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Abstract. The harmonic current of the three-phase four-wire grid-
connected power conversion system (PCS) will be increased due to grid-
side harmonics and neutral loop. To solve these problems, the three-phase
four-wire I-type three-level converter is applied as the topology in this
paper to study the harmonic current suppression of the grid-connected PCS.
A compound control strategy with the proportional integral (PI) and
repetitive controller in parallel is presented and the interaction between the
parameters of the compound controller is analyzed. The comparative
research is carried out from the theoretical perspective of model analysis,
and a controller optimization scheme is proposed. Finally, under the grid
and neutral current waveform quality of simulation and experiment, the
correctness and effectiveness of the proposed scheme is verified.
Keywords: Three-phase four-wire; Power conversion system; Compound
control; Harmonic suppression.

1 Introduction

Distributed generation (DG) topologies and operation modes are diverse and need to
meet the requirements of the power grid. The PCS is the important device of DG, not only
its own stable operation and various functional requirements of DG need to be ensured, but
also the three-phase imbalance of the power grid and single-phase load energy issues need
to be considered. Thus, the PCS is mainly a three-phase four-wire form with the zero-
sequence current channel [1]. The non-linearity of high-density power electronic equipment
leads to a large number of harmonic sources in the power grid and the increase of grid
voltage harmonics [2], thus the grid current THD of PCS will be increased under the
clamping action of the grid. The harmonics will be injected into the direct current (DC) side
of the converter due to the neutral loop current, which contribute to the aggravating of
adverse impact on the quality of the grid current. Excessive harmonic current will not only
increase the loss and noise of power equipment, but also cause system failure in serious
cases, threatening the safe operation of power system. According to the regulation IEC
61000-3-4, the grid current THD of 5% must not be exceeded [3]. Therefore, it is
significant to suppress the harmonic current of the grid-connected PCS.

At present, there have been extensively studies on the related methods of harmonic
control [4]. The resonance controller was applied to control harmonics in [5], which has a
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certain effect on improving the current quality. However, multiple resonant controllers need
to be connected in parallel when there are a large number of different order harmonic
currents, which will increase the complexity of control and decrease system stability. The
repetitive control has been commonly used as the main control method to solve the
influence of periodic harmonic disturbances because of its better steady-state performance
and facile implementation [6]. But the conventional repetitive controller can hardly achieve
a fast dynamic performance and requires the assistance of other controllers [7]. The double
repetitive controller was employed to improve the dynamic performance of harmonic
compensation in [8], but the compensation ability was still insufficient in the area where the
harmonic current changes significantly, and the complexity of the algorithm was increased.
The output current quality was improved by combining PI and repetitive controller in [9].
This compound control combines the advantages of the two controllers. While accurately
tracking the rated value, it can also periodically compensate for harmonics and reduce the
grid-connected current THD. However, the control object with accurate mathematical
model is required for the combination of PI and repetitive controller, and reasonable
adjustment of parameters is needed to obtain optimal control. An optimization model to
coordinate the control of harmonic compensation was proposed which enhanced the
harmonic control capability of the energy storage system in [10]. It demonstrated that it is
also important to utilize the model to investigate harmonic suppression.

2 System model

The three-phase four-wire I-type three-level topology of grid-connected PCS is shown in
Fig. 1. Uy is the DC voltage of the energy storage system, Cy; and Cg, are the DC voltage-
divider capacitors, Sxi, Sx2, Sx3, Sxa (x=a, b, c) are power transistors, L¢ and Ry are the filter
inductance and its parasitic resistance, Cr is the filter capacitor, L, is the equivalent line
inductor of neutral loop, iox represents the grid current, irx represents the filter inductance
current and Ua, U, Uc represents the three-phase power grid. The neutral wire is connected
through the neutral point NV of the power grid, the neutral point Nc of the filter capacitor and
the midpoint O of the DC side voltage divider capacitor.
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Fig. 1. The three-phase four-wire I-type three-level topology of grid-connected PCS.

The switch function is be defined as follows:
2 if §,=on S, =on
S,=11 if §,=on,S,=on p=1,234 €))
0 if §;=onS,=on
The voltage between the bridge arm of each phase and the neutral point of the grid can
be written as:
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ux :(Sxy - 1)(]dc (2)

The variables of (1) and Fig. 1 are transformed into dg0 frame, namely the inductor
current irg, iLq, irLo, the grid-connected voltage uog, Uog, Uoo, the bridge arm voltage uq, uqg, to
and the neutral line i,. w is the grid frequency. The state variable equations in the dg0 frame
can be expressed as:

diLq . .
u, =u, +L,—+wi ,+Ri
dt

- )

di
uy, =u, +(L; +3L)) % + Ry,

iLa +iLb +iLc :in
The value of L, is small generally, whose influence can be ignored. Due to the existence

of unbalanced harmonic components, it is also necessary to control the 0-axis of the three-
phase four-wire converter.

3 Controller design

3.1 Repetitive controller design

The current command of grid-connected PCS is a signal containing multiple harmonics, so
it is necessary to introduce a repetitive controller. This method is based on the inner
membrane principle and can track the periodic repetitive control signal without static error.
The ideal repetitive controller is a unity-gain positive feedback system, and the critical
stability of the system is unsatisfactory. Therefore, repetitive controller needs to be
corrected and the part of its accuracy is sacrificed to ensure its stability. The structure
diagram of modified repetitive controller is shown in Fig. 2.
e + ; d

Fig. 2. The structure diagram of modified repetitive controller.

Qs is the attenuation coefficient. S(z) is the compensator to compensate mainly the
amplitude and phase of the control system, which is mainly composed of gain
compensation coefficient k., phase compensation link Zy and filter link F(z) as follows:

S(z)=k,z"F(z) 4)

3.2 Compound controller design

Considering the control of grid-connected PSC is generally current-type control method
which needs to accurately track the given current signal and the slower dynamic
performance of repetitive controller in the transient response, it needs to be applied in
conjunction with the PI and repetitive controller. There are mainly two kinds of embedded
structure and parallel type in the compound controller design method with the PI and
repetitive control, as shown in Fig. 3.
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(a) Embedded compound control (b) Parallel compound control
Fig. 3. Compound controller block diagram with PI and repetitive control.

Embedded compound control adjusts the input error signal to make the system output
value equal to the expected value. The compensation function S(z) is easier to implement.
But its anti-disturbance performance is not only affected by the repetitive controller, but
also by the PI controller. The PI and repetitive controller of parallel compound control can
respond to the error signal at the same time when the system output value is not equal to the
expected value. The system can achieve stronger anti-disturbance performance under the
parallel compound control.

4 Analysis and simulation of controller

4.1 PCS equivalent model with compound control

In the dg0 frame, the block diagram of PCS equivalent function with compound control is
shown in Fig. 4. Kywm is defined as the inverter equivalent gain and 75 is the time constant.

Tis+1|[0.5T.s+1| |Ls+ R,

Fig. 4. Bode diagram in Case A.
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The transfer function is shown in (5), the bode diagram can be obtained by (5) to
analyze the system characteristics. For the convenience, Case A is defined as the control
situation that PCS achieves the best performance with only PI control. Case B is defined as
the control situation that the repetitive controller is combined with the PI controller of Case
A in parallel, which is a traditional design scheme as a comparative scheme of the proposed
scheme at the same time. The simulation is achieved by Matlab/Simulink, the same
frequency harmonics are injected on the grid side. The simulation parameters are given as:

Gp(s)= ( (6))

Table 1. Simulation parameter.

Public parameter Value PI controller parameter Value
DC voltage Udc 800 V Current proportional coefficient Kip | 2
Switching frequency fs 18 kHz Current integral coefficient Ki 200
Rated fundamental frequency f 50 Hz
Rated phase voltage magnitude Us 311V Repetitive controller parameter Value
Filter inductor L 0.5mH | Attenuation coefficient Os 0.95
Parasitic resistor of filter inductor R | 0.01 Q Gain compensation coefficient k¢ 0.9
Filter capacitor C 20 pF Phase compensation number k 5
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4.2 Model analysis and simulation

The Gp(s) bode diagram in Case A and Case B is shown in Fig. 5.
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Fig. 5. Bode diagram.

In Fig. 5 (a), the higher gain in low-frequency band, the amplitude-frequency
characteristic passes through the 0dB line with a -20dB/dec slope in mid-frequency band,
and the high-frequency band gain is attenuated rapidly. The both amplitude margin and
phase margin are values in the best stability range for the system, indicating the PI
controller parameter in Case A is the parameter of the best system performance, but the
ability to suppress harmonics is limited. Therefore, the bode diagram in Case A that the
repetitive controller is added, namely Case B, is shown in Fig. 5 (b). The system phase
margin remains basically unchanged after combining the PI and repetitive controller in
parallel, but the PI control gain is relatively high, which suppresses the repetitive controller
gain and weakens the harmonic error compensation performance.
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Fig. 6. Simulation results.

The PCS simulation results in Case A and Case B are shown in Fig. 6. Although the
grid-connected PCS in Case A that only adopts PI controller can track the given signal, the
grid current THD and the neutral current are too large to meet the grid-connection standard.
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The repetitive controller has a certain effect on the harmonic suppression in Case B, but the
repetitive controller gain is so low that the harmonic suppression effect is unsatisfactory.
The grid current THD is still greater than 5%, and the neutral current is relatively large,
which cannot meet the grid-connected standard.

In order to improve the harmonic suppression capability of the compound controller
and ensure system stability at the same time, an optimization scheme of harmonic
compensation that the repetitive control gain can be reversely increased by reducing the PI
control variable gain was proposed. The PI controller parameters are changed to Ki,=0.5
and K;i=20. This control situation is defined as Case C. The bode diagram in Case C is
shown in Fig. 7.
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Fig. 7. Bode diagram in Case C.

In Fig. 7, the repetitive controller gain in harmonic control is increased through
adjusting the gain of the PI controller, which can improve the ability of the compound
controller to compensate low-frequency harmonics. The compound controller in Case C not
only achieves the optimal control gain of the two controllers in parallel, but also ensures
that the phase margin is within the stable operating range of the system. The simulation
results in Case C are given in Fig. 8.

In Fig. 8, the grid current THD in Case C is reduced to less than 5%, and the neutral
current is reduced to 10A without affecting the magnitude of the grid current. It is verified
that the PI and repetitive control gain of the compound controller has the relationship of
mutual inhibition in the harmonic current suppression.
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Fig. 8. Simulation results in Case C.

5 Experimental results

The experiment designed the same three situations as the simulation, namely Case A, Case
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B and Case C. The main circuit adopts the three-phase four-wire I-type three-level
converter topology under the same grid-connected conditions, and the maximum power is
50kW. The main control chips of the experimental control circuit are composed of DSP
(Digital Signal Processor) and FPGA (Field Programmable Gate Array). Different
experiments are compared by adjusting the control algorithm and control parameters in the
control program. The experiment waveforms of A-phase grid voltage u.., A-phase grid

current i,, and neutral current i, of PCS are shown in Fig. 9.
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Fig. 9. The experiment waveforms of A-phase grid voltage uo., A-phase grid current ioa and neutral
current in of PCS in three cases.

In Fig. 9, the experiment waveform of A-phase grid-connected voltage is the sine wave
with less harmonic content under the clamping action of the grid. In Case A, the waveform
quality of grid current is poor due to harmonic, and the neutral current RMS (Root Mean
Square) up to 19A. The waveform quality of grid current and the amplitude of neutral
current in Case B is improved slightly, but the harmonic component is still obvious and the
neutral current RMS still reaches 12.6A. In Case C, the harmonic component of grid current
is significantly reduced, whose waveform is close to the standard sine and the neutral
current RMS is also reduced to 4.64A. The RMS of the grid current in the three cases
remains almost unchanged, and the grid current THD in Case C is obviously the smallest.
The experimental results prove that the harmonic suppression performance of compound
controller can be improved effectively by reducing PI control gain appropriately without
affecting the stability of grid current and voltage. The model analysis and simulation in the
previous chapter are verified.

6 Conclusion

In this paper, a compound control strategy with the PI and repetitive controller in parallel is
presented for the grid-connected PSC of three-phase four-wire topology. The interaction
between the parameters of the compound controller is analyzed, and a controller
optimization scheme is proposed. Finally, the correctness and effectiveness of the proposed
scheme is verified by the simulation and experiment and draw the following conclusions:
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The compound controller of the PI and repetitive controller in parallel can have a certain
effect for the harmonic current suppression of the grid-connected PCS. PI parameters will
be generally designed to be the parameters which PCS achieves the best performance with
only PI control, but the PI controller at this time is combined with repetitive controller in
parallel, the gain of the repetitive controller will be suppressed. The compound control
cannot achieve the best harmonic compensation performance. Therefore, this paper
proposed that the repetitive control gain can be reversely increased by reducing the PI
control variable gain. The simulation and experiment verify that the proposed scheme can
improve harmonic suppression performance of compound controller and reduce the gird
harmonic current of PCS without affecting the stability of gird current and voltage.

This research will further explore the compound control method for harmonic
suppression in the future, and establish a complete model and optimization of control
parameters to form a complete system.
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