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Abstract

The grid-forming (GFM) converter is an effective solution for grid support. However, mode
switching failures and power coupling challenges in weak grids pose significant safety risks.
To address these challenges, an adaptive feedforward power decoupling method with pre-
synchronization is proposed to achieve seamless switching and accurate power regulation
without line impedance information. First, based on a small-signal model of the GFM
converter, a power coupling coefficient considering the power control loop is presented
to analyze the coupling mechanism. Second, a reactive power adaptive compensation
channel is constructed, in which a sliding mode (SM) compensation controller is designed
in the reactive power loop, to dynamically correct the voltage reference and achieve power
decoupling. The proposed method achieves wide-range dynamic decoupling control
without line impedance parameters, exhibiting strong grid adaptability. Third, an improved
pre-synchronization strategy based on the SM controller is developed, which leads the
virtual power to converge to zero, to ensure seamless switching between islanded and
grid-connected modes. Finally, the effectiveness of the proposed method is validated
through simulation and experimental results.

Keywords: grid-forming converter; power decoupling; sliding mode (SM) control; pre-
synchronization

1. Introduction
Growing environmental challenges and the pursuit of carbon neutrality are driving

the rapid expansion of renewable energy, such as photovoltaic generation [1]. However,
the inherent volatility of renewable generation leads to a reduction in system inertia and
damping, which ultimately jeopardizes grid stability [2,3].

In response, the virtual synchronous generator (VSG) has received increasing attention
over the past decades, because it could emulate the characteristics of synchronous gener-
ators and provide rotational inertia support to the grid [4]. VSG technology contributes
to power regulation and system stability, helping maintain a power balance and stable
operation in power systems [5,6]. Thus, as the typical form, grid-forming (GFM) converters
based on VSG control present an attractive solution for enhancing power system inertia
and damping [7–9].

In general, the GFM converter is designed for both islanded and grid-connected
modes [10]. Before the GFM converter switches from the islanded to the grid-connected
mode, the amplitude and phase of converter voltages must be consistent with those of grid
voltages. Otherwise, it can lead to current surges or power oscillations [11,12]. Additionally,
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in weak grids, the line impedance ratio R/X is large and non-negligible. The line resistance
has a pronounced impact on the coupling between active power and reactive power,
leading to inaccurate control or even instability [13]. Thus, pre-synchronization and power
decoupling control are two key challenges in the development of the GFM converters.

For pre-synchronization, obtaining phase and frequency information is the key. The
conventional method is to use the phase-locked loop (PLL) [14–16]. However, it does not
accommodate periodic phase jumps inherent in a proportional–integral (PI) controller regu-
lating the phase discrepancy [17]. To improve performance, a dual-PLL pre-synchronization
unit is proposed to detect grid and inverter voltage phase angles, with a PI regulator con-
trolling the phase difference [18]. However, it not only increases control complexity but
also is not suitable for the grid fault condition. Then, the pre-synchronization strategies
based on a virtual power or current have been developed, eliminating the PLL [19,20]. The
synchronization stability of parallel GFM converters during the pre-synchronization of an
additional converter is studied, and P–f droop design guidelines are provided to prevent
loss of synchronism of the existing converters [21]. Moreover, the virtual power-based
method superimposes a virtual power signal onto the prime mover input of a VSG to
achieve microgrid synchronization [22]. However, the sinusoidal relationship between
virtual active power and the phase difference introduces multiple solutions for synchro-
nization. It leads to the problem that, even when the virtual active power is zero, the phase
difference could be non-zero at that instant.

In addition, decoupled control of active and reactive powers has been classified as
follows: the virtual power method [23,24], the feedback compensation method [25,26], and
the virtual impedance method [27,28]. The virtual power approach employs a relative
gain matrix associated with the impedance angle to construct a virtual power [23] and
virtual frequency [24] for power decoupling. However, the virtual power method only
considers the resistance-to-reactance ratio (R/X) of line impedance, resulting in a poor
decoupling performance. The feedback compensation method achieves decoupling by
setting variable feedback, which estimates the voltage at the point of common coupling and
tracks its reference value [25]. A full-state feedback control method is proposed to eliminate
the power coupling, which retains the capability of inertia response [26]. However, its
performance relies heavily on accurate identification of the power angle.

Moreover, virtual impedance is introduced to address power coupling issues caused
by line impedance [27,28], but it focuses on eliminating power coupling caused by large
power angles. An optimal virtual impedance-based power decoupling control strategy is
proposed, to achieve steady-state power decoupling and ensure power oscillation damp-
ing [29]. A control strategy combining a virtual inductor and virtual capacitor is proposed,
which successfully mitigated reactive power fluctuations [30]. However, methods based on
virtual impedance have limited adaptability, while both the virtual power and feedback
compensation approaches depend on accurate identification of line impedance param-
eters. Thus, accurate and rapid reactive power control remains a significant challenge,
constraining system stability.

Thus, an adaptive feedforward power decoupling method with pre-synchronization
is proposed, using a sliding mode controller, achieving grid connection and precise power
control without requiring prior line impedance knowledge. The main contributions of this
paper are as follows:

(1) To achieve a grid-connected mode from the islanded mode for the GFM converter, a
virtual reactive power-based pre-synchronization strategy is proposed, eliminating
the need for a PLL. By overcoming the multi-solution asynchronization issue, the
proposed strategy employs an SM controller to ensure precise voltage and frequency
alignment prior to grid connection, enabling a seamless mode transition.
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(2) To enhance power control capability without the line impedance information, an
adaptive power decoupling control strategy based on reactive voltage compensation
is proposed. By analyzing the power coupling mechanism using the model with
the coupling coefficient, an adaptive compensation channel via the SM controller
is constructed that dynamically adjusts the output voltage reference to effectively
suppress power coupling. The proposed method achieves robust power decoupling,
demonstrating the satisfactory adaptability and the practical applicability with various
line impedance conditions.

The remainder of this paper is organized as follows. In Section 2, the model of the
GFM converter is given. Section 3 describes the design process of the proposed method.
In Section 4, simulation and experimental results are given. Finally, the conclusion is
presented in Section 5.

2. Materials and Methods
2.1. The Operation Mode Switching Analysis of GFM Converters

The circuit configuration of the GFM converter is shown in Figure 1. vi represents
the grid voltage (i = a, b, c), Zg is the line impedance, and Rg and Lg are the resistance
and inductance of the line impedance, respectively. L and C are the filter inductance and
filter capacitance, respectively. uPCCi is the output voltage at the point of common coupling
(PCC), ei is the grid voltage, and ia, ib, and ic are the three-phase output currents.
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CDC
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Lg

C C

Line impedance zg

RgLg

RgLg

PCCLoad

vgb

vgc

Grid
Converter
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1
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Figure 1. The circuit of the GFM converter.

In both grid-connected and islanded operation modes, the control of the GFM con-
verter consists of the VSG control and voltage-current loop control. This unified control
structure avoids switching between different control strategies during mode transitions.
The VSG realizes the power control through the active power–frequency and reactive
power–voltage relationship, which simulates the rotor mechanical equation and rotor
voltage equation [5]. The corresponding control equations are expressed as{

J dω
dt = Pn − P − Dp(ω − ωn)

E = Kq(Qn − Q) + En
, (1)

where Pn and Qn are the nominal active and reactive power references, respectively, P
and Q denote the actual active and reactive output powers of the VSG, Dp is the virtual
damping coefficient, Kq is the droop coefficient, J is the active virtual moment of inertia, ω

is the output angular frequency, E is the output voltage amplitude of GFM converters, ωn

is the nominal angular frequency, and En is the voltage reference.
When switching from grid-connected to islanded mode, the output power of the

GFM converter needs to equal the load demand, without power supplied from the grid.
Otherwise, voltage and current surges may occur. Thus, it is essential to reduce the
grid power to zero before mode switching. The output power of the GFM converter is
gradually adjusted to align with the required power in the islanded mode. Once the grid
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no longer supplies power to the load, it becomes equivalent to disconnection, ensuring
seamless switching.

When switching from island to grid-connected mode, to avoid current surges during
the switching process, pre-synchronization control should be applied to eliminate the phase
and amplitude differences between the output voltage of the GFM converter and the grid
voltage. As shown in Figure 2, in order to achieve the synchronization of the voltage of
the GFM converter with the grid voltage, a virtual impedance Zv = sLv + Rv is introduced
between the GFM converter and the grid. Upcc and θpcc represent the voltage amplitude
and phase at the PCC, respectively. Vg and θg are the voltage amplitude and phase of the
grid, respectively. The virtual power Pv and Qv can be expressed as

Pv = 1
Zv

[(
Upcc cos θpg − V2

g

)
cos αv + UpccVg sin θpg sin αv

]
Qv = 1

Zv

[(
Upcc cos θpg − V2

g

)
sin αv − UpccVg sin θpg cos αv

] , (2)

where αv is the virtual impedance angle, and θpg = θpcc − θg.

S
UPCC∠θPCC

Z ZgVSG Grid
Zv

Pv+Qv

Vg∠θg

1

Figure 2. The VSG grid-connected simplified circuit model.

The virtual impedance amplitude Zv and the virtual impedance angle αv can be
expressed as [22]  Zv =

√
(ωLv)

2 + R2
v

αv = arctan
(

ωLv
Rv

) (3)

From (2), it can be seen that the virtual power has a sinusoidal relationship with the
phase difference. If the αv is arbitrary, the synchronized angle in the pre-synchronization
process could yield a multi-solution or non-solution. In such cases, although the virtual
active power reaches zero, the phase difference in the voltage across the virtual impedance
is nonzero, and then the pre-synchronization process fails.

2.2. Small-Signal Model and Power Coupling

The equivalent circuit of a GFM converter connected to the grid is shown in Figure 3.
Here, E∠δ is the output voltage of the GFM converter, V∠0 is the grid voltage, i is the
output current, and θzl is the line impedance angle. According to the relationship of the
power flow, the output power of the GFM converter can be expressed as{

P = E
Zg
[E cos θzl − V cos(θzl + δ)]

Q = E
Zg
[E sin θzl − V sin(θzl + δ)]

, (4)

Zg∠θzl=Rg+jωLg

VSG Grid
E∠ δ V∠ 0

i RgLg

Figure 3. Equivalent circuit diagram of a grid-forming converter connected to the grid.
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To analyze the mechanism of power coupling, a small-signal model is established by
linearizing the system dynamics around the steady-state operating point. When injecting
small perturbations into (1) and ignoring the high-frequency components, the small-signal
model can be expressed as {

Kω = 1
Js+Dp

KE = Kq
, (5)

where Kω is the open-loop transfer function of VSG active power control, and KE is the
open-loop transfer function of VSG reactive power control.

The power angle δ is calculated from the output voltage angular frequency ω and the
grid voltage angular frequency ωg, expressed as

δ =
∫

(ω − ωg)dt, (6)

The small-signal model of the VSG consists of steady-state and dynamic components
in (5). However, the steady-state characteristics have attracted significant attention. Then,
neglecting dynamic processes, the steady-state small-signal model in the control loop can
be expressed as

Kδ =
1

Dps
, (7)

where Kδ is the active power-power angle open-loop transfer function of VSG.
The small-signal model of power flow can be obtained using the partial derivative

calculations from (4), which can be expressed as[
∆P
∆Q

]
=

[
M11 M12

M21 M22

][
∆δ

∆E

]
= M

[
∆δ

∆E

]
, (8)

In the operating state x0, the expression of M can be expanded as [27]

M11 = VE0
Zg

sin(θzl + δ0)

M12 = 2E0
Zg

cos θzl − V
Zg

cos(θzl + δ0)

M21 = −VE0
Zg

cos(θzl + δ0)

M22 = 2E0
Zg

sin θzl − V
Zg

sin(θzl + δ0)

, (9)

where the δ0 is the steady-state power angle.
Combined with (7) and (8), the overall small signal model is shown in Figure 4. It

can be observed that the power coupling problem is inevitable in practice. Generally, the
line impedance exhibits inductive–resistive characteristics, and the power angle is not
sufficiently small, resulting in a severe power coupling issue.

ΔPn

ΔQn

ΔP

ΔQ

Kδ(s)

KE(s)

M11

M21

M12

M22

Δδ

ΔE

Figure 4. Small-signal model of GFM converters based on VSG.
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3. Proposed Adaptive Feedforward Power Decoupling Method with
Pre-Synchronization
3.1. Quantitative Analysis of Power Coupling

In order to quantitatively analyze the power coupling impact, an extended power
coupling coefficient matrix is presented, which incorporates closed-loop dynamics to
analyze power coupling characteristics. Specifically, two feedback loops, the reactive power
control loop and the active power control loop, are introduced to the power coupling
coefficient. From (1), the expressions of the two feedback loops can be expressed as{

∆E = −Kq∆Q
∆δ = −∆P/(Dps)

, (10)

Based on the feedback loops described in (10), when the power reference is subjected to
a disturbance, the perturbation behavior of the power flow can be effectively approximated
by a small-signal model M that considers both the voltage–reactive power and power
angle–active power feedback mechanisms. It can be expressed as∆P = −M11

Dps ∆P − M12Kq∆Q

∆Q = −M21
Dps ∆P − M22Kq∆Q

, (11)

Simplifying the above formula, when the power reference value changes, the power
coupling coefficients ξ1 and ξ2 can be expressed as

[
ξ1 ξ2

]
=

[
∆Q
∆P

∆P
∆Q

]
=

 1
M11
M21

(1 + M22Kq)− M12Kq

1
M22
M12

(1 + M11
Dps )−

M21
Dps

, (12)

The characteristics of active power coupling and reactive power coupling can be effec-
tively analyzed through the coupling coefficients ξ1 and ξ2, where the coupling coefficient
is correlated with the power coupling impact. Specifically, as the coefficient approaches
zero, the power coupling impact decreases. When the coupling coefficient is greater than
zero, it indicates that the influence of power coupling is in the positive direction. Otherwise,
when the coupling coefficient is less than zero, it indicates that the influence of power
coupling is in the negative direction.

Then, the curves of the coupling degree coefficients ξ1 and ξ2 when the line impedance
changes are drawn, as shown in Figure 5. As the impedance angle increases, the reactive
power coupling coefficient ξ1 gradually decreases in Figure 5a. In addition, when line
impedance Zg increases, the reactive power coupling coefficient ξ1 decreases, and the
impact of power coupling increases in Figure 5b. Thus, regardless of Zg, the coupling effect
of active power on reactive power still exists.

Instead, when the impedance angle is 50◦, the active power coupling coefficient ξ2

is 0 p.u. (point B) in Figure 5b. In other words, if the reactive power output of the GFM
converter is 5 kvar, no coupled active power (0 W) will be generated. Regardless of the
value of Zg, the active power coupling coefficient ξ2 remains zero. It demonstrates that
reactive power control has a negligible influence on active power, which is related to the
integral term in the active power control loop.

Thus, the main influencing factor of power coupling is the effect of active power
control on reactive power, while the effect of reactive power on active power is relatively
small and can be largely ignored. The effect of active power control on reactive power is
significantly influenced by the R/X as well as the power angle.
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(a) (b) 

Figure 5. Variation in coupling coefficient with various line impedance angles: (a) ξ1 with various
line impedance angles; (b) ξ2 with various line impedance angles.

3.2. The Adaptive Power Decoupling Method via the Sliding Mode Control

When active power is disturbed, the fluctuation of the reactive power ∆Qd is influ-
enced by the power angle [26], which can be expressed as

∆Qd =
E

Zg
[E sin θzl − V sin(θzl + δ)− E sin θzl + V sin(θzl + δ + ∆δ)], (13)

When the impedance angle θzl is 90◦, the small-signal model (13) can be simplified as

∆Qd = EV
Zg

[sin(θzl + δ + ∆δ)− sin(θzl + δ)]

≈ EV
Zg

cos(θzl + δ)∆δ = − EV
Zg

sinδ∆δ = −P∆δ
, (14)

Since active power is not influenced by power coupling, the actual power output P
can be replaced by the active power reference Pn to simplify the model. Then, the voltage
fluctuation can be rewritten as

∆Ed =
∆Qd
Dp

= −Pn∆δ

Dp
, (15)

Clearly, by compensating for the amplitude fluctuation of the voltage ∆Ed, the influ-
ence of active power on reactive power can be suppressed. However, the calculation of ∆δ

is complex and depends on line impedance parameters. Then, the compensation for ∆Ed

has limitations in suppressing reactive power fluctuations.
Next, an adaptive feedforward power decoupling method is proposed, as shown in

Figure 6, which is easy to apply in engineering and improves the power decoupling capability.

ΔPn

ΔQn

ΔP

ΔQ

Kδ(s)

KE(s)

M11

M21

M12

M22

Δδ

ΔV

SM

Figure 6. Proposed power decoupling method diagram.
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A sliding mode (SM) controller is introduced into the reactive power control loop,
superimposing the reactive power error onto the reference voltage output. ∆δ can be
obtained by multiplying the reactive power error ∆Qr and the sliding mode controller f SM.
Since Dp and Pr are constants, the voltage compensation term ∆Ec can be further simplified,
and it can be expressed as

∆Ec =
Pn

Dp
fSM(∆Q − ∆Qn) = GSM∆Q, (16)

where GSM is the improved SM controller.
The proposed method retains the original reactive power control loop, while introduc-

ing a voltage compensation channel in parallel. After compensation by adaptive reactive
power control, the voltage and reactive power feedback loop is modified as follows:

∆E = (−Kq + GSM)∆Q, (17)

Then, when the disturbance of the reference is introduced, the revised small-signal
model M of the power flow can be approximated, which can be expressed as{

∆P = M11∆δ − M12(Kq − GSM)∆Q
∆Q = M21∆δ − M22(Kq − GSM)∆Q

, (18)

Thus, the new reactive power coupling coefficient ξ1u is updated via the SM-based
power decoupling method, which can be expressed as

ξ1u =
1

M11
M21

+ M11 M22
M21

(Kq − GSM)− M12(Kq − GSM)
, (19)

The power coupling coefficients under various active power and impedance conditions
are presented in Figure 7. When the proposed power decoupling method is applied, the
coupled reactive power remains at 0 p.u. despite variations in active power reference
and line impedance, which demonstrates a satisfactory decoupling performance. Since
the proposed method does not rely on the state of operating points or line impedance
parameters, it exhibits significant practical value for engineering applications.

 

Figure 7. The power decoupling effects of the proposed method.

3.3. The Improved Pre-Synchronization via the Sliding Mode Control

When the virtual impedance angle αv = π/2, virtual power can be rewritten as Pv =
UpccUg sin θpg

Zv

Qv =
Upcc cos θpg−U2

g
Zv

, (20)
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From (20), it can be obtained that the phase difference is zero when the virtual reactive
power is zero. Furthermore, for any phase angle difference, the direction of reactive power
convergence toward zero aligns with that of phase angle difference convergence toward
zero. Therefore, the virtual impedance angle αv should be set to π/2, implying that the
virtual inductance Lv replaces the virtual impedance, without virtual resistance.

Then, the improved pre-synchronization strategy is proposed, including the angular
frequency compensation loop and an amplitude compensation loop. This paper focuses
on angular frequency compensation, and the control block is shown in Figure 8. When
operating in the grid-connected mode, set the switch S to off, and the GFM converter
disconnects the grid-connected (islanded) mode. When switching from islanded mode
to grid-connected mode, the GFM converter adjusts the frequency through virtual active
power. When the virtual active power is zero, the voltage phases on both sides of the switch
S reach synchronization. Then, close the switch S to achieve seamless switching.

DP

Pr

+

-

+

+

θ
÷

+

-

P

JPs
1

ω s
1

ωrω
+

+

uPCC

τs+1
1

LV

vg
SM

Controller
0

PV

S
Grid

Lv
GFM converter

=0
1

Active  power  control

Virtual power
Calculation (20)

Figure 8. The control block of the improved pre-synchronization.

The SM control, as an exceptionally robust control method, effectively handles uncer-
tainties and external disturbances even with a simple structure. Therefore, the SM controller
could ensure a higher efficiency, reduce chattering, and avoid overestimation when com-
pared with a PI controller. The SM controller for pre-synchronization is introduced, which
achieves virtual active power to zero. The adaptive sliding mode controller is designed
as follows:

.
s = u = −k1 | s | sgn(s), (21)

where k1 is the adjustment coefficient and is a constant.
With the sliding variable, s is designed as

s = eQ + k2

∫ t

0
eQ, (22)

where eQ is the tracking error, and k2 is the positive parameter.
The adaptive controller design is shown in (21). Since the controller design is continu-

ous, the control input automatically decreases as the sliding variable converges, thereby
avoiding overestimation while reducing the amplitude to suppress chattering. The sliding
surface employs a second-order design, which features a simple structure and is more
suitable for applications in converters.

Since the virtual current does not exist in practice, the range of virtual inductance is
relatively wide. When the virtual inductance Lv is small, the pre-synchronization process
can be completed quickly, but it will lead to large virtual currents, causing voltage and
current surges. Moreover, a small inertial link is added after the SM controller to smooth
an instantaneous adjustment surge.
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3.4. Stability Performance Analysis

As with most nonlinear control approaches, the stability analysis of SM control should
be conducted using the Lyapunov stability theory. For the improved pre-synchronization
strategy, choose the Lyapunov function as

V =
1
2

s2, (23)

Then, in order to prove the stability or progressive stability of an SM control system,
it is necessary to verify that the derivative of V is negative or negative semi-definite. The
expression is as follows:

.
V = s

.
s = −k1s | s | sgn(s) = −k1s2 ≤ 0, (24)

Therefore, since k1 is a positive parameter, s will gradually converge to 0. As can be
seen from the design of the sliding variables in (22), when s → 0, it can be expressed as

.
eQ = −k2eQ, (25)

This means the tracking error eQ will also gradually converge to zero.
Similarly, the proposed power decoupling method based on the SM controller is

progressively stable. To achieve the desired control performance under the proposed sliding
mode controller, the parameter selection should be based on comprehensive consideration.
If k1 is set too small, the sliding mode condition cannot be satisfied, and the system trajectory
cannot be attracted to the sliding surface. The response will exhibit steady-state error or
slow oscillations, with poor robustness. If k1 set too large, although the system response
will be very fast, it will introduce severe high-frequency chattering. The control output
will switch violently between peaks and troughs at high frequencies, potentially damaging
the overall system structure. If k2 is set too low, the system response becomes sluggish,
requiring a long time to converge to a steady state. If k2 is set too large, the system may
oscillate as it approaches a steady state.

3.5. Control Diagram of the Proposed Method

The overall control block diagram of the proposed power decoupling method with
pre-synchronization via the SM control is illustrated in Figure 9, and it is summarized
as follows:

(1) For pre-synchronization control, frequency regulation is implemented in parallel
within the active power control loop. The virtual active power of the virtual in-
ductor is calculated, and then the SM controller tracks the desired virtual power
reference, which is set to zero (0 W), to achieve phase synchronization and enable
seamless switching.

(2) For power decoupling control, the reactive power loop incorporates a decoupling
compensation mechanism, in which a parallel-structured SM controller is employed
to achieve closed-loop regulation of voltage amplitude. By compensating for volt-
age amplitude deviations to correct reactive power output errors, the GFM con-
verter maintains effective power decoupling characteristics, improving the power
control accuracy.

Furthermore, avoiding the dependency on line impedance parameters and complex
mathematical computations means the proposed decoupling method has a low computa-
tional burden and straightforward implementation of the GFM converter. Moreover, the
proposed method can be extended to other types of converters.
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Figure 9. Overall control block of the proposed method.

To explore the advantages of power decoupling offered by the proposed method, a
comparison of various power decoupling methods is summarized in Table 1. Both the
virtual inductor and virtual power methods require line impedance information from the
grid, which limits the ability to decouple power. The feedback compensation method
requires accurate power information; otherwise, inaccurate data can lead to a decline in
performance. In contrast, the proposed method does not require either impedance or power
information, and it demonstrates better robustness in terms of power decoupling.

Table 1. The comparison of the power decoupling method.

Method Line Impedance Information Power Reference
Information

Power Angle
Information

Virtual inductor [27] Need Do not need Do not need
Virtual power [23] Need rate of R/X Do not need Do not need

Feedback compensation [25] Do not need Need Need
Proposed method Do not need Do not need Do not need

4. Simulation and Experimental Results
To verify the effectiveness of the proposed power decoupling method with pre-

synchronization, a GFM converter simulation and an experimental platform are established
for both grid-connected and islanded modes, covering various scenarios.

4.1. The Simulation Verification

The simulation is built in the MATLAB/Simulink (v2020a) environment. The parame-
ters for the simulation are shown in Table 2.

Table 2. Main parameters of the GFM converter.

Parameter Value

Grid voltage vga, vgb, vgc 110 V (1 p.u.)
DC-link voltage 400 V (1 p.u.)

Rated active power 6 kW (1 p.u.)
Rated reactive power 6 kvar (1 p.u.)

Line resistance Rg 3 Ω
Line inductance Lg 5 mH
Filter inductance L 3 mH
Filter capacitance C 12 µF
Sampling time Ts 50 µs
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4.1.1. Pre-Synchronization Process Analysis

The simulation waveforms of the pre-synchronization are shown in Figure 10. The
GFM converter operates in the islanded mode, initially supplying power to the local load.
During this stage (t < 1.5 s), there is a large phase difference (almost 0.5π rad) between the
voltage of the GFM converter and the grid. When the improved pre-synchronization is
activated at 1.5 s, the phase difference and error begin to diminish gradually without any
transient inrush voltage. After five cycles, the phase difference is reduced to nearly zero,
indicating that the voltage of the GFM converter has successfully synchronized with the
grid, which ensures a smooth switching process.

 

Figure 10. Simulation waveforms of the pre-synchronization.

4.1.2. Power Decoupling Analysis

The simulation waveforms under a power reference of 3 kW/3 kvar (0.5 p.u./0.5 p.u.)
are presented in Figure 11. Q is almost −0.19 p.u. and P is 0.5 p.u., where only the VSG
control method is applied, as shown in Figure 11a. It can be observed that the impact of
reactive power on active power is weak, which differs from the impact of active power on
reactive power. In contrast, the power coupling is suppressed once the proposed method
is implemented. P is 3 kW and Q is 3 kvar in Figure 11b, which is consistent with the
references. The simulation results demonstrate that the proposed method has a better
power decoupling control capability in a weak grid.

  
(a) (b) 

Figure 11. Simulation power waveforms of two methods: (a) VSG method (without power decou-
pling); (b) proposed adaptive power decoupling method.

Moreover, the simulation waveforms under the power references of 6 kW/0 var with
500 W/6 Hz fluctuations are presented in Figure 12. The reactive power Q is almost
−0.36 p.u. with fluctuations (peak–peak value is 60 var), indicating significant steady-
state power coupling. In contrast, the proposed power decoupling method demonstrates
a precise power control performance. As shown in Figure 12b, the output power P re-
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mains 6 kW, while Q is precisely maintained at 0 var, confirming the robustness to active
power disturbances.

  
(a) (b) 

Figure 12. Simulation power waveforms with disturbances: (a) VSG method (without power decou-
pling); (b) proposed adaptive power decoupling method.

4.2. The Experimental Results

To further validate the effectiveness of the proposed method, an experimental platform
for the GFM converter is established, as shown in Figure 13. The main experimental
parameters are the same as the simulation. The GFM converter system comprises a main
power circuit with driver circuits (the three-phase converter with the LC filter), a digital
control system dSPACE DS6051 (dSPACE Inc., Paderborn, NRW, Germany), a Chroma
62180 DC power source (Chroma ATE Inc., Taoyuan, TW, China), and a Chroma 61815 AC
power source (Chroma ATE Inc., Taoyuan, TW, China). Meanwhile, the experimental
waveforms are recorded using a four-channel Tektronix 3 Series oscilloscope (Tektronix Inc.,
Beaverton, OR, USA).

Grid Simulator GFM 
Converter

dSPACE

PC 
Oscilloscope

LC Filter

Line Impedance

DC Source

 

Figure 13. Configuration of the experimental platform.

4.2.1. Steady-State Performance of Power Decoupling

The experimental waveforms of the GFM converter under different methods when
only outputting active power are shown in Figures 14 and 15. In the case of no power
decoupling method (only VSG control), the Q reaches −1.89 kvar when the references are
set as Pn = 4 kW and Qn = 0 var, in Figure 14a, which is consistent with the theoretical results.
Moreover, when the references are set as Pn = 6 kW and Qn = 0 var in the GFM converter
system, it can be observed that the reactive power Q is almost 2.14 kvar in Figure 14b. This
indicates severe steady-state power coupling. In contrast, the proposed method shows a
satisfactory power decoupling performance. With the references configured as Pn = 4 kW
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and Qn = 0 var, the reactive power Q is approximately 0 var in Figure 15a. Moreover, when
the GFM converter operates with Pn = 6 kW and Qn = 0 var, the reactive power Q is almost
0 var, as illustrated in Figure 15b. The proposed method can achieve power decoupling in
a steady state, which is consistent with the simulation results.

  
(a) (b) 

Figure 14. Experimental results of the VSG method (without power decoupling): (a) Pn = 4 kW,
Qn = 0 var; (b) Pn = 6 kW, Qn = 0 var.

  
(a) (b) 

Figure 15. Experimental results of the proposed method: (a) Pn = 4 kW, Qn = 0 var; (b) Pn = 6 kW,
Qn = 0 var.

Furthermore, the experimental waveforms of the GFM converter under the optimal
virtual inductor method [27] with different power references are shown in Figure 16. With
the references configured as Pn = 4 kW and Qn = 0 var (Figure 16a), the reactive power Q
is reduced to −0.42 kvar compared with Figure 14a. Moreover, when the GFM converter
operates with Pn = 6 kW and Qn = 0 var (Figure 16b), the reactive power Q is reduced to
−1.09 kvar compared with Figure 14b. The optimal virtual inductor method could suppress
power coupling, but cannot achieve complete power decoupling.

  
(a) (b) 

Figure 16. Experimental results of the virtual inductor method: (a) Pn = 4 kW, Qn = 0 var;
(b) Pn = 6 kW, Qn = 0 var.

4.2.2. Dynamic Performance of Power Decoupling

The dynamic power waveforms of the GFM converter under different methods are
presented in Figure 17. When Pn steps down from 6 kW to 3.2 kW, the reactive power
Q remains at 0 var in Figure 17a. Regardless of whether the Pn steps down from 6 kW
to 3.2 kW or up from 0 W to 3 kW, the fluctuation of output reactive power is less than
10 var, and the output reactive power remains at 0 var. Thus, with the proposed method
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implemented, the reactive power fluctuations can be considered negligible, indicating a
satisfactory dynamic power decoupling capability.

  
(a) (b) 

Figure 17. Dynamic results of the proposed method with Qn = 0 var: (a) Pn decreases from 6 kW to
3.2 kW; (b) Pn increases from 0 W to 1 kW.

To further validate the efficacy of the proposed method, the experimental power
waveforms are shown in Figure 18 when the proposed method is suddenly disabled. It
can be observed that when the method is applied, even with the active power reference
Pn = 2.4 kW, the reactive power Q remains 0 var, following the reference value (Qn = 0 var),
demonstrating a strong decoupling performance between active and reactive powers.
However, when the proposed method is disabled, the reactive power instantaneously
increases to −1.4 kvar, resulting in inaccurate power control for the GFM converter. It
proves from the opposite side that the proposed method has a significant decoupling effect
on active and reactive power, which is great for improving the power control ability under
complex power grids.

 

Figure 18. Experimental results of the two methods (Pn = 2.4 kW, Qn = 0 var).

4.2.3. Pre-Synchronization Experiments for the Proposed Method

The experimental waveforms of the converter voltage tracking the grid voltage are
shown in Figure 19. The GFM converter operates in the islanded mode, and the voltage
phase of the GFM converters differs from that of the grid voltage in the beginning. When
the improved pre-synchronization control is implemented, the phase difference between
the voltage of the GFM converters and the grid voltage is gradually reduced. It takes 0.1 s
for the voltage of the GFM converters to coincide with the grid voltage, indicating that
the GFM converter voltage has achieved synchronization with the grid voltage, ensuring
seamless switching.
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Figure 19. Experimental results of the pre-synchronization.

5. Conclusions
This paper proposes an adaptive power decoupling control method with pre-

synchronization for GFM converters, which reshapes the power control loop without
line impedance parameters. The proposed method effectively mitigates power coupling-
induced varying line impedance (R/X ratios), and it improves power control accuracy. By
constructing power coupling coefficients, the dominant influence of active power on reac-
tive power and the nonlinear characteristics of power coupling are explicitly revealed. An
SM control-based power decoupling strategy dynamically modifies the voltage reference,
achieving effective decoupling of active and reactive power. Furthermore, the reactive
power control is refined to ensure a precise tracking performance under the complex grid
conditions. Additionally, the SM control-based pre-synchronization strategy operates with-
out PLLs, enabling the GFM converter to switch to the grid-connected mode from the
islanded mode seamlessly. The experimental results verified the validity and feasibility of
the proposed method.
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