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Abstract

A single-phase grid-connected inverter system based on LCL filter is established, which
combines the features of inverter and active power filter. A composite control strategy for grid-connected
inverter with the function of implementing reactive power compensation and harmonic compensation in the
grid-connected power generation is proposed. Firstly, grid-connected inverter system structure and model
is analyzed. A quasi-Proportional Resonant control method to gain the control of grid-connected
fundamental wave current containing reactive power compensation current as well as the control of
harmonic compensation currents is put forward; then the calculation methods of composite control
command current based on both second order generalized integrator-quadrature signal generator (SOGI-
QSG) and instantaneous reactive power theory are given. Finally, the effectiveness of the control strategy
proposed in this paper is verified by simulation.
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1. Introduction

In recent years, the voltage source converter has been widely used in wind power,
photovoltaic and other distributed generation systems and Active Power Filter (APF). The
converter, as the interface of distributed generation systems and the grid, achieve the grid-
connected generation of intermittent power source [1]. Inverter will generate harmonics, but this
structure also enables a more flexible control of the distributed power. Converter control is
divided into linear or non-linear voltage control and current control, and the latter is more widely
used in the grid-connected inverter. The quite common current control includes Pl control,
proportional-resonant (PR) control, hysteresis control and repetitive control, etc [2-6].

Non-linear and impact load produce harmonic current and reactive current, and will
bring great pressure to the public grid power quality. Due to its high cost and single function,
APF is mainly used for industrial areas, and is seldom used for single-phase grid in residential
areas. The building-integrated PV (BIPV) system installed in low voltage is connected to the grid
by the inverter, which achieves the grid-connected generation nearby and endows with certain
market prospects [7]. The photovoltaic inverter and the structure of the APF have similarities, so
some literatures have proposed the control strategy that the grid-connected inverter provides
active filter function [8-13]. When sunshine is adequate and the total power obtained by
photovoltaic cell array are fed into the grid, harmonics and reactive power compensation are
carried out by using the remaining capacity of the inverter; when at night or the sunshine is
inadequate, the inverter fully works in the active filtering mode, which will improve the
photovoltaic grid-connected system utilization.

Composite control for three-phase grid-connected inverter is mostly used in the two-
phase rotating coordinate system [11]. Since only one-phase variable exists in single-phase
grid-connected inverter, it is necessary to construct one “fictitious” or imaginary variable in which
all frequencies are phase-shifted by 90 electrical degrees with respect to the original variable. In
[8], a method of constructing the two-phase quadrature system without delay was proposed;
however, it only can conduct grid-connected generation and reactive power compensation
instead of providing harmonic compensation. In [9-10], the instantaneous reactive power theory
was adopted to detect reactive and harmonic current, and then the Pl control was used to
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realize the unified control of grid-connected inverter and the active filter, but the Pl controller
cannot achieve any static error tracking AC signals and the response is slow. Some literatures
utilized the repetitive control strategy based on the Discrete Fourier transform to achieve the
function of generates active power and harmonic compensation [11-12]. In [13], the deadbeat
control was introduced to achieve the purpose of conducting active power as well as reactive
power and harmonic compensation, but it aimed at the three-phase system, not apply to single-
phase photovoltaic system.

In summary, for the realization of composite control of the single-phase inverter that
generates active power and compensates the reactive power and current harmonics of local
loads, two aspects of work are mainly included: on the one hand, choosing a suitable means for
harmonic and reactive current detecting; on the other hand, choosing a fast and efficient current
control strategy. In light of this, this paper proposed a composite control strategy based on a
single-phase inverter LCL filter to implement the active filtering function in grid-connected
process. First, the principle of second-order integrator quadrature signal generator (SOGI-QSG)
to construct the orthometric two-phase signal and calculate the required compensation value of
harmonic currents was exploited; and then the grid fundamental current containing reactive
power compensation current was calculated through instantaneous reactive power theory, thus
synthesizing the reference current of composite control with active, reactive power generation
and harmonics compensation; Finally, the quasi- PR controller was adopted to achieve the zero
steady-state error control of AC reference current. The simulation results verified the
correctness of the proposed control strategy.

2.Grid-connected Inverter System Principle
2.1. System Structure

A single-phase grid-connected system structure studied in this paper is shown in Figure
1. DC source rated voltage is 420V, which is generally obtained by the PV array through the
DC/DC boost. In order to reduce the harmonic content of grid current and the amount of
inductance value, the inverter employs the LCL filter. For the purpose of inhibiting the instability
phenomenon of the LCL filter, this paper introduced a passive damping method of cascading
the damping resistance Ry with the filter capacitor Csto improve system stability [14].

DC
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Inverter R | sl Ry

Figure 1. Schematic Diagram of grid-connected inverter

2.2. System Model and Control Strategy

According to the schematic diagram shown in Figure 1, the control model diagram
shown in Figure 2 is built, wherein the reference current calculation process is shown in Figure
7. Due to the high switching frequency (10 kHz here), much higher than the grid frequency, the
PWM is approximately replaced by the gain link Kpyy approximation, wherein G(s) is the
transfer function of the current controller.
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Figure 2. Control model of grid-connected inverter system

According to the control model in Figure 2, the grid-side current output by the inverter is:

__ G()Kpy | _LCS+RCsI
7 G(S)Kp +D(S) T G(S)K,y, +D(S) °

(1)

LLC,s +R(L, +L,)C,s*+(L +L,)s

Where, D(s) = R
f

In view of the reference current /s containing not only the fundamental signal but also
the harmonic current signal, the conventional PI control cannot achieve the no-steady-state
error tracking on the AC signal. For the effective control of the fundamental component and the
restraint of harmonic component, the current controller in this paper uses the Quasi-Proportional
Resonant (PR) with good tracking results to AC signal.

Quasi-PR controller consists of the proportional regulator and the resonant regulator. It
has a high gain at the resonant frequency while the gain is very small at the non-resonant, with
the ability of anti-grid voltage disturbances [15-17]. The controller transfer function of the quasi-
PRis:

2wk s

G, (s)=k +——BK5
" Ps, 205+ @)

(2)

The above k, and k; are respectively the scale factor and resonant coefficient of quasi-
PR controller; wy is the resonance frequency; and w. is the cut-off frequency. When s=jwy, the
resonant gain reaches the maximum k..

In addition to quasi-PR fundamental current control, the use of non-ideal resonant
controller to compensate for the low-order harmonics (3th, 5th, 7th, 9th harmonic content is the
most in distribution network). The transfer function of non-ideal resonant controller is

2w K, S
HC(s) = — e
) hz;,g S, +2w,5+®,

(3)

The above h is the harmonic number, k; as a resonance coefficient, and w;, as
harmonic frequency. HC(s), the harmonic compensation, does not affect the dynamic
characteristics of the fundamental quasi- PR control. It is only responsive to the signal in the
vicinity of the resonance frequency, so harmonic compensation term can be superimposed on
the quasi -PR controller.

For quasi-PR controller, the adjustment kp can adjust controller bandwidth [17]; the
resonant controller can only be achieved by adjusting the ki, with w. to the regulation of the
harmonic signal. As for the fundamental signal, taking kr=0, when w,is 5 rad / s and k, changes,
and k. is 120 , w. changes, the Bode diagram of quasi-PR controller is shown in Figure 3.

As seen from Figure 3, k, only affects the controller gain (achieving the amplitude-
frequency curve to pan up or down), without affecting the controller bandwidth; w. not only
affect the controller gain, but also affect the controller bandwidth. With the increasing of wk,
bandwidth increases. w, in engineering practice generally takes 5-10 rad/s """, and the
fundamental controller w; in this paper as 3.2 rad / s, the harmonic controller w. as 5 rad / s. By
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the reasonable adjustment of k,, k; and k., the differential regulation of the fundamental and
harmonic without static can be achieved.

The transfer function of the current controller in this paper is

G(9) =G, (s)+HC(s) 4)

The Control model of current is shown in Figure 4.
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Figure 3. Bode of PR controller in variable parameters
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Figure 4. Control model of current generalized
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Figure 5. Second order integrator-quadrature signal generator

3. Composite Control Current Command
3.1. Harmonic Reference Current Calculation

This paper mainly exploited the point of common coupling PCC voltage U, and
nonlinear load current /. to calculate the harmonic compensation reference current. A method of
the generalized second integrator -based adaptive filtering to achieve the 90" phase angle offset
and harmonic filtering was proposed in [18]. In this paper, a similar approach was applied to the
single-phase system to constitute a quadrature signal generator based on second-order
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generalized integrator (SOGI-QSG), so the separation of the fundamental signal in the
coordinates of the two-phase stationary coordinate system was achieved to implement the
harmonic detection and its block diagram is shown in Figure 5.

Figure 5 shows that PCC voltage fundamental wave component (Ugiq. Ug1g) and the
fundamental wave component of the load current (.14, /15) under the two-phase stationary
coordinate system can be obtained by SOGI-QSG, and the transfer function of SOGI-QSG is

_ ILlu(S) _ Uglu(s) _ KS
()= I.(s) UJs) S +Ks+a? ®)
HZ(S) _ ILlp(S) _ Ung(S) _ Ko (6)

I.(s) U,(s) s +Ks+a’
Under the steady-state condition, the formulas (5) and (6) have the following
relationship in the frequency domain.

4H1<jw)=4Hz<jw)+§ (7)

From the foregoing, if taking w as fundamental angular frequency, the fundamental
component of the two-phase stationary coordinate system can be isolated. They are equal in
magnitude, phase mutual difference is 90". SOGI-QSG achieved its goals mainly through
internal model principle-based adaptive filtering, with anti-jamming capability. Therefore, even in
the case of the load or the grid voltage distortion, the fundamental current voltage can still be
well isolated. When taking a different coefficient K, the Bode diagram of formula (5) and (6) are
shown in Figure 6. As seen from Figure 6, the smaller the adaptive coefficient K and the
bandwidth are, the better the filtering effect is, but the slower the response is. In the application
process, the appropriate coefficient K can be selected as required.
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Figure 6. Bode of H1(s) and H2(s) in variable parameters

The fundamental current in the load current can be isolated by the method in Figure. 5,
so the harmonic current /.;,in need of compensation is

ILhZIL_ILlu (8)

3.2. Grid-Connection Reference Current Calculation
The fundamental voltage of the PCC, the load fundamental current and harmonic
current under the two-phase stationary coordinate system is calculated through Figure 5 and the
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formula (8). According to the instantaneous reactive power theory, the required reactive power
by load is

Q =1, ~1,U (©)

Lla ™ gla LI~ glIB

The required reactive power by load can be calculated in terms of the detected load
current and voltage. For the inverter output power, there is

P* = IlaUglu + Il[}UgIB
Q=1U_ - I,

la ™~ gIp

(10)

The above /1, and /i are the fundamental component of the inverter output current
under the two-phase stationary coordinate system. Typically, the grid-connected inverter output
reactive power is almost zero in order to maintain a high power factor operation. To compensate
the load reactive power, the reactive power of the load calculated by the formula (9) acts as a
reference value of the inverter output reactive power, set Q =Q_. According to (10), there is

[ _ 1 |:Ugltx U,y }{P} (11)
IIB* Ugmz+Ug1ﬁ2 Ung _Ugla Q*

Where in, P is the inverter output active power. If Previous level inverter DC source is
the photovoltaic array, P can be achieved by the maximum power point tracking (MPPT)
algorithm [11]. According to the method of formula (11) to calculate the fundamental reference
current, all the power issued by the PV array can be fed to the grid.

The formula (11) shows that just through the simple arithmetic the method described
herein can get grid-connected current the fundamental reference value containing reactive
power compensation current. Because of the single-phase system in this paper, beta axis
voltage current generated in the SOGI method is just designed for the calculation of the
reference current. So in the calculation of controller input reference current, /¢ is ignored.

The required compensation for harmonic currents in the formula (8) is obtained, and
grid-connected fundamental reference current which containing the reactive power
compensation capability is obtained (11). Therefore, as known by (8) and (11), the reference
current of composite control that generates active power and compensates the reactive power
and current harmonics of local loads described in this paper is:

| =17+, (12)

ref

The method to gain the composite control reference current is shown in Figure 7.
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Figure 7. Reference current calculation structure diagram
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4.Simulation Study

To verify the effectiveness of the proposed control strategy, the model shown in Figure
1 is built by using Matlab/Simulink software to simulate. The main parameters of the electrical
components in Figure 1 are shown in Table 1.

Table 1. System parameters
Parameters Value Parameters Value

Udc /V 420 Ug v 220
CIuF 2200 R1/Q 25
Lf1 /mH 1 L1 /mH 50
Lf2 /mH 0.22 R2/Q 50
Cf /uF 6.8 L2 /mH 900
Rd /Q 1.7 CL /uF 1000

To verify the proposed composite control strategy, the respective simulations of the grid
and reactive power compensation composite control as well as the grid and harmonic
compensation composite control are carried out. In order to facilitate the observation of the
waveform, the voltage waveforms below are scaled down to 50V.

1) The simulation waveforms of the reactive power compensation are shown in
Figure 8.

As seen from Figure 8, due to the load containing reactive load, the load power factor is
low. Through the reactive power compensation of the inverter, the power factor is improved
significantly. Before 0.7s, the inverter output active power is greater than the load required for
the active power, and it not only can meet the load demand, but also make the remaining active
power fed to the grid. So in the power outage as a result of a grid fault, the inverter can also
provide power for critical loads to achieve the uninterrupted operation of the load. After 0.7s, as
the inverter output power reduces, the load not only consumes all the inverter output active
power, but also absorbs a part of the active power from the grid.
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Figure 8. Reactive compensation rendering diagram

2) The simulation waveforms of harmonic compensation are shown in Figure 9.

As seen from Figure 9 (a), due to the presence of non-linear loads, the load current
consists of mass harmonics. The grid current will come to the severe distortion without the
harmonic compensation. Through the Fourier analysis, the total harmonic distortion (THD) of the
grid current reaches 69%, of which the most harmonic content of 3th, 5th, 7th and 9th are the
most. Compared with Figure 9 (b), by the means of the proposed control strategy, the current
containing harmonic issued by the inverter is offset with the harmonic in the load, the grid
current THD declines to 1.83%, and the power quality is significantly improved.
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Figure 9. Harmonic compensation rendering diagram

5. Conclusion
1) The structure of the distributed power single-phase grid-connected inverter at the end of the

grid is similar to that of APF, playing the same similar function as the active filter through the
reasonable control.

2) The method based on SOGI-QSG to isolate the fundamental component and harmonic
component of the load current was proposed. Combining the instantaneous reactive power
theory, the fundamental reference of the grid-connected generation and reactive power
compensation was deduced, together with the isolated harmonic currents to constitute the
compound control reference current.

3) Adopting the quasi-PR current controller carrying the resonant controller, the rapid control for
the fundamental component as well as the effective compensation for harmonic currents are
achieved.

References

(1]

(2]

(3]
(4]
(5]

(6]
(7]
(8]

Castilla M, Miret J, Sosa JL, et al. Grid-Fault Control Scheme for Three-Phase Photovoltaic Inverters
With Adjustable Power Quality Characteristics. IEEE Trans on Power Electronic. 2010; 25(12): 2930-
2940.

Carrasco JM, Franquelo LG, Bialasiewicz JT, et al. Power-electronic systems for the grid integration
of renewable energy sources: A survey. IEEE Trans on Industrial Electronics. 2006; 53(4): 1002-
1016.

Blaabjerg F, Teodorescu R, Liserre M, et al. Overview of control and grid synchronization for
distributed power generation systems. IEEE Trans on Industrial Electronics. 2006; 53(5): 1398-1409.
Zhao Qinglin, Guo Xiaogiang, Wu Weiyang. Research on Control Strategy for Single-Phase Grid-
connected Inverter. Proceedings of the CSEE. 2007; 27(16): 60-64.

Dasgupta S, Sahoo SK, Panda SK, et al. Single-Phase Inverter-Control Techniques for Interfacing
Renewable Energy Sources With Microgrid—Part Il: Series-Connected Inverter Topology to Mitigate
Voltage-Related Problems Along With Active Power Flow Control. /EEE Transactions on Power
Electronics. 2011; 26(3): 732-746.

Peng Shuangjian, Luo An, Rong Fei, et al. Single-phase Photovoltaic Grid-connected Control
Strategy With LCL Filter. Proceedings of the CSEE. 2011; 31(21); 17-24.

Liu B, Duan S, Cai T. Photovoltaic DC-building-module-based BIPV system-concept and design
considerations. IEEE Trans. on Power Electronics. 2011; 26(5): 1418-1429.

Chen Yandong, Luo An, Xie Sanjun, et al. A Single-phase Photovoltaic Grid-connected Power
Control Method without Delay. 2012; 32(25): 118-125.

TELKOMNIKA Vol. 12, No. 1, January 2014: 225 — 233



TELKOMNIKA ISSN: 2302-4046 m 233

9]

[10]

(1]

[12]
(13]

[14]

[15]

[16]

(17]

(8]

Wu Chunhua, Huang Jianming, Chen Weimin, et al. Unified Control of Single Phase Photovoltaic
Grid-Connected andActive Power Filter. Transactions of China Electrotechnical Society. 2011; 2(10):
103-109.

Zhang Guorong, Zhang Tieliang, Ding Ming, et al. Combined Control of Active Power Filter and PV
Grid Connected Generation. Automation of Electric Power Systems. 2007; 31(8); 61-66.

Bojoi RI, Limongi LR, Roiu D, et al. Enhanced Power Quality Control Strategy for Single-Phase
Inverters in Distributed Generation Systems. IEEE Transactions on Power Electronics. 2011; 26(3):
798-806.

Jinwei He, Yun Wei Li, Munir MS. A Flexible Harmonic Control Approach through Voltage-Controlled
DG-Grid Interfacing Converters. IEEE Trans on Industrial Electronics. 59(1): 444-455.

Shi Dafa, Wang Xiao, Cheng Yandong, et al. Design of Photovoltaic Grid and Power Quality
Compound Control System. Automation of Electric Power Systems. 2012; 36(4): 40-44.

Guo Xiaogiang, Wu Weiyang, Gu Herong, et al. Modelling and Stability Analysis of Direct Output
Current Control for LCL Interfaced Grid-Connected Inverters. Transactions of China Electrotechnical
Society. 2010; 25(3): 102-109.

Zhou Lin, Zhang Lingiang, et al. Liao Bo.Research on Control Strategy of Single-Phase Photovoltaic
Inverter. Power System Technology. 2012; 36(9): 25-30.

Yao Jun, Chen Xiyin, Liao Yong, et al. A Grid-Connection Control Strategy to Suppress Negative-
Sequence and Harmonic Currents for Permanent Magnet Direct-Driven Wind Power Generation
System. Power System Technology. 2011; 35(7): 29-35.

Teodorescu R, Blaabjerg F, Liserre M, et al. Proportional-resonant controllers and filters for grid-
connected voltage-source converters. |IEE Proceedings Electric Power Applications. 2006; 153(5):
750-762.

Rodriguez P, Teodorescu R, Candela |, et al. New Positive-sequence Voltage Detector for Grid
Synchronization of Power Converters under Faulty Grid Conditions. |IEEE 37th Power Electronics
Specialists Conerence. 2006: 1-7.

A Control Strategy for Single-phase Grid-Connected Inverter with Power Quality ... (Jin Jiapei)



