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Abstract

This paper proposes an indirect current control technique based on a proportional resonant (PR) approach for the seamless
mode transfer of utility interactive inverters. Direct-current and voltage hybrid control methods have been used for inverter
control under grid-connected and islanded modes. A large bandwidth can be selected due to the structure of single-loop control.
However, this results in poor dynamic transients due to sudden changes of the controller during mode changes. Therefore,
inverter control based on indirect current is proposed to improve the dynamic transients by consistently controlling the output
voltage under all of the operation modes. A PR-based indirect current control topology is used in this study to maintain the load
voltage quality under all of the modes. The design processes of the PR-based triple loop are analyzed in detail while considering
the system stability and dynamic transients. The mode transfer techniques are described in detail for both sudden unintentional
islanding and islanded mode voltage quality improvements. In addition, they are described using the proposed indirect control

structure. The proposed method is verified by the PSiM simulations and laboratory-scale VDER-HILS experiments.
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I. INTRODUCTION

Microgrids integrate renewable energy sources (RESs)
such as photovoltaic generators, wind power generators, fuel
cells and other power sources with engine generators and
batteries. Microgrids have been widely applied because of

their flexibility and capability to supply power reliably [1]-[6].

Among them, inverter based distributed generation (DG) has
been one of the main types of equipment in microgrids due to
its accurate power conversion. Therefore, utility interactive
inverter control has recently become one of the most popular
issues in the research of microgrids.

An inverter in the grid-connected mode must supply power
to a grid or local loads with the acceptable level of power
quality [7]. Therefore, a DG-based inverter can be defined as a
current source or a sub-power source [8]. However, an inverter
needs to be operated as a voltage source when strategic
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intentional islanding operation is needed or the recloser
switch is opened at the point of common coupling (PCC) due
to a sudden grid fault or grid quality degradation. This is
necessary because the inverter has to supply the full local
load demand in place of the main grid under the islanded
mode [9]. On the other hand, the inverter needs to change the
mode from the islanded mode to the grid-connected mode
when the grid has recovered from a pre-fault state or when
the intentional islanding is no longer necessary. During these
transitions, the inverter has to keep the power quality within
an allowable range to avoid load damage or decreases in the
load span due to an unrated local load voltage during mode
transitions.

There have been a number of studies on mode transition
techniques to maintain power quality during mode transfers.
Current control and voltage control have been used in both
the grid-connected mode and the islanded mode [10]-[12].
However, the load voltage quality was fairly degraded during
the transient state of the mode transfer process, and the
regulation performance of the load voltage was quite sensitive
to changes of the operation process, especially when islanding
occurs. A droop-based voltage control scheme has also been
proposed [13]. The droop-based inverter was defined as a
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Fig. 1. System configuration according to location of the local
load: (a) After grid side inductor; (b) Before grid side inductor.

voltage source under both the islanded and gird-connected
modes. It was possible to guarantee the load voltage quality
with this method during operation mode transitions. However,
the dynamic performance was not very good.

The concept of indirect current control was introduced to
improve the power quality during mode transitions when
compared to the conventional control techniques presented in
[14]-[17]. In comparison to the direct current control used in
the grid-connected mode, the output value of the current loop
in indirect current control becomes the reference value of the
inner voltage loop. This means that the inverter output voltage
can be controlled consistently regardless of the operation modes,
unlike direct current control. Therefore, the direct current
control can have a wider control bandwidth due to the single
control-loop structure. However, it can cause poor mode
dynamic transients when compared to the case where the
direct current control is used. Therefore, the indirect current
control requires additional techniques to achieve better mode
transition dynamics due to the multiple quality-degradation
factors, such as sudden unintentional islanding and a complicated
system structure.

The indirect current control method was designed as a
calculation method for capacitor reference voltage based on a
sine and cosine table [14], [15]. The correct reference voltage
assignment was obtained by considering the voltage drop of
both the grid-side inductor and the line impedance. The local
load voltage quality was greatly improved when compared to
the case when only a single voltage and current controller
was used in the islanded and grid-connected modes. However,
this method had some drawbacks in that the capacitor
reference generation method was slightly complicated, which
can become a more serious issue when the role of the control
is extended to non-linear load compensation. This can occur
because the expected capacitor reference voltage has to be
calculated while considering the harmonic voltage drop of the
grid-side inductor.

Islanding is Grid is loset is
confirmed restored assigned

Grid-Connected Mode Islanded Mode ISIa"qed Mode Grid-Connected Mode
With PLL

Fig. 2. Mode transition sequence loop described in [16], [17].

To avoid mismatch between the inverter output voltage and
the load voltage, an indirect current control method was
proposed, which locates local loads at the output of an LC
filter [16], [17]. Fig. 1(a) and 1(b) represent the system
configuration depending on the location of the local load after
the grid side inductor [14], [15] and before the grid side
inductor [16], [17], respectively. If the local load is located
after the grid side inductor, as shown in Fig. 1(a), the current
control is difficult due to the voltage drop of the grid-side
inductor. On the other hand, if the local load is located before
the grid side inductor, the direct load voltage regulation is
possible using the system configuration shown in Fig. 1(b).
However, it can cause a slight voltage magnitude tracking
degradation due to the presence of a grid-side inductor
between the local load and the grid. However, this tracking
degradation does not affect much in a high capacity system
where the current is generally high. This is because the filter
inductor of the inverter is generally designed to have a
smaller inductance value when the system capacity becomes
larger.

In [16], [17], an indirect current control method based on
the synchronous d-q frame control was proposed. In this
method, the controller design included limiters for each of the
d-q values, which were outputs of the grid current loop. This
method can counter the control failures resulting from
controller changes such as changes of the operation mode
since the indirect current control always regulates the output
voltage as the inner loop of the outer current loop. However,
the quality of the steady-state output voltage deteriorated
slightly because the inverter output voltage in islanded mode
had to be operated with threshold values for the limiter. Fig. 2
shows the mode transition sequence based on the system
configuration in Fig. 1(b).

In [18], [19], indirect current control based on the
proportional resonant (PR) control [20]-[28] was proposed.
The location of the load is same as that in [17]. The PR
control in the stationary reference frame was chosen as the
control technique because it can compensate for positive and
negative sequence components with only one controller,
unlike the PI controller. Additionally, it has more advantages
for the compensation of the harmful effects caused by
non-linear loads because the control design for compensating
harmonics was a lot simpler than compensation based on the
PI controller. The load voltage quality can be guaranteed
using the proposed method during a mode transfer. However,
the method included only intentional islanding transfer for
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strategic islanding operation without considering unintentional
islanding events due to the sudden opening of a recloser
switch. Therefore, there is a strong demand for a PR-based
seamless transfer technique that includes unintentional
islanding operation because of sudden opening of a recloser
switch due to grid faults, which would increase the reliability
in all of the operation modes of a utility interactive inverter.
In this study, the PR-based triple-loop indirect current
controller in [18], [19] is modified and improved for seamless
mode transfers. The contributions of this paper are as follows.
The controller design processes of the PR-based triple loop
are described in detail considering the system stability and
transient dynamics. The proposed method is based on the
stationary reference frame and is basically designed by
combining an improved grid-synchronization technique [19]
with the concept of a limiter [14], [17] to realize seamless
mode transfers under all mode change events. The method
includes both intentional islanding and the unintentional
islanding caused by the sudden opening of a recloser switch
during grid fault events. In [17], the load voltage magnitude
in the islanded mode was regulated by the threshold value
of a limiter due to saturation of the outer-grid current loop.
Therefore, the voltage in the islanded mode was not
satisfactory and additional control techniques were necessary
to improve the load-voltage quality. A seamless mode-transfer
technique can counter this problem by using a technique that
properly changes the feedforward reference voltage according
to specific operation modes. This method can improve
voltage quality in the islanded mode to rated magnitude and
frequency values. The proposed method is verified by PSiM
simulations and laboratory-scale VDER-HILS experiments.

II. CONTROLLER DESIGN

Fig. 3 shows the configuration of the utility interactive
inverter circuit and a control block diagram of the indirect
current controller in the steady-state of the grid-connected
mode. It includes 3-step control loops that consist of a
grid-side current-control loop, a middle capacitor-voltage
control loop, and an inner inverter-side inductor current loop
[8]. To make seamless mode transitions possible, the output
load voltage, which is the same as the capacitor voltage,
should be controlled consistently in all of the operation
modes. Therefore, the performance of the seamless mode
transition mainly depends on how robustly the multi-loop
output voltage controller is designed. Based on the previously
designed robust multi-loop voltage controller, the outer-grid
current control loop can be designed with a proper control
bandwidth.

Fig. 4 shows a control block diagram and the root locus of
the inner current-control loop. Fig. 4(a) presents a control
block diagram of the inner current controller, where Kp 1 and
Kpwm are the proportional gain of the current controller and
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Fig. 3. Configuration of utility interactive inverter circuit and
indirect current controller.
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Fig. 4. Inner current-control loop: (a) Block diagram; (b) Root

locus.

the pulse-width modulation (PWM) gain of the inverter,
respectively. G(s) is the LC filter transfer function when the
output current, /o, is assumed to be the disturbance, which can
be described by equation (1):

[L(S): sC

1
Vi(s) s’LC+1 W

G(s)=

Considering the LC filter transfer function of equation (1),

the closed transfer function of the current controller can be
expressed as equation (2):

L(s) _ sKyp Koy € )
I, () SzLiC_f' +5Kp 1 Kpyy Cp+1

Fig. 4(b) shows the root locus of the closed-loop transfer
function of the current controller in equation (2) according to
different values of Kp iwhen the PWM gain of the inverter,
Kpwm, 1s assumed to be 1. As shown in this figure, all of the
oscillation characteristics can be completely eliminated when
Kp ji is bigger than 17.3 [22].

Fig. 5 shows a block diagram of the middle voltage loop,
which includes an inner current loop. Based on this diagram,
the characteristic equation of the voltage loop can be calculated
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Fig. 5. Block diagram of middle voltage loop, which includes
inner current loop.
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Fig. 6. Root locus for various values of fundamental resonant
gain Ki o r.cut with K = 0.0577.
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Fig. 7. Open-loop bode plot of PR-based voltage controller: K, =
00577, Kiroi.cu=30.

from the closed-loop transfer function as equation (3).

To select the gains of the PR voltage loop using the
characteristic equation, the same method proposed in [9],
where the other gain is assumed to be zero, is used. As a
result, both of the gains are selected using the root locus
analysis based on the gain selection criteria. The proportional
gain is chosen to obtain a damping ratio, &, of 0.707, and the
resonant gain is chosen to obtain a damping ratio, &, of 1 to

257

avoid affecting the system transient dynamics (the proportional
control gain mainly affects the system transient dynamics in
the PR control [23]-[25]).

To analyze the characteristics of the full system, a root
locus analysis is carried out, as shown in Fig. 6, for different
resonant gains, Kiiwr.qu, with a fixed proportional gain, K,
of 0.0577. As shown in this figure, the resonant gain varies
from zero to several hundred. However, the slope remains at
a similar value (the slope represents the damping ratio).
Therefore, the dynamic transients of the PR voltage controller
are mainly affected by the proportional gain [23]-[25].

Fig. 7 shows an open-loop bode plot of the PR-based middle
voltage controller. The controller is designed to have a large
gain at the center frequency of 60 Hz with a phase margin of
110°, which guarantees stable control operation. If 5th or 7th
harmonic resonant controllers are added to the voltage loop,
the phase margin can be reduced when the harmonic resonant
gains increase. However, only the fundamental component
based control loop is used in this paper since the focus of this
study is seamless mode transfers.

Fig. 8 shows a control block diagram of the outer-grid
current loop, which includes a middle capacitor voltage loop.
Fig. 9 shows a Bode plot of the closed-loop transfer function
of the outer-grid current loop. The bandwidth of the outer-
grid current loop is designed as 367 Hz, which is within 1/20
of the switching frequency of 10 kHz. Therefore, a tradeoff is
necessary between the control margin and the dynamic
control performance.

[II. PROPOSED MODE TRANSFER METHOD BASED ON
INDIRECT CURRENT CONTROL

The mode transfer method using PR-based indirect current
control is described for a line interactive inverter as shown in
Fig. 10. The local load is connected to the capacitor port of
the LCL filter, which is connected to the grid through two
switches. The switch S: is located between the local load and
the grid-side inductor, Lg, and the switch S, is located
between the switch S; and the main grid.

Fig. 11 presents an overall control block diagram of the
proposed control method. The whole control structure

e T Vo [
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Fig. 8. Block diagram of whole indirect current loop.
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Fig. 10. Configuration of utility interactive inverter circuit with
local loads.

consists of a control loop based on 3 steps, which includes the
outer- grid current loop, the middle capacitor (local load)

voltage loop, and the inner inverter-side inductor current loop.

Unlike the indirect current control method proposed in [17], a
feedforward control is applied to generate the reference
voltage. The feedforward voltage control term is added to the
output of the outer-grid current loop to obtain the final
reference voltage for the middle loop.

Two substantial advantages can be obtained from this
feedforward technique. Firstly, it can enhance the robustness
and stability of the control. The feedforward reference voltage
value becomes more dominant than the output value of the
outer-grid current loop among all of the final reference
voltage components. This means that the final control output
can be less sensitive to output control variations of the
outer-grid current loop. In other words, the reference voltage
feedforward technique can reduce the control action of the
outer-grid current loop [29]-[31]. Secondly, an improved
seamless mode transition can be realized with the proper
selection of the feed forward value according to the operation
modes. As shown in Fig. 11, two kinds of reference voltages
are used. The first one is obtained from the grid voltage for
grid-connected operation, unintentional islanding operation,
and synchronization with the grid through a phase-locked
loop (PLL), which has limiter threshold values. Note that the
grid voltage is directly injected into the feedforward term in
the steady-state utility interactive operation. The second
reference voltage is obtained from the fixed voltage magnitude
and frequency of the steady-state islanded mode operation.
The phase of the load voltage must be saved and renewed by
the present phase of the grid voltage. A smoother reference

Outer Grid Current Loop

Middle Capacitor Voltage Loop
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Fig. 11. Overall controi
method.
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Fig. 12. Mode-transfer sequences: (a) Mode transfer from grid-
connected mode to islanded mode; (b) Mode transfer from
islanded mode to grid-connected mode.
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voltage change can be realized from these two advantages.

The proposed control structure considers both intentional
and unintentional islanding operations due to sudden openings
of the recloser switch. As shown in Fig. 11, the final reference
voltage value is limited by a properly designed limiter in the
d-q synchronous reference frame. The limiter threshold value
for the final reference voltage Viera mar Of the d-axis is 1.1
times the rated phase-to-neutral voltage. The limiter threshold
value Vier ¢ max or min for the final reference voltage of the
g-axis is set to £10% of the rated grid voltage based on the
study in [17].

The synchronous phase Oy also needs to be applied
selectively according to the operation modes between Grew
and 6pxwea. After unintentional islanding occurs due to an
opening of the recloser switch, the output of the outer-grid
current loop is saturated due to an extreme increase in the
grid current error. Therefore, the limiter can block this
control failure and limit the final reference voltage to the
threshold value based on the waveform.

Fig. 12 shows the whole mode transfer sequence with the
proposed indirect current control. Fig. 12(a) shows a mode
transition from the grid-connected mode to the islanded mode.
The whole mode transfer sequence is same as the following:
GC (grid connected mode) — PI (pre-islanded mode) — SSI
(steady-state islanded mode). Fig. 12(b) shows the mode
transition from the islanded mode to the grid-connected mode,
which has the following mode transfer sequence: SSI — GS
(grid synchronization mode) — GC again. The whole mode
transfer sequence of the system can be established based on
Figs. 10, 11 and 12. The proposed mode transfer sequence is
described in detail as follows.
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A. Mode Transfer from Grid-Connected Mode to Islanded
Mode

Initially, the utility interactive inverter operates in the grid
supplying the local load and
simultaneously delivering power to the main grid. If a grid
fault occurs while the inverter operates in the grid-connected
mode, the recloser switch, Sg, is opened to disconnect the

connected mode by

DG-based inverter from the main grid as an anti-islanding
scheme. The operation mode is automatically changed to the
PI mode before receiving the islanding detection signals to
prepare for the mode change to the islanded mode.

In the PI mode, the final reference voltage of the middle
voltage loop is regulated by the limiter, which is located after

the feedforward terms of the d-q reference voltages in Fig. 11.

Even though the magnitude of the reference voltage is
consistently maintained at the limiter threshold, the output
voltage is beyond the rated voltage [17]. Therefore, after the
arrival of the anti-islanding detection signal, the inverter
mode is changed to the SSI mode by toggling the mode
selection switch in Fig. 11 to simultaneously apply the
internal reference voltage and open the inverter switch, Si. At
the start of the SSI mode, the outer grid loop must also be
disabled to avoid being useless for the control action. The
integrated output variable of the resonant controller is a
sequence of output values (n), (n-1) and (n-2), which must be
reset to zero to counter the saturation of the resonant
controller due to the increasing error of the outer-grid current
loop when unintentional islanding occurs.

In the SSI mode, a fixed voltage magnitude and frequency
are adopted by toggling the mode selection switch to improve
the load voltage quality. The phase information is saved and
renewed as the present sensed voltage phase. As a result, the
constant-voltage and constant-frequency operations can start
from this saved initial phase value when the mode changes to
the SSI mode.

B. Mode Transfer from Islanded Mode to Grid-Connected
Mode

When the grid is restored from a fault condition, the inverter
mode needs to change from the SSI mode to the GC mode.
For the mode transfer, the inverter output voltage must be
synchronized to the grid voltage through the GS mode. After
detecting the grid restoration signal, the recloser, Sg, is closed.
Then the grid voltage can be sensed. A previous method for
modification of the GS mode reference can be used for
seamless grid synchronization in the stationary reference
frame [19]. The limiter design of a PLL is proposed in
consideration of the compatibility between the limiter threshold
value and the allowable frequency range of the fundamental
resonant control. Therefore, both the resonant frequency, @cur,
of the fundamental resonant controller and the angular
frequency variation range of the PLL are chosen to be 6 rad/s.

After the grid synchronization is complete, the inverter

TABLE I
SIMULATION PARAMETERS
Symbols Meanings Values
1Peak Peak grid current 95 A
Ve DC link voltage 400 V
fow Switching frequency 10 kHz
Vrated Rated output voltage 105V
Li, Lg Filter inductance 3,1 mH
Cr Filter capacitor 40 (Y)
Kp_ii Proportional gain of /L Loop 17.3
Kp Proportional gain of Vo Loop 0.0577
Kp_ 1o Proportional gain of /g Loop 2
Kiweu Resonant gain of Vo Loop 30
Kiirr @r.cu Resonant gain of Ig Loop 100

mode needs to be changed to the GC mode. However, before
connecting to the main grid, the outer-grid current loop has to
be enabled. No transition occurs because of the zero grid
current Iy 4, and the initial value of zero assigned as the
reference grid current, /¥ s ror. In other words, the output of
the outer current loop can be zero due to the zero value of the
outer grid-current error. For the change to the GC mode, the
switch S: is closed. Then operation in the GC mode finally
starts. The steady-state operation in the grid-connected mode
can be achieved by smoothly changing the magnitude of the
reference grid current to its rated value with a ramp function.

IV. SIMULATION RESULTS

Table 1 shows the simulation parameters for the utility
interactive inverter. The system configuration and control
scheme are based on Figs. 10 and 11. The A-Y transformer is
located at a point between the local load and the grid to
synchronize the inverter output voltage to the grid voltage.
The sampling frequency is 20 kHz, and the switching
frequency is 10 kHz which is half the sampling frequency.

The steady-states of the SSI and GC modes as well as the
transient state of the mode changes from GC to SSI and from
SSI to GC are shown from Fig. 13 to Fig. 17. Figs. 13 and 14
show the steady-state simulation results of the SSI and GC
modes. The output load voltage is well regulated with a 1.7%
total harmonic distortion (THD) in the SSI mode, as shown in
Fig. 13. The output load voltage and the grid current are also
well regulated with 1.8% and 1.6% THDs in the GC mode as
shown in Fig. 14. These results verify the performance of the
gain selection criteria. Fig. 15 shows simulation results for all
of the operation modes during mode changes from GC to SSI
and from SSI to GC. The output load voltage can be regulated
in all of the changes of operation mode with the proposed
control technique. The detailed performance of each mode
transition event is shown in the following figures.

Fig. 16 shows the simulation results when the mode changes
from GC to SSI due to the sudden opening of S,. The inverter
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Fig. 13. Simulation results in SSI mode: (top) Measured load
voltage; (bottom) measured grid current (THD: Vs (1.7%)).
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Fig. 14. Simulation results in GC mode: (top) Measured load
voltage; (bottom) measured grid current (THD: Vo (1.8%), I
(1.6%)).
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Fig. 15. Simulation results for all of operation modes during
mode changes: (top) Measured load voltage; (middle) measured
grid current; (bottom) angular frequency of the load voltage.

is initially operated in the GC mode. Then the inverter
operation mode changes from GC to PI when the recloser
switch Sg opens due to the occurrence of a grid fault. In this
mode, the load voltage is maintained with the threshold value
of the limiter, which is located at the final summing point of
the reference voltage. However, the output voltage is beyond
the rated voltage range. Therefore, after the arrival of the
anti-islanding detection signal, the inverter mode is changed
to the SSI mode by toggling the mode selection switch to
simultaneously apply the internal reference voltage and open
the inverter switch Si.. When the SSI mode starts, the outer
grid loop must also be disabled to avoid useless control
actions. Therefore, the PI mode is only used for the transient
state during the mode change from GC to SSI.
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Fig. 16. Simulation results of mode changes from GC to SSI:
(top) Measured load voltage; (middle) measured grid current;
(bottom) angular frequency of the load voltage.
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Fig. 17. Simulation results of mode changes from SSI to GC:
(top) Measured load voltage and measured grid voltage; (middle)
measured grid current; (bottom) angular frequency of the load
voltage.
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Fig. 17 shows simulation results of the mode changes from
SSI to GC when the grid is restored from a grid fault. If the
recloser switch, Sg, is closed at 1.7 s, the mode changes to the
GS mode to track the phase of the restored grid voltage. The
grid synchronization starts at 1.7 s, and the load voltage
smoothly tracks the phase of the grid voltage within the
limited threshold value of the PLL’s angular frequency. After
the grid synchronization is complete, the outer-grid current
loop is enabled at 2.18 s to stand by the GC mode. Note that
there is no control action for the outer-grid current loop since
the reference grid current and measured value are all zero,
which results in a control output of zero. When the inverter
switch, S;, is on, the inverter is changed to the GC mode by
assigning the rated grid current reference at 2.2 s.

V. EXPERIMENTAL RESULTS

Table II shows the experimental parameters. Most of the
parameter values are the same as the simulation parameters
except for the peak grid current and DC link voltage due to
the limited power capacity of the system in the laboratory
experimental setup.

Fig. 18 shows the laboratory-scale experimental setup based
on VDER-HILS. In this experiment, the proposed methods
are verified using only AC-based systems, such as a static
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TABLE II
EXPERIMENTAL PARAMETERS
Symbols Meanings Values
IPeak Peak grid current SA
Ve DC link voltage 360 V
Fsw Switching frequency 10 kHz
Vrated Rated output voltage 105V
Li, Lg Filter inductance 3,1 mH
Cr Filter capacitor 40(Y)
Kp_li Proportional gain of IL Loop 17.3
Kp Proportional gain of Vo Loop 0.0577
Kp 1o Proportional gain of Ig Loop 2
K e Resonant gain of Vo Loop 30
Kiir . Resonant gain of Ig Loop 100

{7

(575 4 AC e | 4CDG | 0¢06 | Ic ] AC Lonts | DC Line | 0C Conds

Fig. 18. Experimental setup based on VDER-HILS.
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Fig. 19. Controller design to operate VDER-HILS based on MATLAB Simulink.

transfer switch (STS), AC line, distributed generator (AC DG)
and AC loads. Fig. 19 shows the controller design based on
MATLAB Simulink which is combined with the HILS
system. MATLAB Simulink can interface with the HILS as a
main controller to operate the system.

Fig. 20 shows experimental results of a mode change from
GC to SSI through the PI mode in consideration of
unintentional islanding resulting from an opening of the
recloser switch, S,, due to a grid fault. Initially, the inverter is
operated in the steady-state of the GC mode to supply current
to the grid. After S, is opened, the operation mode changes
from GC to PI. In the PI mode, the output voltage is regulated

by the threshold value of the reference-voltage limiter in spite
of the grid current error. After the anti-islanding detection
signal arrives, the inverter operation mode is changed to SSI
by toggling the mode-selection switch. Then the output load
voltage is controlled to follow the internal reference-voltage
mode to obtain a better load voltage magnitude and frequency
regulation performance in the islanded mode. When SSI
starts, the outer grid loop is disabled to avoid useless control
actions in the SSI mode. The proposed reference feedforward
controller eventually changes the mode smoothly by reducing
the influence of the outer grid current controller.

Fig. 21 shows the grid synchronization performance in the
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Fig. 20. Mode transfer performance with unintentional islanding:
(purple) Measured grid current (5A/div); (light blue) measured
load voltage (100 V/div).
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Fig. 21. Grid synchronization performance in GS mode: (dark
blue) Measured load voltage (100 V/div); (light blue) measured
grid voltage (100 V/div).
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Fig. 22. Experimental results when reference grid current changes
with ramp function: (purple) Measured grid current (5 A/div);
(light blue) measured load voltage (100 V/div).

GS mode to track the load voltage with the phase of the grid
synchronization method that considers the mutual compatibility
between the frequency change and the allowable control range
of the PR controller [19]. However, fast synchronization is
not preferable because it may exceed the allowable limit of
voltage. The proposed mode-transfer technique includes a

grid the load frequency due to instantaneous frequency
changes. Therefore, the frequency limit and cut-off frequency
wee are selected as 6 rad/s to realize seamless grid
synchronization. After the grid synchronization is complete,
the blocked outer-grid current loop output is re-enabled to
enter the GC mode. No transient effect occurs because both
the reference and measured values of the grid current loop are
zero so that the grid current error is zero, which causes the
zero control output of the outer-grid current loop.

Finally, the inverter enters the GC mode by closing the
inverter switch S;, and the grid current can be controlled to
follow the rated reference value. Fig. 22 shows experimental
waveforms of the grid voltage and the grid current. However,
as shown in this figure, it takes time for the grid current to
reach the rated value since the reference is assigned to
increase smoothly to realize a smooth dynamic response.

VI. CONCLUSIONS

In this study, a seamless mode transfer method that uses
the PR-based indirect current control is investigated for the
operation of utility interactive inverters. The proposed method
can realize seamless mode transitions in all of the inverter
operation modes including the unintentional islanding mode.
Additionally, the quality of the load voltage in the steady-
state islanded mode can be improved to the rated value in
contrast to the unrated value in previous works. This is
achieved by adding a feedforward voltage-selection technique
to the output of the grid current loop. The proposed method is
validated through results obtained with PSiM simulations and
an experimental setup based on VDER-HILS.
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