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1. INTRODUCTION

The latest advancements in photovoltaic technology like reduced panel costs, higher efficiency and
improved tracking schemes have provided a driving thrust resulting in enormous photovoltaic (PV)
penetration [1]-[4]. However, there also exists another face of this growing trend which needs to be addressed
for successful and effective utilization of these integrated systems. In addition to all the PV advantages [5]-
[7] there have been rising issues also like deterioration in system reliability, transient stability, and power
quality [8]-[11]. In general, PV system interfacing is carried through a current controlled voltage source
inverter (VSI) with frequent switching on and off [12]-[14]. Also, the non-linear loads mainly draw distorted
currents and hence generates large amount of harmonics in the system [15]-[17]. Another important concern
is that sudden tripping of PV system may lead to voltage transients and other ill-effects [18], [19]. Thus it can
be seen that PV penetration leads to a number of power quality (PQ) issues which may cause serious damage
if not addressed properly. Nowadays, standards and regulations are imposed to maintain the PQ parameters at
point of common coupling (PCC). Optimal PQ is the essential requirement from both technical and
economical aspects. Therefore, the implementations of innovative and cost-effective compensation
techniques are needed. Traditional approach has been to use passive filter [20] to suppress harmonics in the
current and to counter other PQ problems. These offer a low impedance circuit for the high frequency

Journal homepage: http://ijeecs.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

1224 0O ISSN: 2502-4752

harmonics, thereby, permitting only fundamental components to be injected while attenuating the ripples. But
there are major issues associated with passive filter like sensitivity to variation in impedance or frequency,
and failure to filter properly when conditions get unbalanced. [21].

Hence, nowadays compensation methodologies implemented by using high speed power electronic
devices are being looked upon as effective remedial for PQ issues. To mitigate the PQ problems, active
power filters (APFs) with various control strategies are now being focused as the promising solution, capable
of resolving the significant issues like harmonic distortions and unbalance [22]-[24]. Unlike passive, APFs
are adaptable to rapidly changing source impedance and provide the necessary harmonic compensation for
varying non-linear loads. These APFs generate the compensating component of current or voltage and hence
cancels out the original harmonics content [25].

Therefore, in order to address all the aforesaid issues, this paper presents a modified perspective of
Kalman filtering which offers robustness against modeling uncertainties and achieves enhanced sensitivity
towards grid perturbations with reduced tuning efforts. Here, lagging nature of the existing recursive Kalman
filters has been modified by introducing a weighted matrix which advances the estimated values of state
variables in one step. Thus an enhanced filter performance is achieved with reduced complexity and better
elimination of harmonic distortions. The superiority of the proposed modified filtering approach has also
been assessed by comparing its harmonics mitigation capability with those of various existing Kalman
techniques [26]. Thus this work presents the application of advance control scheme for APF topology for
elimination of harmonics to bring down the distortion level for PV integrated system.

2. APF TOPOLOGIES FOR ELIMINATION OF HARMONICS

Due to the switching action of converters and increased applications of non-linear loads, the
integrated PV systems do not draw a sinusoidal current at PCC. This non-sinusoidal current may also distort
the voltage waveforms and lower the power factor due to the flow of harmonics. APFs basically inject the
compensating current or voltage depending upon the way they are connected in the network. This injected
current or voltage is in phase opposition with the actual quantity and thus compensates for the harmonics. A
number of factors like cost, integration and applicable harmonic filtering standards by the utility, need to be
considered for deciding the filter configuration. As per the required applications or the electrical parameter to
be compensated, APFs can be employed in shunt or series topology as discussed.

2.1. Shunt APF

It is the most common topology of APF where the switching device is connected in parallel. As
shown in Figure 1, its behavior is similar to that of current source as it injects a current with 180° phase-shift
at PCC. It consists of a voltage source converter (VSC) with pulse with modulation (PWM) controller and a
control strategy for generating reference signal for the filter current, which is then processed by PWM
controller for switching of VSC. The conduction and switching losses of VSC is provided by a connected
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Figure 1. Compensating current injected by shunt APF

2.2. Series APF

Basically the series APF performs the isolation work by presenting very high impedance for the
harmonics. It introduces a compensating voltage in series with that of source, having same magnitude but in
phase opposition to that of harmonic components and thus cancels the voltage harmonics. Figure 2 shows the
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basic topology of a series APF. Similar to shunt APF, it also consists of a VSC with a PWM controller and a
control strategy for generating reference signal for the compensating voltage, which is then processed by
PWM controller for the switching of VSC. These series APFs can be used in systems that supply power to
the voltage sensitive devices, requiring a pure sinusoidal voltage source.

Voltage
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I Non-Linear Load
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Figure 2. Configuration of series APF

3. APPLIED CONTROL ALGORITHM FOR APF
For mitigation of PQ issues, designing the proper control strategy is the core aspect of APF scheme.
There are two main functional parts. Of this control unit described below in details:

3.1. To generate or estimate the reference source current

This control scheme basically senses the voltage or current signals and hence generates reference
current by means of distorted waveforms. Thus it is commonly known as harmonic extraction technique. In
this research work a robust control scheme employing Kalman filtering with recursive loop has been
proposed for estimating the reference current. The applied synchronous reference frame (SRF) approach for
transformation is illustrated through the block diagram as shown in Figure 3. It basically transfers the
stationary co-ordinates to the synchronously rotating d-q axes through Park’s transformation. Then after
processing the signals, controller finally generates the reference currents back in stationary co-ordinates
employing the inverse transformation.
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Figure 3. Applied control strategy for reference estimation

3.2. To generate switching signals or gate pulses for VSI

This is the second important aspect of controller and commonly known as current modulation
scheme. This basically governs the value and shape of compensating component by generating gate signals
for switching of inverter. Among the various controllers, adaptive hysteresis band (HB) technique is applied
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here which gives advantages like fast controllability, accuracy, simplicity and robustness. Applied method
compares the reference current with the actual to generate the error current, which is then made to pass
through a preset hysteresis band. Thus that particular switch is turned off whose limit is exceeded and hence
HB controller forces tracking within the band limit as shown in Figure 4.
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Figure 4. Pattern of switching in applied HB scheme

4. METHODOLOGY FOR PROPOSED APF SCHEME

The circuit arrangement incorporating all the controllers for APF scheme is shown in Figure 5. The
basic function of Kalman filtering lies in the calculation of amplitudes for electrical quantity from the sample
which results in the formation of a vector for system state. However, we can prevent the intermittent lagging
nature of recursive filtering by modifying and introducing a predictive loop in Kalman filter (KF).
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Figure 5. APF control scheme for mitigating PQ issues

For any Kalman filter with recursive loop, the following equations describe the system with two
noises: one being process noise and other measuring noise.

x(k)=0x(tk—1) +w(k—-1) 1)
z(k) = Hx(k) + v(k) (2)

These expresses first-order auto regressive process where (1) is the modeling of signal and (2) is the
observation equation. Here, x(k) represents state variable vector at k ¢, instant, @ represents matrix for state
transition, w(k) is the noise processing vector, z(k) represents measurement of signal, H constitutes matrix
for observation whereas v(k) is the measurement noise vector. For the present sample each of its state
variables is estimated as given by (3).
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2(k) = 623k — 1) + K()[2(k) — HO2(k — )] 3)

Where, K(k)is the corresponding Kalman gains vector for each of the variables which adjusts the least
square estimations and it is given as (4).

K(k) = P(k/k — DH[HP(k/k — DH® + R(K)] 4)

where, the weighted matrix corresponding to "k" th instant covariance is represented by R(k). The complete
filter processing for signals generation has been illustrated in details through block diagram shown in Figure
6. It can be seen here that two estimators are incorporated where one estimates the current and other the
voltage. On the basis of state vectors estimation of harmonics is carried out for each of samples. The instant
value of quantity is compared with the reference value to estimate the error which represents weight matrix
that corresponds to instant covariance. Finally passing this error signal through adaptive band generates the
required gate signal.
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Figure 6. Applied control unit for APF

5. RESULTS AND DISCUSSION

Simulated results for active power filter compensation algorithm are obtained in
MATLAB/Simulink platform. The in-phase frequency components generated by Kalman filtering are used
for producing the reference current. The non-linear load constituted with diode bridge rectifier has a
resistance of 20 Q and inductance of 10 mH. First the source voltage waveform with peak value of 230 V is
shown in Figure 7. When this voltage is fed to the system of non-linear load without any APF compensation
scheme, then the load draws a highly distorted current as shown in Figure 8. The same distortions are
reflected towards source side as at present load current is same as source current when no filtering is applied.
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Figure 8. Un-compensated distorted source current
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Consequently, the fast fourier transform (FFT) analysis of source current gives out a high percentage
of harmonics at present. As shown in Figure 9, THD of current reaches to a high value of 29.3% which
definitely has to be filtered out with applied APF controller. Now on applying the APF compensation
strategy the compensating current ic is injected successfully in opposite phase for the cancellation of
harmonics. Therefore, harmonic components are cancelled out by this compensating component and only the
sinusoidal output is obtained for the filtered source current. Figure 10 shows all three different types of
currents on the same graph. It can be clearly observed that after injecting this compensating current source
current differs from load current now and hence distortions are not reflected on source side now. This
transition in source current from distorted to sinusoidal on being subjected to applied filtering scheme is
shown in Figure 11. Also, the effectiveness of APF algorithm is demonstrated through FFT analysis shown in
Figure 12. Here, it depicts the capability of filtering algorithm for efficient enhancement in power quality as
THD of the source current after compensation is brought down to a mere value of 1.96%. Further, to validate
the distinct effectiveness of this proposed modified KF algorithm, here a comparison of THD is made as
obtained in other KF based algorithms. Referring to detail analysis given in [26], a comparative chart of THD
for different existing KF based techniques has been summarized in Table 1. It is found that least THD is
achieved with the modified KF algorithm proposed here in this paper. Thus it depicts the enhanced
performance of proposed algorithm, where in addition to features like reduced complexity and increased
sensitivity, a superior capability of eliminating harmonic distortions is also achieved as a major advantage.
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Figure 9. FFT analysis for un-compensated current
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Figure 10. Injected compensating current component
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Figure 11. Effectiveness of applied controller in filtering distortions
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Figure 12. FFT analysis of filtered source current

Table 1. Comparison of compensation capability of different Kalman algorithms

S.No. Compensation Algorithm THD after compensation
1 General KF 4.79%
2 Extended Kalman filter (EKF) 4.92%
3 Robust extended Kalman filter (REKF) 4.63%
4 Robust extended complex Kalman filter (RECKF) 4.46%
5 Modified KF(Proposed here) 1.96%

6. CONCLUSIONS

In this paper PQ issues for PV system penetrations have been addressed. The proposed APF control
scheme has applied modified Kalman filter for the estimation of reference current which overcomes the
deficiencies of earlier KF based approaches. Here, the introduction of a weighted matrix advances the
estimation of state variables and hence the proposed algorithm achieves the advantageous features like
reduced tuning effort, enhanced sensitivity and reduced computational burden. Also, adaptive hysteresis
controller is applied for pulse generation, which does not have a fixed band and adaptively varies with system
parameter. Detailed performance analysis of proposed control algorithms have been done in
MATLAB/Simulink platform, where the effectiveness of filtering technique has been illustrated. The
enhanced filtering performance has been also signified by comparing the harmonics elimination capability of
various KF algorithms. The proposed APF scheme is found to be most effective for eliminating distortions in
the source side where least THD is resulted having low value of 1.96% only.
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