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Abstract—Grid-forming (GFM) inverters are promising so-
lutions for future power systems with high penetration of
renewables. The successful design of GFM inverters is crucial
for achieving current limiting, enabling them to withstand
disturbances such as voltage sags and phase jumps in grid
voltages. However, when the parameters are not properly tuned, a
cascaded voltage and current controller can compromise grid sta-
bilization performance due to issues like controller windup, post-
fault recovery failure, and harmonic instability. To address this
challenge, this paper proposes a dual control scheme consisting of
GFM and current control that work in parallel. The dual control
scheme incorporates emulation signal generators integrated with
the dual controllers. This integration allows for adjusting their
internal states during standby mode to track to references,
enabling a seamless transition between the running and standby
modes. Numerical simulations and experiments demonstrate that
the proposed controller exhibits promising performance under
both normal and faulted conditions.

Index Terms—grid forming inverter, single-phase synchronous
inverter, current limitation, fault ride through, transient stability

I. INTRODUCTION

Grid-forming (GFM) inverters are a promising solution
addressing challenges in the future power-electronic-based
power systems with reduced inertia due to the integration
of renewable energy sources. GFM inverters, which behave
as voltage sources in normal operation, are required to limit
current during grid faults, supply active/reactive current, and
fault recovery capability [1]. Many researchers have proposed
various current limiting control methods for GFM inverters,
which can be primarily classified into three categories: virtual
impedance, current limiter, and voltage limiter [1].

The virtual impedance method is an approach that achieves
current limitation by increasing the virtual output impedance
of the inverter, while maintaining the voltage source behavior
of GFM inverters even during current limitation [2], [3]. This
method avoids the issue of windup associated with current
limitation using an inner current control loop and ensures
that the controller automatically returns to normal operation
after fault clearance. However, the performance of current
limitation depends on grid and fault conditions, as well as
control parameters of virtual impedance [1], [2], making its
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design complex [4]. Furthermore, the performance of virtual
impedance methods relies on low bandwidth voltage control
loop, and temporary overcurrent may be observed [3], [5], [6]
during fault occurrences [1].

The current limiter method regulates the output current
to follow a saturated current reference. Various approaches
exist for limiting the current reference, including instanta-
neous limiter, magnitude limiter, and priority-based limiter
[1]. While the current limiter method achieves satisfactory
current limitation due to the high bandwidth of controllers,
it faces challenges in supplying fault currents and robust fault
recovery capability. One example of this method involves con-
trolling the inverter in synchronization with the grid, utilizing
a backup phase-locked loop (PLL), and switched to grid-
following (GFL) control mode. However, the PLL can suffer
from small-signal or transient stability in weak grids [2], [6],
[7]. Additionally, this method may face issues of post-fault
recovery failure in returning to normal operation after fault
clearance [8], often attributed to voltage controller’s windup
issues [6]. It is crucial for current limiters with inner current
control loops to design anti-windup mechanisms [2].

The current limiter is typically embedded into the inner
current control loop of cascaded vector-voltage and current
control. The vector voltage control consisting of dual loops for
voltage and current control offers fast current control perfor-
mance but can lead to harmonic instability due to interactions
between the grid and the inverter [6], [9]. Furthermore, it has
been noted that the inclusion of current limiting within the
GFM controller can suffer from transient instability [6], [5],
[10]. Controller design must consider resynchronization with
the grid as a voltage source after fault clearance. It is crucial to
ensure that current limitation does not compromise the stability
of GFM inverters, including small-signal and transient stabil-
ity, and harmonic stability [11]. Improper parameter tuning in
cascaded voltage and current controllers can negatively impact
grid stabilization due to issues like controller windup, post-
fault recovery problems, and harmonic instability. In recent
years, single-loop voltage magnitude (SLVM) control has
emerged as a promising alternative to address these limitations
associated with the dual loop control [6].

Current limitation is essential for GFM inverters, but it
should not impair the stability of the GFM inverter, such
as small-signal and transient stability and harmonic stability
[12]. To tackle the problems above, we have proposed a grid
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stabilization controller design methodology for GFM inverters
based on time-scale separation method using singular perturba-
tion theory [13]. This approach separates the GFM controller
for a normal operation from the single-loop current controller
used during fault conditions. This mitigates the impact of
current limitation on grid stabilization performance and avoid
transient instability. During fault occurrences, the controller
transitions to current control to protect the GFM inverter from
overcurrent and supply fault current. Rapid post-fault recovery
is essential [1], necessitating accurate and fast fault detection
and clearance identification. However, these detections are in-
tricate [5], and delays in fault and fault clearance detection, as
well as in the switching of the controller, pose challenges [4].
Such delays can induce temporary overcurrent and overvoltage
during fault occurrences requiring careful consideration.

This paper proposes an emulation signal generator (ESG)
designing to emulate the internal states of the GFM and current
controllers. The proposed approach enables parallel operation
of both controllers with seamless switching between them. The
GFM and current controllers can operate in either standby
or running mode. The controller in standby mode does not
control the inverter, while the controller in running mode
controls the inverter. By ensuring that the ESG maintains
consistent internal state alignment between the standby and
running controllers, the method facilitates smooth transitions
during switching. The proposed method is applied to single-
phase synchronous inverters (SSIs) [13], [14], [15] and its
effectiveness is validated through numerical simulations and
experiments. The main contributions of this paper can be
summarized as follows:

1) Because the GFM and the current controllers are sepa-
rated, the issues caused by the cascade control of voltage
and current controllers is eliminated. The controller
decouples the current limiting from GFM control and
can avoid transient instability in the current limitation.
The smooth switching between the GFM and the current
control is realized by the ESG, achieving better per-
formance in returning to the GFM control after fault
clearance.

2)

II. EMULATION SIGNAL GENERATOR

Figure 1 provides an overview of the proposed controller
in state-space model. The ESG operates as follows in each
control:

(i) During GFM control:

The GFM controller in the running mode computes the
output voltage reference vjr to control the inverter. The
current controller with ESG is in standby mode and its output
Uiy, 18 not used to control the inverter. The ESG regulates the
internal state of the current controller to track v, to v§.
(ii) During current control:

The current controller in running mode computes output
voltage reference v}y, to control the inverter. The GFM
controller with ESG is in standby mode and its output v§ is
not used to control the inverter. The ESG regulates the internal
state of the GFM controller to track v, to vl .
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Fig. 1: Dual controllers in state-space model.
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Fig. 2: A block diagram of a PR controller with ESG.

A. ESG operation during GFM control

1) Current controller in standby mode: The approximate
transfer function G, (s) for the proportional resonance (PR)
controller used in current control is expressed by (1) [12].

2wband8
52 + 2Wbund5 + (wGFM)27

inv

GPR

app

(S):KP+K[

(D

where wpqnq represents the bandwidth; Kp and K7 are the
proportional gain and integral gain, respectively; wiry is the
output current frequency of the inverter. Figure 2 illustrates
the block diagram of the PR controller with the ESG. For
the PR controller depicted in Figure 2, the internal state is
denoted as =™ = [z}, 2%%] T, the output is y™ (= z'}), and the
input is defined as u™ = i,/ —i;,,, where i,/ is the current
reference and i;,, is the output current. The state-space and
output equations for the PR controller when the ESG is not

active are represented by (2) and (3).

:bPR — APR:EPR + BPRUPR,

yPR — CPRmPR + DPRUPR7

2
3)
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where

—2Whand
(w(;FM )2

muv

CPR — [1 O], DPR

AR — |: _1:| B™® — |:2K1Wband:|
0 ) )

0

— Kp. @)

2) State-space model of ESG: Figure 2 illustrates the GFM
control, and the switch at the bottom right switches to the
current control. The ESG takes the deviation (r’™® — y™)
between the output voltage reference of the GFM controller,
vg™ (= r™), and the output voltage reference of the standby
PR controller, v} (= y™), as input. The ESG generates the
compensation signal H™(r® — y™) to be fed into the PR
controller. H™ = [H®, H|T represents the ESG gain vector.
Using coefficients A™, B™, C™, and D™ in (4), the state-
space and output equations for the PR controller with the ESG
are expressed by (5) and (6).

xPR — APRxPR + BPRU/PR + HPR<7"PR
PR __ CPR:EPR + DPRUPR,

—9"), ®)

(6)

where 2™ = [, 2|7, and y™(= 2f). The notation with
PR is used to distinguish ™ and y™ from x™ and y™ in (2)
and (3). Using (6) to transform (5), we have:

CBW —_ (APR _ HPRCPR)wﬁ + H™RypR

+ (BPR _ HPRDPR)uPR (7)

3) Theoretical analysis of ESG: The output equation for

the resonance (R) controller extracted from the PR controller
with ESG in (5) and (6) is:

~PR

CPR PR (: yﬁ — gPR + DPRUPR)- (8)

Using the state equation (5) and output equation (8), the

transfer functions GY(s) from input u™(= sz iinw) 1O
output ™ (= z7°) and G}*(s) from input vg;} (= ™) to output
g™ (= « ) can be derived as (9) and (10):

2wpand K15

GPR — 9

)= T e + s+ (@ 5
HPRS _ HPR

G (s) = L z__ . (10

O o s+ (- 1

The frequency response of the transfer functions G:*(s) and
G (s) is as follows:

)| — 2wpanda K1 , (11)
\/ (BB )’ | g + HIF)?

|G (jw)

) VHE)? + (WHR)? (12)

VG = =

By increasing H;*, the gain |Gi(jw)| decreases across
the entire frequency range, resulting in the input u™ being

H3)? + (2wpana + HY*)?w?
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Fig. 3: A block diagram of a GFM controller with ESG.
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attenuated by G™(s). Furthermore, when w = wi{™ and

mnuv
Whand < HI¥, the following approximations hold:

V(HSF)? + (wH)?

G (juwime)| = =1, (13
i) VHE)? + (wHF)?
LGP (jwit) & 0. (14)

GFM 3
iy the reference signal

® through G**(s). For frequencies w #
wg™, by increasing H ™(> 0) and decreasing H5(< 0), the
gain |G} (jw)| decreases. Signals in 7™ containing frequencies

w(# wi™) other than those near wi s are attenuated.

Consequently, at the frequency wy

r™ closely tracks zf

B. ESG operation during current control

1) GFM controller in standby mode: Figure 3 illustrates the
block diagram of the GFM controller with ESG in the current
control. The GFM controller determines the virtual rotor angle
6™ based on a swing equation (15) [14].

- Dim; (

where M;,, is a synthetic inertia coefficient; D;,, is a syn-
thetic damping coefficient; P, is a synthetic mechanical input;
P, is a single-phase electrical output; w,.s is a frequency
reference; and wg s is a virtual rotor frequency of the SSI

In GFM inverter controller design, small-signal stability [7],
[16] is also crucial, and SLVM control leads to better small-
signal stability [6]. Thus, the GFM controller adopts the SLVM
control [6], and the grid voltage is controlled using Q-V droop
control (19) with an integral control (16)—(18).

JGFM GFM
Minvomw 7€f

15)

muv

HGFM) — Pm _ Pe7

Vi = V2V sin 051, (16)

Vine = kiv / AV dt, (17)
| Vier = Vpee, if in GFM control

AV = { 0, if in current control ’ (18)

Vie = Kq(Qo — Q) + Vi, (19)

where k;, is the integral gain in the SLVM control; Q) is
the reactive power reference; V,, is the voltage setpoint; Vi,
is the rms value of the grid voltage at the point of common
coupling; and V,.. is the voltage reference obtained by Q-V
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droop control. Equation (18) signifies the implementation of
reactive power control in the GFM control.

Let the internal state vector of the GFM controller be

denoted as x™ = [§9™ 99T the output as yo™ =

[99FM 6™ 1T, and the input as u®™ = P, + Dinywre ;— Pe..

Mmv? T Inv

The state-space and output equations for (15) can be expressed
as (20)—(22):

d:GFM — AGFMwGFM + BGFMUGFM, (20)
yGFM — CGFMwGFM (21)
AGFM = |: Miny 0:| s BGFM = |:M6nv:| s CGFM = I7 (22)

where I € R2*2 represents the identity matrix.

2) State-space model of ESG: To align the frequencies
wiM (= #9™) and phase angle O™ of v$™ with those of

nv inv mnv nv

the output voltage reference generated by the PR controller,
vi® . which have frequency 65%, (= wi¥ ) and phase angle

inv’ nuv inv

0%  the internal states 6™ and 6™ of the GFM controller

muv? mnv wmv

are adjusted. In GFM control, three switches in Figure 3 are
toggled.

ESG takes the deviation (r°™ — y™) between 7

[0, 6% 1T and y™™ = [§9™ 99™]T a5 input and outputs a

compensating signal H ™ (r®™ — ™) to control the internal

state 0™ = [69™ #9™]T. To distinguish them from (20)-
(22), the variables ™ and y°™ are denoted with GFM. H ™
represents the ESG gain matrix. The state-space and output
equations for the GFM controller with ESG are expressed in

(23)-(25):

GFM

iﬂ _ AGFMwm o+ BOMy oM HGFM(TGFM _ ym)’ (23)
ym — CUGFM:BW7 (24)
GFM GFM
Ho™ — [H(l)l His } . 25)
Using (24), (23) can be:
d:m — (AGFM _ HGFMCGFM)wW_i_ 6T eGP
+ BGFM’LLGFM. (26)

Let Af(= 6y, —05™) represent the difference between 0.,
and 657" . For 0 < Af < 27 rad, if Af changes between 0 rad
and 27 rad in the vicinity of Af = 0 rad and Af = 2 rad, the
system (26) becomes unstable. To avoid this, a compensator
Cphase 1s employed. If we denote the output of compensator
Cphase at time ¢ as z; [rad] and the sampling period as At,
then at time ¢, AfG; and Af;_; at time ¢ — At can be used

to calculate z; as given by (27):

Aat, if |A9t - Aﬂt_m\ S ™,
Zr = Af; — 2, if AOy — AOy_pp > T, 27
Agt + 2’/T, if Aﬁt - Aat_At < —T.

3) Theoretical analysis of ESG: Using the state equa-
tion (23) and output equation (24), the transfer function

GM(s) = [GSh'(s),GS3'(s)] " from input u®™ to output
Yy = [9$™ 9™ T can be computed by (28) and (29):
GFM 1 M'L'.S’Vlv
G . 28
u (S) D,LG;;M(S) _ 1 ’ ( )
Miny

inv

Mim}

DI (s) = 5> + ( + HﬂM> s+ HE.  (29)

UM(s) represents the transfer function from input u®™ to

9™ while G%'(s) represents the transfer function from input
u™ to 9™ . To ensure that 65 tracks 0% and 9™ tracks
0, in the current control mode, the input 4 needs to be
attenuated by GS™(s). Calculating the frequency responses of

9M(s) and GSB'(s), we obtain:

w

|Gt (Jw)| = Do(w)’ G2 (Jw)| = Do ()’ (30)
D (w)
= anv(Hng - w2)2 + (Dinv + MianﬁM)ZWZ- 31

GFM

By appropriately configuring H7}" and H7%Y, it becomes

feasible to reduce |GSY(jw)| and |G%'(jw)| across the entire

frequency range, resulting in the attenuation of the input u°™
through G&™(s).

Next, if we denote the transfer function matrix from 7"

075, O] T 10 Y™ = (0570, 050) T as GE™(s), and using
D™ (s) from (29), it can be expressed as:
1 SHGFM SHGFM
GFM _ 11 12
CPO) = e e | O

The output voltage v~ of the PR controller, controlled
GFM

by the frequency éinv just before transitioning to the current
control mode, is determined by the integration of 6™ over
time, given by 6%, = [0$™dt. Assuming H{5 > 0, when
the frequency g% . remains constant and 6% is a ramp signal,
the value of 67" in a steady-state can be determined using the
final value theorem:

: EM 9}); EM 9.}')R )PR
lim, {Gﬁl (s)s% + G5 (8)3;7;”} =0, (33)
By using the ESG, it follows that 6% = 9™ in a steady-

state. Employing G,5(s) and applying the final value theorem
to 5 ( input: ;% ), the steady-state value of the output of

muv

G,3(s) can be determined as described in (34):

éfk ™
lim { G,3(s)s—2w 3 = —LL g
GFM ~ tnhv*
s—0 S H12

(34)

The steady-state error of the ramp response of G,4(s), with

g, as the input, can be calculated using (35):

Diny
inv

GFM
H12

GFM
11 Apr
inv*

(35)
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The total steady-state error, considering the output of G3(s)

with 0% as input and the output of G,.4(s) with 8%  as input,
is given by:
Dinu GF
HGFM M, 1]iM égR _ Diny GPR (36)
mv mnv T nv*
HfSM f;M HGFM i

By increasing the gain H{5", the error approaches zero. It
should be noted that when switching from current control to
GFM control, the reference 7 instantaneously becomes zero
(refer to Figure 3). Therefore, the ESG does not affect the
GFM controller in GFM control.

The proposed controller operates by synchronizing with
the grid in current control using the PR controller while
performing current limiting and supplying current into the grid.
Furthermore, it aligns the output v of the standby GFM
controller with the output vjy, of the synchronized current
controller. Without the need for a backup PLL, the standby
GFM controller achieves synchronization with the grid without
relying on a PLL, which may introduce instability in weak
grids.

4) Resonant integrators: The phase angle 0.  and mag-
nitude V% of viX =~ are calculated using resonant integrators
(RIs) [12]. RIs are also employed to calculate the current ref-
"/ used in the current control, and zm

HPR

erence i, » 1s calculated
by (37) and (38):

-

iinv _ (WQFM)Q T RI Kz
: in GFM control),
B = (e ()2 AT ) (37)
(m current control),
7! = ik i
[ Lo, if Imag < Inee or in GFM control,
@i = ?"ﬂ, otherwise,
Tonag = \J (K gt )2 + (K ifF)2, (38)

where K is the gain responsible for controlling the rise time
of the RIs, I,,,, represents the upper limit for the output
current of the inverter, and «; is a coefficient used to limit
the magnitude of the output current reference. By using (37)
and (38), 1125 is calculated in a manner that it equals 7,
during the GFM control and preserves the value of sine signal
fjf from the GFM control in the current control. This enables
the SSI to operate as a voltage source as much as possible until
just before transitioning to the current control, while supplying

fault currents into the grid in the current control.

C. Fault occurrence and clearing detection

If the absolute value of the output current, |i;,,|, exceeds
the threshold value, 7, the controller will detect a fault
occurrence and switch to the current control. If the magnitude
of voltage at the point of common coupling, vp.., exceeds the
threshold value, vy, the controller will also transition to the
current control.

Single-phase full

bridge inverter LC filter i

1\ : N
i~ L, L,

Infinite bus Vg, iy [V

Phase angle: 0,,,, [rad]

1

5,5, 5, 5]

Controller

Varia= V2 VgiaSIN(0giq1+ Oyyi0)

Fig. 4: Simulation model.

TABLE I: Simulation parameters.

Design parameters Symbol  Value

Rated grid voltage (rms) - 100 V (1.0 p.u.)
Grid frequency Wgrid 21 X 60 rad/s
Switching frequency - 10 kHz

Filter inductance Lya 3 mH (0.113 p.u.)
Filter capacitor Crit 11 pF (0.0415 p.u.)
Grid inductance Lgria 11 mH (0.0415 p.u.)
A synthetic inertia constant Mino 4

A synthetic damping coefficient Diny 200

A synthetic mechanical input P, 1 kW (1.0 p.u.)
Rated reactive power Qo 0 kvar

Set point of voltage Vi 100 V

Reference frequency Wref 27 X 60 rad/s

DC voltage Vbo 200 V

An SLVM gain kiv 1.0

Q-V droop gain Ky 0.5

Threshold of current Qth 20 A

Threshold of voltage Vih 1344 V (0.95 p.u.)
Upper bound of current Imax 20 A

III. NUMERICAL SIMULATION
A. simulation conditions

A single-phase full-bridge inverter equipped with the pro-
posed controller was connected to a voltage source represent-
ing the grid. Its rms voltage (Vy,;4) and phase angle (04riq)
of the voltage source were varied. Figure 4 shows the model
used for the simulation in MATLAB/Simulink, and Table I
provides the relevant parameters. The inverter is connected
to an infinite bus, which is depicted by the voltage source
Vgrid (Wgria [rad/s]), through an LC filter consisting of L ¢;
and Cyy, along with a grid-side impedance characterized by
inductance Lg,;q. To target a weak grid with a short circuit
ratio (SCR), Lg,.;q was chosen such that SCR = 2.38. For the
ESG gains, the values were determined as follows: H® = 10°,
HE =108, H{™ = 103, H$M = 10,

(Case 1: voltage sag) The voltage Vy,.;4 was dropped from
1.0 p.u. to 0.1 p.u. to simulate a voltage sag, which persisted
from ¢ = 0.00 s to £ = 0.08833 s (5 cycles).

(Case 2: phase jump) To simulate a phase jump, 04,,q Was
varied from O rad to /3 rad (60 degrees) and was sustained
from t = 0.0 s to ¢t = 0.40 s.

(Case 3: transient stability) To evaluate the impact of the
proposed controller on the transient stability of the SSI, Vg,.;q
was dropped from 1.0 p.u. to 0.1 p.u. and was sustained from
t =0.00 s to t = 0.40 s. After that, V,;q was recovered to
1.0 p.u. and the SSI switched to the GFM control.
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Fig. 5: (Casel) Simulation results when the grid voltage V.4
drops from 1.0 p.u. to 0.1 p.u.

B. Simulation results

In the following three cases, even under weak grid con-
ditions, the GFM controller remains stable under normal
operating conditions.

1) Voltage sag: The simulation results for voltage sag
occurrence are illustrated in Figure 5. In Figure 5, the top
figure displays voltage v, at the point of common coupling,
the second one depicts current ¢;,,,,, and third one shows power
P, and Q. The bottom figure shows a comparison between
the voltage reference of the running controller (black solid
line) and the voltage reference of the standby controller (gray
dashed line) (running controller: GFM controller before and
after voltage sag, current controller during voltage sag).

It can be observed from Figure 5 that during voltage sag,
the controller switches to the current control after detecting
overcurrent, limiting the current. After the voltage sag is re-
solved, the controller successfully returns to the GFM control
att = 0.11 s without encountering overcurrent. Although there
is a slight transient delay immediately following the voltage
sag and its recovery, the ESG ensures that the voltage reference
of both the current controller and the GFM controller align,
enabling a swift return to normal operation.

2) Phase jump: Similar to Figure 5, the simulation results
for the phase jump are shown in Figure 6. It can be observed
that after the phase jump, the controller switches to the
current control after detecting overcurrent, limiting current.
After switching to the current control, the magnitude of grid
voltage vp.. exceeds vy, = 134.4 'V, resulting in a return to
the GFM mode around ¢ = 0.05 s.

3) Transient stability: Figure 7 shows the simulation results
when the grid voltage Vj,.;q drops from 1.0 p.u. to 0.1 p.u. The
top figure displays the voltage vp.., and the bottom one shows
the phase difference J representing the difference between the
phase angle of the SSI output voltage and the phase angle 04,4
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Fig. 6: (Case 2) Simulation results when the grid phase angle
84ria changed from 0.0 rad to 7/3 rad.
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of the grid voltage. It can be observed from Figure 7 that
even during the severe voltage sag, the proposed controller
ensures transient stability. Although the inclusion of current
limiting within the GFM controller can suffer from transient
instability, the proposed controller separates the GFM and the
current controller and avoid transient instability in the current
limitation, achieving better performance in returning to the
GFM control after fault clearance.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed controller, the
experimental tests are conducted. The proposed controller was
implemented on a digital processing board controller (PE-
Expert4: Myway Plus Co.), generating gate signals to drive
a single-phase inverter (MINV-1R022, Myway Plus Co.). The
inverter is connected through a filter (an inductance Ly; = 10
mH and a noise filter (NBH-20-432: Cosel Co. LTD.) to a
grid-simulated power supply (DP series Type R: DPO30RS,
NF Co.). Its magnitude is set to Vs = 100 V (rms value.
1.0 p.u.). The dc side voltage of the inverter is controlled to
be 192 < Vpe < 196 V by batteries (42B19R-MF). The
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Fig. 8: Experimental results when the grid voltage V;,;q drops
from 1.0 p.u. to 0.1 p.u.

parameters My, Diny, wrep are set to the values shown
in Table I. The current and voltage thresholds, ;5 and v,
respectively, are set to 3.5 A and 134.4 V. Other parameters
are adjusted to suit the experimental environment. Similar to
Case 1 in simulations, Vj,.;q was dropped from 1.0 p.u. to
0.1 p.u., persisting from ¢ = 0.00 s to ¢t = 0.0833 s. The
experimental result is shown in Figure 8 similar to Figures 5
and 6. It can be observed from Figure 8 that the ESG regulates
the internal states of the controllers in standby mode. The
proposed controller successfully limits the current during the
fault condition and smoothly recovers to GFM control after
fault clearance.

V. DISCUSSION AND FUTURE WORKS

Tuning the parameters of a cascade controller with voltage
and current control loops is a complex process. The proposed
controller utilizes separate GFM and current controllers, re-
sulting in a non-cascaded control structure under both normal
and fault conditions. It operates as a voltage source during
normal operation without requiring a PLL. Additionally, the
controller decouples from GFM control during current lim-
iting, thereby mitigating transient instability and enabling a
smooth transition back to GFM control after fault clearance.

Utilizing three-phase active and reactive power measure-
ments in the GFM control would enable the calculation of
both the phase and magnitude for the three-phase output
voltage reference. As the PR controller employed for current
limiting is applicable with three-phase operation, the proposed
controller can also be used for three-phase inverters. Since
individual ESG implementations are required for each phase
in unbalanced three-phase circuits, the application to the three-
phase GFM inverters considering unbalanced conditions is one
of our future works.

VI. CONCLUSION

This paper proposes an ESG designed to emulate the
internal states of both the GFM and current controllers.
The proposed controller integrated with the ESG enables the
parallel operation of the dual controllers, ensuring smooth

transitions between them. Through numerical simulations and
experiments, it has been verified that the proposed controller
operates stably as a GFM inverter in a weak grid, and can
limit current during a fault condition.
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