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Abstract: This paper presents a stationary reference frame grid current control algorithm for a
grid-connected inverter (GCI) to improve command tracking performance and resilience in response
to disturbances, i.e., a grid voltage incident in a GCI current control system. In the proposed
algorithm, disturbance rejection is applied to reduce the overcurrent at the GCI in response to
a grid fault. Disturbances to the GCI current control system are estimated using a grid current
observer, and the estimate applied to the grid current controller to activate the disturbance rejection.
The stationary reference frame current of a GCI system is also controlled to avoid cross-coupling issues
at a synchronous reference frame model, reference transformation and dependency to phase locked
loop (PLL) performance. However, the phase lead or lag and steady-state response error, which
are drawbacks of AC signal control based on stationary reference frame proportional-integral (PI)
controller, must be eliminated in order to secure competition with the synchronous reference PI (SRFPI)
controller that was mainly used in the GCI system. Hence, to compensate for command tracking the
AC current, such as steady-state response error and phase lead or lag, command feedforward control
is applied in the proposed control system. The theory behind the proposed GCI current control
algorithm is analyzed, and the proposed algorithm is tested via simulation and experimentation.

Keywords: grid connected inverter; command feedforward control; disturbance rejection control

1. Introduction

Demand for electric power generation through renewable energy sources, including wind and
solar energy, has significantly increased in recent decades [1]. Multiple technologies are being utilized
for renewable energy generation, including distributed generation (DG) and micro-grid (MG) systems.
DG or MG systems comprise electric power generation systems, power conversion systems, energy
storage systems, etc. [2,3]. Power conversion systems use an DC-to-AC power converter interfaced with
a grid system, also known as a grid-connected inverter (GCI) [4-6]. Maintaining grid current control in a
GClis important to ensure the stability and resilience of DG and MG systems. A proportional-resonance
(PR) controller and a proportional-integral (PI) controller are commonly used to maintain current
control in the GCI [7,8], although a sliding mode control, model predictive control, or hysteresis control
might also be used [9-11]. In ideal circumstances, using a PR control will result in infinite bandwidth
at the designated resonance frequency, and as a result it is typical to find PR controls being used in an
effort to obtain power quality improvements in a grid system. However, controllers for eliminating
harmonic current are required for each order of grid current harmonics in a PR current control system.
Therefore, the PR current control system becomes complicated as the number of harmonic signals to
eliminate is increased.
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In a synchronous reference frame PI (SRFPI) control system, DC signals are controlled, and
phase lag or steady-state error with respect to frequency can be negligible. However, the phase
angle information of the grid voltage is required for reference frame transformation. For that
reason, SRFPI current control systems should be implemented with a phase locked loop (PLL). In a
stationary reference frame control system, reference frame transformation, PLL implementation, and
cross-coupling between the d and q axes can be avoided. In such a system, however, command tracking
performance, which are frequency-related phase lag and steady state errors, is degraded because AC
signals are controlled in the stationary reference frame control system. In an effort to compensate
for this drawback and improve command tracking performance, a command feedforward control
(CFFC) has been applied. In [12,13], CFFC is applied to a PI controller to compensate the drawbacks
of controlling AC signals, but it was used for voltage control for in a single-phase Uninterruptible
Power System (UPS) system. The CFFC is applied to the stationary reference PI controller to improve
transient dynamic performance of a GCI current control system but it is limited to a single-phase
system [14]. Model predictive control (MPC) are applied for GCI current control systems in [15,16]. By
using MPC, optimization objectives such as minimization of losses or total harmonic distortion (THD)
can be achieved but implementation of the control algorithm is relatively complicated and is limited
by performance of a signal processor due to heavy computation loads.

Along with command tracking performance, resilience in the face of disturbances is an important
aspect of control system performance. In a grid-connected current control system, grid voltage is
treated as a disturbance to the system. When a grid fault, including a line-to-ground or line-to-line
fault, occurs, overcurrent may damage the electrical circuit or its components. Accordingly, commercial
GCls are tripped when 200-225% of its rated current occurs [17,18]. Tripping a GCI disconnects it
from a grid, which may result in an unstable system. Disturbance observer-based control (DOBC) and
active disturbance rejection control (ADRC) algorithms have been developed in an effort to improve
these aspects of system resilience. By estimating the disturbance through the disturbance observer and
using the estimated disturbance to decouple the system disturbance, the influence of the disturbance
on the system can be reduced. In [19,20], DOBC is used for performance improvement in robotic
manipulators and motion control systems, not grid-connected inverter systems. In the case of ADRC,
an extended state observer (ESO) is used to decouple the estimated disturbance to the controller
input to make the control system robust. However, model uncertainty and sensor noise are typically
regarded as a disturbance to a system in ADRC applications rather than the grid voltage at grid fault
situations [21,22].

In this paper, a stationary reference frame PI current control algorithm in a three-phase GCI system
is developed and implemented for improvement of command tracking performance and resilience to
disturbance. The CFFC is applied to a stationary reference frame PI current control to compensate
drawbacks of AC signal control and improve command tracking performance for a GCI current control
system. Additionally, disturbance rejection control (DRC) for a GCI current control system is developed
and implemented by using a grid current observer to improve disturbance rejection ability of the PI
controller and to reduce peak value of a grid current at grid fault and distorted grid voltage conditions.
The command tracking and resiliency performance of the proposed grid current control algorithm for
a GClI system is verified through simulation and experimentation.

2. Command Feedforward Control for a GCI Current Control System

Figure 1 shows a graphical representation of multiple DG systems interfaced with the main grid.
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Figure 1. Graphical representation multiple distributed generation (DG) systems interfaced with the
main grid [23].

As shown in Figure 1, the DG system consists of renewable energy generation system (solar
power, wind power, etc.), an energy storage system, LCL filters, and GClIs. An LCL filter is used
to improve power quality. Time differential equations for the LCL filter and a grid voltage at the
stationary reference frame (¢ and p vector) are derived from Equations (1)—(3).

d
Shiap(s) = 7 (Viap(5) ~ Vetap(s) 0
d 1 d
arVean(s) = (& T Rag) (iap(s) ~lgap(s)) )
d
aii,aﬁ (S) = le(vcf,aﬁ (S) —Vgap (S)) 3)

Variables used in (1)—(3) are defined in Table 1.

Table 1. Definition of variables in a grid-connected inverter (GCI) current control system.

System Variables and Definition \ System Variables and Definition
Ly Inverter side LCL filter inductance ig Grid current
L, Grid side LCL filter inductance Vg Grid voltage
C LCL filter capacitance Vet Voltage across a filter capacitor
R4 Damping resistance Vi Output voltage from an inverter

A GCl is responsible for converting DC current coming from the battery (energy storage or PV
panels, etc.) to AC current at the grid’s side. A system’s stable and consistent operation depends on the
effectiveness of the grid current control in the CGIL. Our proposed control algorithm controls the CGI’s
stationary reference frame current (AC), rather than the synchronous reference frame current (DC).
The typical drawbacks of a controlled AC signal are steady state error and phase lag. To compensate
for these drawbacks, command feedforward control (CFFC) was applied. In Figure 2, a system block
diagram of a GCI current control system applying the CFFC is shown. For the purposes of this paper,
the symbols * and " indicate command signal and estimated value, respectively.
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Figure 2. Block diagram of a GCI current control system with command feedforward control (CFEC).

As seen in Figure 2, the physical system of the GCI current control system is composed of an
LCL filter, grid voltage, and a PI controller used for stationary reference frame grid current control.
A CFF controller is typically designed using an inverse model of the physical system. The inverse
model of the LCL filter is simplified by neglecting R4 and C¢ in developing the CFF controller. Using
the CFFC developed with the simplified inverse model of the LCL filter, the transfer functions of a GCI
current control system with and without applying the CFFC can be derived in Equations (4) and (5)

respectively. In this paper, the symbol " indicates estimated value of the system parameter.

i; Rq-CgKp-s?+(Kp+R4-CKi)-s+K;

ig* Ll-Lz-Cf-S4+Rd~Cf-(L1+L2)-SS+(L1+L2+Rd'Cf~Kp)-52+(Kp+Rd-Cf-Ki)-S+Ki
. A A 3 A A 5

ig Rq-Ce-(L1+Lp)-s +(L1+L2+Rd'Cf-Kp)'S +(Kp+Rd-Cf-Ki)'S+Ki

ig_* " Ly-Ly-Cys? +Ry-Cs(Lq +L2)-S3+ (L1+Ly +Rq-Ce-Kp ) 52+ (Kp +Ry-CeKj)-s+K;

(4)

©)

Applying Equations (4) and (5) indicates that steady state error and phase delay are expected as
CFFC is applied. Using Equations (4) and (5), the stability and frequency response of the GCI current
control system may be simulated and analyzed. For stability analysis of the GCI current control system
with CFFC, root locus of the GCI current control system is implemented. The simulation results of the

root locus implementation are shown in Figure 3.
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Figure 3. Root locus of the GCI current control system applying the CFF control.
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The root locus in Figure 3 shows the movement of the system'’s poles with respect to variation
in the proportional controller gain K;,. Applying the root locus, it is apparent that faster transient
responses can be achieved, but that the GCI current control system becomes unstable as K, increases.
Accordingly, GCI current controller gains should be determined after accounting for the transient
dynamic performance and stable operation of the GCI current control system using a CFFC with the
root locus. Figure 4 shows the frequency response of the GCI current control system with and without
the CFFC applied. Considering the magnitude of the frequency response, applying the CFFC extends
the bandwidth of GCI current control system. Extending the bandwidth will likely result in faster
transient dynamic performance and less steady state error. Considering the phase side of the frequency
response, applying the CFFC is expected to result in less phase lagging. Based on the root locus and
the frequency response, the benefits of the proposed GCI current control—improved stability and
command tracking performance—are verified.
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Figure 4. Frequency response of the GCI current control system with and without the CFFC.

3. Disturbance Rejection Control of GCI Current Control Systems

In a GCI current control system, grid voltage is regarded as disturbance. When grid faults occur,
overcurrent damages the system or its electrical circuits. One approach to solving this problem is
designing a system that directly rejects any disturbances. Direct disturbance rejection control (DRC)
can be achieved by feedforwarding a signal with the opposite polarity of the grid voltage to the GCI
system. DRC can be implemented using grid voltage measured by a voltage sensor or by relying
on a grid voltage observer. Voltage sensors are simple to implement, but their use comes at the
cost of increased of system expense, complexity, and volume. For that reason, our proposed GCI
current control algorithm relies on grid voltage estimates by a grid voltage observer. For a properly
developed grid current observer, the controller output of the grid current observer will be identical to
the grid voltage. Estimated grid voltage can be used not only to implement DRC, but also to cancel the
harmonics in voltage, in the event the actual grid voltage includes harmonic components. Ultimately,
total harmonic distortion (THD) can be reduced, and power quality can be improved. The proposed
GClI current control system with DRC using a grid current observer is shown in Figure 5.
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Figure 5. System block diagram with a grid current observer for disturbance rejection in a GCI current
control system.

The main objective of the DRC is to improve the GCI's resilience against disturbance. Dynamics
stiffness—the amount of disturbance required to change an output signal—is one metric for evaluating
system robustness. Systems with higher dynamics stiffness are more robust. Dynamic stiffness transfer
functions of the GCI system are derived in Equations (6) (with the DRC) and (7) (without the DRC).

vg  Ly-Lp-Ces*+Ry-Cy(Li+Lp)-s>+(Ly+Ly+Rq-CeKp)-s?+ (L +Ly+Rq-CeKp )52+ (Kp+Rq-CeK; ) -s+K; ©)
ig L1-Cgs3+Ry-Cps?+s

vg Ly-Ly-Ces*+Rq-Ce-(L1+Lo) s34+ (L1 +Lo+Rg-C-Kp) -2+ (L1 +Lo+Rg-Cr-Kp )52+ (Kp+Rq-C-K; ) -s+K; @)
ig Ll‘Cf'53

Figure 6 graphically illustrates the frequency response of the dynamic stiffness of the GCI system
as derived from Equations (6) and (7).
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Figure 6. Dynamic stiffness of the GCI current control system with and without the DRC.

As shown in Figure 6, dynamics stiffness (resilience) of the GCI current control system is
significantly improved with the DRC, especially at low and medium frequency range. The DRC’s
effectiveness is further verified using simulations and experiments in the subsequent sections.
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4. Simulation Results and Analysis

In this section, the simulation results of conventional and the proposed GCI current control
methods are presented. SRFPI current control is implemented as a conventional GCI current control
method for performance comparison because SRFPI control is widely used for GCI current control
applications and is a similar control system structure to the proposed GCI current control system.
CFFC and DRC are also applied to the SRFPI current control method for fair performance comparison.
Simulation is implemented using PLECS software and the GCI system parameters used during

simulation are summarized in Table 2.

Table 2. GCI system and controller parameters.

Parameters Value Parameter Value
Grid voltage (V) 50 [Vac] Inverter side inductor (L;) 1.5 [mH]
Frequency 50 [Hz] Filter capacitor (C¢) 2.75 [uF]

DC link voltage 180 [Vpcl Damping resistor (Ryg) 491[0)]

Switching frequency 10 [kHz] Grid side inductor (Lp) 1 [mH]

Simulation results at a normal steady state operating condition with and without the CFFC and

DRC are shown in Figure 7a,b, respectively.
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Figure 7. Simulation results

of GCI current control system for the proposed stationary reference

frame proportional-integral (PI) current control and synchronous reference PI (SRFPI) current control
(a) without and (b) with the CFFC and DRC.
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As seen in Figure 7a, steady state error and phase lag occur when the stationary reference frame
PI current control is used for current control of a GCI system. However, the command tracking
performance of the proposed GCI current control system, the stationary reference frame PI current
control with the CFFC and DRC, is improved as shown in Figure 7b. The effect of the CFFC and DRC is
verified through the simulation in Figure 7 and the simulation results are summarized in Table 3 below.

Table 3. Simulation results of GCI system phase current without and with the CFFC and disturbance
rejection control (DRC).

Steady State Error [%] Phase Lag [Degreel]
Control Algorithm Without With Without With
CFFC and DRC CFFC and DRC CFFC and DRC CFFC and DRC
Proposed method 4.9 —-0.003 23.67 3.2
SRFPI 0.8 0 0 0

When the CFFC and DRC are not applied to the stationary reference frame GCI current control
system, the steady state error and phase delay are shown, and the errors are larger than the results from
the SRFPI grid current control system. By applying the CFFC and DRC into the stationary reference
frame GCI current control system, the command tracking performance can be improved as much
as the performance of the SRFPI grid current control system. Though CFFC and DRC are applied,
approximately 3 degrees of phase delay appears when the proposed control method is used as shown
in Table 3. At a power factor point of view, 3 degrees corresponds 0.998 power factor (cos 3°), which is
0.2% power factor error or difference and do not significantly affect power factor. Although 0.2% error
in power factor appears using the proposed GCI current control method, relatively simple GCI current
control system can be developed by avoiding reference frame transformation, cross-coupling issues
and use of PLL which are necessary for implementation of the SRFPI grid current control system.

Figure 8 shows the simulation results when a line to ground fault occurs in a grid system. When
grid fault occurs, the overcurrent occurs. Figure 9 shows the simulation results at the moment of grid
fault in greater detail.

Figure 9a shows the current at the time of fault without CFFC and DRC, while Figure 9b
shows the result with the control method applied. Table 4 compares the transient response for each
current controller.

Table 4. Simulation results of GCI system phase current without and with the CFFC and DRC.

Peak Current

Control Algorithm Without With
CFFC and DRC CFFC and DRC Reduction Ratio
Proposed method 157.67 [%]/4.73 [A] 147 [%]/4.41 [A] 10.67 [%]/0.32 [A]
SRFPI 155.67 [%]/4.67 [A] 146 [%]/4.38 [A] 9.67 [%]/0.29 [A]

Without CFFC and DRC, 150% overcurrent occurs in the proposed method and SRFPI current
controllers. With the application of CFFC and DRC, overcurrent decreased by about 10%. Because of
the increased likelihood of remaining under the commercial inverter trip condition, it is more likely
that linkage with the grid would have been maintained.
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Figure 8. Simulation results of GCI system phase current (a) when line-to-ground grid fault occurs, (b)
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Figure 10 shows simulated results of estimated disturbance and grid voltage. The accuracy of
grid voltage estimation determines control system performance. If grid voltage and disturbance are
decoupled, or grid voltage is rejected, then effect of disturbances to the transient current is expected to
be decreased. Figure 10 compares actual and estimated grid voltage and error between the two signals.
As shown in the simulation results, an estimation error of disturbance of below 5% is considered
expected at steady state.
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Figure 10. Simulation results of actual grid voltage and grid voltage using an observer.

The steady state and transient response of various control methods in case of a grid fault were
simulated and compared. The results confirm that command tracking performance is improved by
applying CFFC and DRC to the conventional control method. Their application also satisfied the
overcurrent trip condition by reducing overcurrent during grid fault. In addition, the disturbance
rejection is verified by applying the proposed DRC, which is presented for a backup solution when a
sensor or a sensor interface board fails.

5. Experimental Results and Analysis

This section details the experimental results achieved with both conventional setups and those
using the proposed control algorithm. During the experiment, the grid fault and various orders of
harmonics voltage generation were emulated using the three-phase programmable AC power supply.
A controller using a PLXIM’s RT box was responsible for overall system control and signal processing.
RT boxes have a rapid control prototype, providing them with a distinct advantage over conventional
controllers that use a DSP MCU chip. SEMIKRON's IGBT module stack was used as an inverter, and a
virtual EV’s battery was simulated using a DC power supply. This experimental setup is shown in
Figure 11.
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Figure 11. GCI experimental set-up for EV’s application.

Figure 12a,b show the measured stationary reference frame grid currents and grid voltages when
current control methods were used with and without CFFC and DRC. According to our experimental
results, grid currents were properly controlled through with methods in the absence of grid fault.
The total harmonic distortion (THD) of the experimental results shown in Figure 12 is summarized in
Table 5.

15 lalpha_cmd 12 : lalpha_cmd

Without CFFC and DRC —— lalpha_meas With CFFC and DRC —— lalpha_meas|
Ibeta_cmd 10- |— Ibeta_cmd

M Ibeta_meas Ibeta_meas

Current [A]
Current [A]

-15-+ -15
. . § ) 1 s
150 Vg_alpha_measl & Vg_alpha_meaj
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100 100
E 50+ E 50
& \ X
£ o g0
9 o
> -50- > 50
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=150 i ’ T T T T e -150 i T i i T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Time [sec] Time [sec]
(a) (b)

Figure 12. When normal grid condition, experimental results of proposed method a stationary reference
frame grid currents and grid voltages (a) without CFFC and DRC and (b) with CFFC and DRC.
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Table 5. Experiment results of GCI system phase current total harmonic distortion (THD) in normal
grid condition.

Total Harmonic Distortion (THD)

Control Algorithm Without

With . .
CFFC and DRC CFFCand DRC  Reduction Ratio
Proposed method 4.8 [%] 3.6 [%] 1.2 [%]

According to international standards (e.g., IEEE 519), THD must be within 5% to be allowed to
be connected to the distribution system. In grid normal conditions, the phase current THD before
applying the proposed CFFC and DRC was approximately 4.8%. While this margin of 0.2[%] is less
than the IEEE 519 standard requires, after application of our proposed method, THD dropped to 3.6%,
resulting in a superior margin of approximately 1.4%.

Figure 13 shows the frequency spectrum for the grid current depicted in Figure 12. Based on these
results, harmonic distortion of phase current was analyzed with reference to IEEE 519. Total harmonic
distortion before application of the proposed method had a THD margin of 0.2%, which satisfies IEEE
519, but exceeded the individual harmonic distortion IEEE 519 standard of 3%. With application of the

proposed CFFC and DRC method, individual harmonic distortion of less than 3% was achieved as
shown in Figure 13.

Fourier: .
0.5 [~ Talpha_cmd |
’ Without CFFC and DRC :gloha_mzas
s eta_cm
0.4+ L [ Ibeta_meas
2 0.3
g IEEE 519 standard
LR B e S |
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(a)
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203
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ojol. i.LlI||||||II|I||.I.
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Frequency [Hz]
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Figure 13. Under normal grid conditions, the frequency spectrums of the stationary reference frame
grid currents (a) without CFFC and DRC and (b) with CFFC and DRC.

Figure 14 shows the results of current control in the circumstance of line to ground fault. While there
is no current trip-related standard, the average commercial inverter has a trip standard of 200-250%.
When a grid fault occurs, the peak current generated in the transient state for an inverter with a



Appl. Sci. 2020, 10, 8642 130f 15

trip condition of 201% without the proposed CFFC and DRC applied is 201%. With application of
the proposed CFFC and DRC, the peak current generated was reduced by 17.7% to 183.3%, leaving
a margin of 16.7% before the trip condition was triggered. Moreover, when the proposed CFFC
and DRC were used, transient time was reduced by about half (reduction of approximately 0.03 s).
The experimental results of transient response are summarized in Table 6.
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Figure 14. When line-to-ground fault occurs, experimental results of the stationary reference frame
grid currents and abc reference frame grid voltages (a) without CFFC and DRC and (b) with CFFC
and DRC.

Table 6. Experiment results of GCI system phase current THD when line-to-ground fault occurs.

Transient Response Characteristics

Transient Response Without With
CFFCand DRC  CFFCand DRC ~ Reduction Ratio
Peak current 6.03 [A]/201 [%] 5.5 [A]/183.3 [%] 0.48 [A)/17.7 [%]
Transient time 0.06 [s] 0.03 [s] 0.03 [s]

When 5th and 7th harmonics are added by nonlinear loads or machine connection to the grid,
THD may exceed 5% in order to connect to a distribution system stated at IEEE 519 standard. Figure 15
shows simulated grid voltage injected with the 5th and 7th harmonics on current control. In this
system, the current THD was 6.3% before application of the proposed CFFC and DRC, which exceeds
the IEEE 519 standard of 1.3% and precludes it from being connected to the grid. After application of
the proposed method, this THD could safely be connected to the distribution system. THD results at
the distorted grid voltage conditions are summarized in Table 7.

Table 7. Experiment results of GCI system phase current THD when 5th, 7th harmonics injected
grid condition.

Total Harmonic Distortion (THD)

Without With
CFFC and DRC CFFC and DRC

6.3 [%] 4.8 [%] 1.5 [%]

Reduction Ratio
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Figure 15. When 5th, 7th harmonics are injected to the grid, experimental results of the stationary
reference frame grid currents and grid voltages (a) without CFFC and DRC and (b) with CFFC and DRC.

6. Conclusions

In this paper, a three-phase GCI grid current control algorithm is developed using a relatively
simple stationary reference PI controller that can be used as an alternative solution of the conventional
SRFPI grid current controller. In the proposed control method, system cross-coupling complexity,
reference transformation, and dependency to PLL can be avoided. For implementation of the proposed
control method, two main algorithms are introduced and analyzed in this paper. First, the CFFC is used
to the stationary reference PI controller to secure competition with a SRFPI controller. Using this control
method, the phase delay and steady-state error of the stationary reference PI controller are reduced.
Second, in order to compensate for the weakness of the PI controller’s poor disturbance rejection
performance, a disturbance rejection control is applied using a grid current observer. When grid fault
occurs, peak current is reduced when the proposed current control algorithm is used. Additionally,
power quality improvements are verified by comparing the THD of the phase current when grid voltage
is distorted by external conditions. The three-phase GCI grid current control performance improvement
and comparative analysis are verified through simulation and experimentation in this paper.
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