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Abstract

Renewable energy is integrated into the grid through a grid-forming converter (GFC). The
GFC can emulate synchronous generator (SG) characteristics. It can improve the stability
and reliability of renewable power systems. However, the GFC has inherent coupling paths
in its control structure. The mutual interaction between active and reactive power control
loops is especially significant. It limits the power output of the GFC. It also limits the
transient voltage support capability for the grid. Therefore, this paper first analyzes the
effects of the active power control loop and the reactive power control loop on the power
coupling characteristics of the GFC. A mathematical representation model is established.
Second, this paper considers the active transient voltage support target of the GFC for the
grid under large disturbance conditions. A power decoupling control strategy is proposed.
It uses an improved power loop based on adaptive reactive power compensation (ARC). The
equivalent active power difference and voltage deviation adaptively adjust the coefficient
Dgp- This coefficient dynamically adjusts the reactive loop gain. Then transient voltage
support and power decoupling are achieved. Finally, simulations and experiments verify
the correctness of the proposed strategy.

Keywords: GFC; power coupling; frequency response; voltage support; adaptive reactive
power compensation decoupling control

1. Introduction

With the increasing penetration of clean energy such as wind and photovoltaic power,
the multi-stage energy conversion chain—from renewable generation and rectification/DC-
link to inversion and grid connection—significantly affects the power coupling and active
frequency/voltage support capability of grid-forming converters (GFCs). This conversion
chain improves the security and stability of high-proportion renewable power systems [1-3].
On the other hand, while GFCs support grid voltage and frequency, they are also impacted
by grid voltage and frequency variations [4,5]. In particular, under severe grid voltage sag
faults, GFCs may experience sustained power oscillations and even instability [6].

GFCs can emulate the operating characteristics of a synchronous generator (SG). The
grid-connected impedance is purely inductive. GFCs have good independent active and
reactive power control capability [7]. However, they still face a problem in that the active
power loop and reactive power loop cannot be controlled independently [8]. The GEC
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regulates output active power. Its power angle changes. Its reactive power also changes.
This affects the output capability of the whole generation unit [9,10]. On the other hand, the
GFC supports grid voltage. The active-reactive power coupling phenomenon deteriorates
the transient stability of the GFC. It affects the voltage support effect. It may even cause
transient instability [11]. Therefore, finding an effective solution to the power coupling
problem in the dynamic response of GFC grid-connected output is key to ensuring the
stable operation of GFCs.

To analyze and solve the output power coupling problem of GFCs, reference [12] uses
an active-reactive power variation matrix. It quantifies the power coupling strength. Then
it proposes a virtual power control strategy. This strategy improves the power coupling
problem under the GFC dynamic response. References [8,13] use a small-signal model.
They prove that power coupling always exists. They adopt an adaptive virtual impedance
method. This method performs offset control on the GFC output power angle. It improves
the power decoupling effect. References [14,15] analyze voltage and current coordinate
transformations. They introduce virtual power and virtual voltage to achieve power decou-
pling. However, the introduced virtual power and virtual voltage are fixed. They are greatly
affected by the power angle variation range. Reference [16] designs a virtual impedance. It
suppresses the power angle variation of the GFC under grid voltage sag faults. However, it
also limits the reactive voltage support capability. The virtual impedance method is one
of the current effective decoupling strategies [13,17]. Its control idea mainly makes the
phase between the GFC internal voltage and the point of common coupling (PCC) voltage
close to zero. This achieves better dynamic performance. However, under grid voltage sag
faults, the internal voltage changes greatly. Therefore, the virtual impedance method is not
suitable for power decoupling under GFC transient conditions [18].

For analysis of GFC transient stability and power coupling characteristics, reference [19]
studies the influence of different control parameters on GFC transient stability through GFC
dynamic response characteristics. Reference [20] proposes a flexible control strategy with
adaptive switching of GFC internal voltage response speed. This method considers grid
strength. It can maintain GFC system stability under different degrees of grid faults. It also
provides active support required by the grid. References [21,22] propose a flexible switching
control strategy for control parameters. This strategy is based on damping and inertia
parameters in the active power loop. It improves power angle stability during GFC transient
response. Then it improves GFC transient synchronization stability. References [23,24] use
reactive current injection into the grid and correction of the voltage reference of the reactive
power loop, respectively. These methods improve GFC stability under grid voltage sag faults.
References [25-27] reveal the GFC transient process by methods such as the equal area
criterion, energy function, and phase plane diagram. They further consider power coupling.
They introduce the algebraic equation of a first-order reactive power loop. They construct
a second-order differential equation for the GFC. This equation characterizes the active—
reactive power coupling relationship. Reference [28] proves that power coupling further
weakens GFC stability under grid voltage sag faults. It proposes a stability improvement
method based on power dynamic compensation for grid voltage sag faults.

Based on the above research, this paper first considers the coupling relationship be-
tween the active and reactive power outputs of the GFC and establishes a power output
model of the GFC, and then analyzes the degree of power coupling under different power
angle magnitudes. Through the active power response model of the grid-connected GFC,
the power angle variation trend under frequency response is analyzed. Furthermore, the
transient response characteristics of the GFC under grid voltage sag faults are analyzed by
using phase plane diagrams, and the active-reactive power steady-state curves and power
angle curves under grid voltage sag faults are constructed, which reveals the influence
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mechanism of the power angle on the power coupling and transient stability of the GFC.
On this basis, combined with the active-reactive power coupling characteristics and the
voltage vector relationship, the power loop is improved, and a power decoupling control
strategy based on adaptive reactive power compensation (ARC) for the GFC, under active
frequency and voltage support, is proposed to enhance the support capability and transient
stability of the GFC.

2. Analysis of the GFC System and Coupling Characteristics
2.1. GFC Structure

The GFC grid-connected system is shown in Figure 1. The main circuit consists of
a clean energy system, a DC capacitor, a three-level inverter circuit, an LC filter circuit, a
transmission line, and an AC grid. The control circuit samples the three-phase voltage U,
and the three-phase current I at the PCC. These signals are used for power calculation.
The instantaneous active power P, and the instantaneous reactive power (J, are obtained.
The calculated instantaneous powers are processed by primary frequency regulation and
primary voltage regulation. The modulation power angle 6 and the modulation voltage E
are obtained. Finally, the results are processed by virtual impedance control, voltage and
current dual closed-loop control, and a PWM unit. The modulation signal is obtained. This
modulation signal is fed back into the three-level inverter circuit.

Vv

de

PCC

Clean
Energy

Figure 1. Main circuit topology of GFC.

As shown in Figure 1, the DC-side voltage V 4. is provided by clean energy. U, is the
GFC filter capacitor voltage. It is also the output voltage. U, is the grid voltage at PCC. I
and I, are the filter inductor current and the GFC grid-connected current. L and C are the
GFC filter inductance and capacitance. L, and R, are the line equivalent inductance and
resistance. PWM is pulse width modulation.
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The second-order differential equation of the GFC active power loop can be written as:

dAw Prc P,
T=7f_ZO_D(W—Wo) (1)
0= [wdt

where | and D are the virtual inertia and virtual damping, respectively. w, w,, and Aw are
the GFC output angular frequency, rated frequency, and their difference. P, is the active
power reference. Py is the GFC output active power. ¢ is the converter output voltage phase.
This is the reference phase.

The GFC reactive power loop usually adopts droop control. Its first-order differential
equation is

1
E= K_qS[Qref - Qo+ Dq<ucn - uc)] (2)

where K is the integral coefficient. Q. and Q, are the reactive power reference and output
reactive power, respectively. D, is the reactive voltage regulation coefficient. U, is the
voltage amplitude reference. E is the GFC internal voltage.

2.2. Analysis of GFC Power Coupling Characteristics

Figure 2 shows the equivalent circuit of the GFC grid-connected system. The GFC
output voltage has amplitude U, and phase é. The line impedance can be expressed as
Z, =Ry + Xy Xg = wL,.

Figure 2. Equivalent circuit of GFC grid connection.
From Figure 2, the line current I, can be expressed as:

: U L8 — Uy £0° uC4 5.0 Ugé 0 3
c= 7 = Z_g (6-0)- Z_g (—0) (3)
where Z, and 0, are the impedance magnitude and impedance angle.

From (3), the power fed by GFC into the grid is:

U,
Py = #[UC cos(6 — &) — U, cos 0]

Q= iﬁ[ucsin(ﬁ—é) - Ugsinﬁ] @)
From (4), the partial derivatives of P, and Q, with respect to U, and ¢ are:
% = 3;1;? sin(6 — §)
gZ‘i = %COS(9—5) 5
%:—%cos(&—é) )
gLQI(C) = % sin(0 — ¢)

From (5), U, and ¢ are control variables. They act on Py and Q,. The system has
obvious coupling. It cannot achieve independent active and reactive power control.
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‘s,

Usually, R, « X;. Then Z, can be approximated as X,,. At this time, 6, ~ 90°. Then the
small-signal model of GFC output power can be obtained.

3U, sin d 3U,, U, cos dy
APy = % zyy g Malecood 5
3L, cos &, 3U,, U sin 4, (6)
— g 8
AQy = Z5AU, - ZEtA

where J; is the steady-state value of the GFC power angle. AU, Ad, AP, and AQ, are the
small disturbance components of output voltage, power angle, active power, and reactive

power, respectively.

From (6), active power is disturbed. AP, causes disturbances in AU, and Ad. These
disturbances affect AQ,. Related studies show the following. Under small disturbance
conditions, the influence of power angle on reactive power is greater than the influence of
voltage on active power [8].

To further analyze the influence of Ad and AU on power coupling, the relationships
of APy and AQ, with respect to AU, and Ad in (6) are plotted in Figure 3. The steady-
state power angle operating point é, = 0.035 rad corresponds to planes P; and Q;. The
steady-state power angle operating point é, = 0.175 rad corresponds to planes P, and Q,.

APy=12.9kW

APy=11.8kW

Pry

AQy/kvar)

¥

w

0.3kW Ay =1.35kvar

AQy=1.75kva
O var AQy~8.34kvar

(APYKW;

AQ=-0.95kvar

AQy=6.61kvar

O .
(S S

AN * - 0,

N ’ 0.01 195]
¥ 0.02 i

' 0.01 Adirad Adlrad 0,02 - 3
1o

(a)

Figure 3. Influence of Aé and AU, on AP, and AQ,. (a) 3D view (front perspective). (b) 3D view
(side perspective).

003

From Figure 3, an increase in the steady-state power angle operating point significantly
increases the reactive power deviation. From planes P; and P;, active power is mainly
affected by the variation of Ad. AU, has little influence on active power output. From planes
Q; and Q,, the influence of Ad variation on reactive power is more obvious. The Aé caused by
active power variation is the main factor of power coupling under GFC small disturbances.

2.3. Analysis of Coupling Characteristics Under GFC Frequency Response

Equations (1) and (4) are combined. § = 90° is considered. Under small disturbances,
the phase ¢ changes slightly. Thus, sin 6 = J. The small-signal model expression of GFC
output power P, can be obtained.

3U.UL
Py = 2;(; sin§; ~ Ké

0 = ref -
JwysAw = AP, — APy — DwyAw
APy = KA = K20

where wy, is the AC bus frequency.
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From (7), the GFC active power closed-loop small-signal control block diagram is
shown in Figure 4.

Dy

| Wy  |AWpus AS

- 1 [0} ( A])
|/ Jewos A(;é)—-é)—» /s = 1.5U.U/X, H—°

Figure 4. Small-signal control block diagram of GFC active power closed loop.

AP e+

4

According to the active power control block diagram in Figure 4, the reference power—
GFC frequency transfer function G,(s) can be obtained when P, changes. The grid-
side frequency—GFC frequency transfer function G, (s) can be obtained when wy,,
is disturbed.

- s
Whus=0 T T2+ Dwys+K
(i OK (8)

Aw
{ GP(S) = F}'Cf

_ Aw _
waus (s) = Apys [BPret=0 ™ T2+ Dags+K

From (8), the step response curves of transfer functions G, (s) and G, (s) are shown
in Figure 5.

(O o wh

0] 00 w

Wpus

Whus

f{ AS AS

Wy L / s Wil -- \/ -
J G‘mhus("‘)

(a) (b)

Figure 5. Step response curves of transfer functions G, (s) and Gy (5)- (a) Response curve of G, (s).
(b) Response curve of G, (s)-
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For Figure 5a, which corresponds to G, (s), the active power reference is stepped up
while the grid frequency is kept unchanged. The GFC output frequency first rises and
then oscillates before settling, and the power angle deviation increases because it is the
integral of the frequency deviation. Since the grid frequency is unchanged, the power
angle variation is mainly determined by the GFC’s own frequency response. For Figure 5b,
which corresponds to G,,,,s(5), the grid frequency suddenly drops to a lower value. The
GFC output frequency slowly tracks the new grid frequency. During this tracking process,
a persistent frequency deviation exists between the GFC and the grid, and its integral
produces an increasing power angle. Consequently, the GFC increases its active power
output and provides frequency support.

The two subfigures together show that, whether the active power reference increases
or the grid frequency changes, the frequency deviation is integrated into a power angle
increase, and the increased power angle further causes reactive power deviation through
the coupling path.
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From Figure 5, the GFC output frequency curve w is considered during the GFC
dynamic response. According to the definition of A in (7), the integral of the angular
frequency deviation between w and wy, is Aé. Figure 5a reflects the case after the active
power command increases. At this time, Awy,,, = 0. Then Aé is mainly determined by
the GFC output frequency w. When other control parameters remain unchanged, Aé is
positively correlated with the active power increase. Figure 5b reflects the case after the
grid frequency suddenly drops to w;. The GFC output frequency w slowly drops to wy.
This reflects the frequency support capability of GFC. Therefore, a deviation still exists
between w and wy,,;. This deviation causes the power angle J to increase. The active power
fed by GFC into the grid increases. Active power frequency regulation is then achieved. It
can be seen that in general, whether the active power reference increases or the grid-side
frequency changes, the GFC output frequency changes. This increases the power angle.
This increases the influence on power coupling.

3. Analysis of GFC Transient Stability and Power Coupling Characteristics
3.1. Analysis of GEC Transient Stability Characteristics

From (4), when 6 ~ 90°, the power fed by GFC into the grid is:
PO _ 3UC;,I§ sin &
S(Ucljg cos 6—U2) ©)
Q="
g
Based on (1), (2), and (9), the converter kinetic energy is zero. Thatis, w — wy = 0.
Meanwhile, the GFC reactive power control loop stabilizes quickly under grid voltage sag
faults. The derivative equation of GFC internal voltage E in (2) can be converted into a
quasi-steady-state equation. E is treated as a parameter variable, not a state variable [29].
The following expression is obtained:

U, = 5(15U,cos§ — X,Dy)

1 3 (10)
+§\/(1.5uc 058 — XyDg)" + 6Xy(Quet + DgUen)
Solve (1). The second-order differential equation of ¢ is obtained.
. D. 1
0=—=0+—(P—P 11
) (1)
Substitute (2), (4), and (5) into (6). Then (12) is obtained.
. D. 1 U, sin 8 (15U cos 8 - XDy ) .
0= —75 * T Pres = 3%, (1.5U, cos 6 — X,D,) (12)

+6X (Qre + DgUen)

To obtain GFC transient characteristics under U, sag faults, the GFC phase portrait
power angle trajectory can be constructed by (12). The power angle trajectory in the phase
portrait can determine whether GFC is transiently stable. Figure 6a shows the GFC power
angle trajectories when U, drops to 0.8 p.u., 0.6 p.u., and 0.4 p.u., respectively. When
U, = 0.8 p.u. and 0.6 p.u., the GFC power angle increases to a stable operating point. When
U, drops to 0.4 p.u., GFC is transiently unstable. The GFC power angle increases. No power
angle stable operating point exists. GFC is transiently unstable.

From (12), D, in the reactive power control loop is a key voltage support parameter
of GFC. Its relationship with GFC stability under U, sag is shown in Figure 6b. When
Ug =04 p.u. and Dq = 2000 and 3000, GFC is transiently unstable. When Dq = 4000, GFC
has a transient power-angle-stable operating point. It can be seen that D, is related to GFC
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voltage support. It is also strongly related to GFC transient stability. Specifically, a larger
D, value can improve GFC transient stability.
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Figure 6. Power angle trajectory of GFC under grid voltage sag faults. (a) Different degrees of grid
voltage sag faults. (b) Influence of D, coefficient on GFC transient stability.

3.2. Analysis of GFC Transient Power Coupling Characteristics

From (9) and (10), the following expression is obtained:

PrefX
Uy = 1.5ugs§us (13)
Uy = U

During grid voltage sag faults, the reactive voltage regulation coefficient can be in-
creased. This increases the reactive power output. This helps support the grid volt-
age [11]. From (13), the power angle-voltage relationship under power coupling is ob-
tained. It is shown in Figure 7a. Figure 7b shows the power angle-voltage relationship with
increased D,

500 Po/kWh Normal P,—& Curve
Active Power . . Power Angle
< Active Power Trend
< Curve rends
=S 2
> 300 SEP, UEP,
= Reactive Power Pt
Curv
Reactive Power 200 urve
Curve
Fault Po—3 Curve
100
-1 1 2 3 1 0 1 2 3 S & )
So/rad &/rad S/rad
(@ (b) (c)

Figure 7. Analysis of influencing factors under power coupling. (a) Power steady-state curves.
(b) Power steady-state curves with increased D;. (¢) Py—d, under grid voltage sag.

From Figure 7a, the steady-state curves of the active power loop and reactive power
loop have two intersection points. They are the stable equilibrium point (SEP) and the
unstable equilibrium point (UEP). From the power angle characteristic curve in Figure 7c,
a grid voltage sag fault occurs. Then J; increases to &,. This makes P, equal to P,. At this
time, the PCC voltage decreases. The SEP moves toward the UEP. From Figure 7a,b, when
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D, is small, power coupling affects the system. The power angle difference between SEP and
UEP is small. When D, increases, the reactive power steady-state curve is approximately
a straight line. At this time, GFC is approximately constant voltage control. The power
angle difference between SEP and UEP increases significantly. The capability against U,
sag faults is significantly improved.

4. ARC-GFC Power Decoupling Control Design

From (4), during the GFC frequency response, increased active power causes reactive
power deviation. This deviation is caused by power coupling in the reactive power dynamic
response. To compensate for this deviation, the interaction between active power and
reactive power is weakened. The reactive power value under power coupling is defined as
Q.- Then

_ _ 9Q 9Q
Qe =Qp+AQ =0+ $A5 + a_UCAUC (14)
If Q. = Qu, the following condition should be satisfied.
_ 9,5, 99 vy
AQ = 8—5A5 + 8UCAUC =0 (15)

Therefore, Ad caused by active power variation is introduced into the reactive power
control loop. This makes AQ = 0. From (5) and (11), the improved equation with the
reactive power loop is obtained.

U,
AU -

¢~ tan(6 — (S)A(S (16)

From (16), when power variation causes Ad, AU, should be introduced into the reactive
power loop. According to the rule of (16), AU, follows Ad. This makes AQ = 0.

From Figure 7, power coupling still exists during GFC voltage support. The main reason
is that ¢ increases under grid voltage sag faults. This makes GFC more easily transition
from the transient SEP to the UEP. This causes GFC transient instability.

From Figure 1, the vector diagram of GFC under normal operation is obtained.

As shown in Figure 8, the coordinates of point B at the end of U are (xy;, yy). According
to the relationship between U, and P, derived from Figure 2, the coordinate relationship is
derived as follows.

3U.u, 3U,
POZ_Z)C(gSiné:Z_ngU
{ Y, g (17)
Yu = 154,
Vi
A
],: j(Uu/,l]

U B(xuyu) R' X .
c Vi = =
5 jwol.gl I LA
0] Ugﬁ( ' x

Figure 8. Vector diagram of GFC under normal operation.

When a grid voltage sag fault occurs, the vector diagram of GFC under fault operation
is as follows.
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From Figure 9, when grid voltage U, drops to U, U, operates at point B;. At this
time, the power angle § remains unchanged. U, and U, decrease. This causes output power
P, to decrease at the fault instant. The reactive power control loop responds first. From (2),
K4dE/dt > 0. The internal voltage E increases rapidly to A’. Then the active power control
loop begins to respond. The active power reference P, remains unchanged. If GFC finally
stabilizes, the active power control continuously adjusts the power angle ¢ to ¢’. This makes
Py = P U, finally stabilizes at U . GFC transitions from the fault to a steady state. To
reduce the power coupling degree under GFC transient faults and improve GFC stability,
the D value can be adjusted. This makes the GFC internal voltage E increase rapidly. The
active power difference decreases. Finally, a steady state is reached.

VA A

Figure 9. Vector diagram of GFC under grid voltage sag fault operation.

Based on the above, the GFC transient characteristics are summarized. A larger Dq
reactive voltage control can obtain better voltage support. It can also achieve power de-
coupling in the GFC transient process. The maximum equivalent active power difference
is used as the adaptive quantity. The ratio of the maximum active power variation to the
difference between U, and U, is defined as the D, increment. To prevent the denominator
from crossing zero, a deviation coefficient A is set. The variable coefficient D expression
under ARC-GFC transient operation is constructed as follows.

{ DqF = Dq; UC > 95%Ucn (18)

_ max(P—Py) |,
Dgr = Dy + |55 | Ue < 95%Uy

From the above analysis, the ARC-GFC power decoupling control block diagram is
shown in Figure 10. For more analysis of parameter perturbations for the strategy proposed
in this paper, see Appendix A.

if U_>95%U_;N

cn?

Figure 10. Block diagram of ARC-GFC power decoupling control strategy.
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5. Simulation Verification

To verify the proposed ARC-GFC power decoupling control strategy under frequency
and voltage support, a GFC grid-connected model is built using MATLAB/Simulink. The
model is shown in Figure 1. The simulation parameters are listed in Table 1.

Table 1. Main control parameters of GFC.

Parameter Value Parameter Value
Ve 1.5kV U, 311V
E, 380V Wy 314 rad/s
Switching frequency 10 kHz J 3 kg'm?
L 0.4 mH D 120 N-m-s/rad
L, 1.2mH Pt 200 kW
C 10 uF D, 3000
R, 0.05 Q) A 1.01

5.1. Case 1: Active Power Reference Increase

Initially, the GFC output active power is 200 kW. At 1.5 s, the output active power
increases by 50 kW. Figure 11a shows the GFC active power curve. The simulation results
show that both control strategies can ensure that the GFC accurately tracks the active power
output reference. In Figure 11, the GFC adopts the virtual synchronous generator (VSG)
control strategy. The reactive power also increases when the active power increases. After
the ARC-GFC decoupling control strategy is adopted, the GFC active power increases. Its
reactive power quickly returns to the original operating point after the transient process.
Figure 11c,d show the inverter output port voltage and current under the two control
strategies. No obvious difference exists.

280
10- I 6.81kvar
260) A | |
2 0 g4 BN : 2.83kv
< 220 < \| o
= 200 = 5 /
2 L x%,
180 o s VsG
ARC-GFC g ARC-GEC
1605351 15 5 25 3 =05 1 15 2 25 3
Time/s Time/s

Power Command Step

3. 4
Time/s
(c) (d)

Figure 11. Power output effects under VSG control and ARC-GFC decoupling control when the
given power increases. (a) GFC active power curve. (b) GFC reactive power curve. (¢) GFC output
waveforms under VSG control. (d) Output waveforms under ARC-GFC decoupling control.
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5.2. Case 2: Grid Frequency Decrease

Figure 12 shows the GFC power curves under the grid frequency decrease condition.
In Figure 12a, at 1.5 s, the grid frequency decreases by 0.15 Hz. Both control strategies
achieve a GFC active power increase to 237 kW. These strategies are the VSG control strategy
and the ARC-GFC decoupling control strategy. Figure 12b shows the following. GFC
adopts the VSG control strategy. The grid frequency decreases. The output active power
increases. At the same time, GFC reactive power also increases to 4.25 kvar. Voltage and
current fluctuations intensify. They easily trigger overcurrent protection. They greatly
weaken grid-forming support capability. In severe cases, they cause GFC disconnection.
The inverter output port voltage and current under the two control strategies are shown
in Figure 12¢,d. Under ARC-GFC power decoupling control, GFC output reactive power
returns to 0 after the transient process. This proves the effectiveness of the ARC-GFC
decoupling control strategy.

5.3. Case 3: Grid Voltage Sag

Figure 13 shows the grid voltage drop. The grid voltage drops to 0.4 p.u. att =1.5s.
Figure 13 shows the following. GFC adopts VSG control. The system becomes unstable. GFC
adopts the ARC-GFC decoupling control strategy. GFC always remains stable. Figure 13¢,d
show the following. The GFC voltage at the PCC amplitude increases significantly under
decoupling control. The voltage support effect is obvious. The power angle stability margin
is also better than that under the VSG control strategy. Figure 13e,f shows the GFC output
voltage and current waveforms under the two control strategies, respectively. The simulation
results show the following. Under the VSG control strategy, the GFC waveforms have an
oscillation instability trend. Under ARC-GFC decoupling control, the GFC output voltage
and current remain stable.

28 . I o
requency

260" Disturbances | 237kW ; VSG

240 ARC-GFC
Eo 220
= 200

180 Vsa —5t  Frequency 2.05kvar

ARC-GFC _ Disturbances
160651 15 2 25 3 05 T 15 225 3
Time/s ime/s
(a) (b)

I ‘ i Grid-Side Frequency Disturbances
Ik e T I T

(© (d)

Figure 12. Power output effects under VSG control and ARC-GFC decoupling control when grid
frequency decreases. (a) GFC active power curve. (b) GFC reactive power curve. (c¢) GFC output
waveforms under VSG control. (d) Output waveforms under ARC-GFC decoupling control.
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The total harmonic distortion (THD) is an important power-quality indicator for grid-
connected converters [29]. The proposed ARC-GFC strategy does not change the main
circuit topology, the PWM modulation scheme, or the output filter parameters; therefore,
the steady-state switching harmonic characteristics of the GFC are essentially the same as
those of the conventional VSG. The adaptive law mainly adjusts the reactive power loop gain
during disturbances, and its saturation limits prevent excessive variations of the internal
voltage and current. FFT analysis of the PCC voltage and GFC output current under steady-
state and grid voltage sag conditions shows that the THD increases only briefly during
transients and returns to the steady-state level afterward, with no sustained low-order
harmonic component observed. Hence, the proposed ARC-GFC achieves effective power
decoupling and transient voltage support without significantly deteriorating the harmonic

performance of the GFC.
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Figure 13. Waveform output effects under VSG control and ARC-GFC decoupling control when the
grid voltage sags. (a) GFC active power curve. (b) GFC reactive power curve. (c¢) GFC voltage
amplitude curve. (d) GFC power angle curve. (e) GFC output waveforms under VSG control.
(f) Output waveforms under ARC-GFC decoupling control.
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6. Experimental Verification

This paper builds an experimental verification model based on the StarSim hardware-
in-the-loop (HIL) semi-physical simulation platform. The model is shown in Figure 14.
The host computer is a PC. The slave computer consists of an HIL real-time simulator and
an RCP programmable controller. The host computer and the slave computer are connected
through a signal switch. The main circuit runs on the HIL real-time simulator. The control
circuit runs on the RCP programmable controller. The main circuit and the control circuit
are connected through an I/O junction box. For the experimental parameters, refer to
Table 1.

Connection box

-l

e Oscillosope & W

Figure 14. Waveform output effects under VSG control and ARC-GFC decoupling control when grid
voltage sags.

Figures 15 and 16 show the experimental waveforms under Case 1 and Case 2, re-
spectively. From Figures 15a and 16a, both active power increase and frequency cause the
GFC power angle to increase. This causes reactive power variation. The active-reactive
power coupling is obvious. From Figures 15b and 16b, when ARC-GFC power decoupling
control is introduced, the GFC power angle increment A remains unchanged under Case 1
and Case 2. In Case 1, the active power increases to 1.25 p.u. In Case 2, the active power
increases to 1.18 p.u. The reactive power returns to the initial value after a short transient
process. After ARC-GFC power decoupling control is introduced, active and reactive power
achieve power decoupling under Case 1 and Case 2.

“““““““““““““““““““““““““““
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Figure 15. GFC output waveforms under Case 1. (a) GFC output waveforms under VSG control.
(b) Output waveforms under ARC-GFC decoupling control.
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Figure 16. GFC output waveforms under Case 2. (a) GFC output waveforms under VSG control.
(b) Output waveforms under ARC-GFC decoupling control.

Figure 17 shows the GFC experimental output waveforms under Case 3 when the grid-
side voltage drops to 0.4 p.u. From Figure 17a, under VSG control, the GFC output voltage
continuously decreases. This finally causes an imbalance between the active power reference
and the output. Voltage and power oscillations occur. The GFC system is transiently unstable.
From Figure 17b, after ARC-GFC power decoupling control is introduced, the system output
voltage still decreases. However, it finally stabilizes at 0.82 p.u. The active power returns to
the initial value after the dynamic response of the grid-side voltage sag. The reactive power
increases to 19.8 kvar. The reactive voltage support capability is significantly improved.
The GFC system is transiently stable.
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Figure 17. GFC output waveforms under Case 3. (a) GFC output waveforms under VSG control.
(b) Output waveforms under ARC-GFC decoupling control.

7. Conclusions

This paper addresses the influence of power coupling on the frequency and voltage
support capability of GFCs. It analyzes the influence mechanism of power coupling on GFC
frequency response and voltage support. It proposes a decoupling control strategy that con-
siders frequency and voltage support characteristics. The main conclusions are as follows:

(1) Power coupling of the GFC always exists. When the power angle is too large, the
coupling phenomenon is more severe. Active power increase and frequency response of the
GFC both increase the power angle. This aggravates power coupling. It affects the dynamic
performance of the GFC.

(2) Under grid voltage sag faults, the reactive voltage regulation coefficient can improve
the transient stability and voltage support capability of the GFC. During voltage support
of the GFC, the coupling of active and reactive power deteriorates its transient stability.
Increasing the reactive voltage regulation coefficient can also weaken its power coupling
characteristics.

(3) Based on the reactive and active power control equations, this paper proposes the
ARC-GFC decoupling control strategy. This strategy can weaken the influence of power
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coupling of the GFC under frequency and voltage support conditions. It improves the
response characteristics and stability of the GFC.
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Appendix A

Analysis of Parameter Perturbations for the Strategy Proposed in This Paper

Appendix A.1. Stability Verification Based on Equations (8) and (18)

The parameters ], D, and K were varied separately, and six Bode plots were obtained:
three for G, (s) and three for G, (s). Since the adaptive coefficient D changes the internal
voltage U, and thus changes K, the variation of K covers the parameter range introduced by
the adaptive law.

The six Bode plots consistently show that, over the entire adaptive range, both transfer
functions maintain positive gain margins and positive phase margins. The closed-loop
poles remain in the left half-plane, and the resonant peaks are bounded. No right-half-
plane poles or phase-crossover-induced instability were observed. This indicates that the
adaptive variation of Dgr does not destabilize the closed-loop system from the small-signal
perspective. The saturation limits of the adaptive law further guarantee that K remains
within a bounded range, so the frequency domain stability conclusion holds for the complete
adaptation range.
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Figure A2. Three-dimensional parametric stability boundary analysis based on Equation (18).

Figure A2 shows that, under the action of the adaptive Equation (18), the trajectory of
DqF always remains inside the stable region. When a disturbance causes P, or Uc to deviate,
the adaptive law increases D, which moves the system trajectory further into the interior
of the stable region rather than across the stability boundary. Therefore, the closed-loop
system remains stable throughout the implementation of the adaptive law. This provides
direct evidence that the adaptive variation of the reactive power control coefficient does not
destabilize the system.

Appendix A.2. Simulation Analysis Under Different Parameters

We have reduced the gains of the current loop and voltage loop and repeated the
simulations of Figure 11 (P, step) and Figure 12 (frequency disturbance). The results are
summarized as follows:

_Kpi:Kpin

_Kpi:0-9Kpin
Kpi=0.8Kpin

3 4 5 6

Time/s

(a) (b)

Figure A3. Q, output with reduced voltage and current loop gains. (a) Q, output with reduced
voltage loop gain. (b) Q, output with reduced current loop gain.

After reducing the inner-loop gains, the reactive power deviation still exists. The
settling time becomes longer, but the steady-state reactive power error remains, which
confirms that the coupling is not caused by the inner-loop gains.

These results clearly demonstrate that the effectiveness of the proposed ARC-GFC
is not a consequence of high-gain inner-loop controllers. The decoupling is achieved by
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the adaptive reactive power compensation law, which is independent of the inner-loop
bandwidth.

When the grid inductance Lg increases in a weak grid, the line reactance Xg increases,
which leads to a larger steady-state power angle é for the same power transfer. As analyzed
in Section 2.2 and Figure 3 of the manuscript, a larger power angle aggravates the coupling
between active and reactive power. In addition, the grid inductance can form an LC reso-
nance with the filter capacitor C, potentially causing harmonic amplification or oscillation if
the resonance frequency falls within the control bandwidth. The proposed ARC strategy ad-
justs the reactive loop gain Dy adaptively based on the active power difference and voltage
deviation. Since the ARC loop operates on the fundamental power angle relationship, its
adaptive nature provides a certain degree of robustness against grid inductance variation.
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Figure A4. P; and Q, output with reduced L,. (a) Active power output with reduced L,. (b) Reactive
power output with reduced L,.

Load switching at the PCC causes voltage fluctuations and power demand changes,
which affect the GFC output power and power angle. The ARC strategy dynamically
increases the reactive power support during voltage sags, which can help maintain PCC
voltage and reduce power coupling. However, sudden load changes may still cause transient
coupling and require proper tuning of the adaptive coefficient.
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Figure A5. P and Q, output with reduced P, 4. (a) Active power output with reduced P; 4. (b)
Reactive power output with reduced Py ,q.
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