through solutions of the
algebraic Riccati equation.

P=ATP(A, - BLK)+Q (10)

K = (BfPBr + R)"'BlPAL (11)

The gain vector K is computed by the model stated in
equation 4. The servo system structure is displayed in
Fig. 2. The state variables associated with the PCC
and the current references are estimated with KF and
proposed RECKF algorithms.
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Figure 2: Control structure of LQR servo system

SAPF

Estimation of the PCC Funda-
mental and Its Derivative

Information regarding voltages at the PCC and their
derivatives is desired from the SAPF model described
in Section . Assuming that the voltage at the PCC is
predominant at the fundamental frequency, the resul-
tant in-phase and in-quadrature components can be
achieved through KF and the proposed RECKF. It is
possible to get the subsequent relations for the fun-
damental component of voltage at the PCC v;1, and
their corresponding derivatives v;;, that denote the
state variables of the mathematical model.

vj1,, = Ay, sin(kwTs + 0y, ) (12)
V1, = W@ﬁk =wd,,,, cos(kwTs +0,,, ) (13)
where A 0y, are the amplitude and phase of the

Uil .
fundamental component of PCC voltage at the instant
k,Ts is the sampling time, j represents the phase and
Uity 'Uljlk are the in-phase and in-quadrature com-
ponents respectively.

Signal formulation for Kalman filter

A single sinusoid linear signal is signified by

2 = Ay, sin(kwTs + 0y, )

w=2nf
Signal zj41 can be stated as
Zky1 = 21, = 21, cos(kwT) + w2, sin(kwT)

(16)

T, = — o1, sin(kwTy) + xo, cos(kwTy)  (17)
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where x5, and z1, are denoted as

T, = Avjy, sin(kwTs + ijlk) (18a)

T2, = Ay, cos(hwTs + 0., ) (18b)

Signal formulation for Proposed Robust
Extended Complex Kalman Filter

The signal model and filter formulations in the pro-
posed RECKF are similar to those in ECKF [12]. The
simplification modification is in the measurement er-
ror covariance matrix Ry, which is the inverse of the
weighting Wy, i.e.

R, =w;! (19)

Wy = Wk_lei(ykinj’“)Q (20)

When any grid disorders happen at the PCC, the in-
novation vector (yi — HyZy) rises more rapidly due
to the insertion of a 'square term’ in the proposed
exponential function e~ (*—Hr&)*  Therefore, the
amount of proposed robust exponential function de-
creases sooner and lastly a rapid decrease in weighting
and alleviation of error can be accomplished.

Proposed Reference Current Gen-
eration Approach

Fig. 1b represents the proposed reference current gen-
eration approach, where the reference source current
15ape 1S Produced by modulation of 4., with the esti-
mated in phase fundamental component of PCC volt-
age in p.u. value (Uyp.) as displayed in equation 21.
ism is identified as the desired peak value of source
current. The importance behind this reference gener-
ation approach is evasion from the external Pl con-
troller loop, hence turning out to be a self-controller
of dc-linkage voltage. The reference compensating
currents i}, is obtained from the equation 22.

% .
Sabe = tsm X Uabc

YFabc = YLabe — 1Sabe

Table 1: Experimental Parameters

Se- Compo- Parameters  Values
rial nents
No.
1. SAPF DC-link voltage 220 V
Dc-link capacitor 2350
uF
Filter inductor 2.5
mH
Switching Freq. 12.5
kHz
2. Nonlin-  Three Phase diode
ear bridge Rectifier
Load
Load Impedance 20 ,
10 mH
3. AC Line—line RMS 100 V
source voltage
Supply frequency 50 Hz

Result and Discussion

The performance of RECKF and LQR based SAPF
system was evaluated on an experimental prototype
developed in the laboratory. The nonlinear load con-
sists of a three phase diode bridge rectifier with
resistive-inductive load. A dSPACE1104 rapid pro-
totyping controller is used to control the prototype.
A four-channel digital storage oscilloscope is used to
capture the waveforms during steady and dynamic
conditions. Table 1 provides the full experimental sys-
tem parameters and ratings. The filtered error covari-
ance matrix was selected to be diagonal with the value
of 10 pu®. The measurement error covariance matrix
and process error covariance matrix were selected to
be 1.0 pu? and 0.0001 pu? respectively. The choice
of @ and R matrix in LQR development was based
on the performance specifications and an amount of
trial and error was involved to obtain satisfactory out-
comes.

Performance of the SAPF system during
Steady State Condition:

Steady state SAPF system capability in harmonics
compensation and reference current tracking was eval-
uated under normal balanced supply voltage condi-
tions. The steady state waveforms of the SAPF sys-
tem are shown in Fig. 3 and 4. The reference tracking
performance of compensating current for KF-LQR and
proposed RECKF-LQR are displayed in Fig. 3 and an
excellent performance of the proposed method with-
out any tracking delay was observed. Fig. 4a shows
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Table 2: Harmonics Compensation Results

Test Methods of THD (%)
Condition SAPF  of phase-a
source current
compensation
Be- Af-
fore ter
Steady KF-LQR 22.4 37
State % %
Proposed 22.4 2.8
RECKF-LQR % %
Dynamic
State
KF-LQR 26.9 4.8
% %
Proposed 26.9 3.4
RECKF-LQR % %

the 3-phase load currents and Fig. 4c depicts the 3-
phase supply currents (= 6.30A) that are sinusoidal in
the proposed method, but some distortions are seen
in the KF-LQR approach (Fig. 4b). The harmon-
ics spectra were recorded using a power quality ana-
lyzer and the harmonics spectra for phase-a load and
phase-a source current are set out in Fig. 5. It can be
observed that the THD in the load current is 22.4 %
and the THD of the source current dropped to 3.7 %
and 2.8 % in the case of KF-LQR and the proposed
approach respectively. As a result, the proposed ap-
proach affords improved reduction in % of THD as
per IEEE519 measure.

Performance of the SAPF system during
Dynamic Load Condition

The dynamic performance of the SAPF system is eval-
uated by subjecting the load change from (R, L=30
2 and 15 mH) to (R, L=20 Q and 10 mH) (Fig.
6a). The source current profiles for both KF-LQR
and the proposed approach are shown in Fig. 6b and
6c. As seen, the proposed SAPF exhibits better re-
sponse compared to KF-LQR. Also, the capacitor volt-
age (Fig. 6d) is quickly settled at its reference in the
case of the proposed SAPF system even under dy-
namic conditions. Fig. 7 shows that the THD of
source current was successfully lowered from 26.9 %
to 4.8 % and 3.4 % in KF-LQR and the proposed
approach respectively. Hence, the proposed approach
has superior steady-state and dynamic performance,
which is clearly evident from the harmonics compen-
sation outcomes demonstrated in Table 2.
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Conclusions

The performance of the proposed RECKF-LQR based
SAPF system under both steady state and dynamic
conditions has been analyzed in detail. This tech-
nique self regulates the dc linkage voltage without
any external PI controller loop or any PLL. The pro-
posed RECKF algorithm produces accurate references
for the LQR under grid disturbances such as voltage
alteration, phase angle jump, frequency deviancy and
measurement noise. In order to prove the accuracy
and robustness of the proposed RECKF-LQR based
SAPF, a relative assessment has been performed em-
ploying a linear variant of the Kalman filter (KF).
The whole performances of KF-LQR and the pro-
posed RECKF-LQR based SAPF systems are inves-
tigated through the developed prototype employing
dSPACE1104. The outcomes obtained reveal that
the proposed RECKF-LQR approach delivers excellent
performance in terms of dc voltage tracking, reference
current tracking as well as current harmonics mitiga-
tion in the SAPF system.
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