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Abstract—Affected by the current limitation, grid-forming in-
verters (GFMs) will transition to a current source under grid faults,
which makes the inverter-based microgrid lose the voltage support
and then be switched to a current source interconnection microgrid
(CSIM). It may deteriorate the system’s transient synchronization
stability (TSS). This issue has not been studied previously. To this
end, this article proposes an analysis and enhancement method of
TSS of CSIM. First, a large signal synchronization model of CSIM
is derived, which takes into account the effect of the current limita-
tion strategy of GFMs and the dynamic interactions between GFMs
and grid-following inverters (GFLs). Second, by constructing the
Lyapunov energy function, the criterion of TSS is obtained and the
impacts of parameters on stability are investigated. Based on the
stability criterion, the feasible region of current references of GFLs
is clearly described. Therefore, a dynamic current control method
of GFLs is proposed. It can well address the absence of equilibrium
points (EPs) and strengthen the transient stability. Meanwhile, a
novel antiwindup strategy of GFMs considering synchronization
stability constraint is proposed, which can contribute to the fault
recovery of GFMs. Finally, simulation and experimental results
verify the effectiveness of the proposed methods.

Index Terms—Current limitation, current source interconnec-
tion microgrid (CSIM), Lyapunov energy function, transient
stability analysis.

NOMENCLATURE

ADR Attraction domain’s radius.
CSM Current source model.
CSIM Current source interconnection microgrid.
EP Equilibrium point.
FRCR Feasible region of current references.
GFL Grid-following inverters.
GFM Grid-forming inverters.
IMG Inverter-based microgrid.
LVRT Low-voltage ride through.
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PCC Point of common connection.
PLL Phase-locked loop.
TSS Transient synchronization stability.
VSM Voltage source model.

I. INTRODUCTION

POWER electronic inverters have been widely applied in
microgrids due to their efficient conversion and flexible

control of electricity [1], [2], which can be classified into GFLs
and GFMs according to their control methods [3], [4]. GFMs are
considered a promising solution for future inverter-dominated
microgrids as they participate in the regulation of voltage and
frequency [5]. However, compared to synchronous generators,
GFMs can only handle a few percent of overcurrent 20%–40%
[6]. Therefore, GFMs usually use current limiters to limit the
output currents [7]. Nevertheless, current limiters may have
adverse effects on TSS in grid-connected GFMs [8].

In order to limit the output currents during faults, two typical
control strategies have been proposed for GFMs [9], [10], [11],
[12]. One strategy is the current saturation algorithm, which
directly restricts the current reference [9], [10]. Another strategy
is the virtual impedance method, which modifies the voltage
control reference by adding virtual impedance [11], [12]. In
[13], comparative studies between these two strategies in the
case of a three-phase short circuit are performed, which reveals
that the current saturation algorithm has a better performance
in limiting the output currents during the first milliseconds after
faults. Therefore, the current saturation algorithm is adopted as
the current-limiting method of GFMs in this article.

The output of GFLs and GFMs present current source and
voltage-source characteristics, respectively [14]. GFLs can still
operate in the CSM even though the current limiter saturates
during faults [15]. However, affected by the current limiter,
GFMs will be switched from the VSM to the CSM during faults
[10]. The mode switching will make the IMG lose the voltage
support and then be switched to a CSIM, which may deteriorate
the system TSS.

The transient instability mechanism of GFMs with current
limiters has been studied [16], [17], [18], [19], [20]. The TSS
of virtual synchronous generator-controlled GFM with current
limiters is analyzed based on the Lyapunov energy function [16].
The transient stability of droop-controlled GFM considering
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current limitation is investigated using the virtual power angel
curve [10]. The impact of the current reference angle on the
transient stability of GFM is also studied, and the optimal value
is derived [17]. The steady-state angle stability of parallel GFMs
in CSM is investigated, which reveals that the angle stability
under inductive load is opposite to that under capacitive load
[18]. However, these studies consider the GFM as a single unit
tied to an infinite bus, the dynamic interactions among different
types of inverters are not considered. In [19], the fault recovery
process of GFMs with current limiters is analyzed, and three
post-fault scenarios are defined. When GFMs exit CSM, the
current reference is generated again by the voltage control loop.
The windup effect of the integrator will cause GFMs to be
unable to recover from faults successfully, resulting in system
instability. Although the traditional antiwindup methods relieve
the saturation effect of the PI regulator by limiting the output or
performing conditional integration [20], they cannot eliminate
the impact of the sudden changes in the difference between the
voltage reference and the measurement on the fault recovery of
GFMs.

GFLs depend on PLLs for synchronization with the power
grid [21], [22]. PLLs may suffer loss of synchronization if the
active current reference of GFLs exceeds the transfer capacity
[23]. Generally, there are two requirements for the synchronous
stability, i.e., the existence of a stable EP and the system states
converging to the stable EP [24]. The transient stability analysis
of GFLs has been investigated by using the equal area crite-
rion method [25], [26] and Lyapunov direct method [27], [28].
However, these works consider the inverters as a single unit tied
to an infinite bus. To improve the transient stability of GFLs,
a variable structure PLL method is proposed, which freezes
the integral regulator and remains the proportional regulator of
PLL during faults [29]. A voltage regulation control method is
proposed to adjust the PLL’s input during faults by adding a
q-axis component of the grid-connected voltage [30]. However,
the above strategies cannot ensure the system’s transient stability
in the absence of EPs. To ensure the existence of stable EPs
during faults, a voltage-dependent current control method is
proposed [24]. However, it studies the synchronization stability
between GFLs and the grid, which does not consider the effect
of GFMs.

In IMG, when GFMs are switched from VSM to CSM under
grid faults, the system will lose the voltage support and then
be switched to a CSIM. The system voltage is determined by
the output current of GFMs and GFLs and network impedance,
which is very weak and susceptible. The TSS of CSIM is more
severe and complex. Nevertheless, to the best of our knowledge,
the corresponding transient synchronization instability mecha-
nism has not been theoretically explored in the literature so far.

To fill this gap, this article conducts the TSS analysis and
enhancement method of the CSIM. The main contributions are
summarized as follows.

1) The large signal synchronization model of CSIM is de-
rived for the first time, which takes into account the
effect of the current limitation strategy of GFMs and the
dynamic interactions between GFMs and GFLs. Based on
the synchronization model, the Lyapunov energy function

Fig. 1. Structure diagram of IMG.

of CSIM is established. Then, the criterion of TSS is ob-
tained and the FRCRs of GFLs is derived. Meanwhile, the
impacts of parameters on system stability are investigated.

2) Based on the stability criterion, a dynamic current control
method of GFLs is proposed, which adjusts the active
current reference and reactive current reference of GFLs
to address the absence of EPs and strengthen the transient
stability.

3) A novel antiwindup strategy of GFMs considering syn-
chronization stability constraint is proposed, which dy-
namically adjusts the voltage reference of GFMs in the
process of fault recovery, and freezes the integrator when
GFMs operate in CSM. It is useful for GFMs exiting CSM
and fault recovery.

The rest parts of this article are organized as follows. The large
signal synchronization model of CSIM is derived in Section II.
The transient synchronous stability is analyzed in Section III. In
Section IV, control strategies for enhancing transient stability
are proposed. To illustrate the effectiveness and superiority
of the proposed method, simulation, and experimental results
are presented in Sections V and VI respectively. Section VII
concludes the article.

II. LARGE SIGNAL SYNCHRONIZATION MODEL OF CSIM

An IMG is shown in Fig. 1, concluding a GFM, a GFL, and a
loads Zload. Lf1 and Lf2 are the filter inductance of the inverters,
Cf1 and Cf2 are the filter capacitor of the inverters, Rl is the line
resistance, Ll is the line inductance. The control structure of the
GFM is also shown in Fig. 1.

In this article, the d-axis priority-based current limitation
strategy is adopted for the GFM, which is commonly used
and easy for implementation [31]. This strategy is described
as follows:⎧⎨

⎩
|Idref| = min(Imax, |Idref

∗|)∣∣Iqref

∣∣ = min(
√

(Imax)
2 − (Idref)

2, |Iqref
∗|)

(1)
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Fig. 2. Characteristic timescales of different control loops.

Fig. 3. Control structure of the GFM under mode switching.

where I∗dref and I∗qref are the outputs of voltage control loop, Imax

is the maximum allowable current magnitude.

A. Equivalent Model of the GFM

As shown in Fig. 1, the control structure of the GFM consists
of droop control loop, voltage control loop, and current control
loop. In general, as shown in Fig. 2, the voltage and current
control loops respond faster than the P-f droop control loop [32],
[33]. The dynamics of the voltage and current control loops can
be ignored in the transient stability analysis since the transient
stability of the GFM is dominated by the P-f droop control [8].

Ignoring these factors is to facilitate the explanation of the
transient stability mechanism of GFMs. All the factors are fully
considered in the simulations and experiments to validate the
effectiveness of the transient stability analysis and the proposed
enhancement control strategy based on the equivalent model.

When the GFM operates in the VSM, the frequency and
voltage are regulated by the P-f and Q-V droop control. When
the GFM operates in the CSM, the frequency and current are
regulated by the P-f droop control and the current limitation
link. The equivalent model is given in Fig. 3.

B. Equivalent Model of the GFL

As known, the dynamic characteristic of the GFL behaves
as a current source, which has a fast response for power
supply. Therefore, the output current of the GFL is iGFL =
IGFL∠(θPLL + ϕ), where ϕ = arctan(iLq/iLd), iLd and iLq are
the d-axis and q-axis components of iGFL, respectively. The
synchronous reference frame PLL is commonly adopted for the
GFL [21], which is shown in Fig. 4. Also, the dynamics of the
current controller are much faster than the PLL’s dynamics, its
dynamics are neglected, and the current controller is supposed
ideal [27].

Fig. 4. PLL structure of the GFL.

Fig. 5. Equivalent circuit of CSIM.

C. Equivalent Circuit of CSIM

When GFMs transition to CSM under grid faults, the IMG
shown in Fig. 1 becomes a CSIM. Based on the previous analysis,
the equivalent circuit of CSIM is shown in Fig. 5.

According to Kirchhoff’s law, the voltages at the Bus 1 vg
and the PCC of the GFL vPCC are expressed in (2) and (3),
respectively

vg = Zlg(ωg)iGFM + Zlg(ωPLL)iGFL (2)

vPCC = Zlg(ωg)iGFM + [Zl(ωPLL) + Zlg(ωPLL)] iGFL (3)

where Zlg = Zload//Zgnd. ωg and ωPLL are the angular speed
of droop control of the GFM and PLL of the GFL, respectively.
At the steady state, ωg = ωPLL.

By applying the d-q frame transformation, (2) and (3) can be
written in the PLL reference frame as⎧⎪⎪⎨
⎪⎪⎩
vgd = RlgImaxcos (θPLL − θg) +XlgImaxsin (θPLL − θg)

+Rlgild −Xlgilq
vgq = XlgImaxcos (θPLL − θg)−RlgImaxsin (θPLL − θg)

+Xlgild +Rlgilq

(4)⎧⎪⎪⎪⎨
⎪⎪⎪⎩

vPCCd = RlgImaxcos (θPLL − θg) +XlgImaxsin (θPLL − θg)

+ (Rlg +Rl) ild − (Xlg +Xl) ilq
vPCCq = XlgImaxcos (θPLL − θg)−RlgImaxsin (θPLL − θg)

+ (Xlg +Xl) ild + (Rlg +Rl) ilq
(5)

where vgd and vgq are the d-axis and q-axis components of vg,
respectively; vPCCd, vPCCq are the d-axis and q-axis compo-
nents of vPCC, respectively; θg and θPLL are the angle of vg and
PLL, respectively. Rlg = Re(Zlg), Xlg = Im(Zlg).

According to the Fig. 4, the dynamic of PLL can be expressed
as follows:

θPLL=

∫ t

0

[
ωn +KpvPCCq +Ki

∫ t

0

vPCCqdt

]
dt (6)
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where ωn is the nominal angular speed, Kp and Ki are the PI
parameters of PLL.

The dynamic equation of ωPLL is derived based on (6), in
which L = Ll + Xlg/ωPLL.

According to the equivalent circuit of CSIM in Fig. 5, the
output active power of the GFM PGFM is calculated as follows:

PGFM = 1.5
[
RlgI

2
maxcos (θPLL−θg) +XlgI

2
maxsin (θPLL−θg)

+RlgildImax −XlgilqImax] . (8)

The angular speed ωg of the GFM is represented according to
the droop control method in Fig. 3

ωg = ωn −mPGFM

= ωn

− 1.5 �m
[
RlgI

2
maxcos (θPLL − θg) +XlgI

2
maxsin (θPLL − θg)

+RlgildImax −XlgilqImax

]
(9)

where m is the active power droop coefficient.
According to (7) shown at the bottom of this page, and (9),

there exists frequency interactions between GFMs and GFLs.
The dynamic equations of frequency are entirely determined by
the current outputs of GFMs and GFLs, as well as the system
impedance. The TSS of CSIM is more severe and complex.

D. State-Space Model of CSIM

The system states of CSIM are defined as follows:{
x1 = θPLL − θg
x2 = ωPLL − ωg

. (10)

According to (7) and (9), the state-space model of CSIM is
constructed{

ẋ1 = x2

Mẋ2 = A−Bsin (x1 + ϕ1)−Dx2
(11)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

M = 1−KpLild
A = [KiLild (ωn + 1.5mXlgilqImax − 1.5mRlgildImax)

+Ki (Rlg +Rl) ilq]

B =
√

k21 + k22;D = k3 +
√

k24 + k25sin (x1 + ϕ2)

k1 =
(
KiRlgImax + 1.5KiLildmXlgI

2
max

)
k2 =

(
KiXlgImax − 1.5KiLildmRlgI

2
max

)
k3 = −KiLild

k4 = KpXlgImax + 1.5mRlgI
2
maxM

2

k5 = KpRlgImax − 1.5mXlgI
2
maxM

2

ϕ1 = −arctan (k2/k1) , ϕ2 = arctan (k5/k4)

TABLE I
SIMULATION SYSTEM PARAMETERS

The EPs of CSIM can be obtained by setting ẋ1 = 0, ẋ2 = 0

(xe
1, x

e
2) =

(
sin−1 (A/B)− ϕ1, 0

)
, or (xe

1, x
e
2)

=
(
π − sin−1 (A/B) + ϕ1, 0

)
. (12)

Making x1 = x̃1 + β, x2 = x̃2, the state-space model of
CSIM can be rewritten as

{
˙̃x1 = x̃2 = f1 (x̃1, x̃2)

M ˙̃x2 = A−Bsin (x̃1 + β + ϕ1)−Deqx̃2 = f2 (x̃1, x̃2)
(13)

where

Deq = k3 +
√

k24 + k25sin (x̃1 + β + ϕ2)

β =
(
sin−1 (A/B)− ϕ1, 0

)
, or
(
π − sin−1 (A/B) + ϕ1, 0

)
.

E. Accuracy Verification of the CSIM Model

The effectiveness and accuracy of the modeling method can be
validated by comparing the dynamic characteristics of the math
model and the simulation model under a large disturbance. An
IMG shown in Fig. 1 is established using MATLAB/Simulink.
The system parameters are given in Table I.

The active current reference of the GFL ILdref steps from 2
to 6 A at t = 0.4 s. The simulation results are shown in Fig. 6.
As shown in Fig. 6, the trend of the response curves of the math
model in (11) and the simulation model is the same, and the
deviation is very small. The average errors of the math model in
Fig. 6(a) and (b) are about 0.97% and 1.55%, and the maximum
errors are about 7.9% and 10.3%, respectively.

θ̈PLL =

−KiRlgImaxsin (θPLL − θg) +KiXlgImaxcos (θPLL − θg)
− [KpRlgImaxcos (θPLL − θg) +KpXlgImaxsin (θPLL − θg)] (ωPLL − ωg)
+Ki (Rlg +Rl) ilq +KiωPLLLild

1−KpildL
. (7)
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Fig. 6. Response curves of the math model and the simulation model under a
large disturbance. (a) State variable x1. (b) State variable x2.

III. TRANSIENT SYNCHRONOUS STABILITY ANALYSIS OF

CSIM

A. Stability Analysis of EP

The Jacobian matrix of the state space model of CSIM shown
as (13) is calculated as follows:

J =

(
∂f1(x̃1,x̃2)

∂x̃1
, ∂f1(x̃1,x̃2)

∂x̃2
∂f2(x̃1,x̃2)

∂x̃1
, ∂f2(x̃1,x̃2)

∂x̃2

)
|

x̃1 = 0, x̃2 = 0

=

(
0, 1
−Bcos (β + ϕ1) ,−Deq|x̃1=0

)
(14)

According to (14), the Jacobian matrix’s determinant is ob-
tained as follows:

det (λI − J) =

∣∣∣∣ λ, −1
Bcos (β + ϕ1) , λ +Deq|x̃1=0

∣∣∣∣ . (15)

Thus, the characteristic equation is as follows:

λ2 +Deq|x̃1=0λ +Bcos (β + ϕ1) = 0. (16)

Hence, the stability conditions of EPs are

Deq|x̃1=0 > 0 (17)

Bcos (β + ϕ1) > 0. (18)

According to (18), the first EP is stable. The second one is
unstable. And (18) is always satisfied at first EP. According to

(17) and expressions of β and ϕ2, the stability condition of EPs
is as follows:

−k3 −
√

k24 + k25

√
B2 −A2

B
< 0. (19)

According to (19), the condition for existence of EPs in CSIM
is |A| < B. Therefore, the output current of GFLs should be
smaller than a certain value. Since A and B are functions of
system different variables, other variables also have an impact
on the existence of EPs, such as the PLL dynamics and current
limitation strategy. Equation (19) provides a quantitative expres-
sion of variables for having a stable EP. Based on this, the design
principles of system parameters are given.

B. Attraction Domain of EP

The attraction domain of EPs is a set of initial values of the
states that converge to the EP, which is an important attribute of
a nonlinear system.

Owing to the lack of a systematic method for construct-
ing Lyapunov’s function for a nonlinear system, Lyapunov’s
function can be established based on the state-space model
of CSIM shown as (13). The construction principle is to find
the sufficient and necessary condition that makes V̇ (x̃) neg-
ative definite [34]. First, Lyapunov’s function should include
all states of CSIM. Thus, Mx̃2

2/2 is chosen according to the
expression of Lyapunov’s function of power grid. Mx̃2

˙̃x2

is obtained by taking the above term’s derivative, which is
Ax̃2 −Bsin(x̃1 + β + ϕ1)x̃2 −Deqx̃

2
2. As we known, the sign

of −Deqx̃
2
2 depends on −Deq . At the EP of CSIM, the above

expression becomes−Deq|x̃1=0, which is negative when the sta-
bility conditions of EPs shown as (17) are met. Then, the remain-
ing terms in the Lyapunov’s function are constructed to offset
the remaining terms in V̇ (x̃), i.e.,Ax̃2 −Bsin(x̃1 + β + ϕ1)x̃2.
In order to offset Ax̃2 and−Bsin(x̃1 + β + ϕ1)x̃2, −Ax̃1 and
−Bcos(x̃1 + β + ϕ1) are included to V (x̃). Furthermore, the
value of a Lyapunov’s function should be equal to zero at the
origin. Therefore, Bcos(α+ ϕ1) is included to V (x̃) to satisfy
the above requirement.

Therefore, the Lyapunov’s function is established as follows:

V (x̃) = Mx̃2
2/2−Ax̃1 −B [cos (x̃1 + β + ϕ1)

− cos (β + ϕ1)] . (20)

To prove the above function is a suitable Lyapunov’s function,
there should exist neighborhood (W1) and neighborhood (W2)
around the EP in which{

V (x̃) > 0 ∀x̃ ∈ W1 − {0} , and, V (x̃) = 0

V̇ (x̃) < 0 ∀x̃ ∈ W2 − {0} . (21)

The expressions of W1 and W2 are obtained as follows. The
derivation is given in Appendix A

W1=
[−π − 2sin−1(A/B) , π − 2sin−1 (A/B)

]
(22)

W2=

⎡
⎣sin−1

(
−k3/

√
k24 + k25

)
−sin−1 (A/B)+(ϕ1−ϕ2) ,

π−sin−1
(
−k3/

√
k24+k25

)
−sin−1 (A/B)+(ϕ1−ϕ2)

⎤
⎦.

(23)
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Fig. 7. FRCR of the GFL.

Fig. 8. Proposed dynamic current control method.

When considering pure active power loads and metallic short
circuit faults, i.e., Xlg = 0, then ϕ1 ≈ 0 and ϕ2 ≈ π/2. Equation
(23) can be rewritten as follows:

W2 =

⎡
⎣−π/2 + sin−1

(
−k3/

√
k24 + k25

)
− sin−1 (A/B) ,

π/2− sin−1
(
−k3/

√
k24 + k25

)
− sin−1 (A/B)

⎤
⎦ .

(24)
The positive definite of (20) and the semi-negative definite of

its time derivative have been proved, which indicates that (20)
is a suitable Lyapunov’s function and can be used to analyze the
transient stability of the CISM.

According to the Lassale theorem, the origin is asymptotically
stable in W1�W2 [35]. The attraction domain of EPs is as
follows:

V (x̃) > 0 and V̇ (x̃) < 0,

∀x̃1∈
⎡
⎣−π/2+sin−1

(
−k3/

√
k24 + k25

)
−sin−1(A/B) ,

π/2−sin−1
(
−k3/

√
k24 + k25

)
−sin−1(A/B)

⎤
⎦−{0} .

(25)

According to (25), the ADR is obtained as follows:

r = π/2− sin−1

(
−k3/

√
k24 + k25

)
− sin−1 (A/B) . (26)

According to (26), reducing the values of ild and Ki, increasing
the values of ilq and Kp will increase the value of r, namely,

improve the system transient stability. Therefore, the value of
r reflects the system strength, which can be used to evaluate
system strength. If r = 0, it corresponds to an unstable system;
if 0 < r < π/2, it corresponds to a stable system. The larger the
value of r is, the stronger the system strength is.

C. FRCR of the GFL

The definition of the FRCR is as follows: the feasible region
of active current reference ILdref and reactive current reference
ILqref of the GFL are the values to ensure the transient stability
of the CISM. If the GFL operates under the unity power factor,
and m is very small, the active current reference is obtained as
follows according to (19):

ILdref < Imax

√
R2

lg +X2
lg/

(
L

√
(Ki/Kp)

2 + ω2
n

)
. (27)

However, according to the Chinese LVRT grid code, the GFL
should inject reactive current to support voltage recovery during
faults [36]. According to (19), the condition of the active current
reference ILdref and reactive current reference ILqref of the GFL
for the EP to be stable is as follows:[

1 +

(
Ki

Kp

)2
1

ω2
n

]
I2Ldref + 2

Rlg +Rl

ωnL
ILdrefILqref

+

(
Rlg +Rl

ωnL

)2

I2Lqref <
|Zlg|2I2max

(ωnL)
2 . (28)

Because the value of (Ki/Kp)
2/ω2

n is small, (28) can be
rewritten as follows:(

ILdref +
Rlg +Rl

ωnL
ILqref

)2

<
|Zlg|2I2max

(ωnL)
2 . (29)

During faults, ild ≥ 0 and ilq < 0 [23]. Based on (29), the
FRCR of the GFL during faults is calculated as shown in the

blue area in Fig. 7, in which |Zlg| =
√
R2

lg +X2
lg and ILmax

is the maximum output current of the GFL. The FRCR of the
GFL will shrink due to the fault deterioration and weakening
of system strength, i.e., the decrease of Zlg and the increase of
L. In this condition, the current reference of the GFL might be
out of the FRCR, causing EP nonexistent and incurring loss of
synchronization.

According to the FRCRs of GFLs shown in Fig. 7, the optimal
current ratio (CR) of active current reference to reactive current
reference is CRopt = -(Rlg + Rl)/ωnL. And the maximum value
CRmax and minimum value CRmin of CR can be obtained by
solving (30) and (31) shown as follows, respectively. The CR
should be in the range [CRmin, CRmax] to ensure the system’s
stability

⎧⎪⎪⎨
⎪⎪⎩
ILdref +

Rlg+Rl

ωnL
ILqref +

|Zlg |Imax

ωnL
= 0√

I2Ldref + I2Lqref = ILmax

CR = ILdref/ILqref

(30)
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Fig. 9. Proposed antiwindup strategy.

Fig. 10. Simulation results.

⎧⎪⎪⎨
⎪⎪⎩
ILdref +

Rlg+Rl

ωnL
ILqref − |Zlg |Imax

ωnL
= 0√

I2Ldref + I2Lqref = ILmax

CR = ILdref/ILqref

. (31)

IV. CONTROL STRATEGY FOR ENHANCING TRANSIENT

STABILITY

A. Dynamic Current Control Method of GFLs

In IMG, GFMs will transition to the CSM from the VSM by
limiting the reference of the inner current loop under conditions
of overload or low voltage, which makes the IMG lose voltage
source support and become a CISM. At this time, the system
voltage is determined by the output currents of GFMs and GFLs,
and the network impedance. However, GFLs rely on the PLL to
maintain synchronization with the grid. As known from Fig. 4,
the primary condition for GFLs to maintain synchronization with
the grid is that the q-axis component of vPCC can be set to
zero. Meanwhile, as known from (5), the voltage of the CISM is
determined by the output currents of GFMs and GFLs and the
network impedance.

According to the TSS analysis conducted in Section III, it can
be concluded that the output current of GFLs has a significant

impact on the existence and stability of EPs. And according to
ADR shown in (26) and the stability condition of EPs shown
as (29), the system TSS is strongest when ILdref = -(Rlg +
Rl)ILqref/ωnL.

Therefore, a novel dynamic current control method of GFLs
is proposed to improve the TSS of the CISM, which is shown
in (32). The current control block diagram of GFLs is shown in
Fig. 8. If a grid fault occurs in the system, the current loop control
strategy is switched to the proposed control strategy. The logic
to obtain the fault flag is that the amplitude of vPCC is below a
certain value

⎧⎨
⎩

ILdref
ILqref

= −Rlg+Rl

ωnL√
I2Ldref + I2Lqref = ILmax

. (32)

B. Novel Antiwindup Strategy of GFMs

The current limitation strategy of GFMs shown in (1) is to
employ an inner current control loop and to directly limit the
current reference during grid faults. While this type of method
can precisely limit fault current, the latch-up and wind-up issues
may happen, which challenge the fault-recovery process [18].
The failure of the fault recovery of GFMs may cause system
instability.

As shown in Fig. 1, when the GFM operates in CSM, the
voltage control loop is in an out-of-control state. The difference
between the voltage reference and the measurement will con-
tinuously increase through the integrator. When the GFM exits
CSM, the current reference is generated again by the voltage
control loop. The windup effect of the integrator will cause the
GFM to be unable to recover from faults successfully, resulting
in system instability.

Therefore, a novel antiwindup strategy is proposed to the PI
regulators in the voltage control loop of the GFM for addressing
the fault recovery issue and then improving the system’s tran-
sient stability. The proposed strategy is shown in Fig. 9. It mainly
consists of three special function section, which are as follows.
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Fig. 11. Simulation results of the first strategy.

Fig. 12. Simulation results of the second strategy.

1) The main control section, which is highlighted in blue. It
determines whether the GFM is running in normal oper-
ation or current limitation operation, and then generates
corresponding control commands.

2) The integrator frozen section, which is highlighted in
green. During the current limitation operation, the inte-
grator is frozen by multiplying its input by zero.

3) The dynamic adjustment of the voltage reference section,
which is highlighted in red. It generates a dynamic voltage
starting from V 0

ref and rising to the reference value at a
certain slope. The slope can be selected based on factors
such as the dynamic response speed of the PI regulators
and the impact on system stability.

As shown in Fig. 1, when the GFM operates in VSM, the
q-axis component of vPCC is expressed as follows:

vPCCq = −Vgsin (θPLL − θg) +Xlild +Rlilq. (33)

The primary condition for GFL achieving synchronous sta-
bility is vPCCq = 0 [21], i.e.

Vg > |Xlild +Rlilq| . (34)

Therefore, in order to reduce the difference between voltage
reference and measurement while ensuring system synchroniza-
tion stability, the principle of selection of V 0

ref is as follows: i.
if Vg ≥ Vgc = |Xlild +Rlilq|, then V 0

dref = Vdc, V
0
qref = Vqc;

Fig. 13. Simulation results of the third strategy.

Fig. 14. Simulation results of the fourth strategy.

Fig. 15. Simulation results of the proposed strategy.

ii. if Vg < |Xlild +Rlilq|, then V 0
dref =

√
V 2
gc − V 2

qc, V
0
qref =

Vqc, where Vdc and Vqc are the d-axis and q-axis components of
vg at the time of the GFM exiting CSM.

The complete control process description is as follows. The
main control section determines whether the GFM operates
the current limitation operation based on whether the current
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Fig. 16. d-Axis component of current reference of GFMs. (a) First strategy.
(b) Second strategy. (c) Third strategy. (d) Fourth strategy. (e) Proposed strategy.

Fig. 17. HIL experiment topology.

reference generated by the voltage loop is greater than the
maximum allowable current magnitude. If I∗ ≥ Imax, S = 2,
which means that the current references are given according
to the current limitation strategy in (1), i.e., Idref = Imax, Iqref
= 0; j = 0, which is multiplied by the integrator to froze the
integrator; And flag = 1, the flag changes from low potential to
high potential, creating a rising edge to activate the Q-V loop
to generate the voltage reference. If I∗ < Imax, S = 1, which
means that the current references are given by the voltage control
loop; j = 1, which is multiplied by the integrator to enable the
integrator; And flag = 0, the flag changes from high potential
to low potential, creating a falling edge to activate the dynamic
adjustment of voltage reference section to generate the voltage
reference.

V. SIMULATION VERIFICATION

To verify the effectiveness of the analysis and the proposed
control method, the IMG shown in Fig. 1 is established using
MATLAB/Simulink. The parameters are listed in Table I.

A. Effect of Different Parameters on Transient Stability

At t= 0.5 s, a three-phase ground fault occurs at Bus1, causing
a drop in system voltage and resulting in the excessive output

Fig. 18. Experimental results of the first strategy. (a) Vg. (b) Iabc. (c) q-Axis
voltage, PLL frequency, and Idref.

TABLE II
ADRS OF THE EP FOR DIFFERENT GFL CURRENT VALUES

current of the GFM. The GFM transition from VSM to CSM
under the action of current limiters. The IMG becomes a CSIM.
In order to ensure system stable operation during faults, the
condition of GFL active current reference ILdref is obtained
based on (27) and the system parameters in Table I, which is
ILdref < 6.79 A.

To validate the effectiveness of analysis method, change the
output current of the GFL and observe whether the system
can operate stably when the GFM is in CSM. At the begin-
ning, the GFL operates at a unit power factor with the output
current ILdref = 7 A. The GFL output current is adjusted as
follows:

1) t = 0.5 s, ILdref = 4 A;
2) t = 0.7 s, ILdref = 6 A;
3) t = 1 s, ILdref = 7 A.
The output current of the GFM Iabc, the voltage at PCC vPCC,

the q-axis voltage of vPCC, and the output frequency of PLL are
shown in Fig. 10. The ADRs are calculated in Table II.

In Fig. 10, when the GFL output current exceeds the theo-
retical calculation threshold, Iabc oscillates. The voltage vPCC

is chaotic, the q-axis voltage of vPCC cannot return to zero and
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Fig. 19. Experimental results of the second strategy. (a) Vg. (b) Iabc. (c) q-Axis
voltage, PLL frequency, and Idref.

the output frequency of PLL is divergent and cannot return to
50 Hz, which indicates the system loses stability. Meanwhile, the
value of r decreases as the output current of the GFL increases
as shown in Table II, which indicates that the system strength is
decreasing. Especially, when the GFL output current exceeds
the theoretical calculation threshold, there are no EPs and
the domain attraction’s radius, which are represented by the
symbol “—.” The system loses stability. The system stability
is consistent with the results given by the proposed stability cri-
terion, which verifies the effectiveness of the proposed transient
stability analysis method.

B. Effectiveness of the Proposed Control Method

To verify the feasibility and effectiveness of the proposed
enhancement control method, the comparative analysis of the
transient stability of the CSIM is carried out when the following
control strategies are adopted during faults.

1) Variable structure PLL method proposed in [29], which
freezes the integral regulator and remains the proportional
regulator of PLL during faults.

2) An enhanced P-f droop control method proposed in [10], in
which the q-axis component of the GFM voltage is added.

3) The current reference angle control method proposed in
[17], which adjusts the current reference of the GFM.

4) The GFL adopts the proposed control method in this arti-
cle, and the GFM adopts the antiwindup strategy proposed
in [20], which freezes the integral regulator when the GFM
operates in CSM.

Fig. 20. Experimental results of the third strategy. (a) Vg. (b) Iabc. (c) q-Axis
voltage, PLL frequency, and Idref.

5) The GFL and the GFM both adopt the proposed enhance-
ment control method in this article.

Note that the antiwindup strategy based on the clamping
method is used for the PI regulators in the first three control
strategies.

At t = 0.5 s, a three-phase ground fault occurs at Bus1 with
a duration of 500 ms. The simulation results are displayed in
Figs. 11–16.

In Figs. 11–13, the first three strategies are applied. It can
be seen that the system loses transient stability when the GFM
transition to CSM at t = 0.5 s, as output current waveform of
the GFM Iabc and the voltage waveform Vg are oscillating or
chaotic, the q-axis voltage of vPCC and output frequency of
PLL are oscillating or divergent. As seen from Fig. 16(a)–(c), the
d-axis component of the GFM current reference is shown, which
reflects the GFM operation status after the fault is cleared. What
is worse, after the fault is cleared at t= 1 s, the GFM operates the
current limitation, as the current references of the GFM always
remain in limitation value, which means that the GFM cannot
recover from faults successfully, resulting in system instability.

In Fig. 14, the fourth strategy is adopted. It can be seen that the
system is stable when GFM transition to CSM during the fault.
However, after the fault is cleared, the GFM cannot restore to the
normal operation as well, as the current is still saturated shown
in Fig. 16(d), causing the system instability.

Meanwhile, as seen from Figs. 12 and 13, the waveforms are
very similar, which means that improving the control method
of the GFM has little impact on the system’s transient stability
during faults. It also can be verified by comparing with Figs. 11
and 14. When the GFL adopts the variable structure PLL method,
although the system is unstable during faults, the voltage of
Bus 1 and output frequency of PLL are oscillating rather than
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Fig. 21. Experimental results of the fourth strategy. (a) Vg. (b) Iabc. (c) q-Axis
voltage, PLL frequency, and Idref.

divergent, which means that the system transient stability is
better than that when the GFM adopts the improvement control
method. When the GFL adopts the proposed control method in
this article, the system is stable when GFM transition to CSM
during faults. The above analysis indicates that the system’s
transient stability during faults is mainly affected by GFLs.

In Fig. 15, the GFL and the GFM both adopt the proposed
enhancement control method in this article. It can be seen that
the system is stable when GFM transitions to CSM during faults.
In addition, the GFM can successfully restore to the normal
operation after the fault is cleared, as the current restores to the
normal value, as shown in Fig. 16(e). These simulation results
demonstrate the feasibility and effectiveness of the proposed
enhancement control method.

VI. EXPERIMENTAL RESULTS

In order to verify the effectiveness and superiority of the
proposed analysis and enhancement method, a hardware in-the-
loop (HIL) model of an IMG shown as in Fig. 1 is built. The
system parameters are shown in Table I. The HIL experimental
platform is shown in Fig. 17. The switching frequency is 10
kHz. The MATLAB simulation model and control program are
downloaded from the monitor to the PXIe-1082. The digital
signal processor samples from the PXIe-1082 and generates
PWM signals. The oscilloscope is used to observe the system
waveform.

A three-phase ground fault occurs at Bus1 with a duration
of 500 ms. The experimental results are shown in Figs. 18–22
when the above five control strategies are adopted during faults.

Fig. 22. Experimental results of the proposed strategy. (a) Vg. (b) Iabc.
(c) q-Axis voltage, PLL frequency, and Idref.

As seen from Figs. 18–20, when the first three control strategies
are used, the system loses transient stability during faults. As
seen from Fig. 21, when the fourth strategy is adopted, the GFM
cannot restore to the normal operation after the fault is cleared.

As seen from Fig. 22, when the proposed enhancement
method in this article is adopted during faults, the system is
stable when GFM transition to CSM during faults. In addition,
the GFM can successfully restore to the normal operation after
the fault is cleared, as the current restores to the normal value.
Therefore, the performance of the proposed control method can
be verified through the experimental results.

VII. CONCLUSION

In IMG, the GFM will be switched from VSM to CSM by
the limitation of current under grid faults, which will exacerbate
the system TSS. The instability mechanism of this phenomenon
has not been studied yet. Consequently, this article has proposed
a TSS analysis and enhancement method of CSIM. Compared
with the existing literature works, four advantages have been
found in this article as follows.

1) A large signal synchronization model of CSIM has been
derived. It has revealed that the frequency interactions
between GFMs and GFLs exist and the dynamic equations
are entirely determined by the current outputs of GFMs
and GFLs, as well as the system impedance.

2) By constructing the Lyapunov energy function, the crite-
rion of TSS has been obtained, and the FRCR of GFLs
has been derived, which provides guidance for system
parameters design.
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3) Based on the stability criterion, a dynamic current control
method of GFLs has been proposed, which can address
the absence of EPs and strengthen the transient stability.

4) In order to address the issue of the GFM fault recovery,
a novel antiwindup strategy of GFMs considering system
synchronization stability has been proposed. It can elim-
inate the impact of the sudden changes in the difference
between the voltage reference and the measurement on the
GFM fault recovery.

Finally, the simulation and experimental results have been
provided to verify the effectiveness of the transient stability
analysis and enhancement control methods.

APPENDIX

A. Derivation of (22) and (23)

It is clear that the value of V (x̃) is zero when x̃1 = x̃2 = 0.
Since x̃2

2 > 0 for all x̃2 �= 0, V (x̃) > 0 in the area W1 if

f (x̃1) = −Ax̃1 −B [cos (x̃1 + β + ϕ1)− cos (β + ϕ1)] > 0
(A1)

in a neighborhood around x̃1 = 0.
The expression of f ′(x̃1) is as follows, which is zero at x̃1 =

0. Hence, x̃1 = 0 is an extremum of f(x̃1)

f ′ (x̃1) = −A+Bsin (x̃1 + β + ϕ1) . (A2)

The expression of f ′′(x̃1) is as follows, which is a positive
value at x̃1 = 0

f ′′ (x̃1) = Bcos (x̃1 + β + ϕ1) . (A3)

So, the origin is the local minimum point of V (x̃).
V (x̃) is positive definite in the area W1. When 0 < x̃1 <
π − 2(β + ϕ1), f ′(x̃1) > 0; when −π − 2(β + ϕ1) < x̃1 < 0,
f ′(x̃1) < 0. Therefore, the previous and next extremum points
off(x̃1) are x̃1 = −π − 2(β + ϕ1) and x̃1 = π − 2(β + ϕ1),
which are local maximums and positive values.

Based on this, the area W1 is obtained as follows, in which
V (x̃) > 0

f(x̃1)>0 ∀x̃1∈
[− π−2sin−1(A/B),

π−2sin−1(A/B)
]− {0}. (A4)

The time derivative of (20) is as follows:

V̇ (x̃) = −Deqx̃
2
2 < 0, ∀x̃ ∈ W2 − {0} . (A5)

Since x̃2
2 > 0 for all x̃2

2 �= 0, the (A5) becomes (A6) by setting
x̃1 = 0 in (A5), which is similar to the stability condition of EPs
shown as (17)

Deq|x̃1=0 = k3 +
√

k24 + k25sin (β + ϕ2) > 0. (A6)

Owing to g(x̃1) = Deq = k3 +
√

k24 + k25sin(x̃1 + β + ϕ2)
is a differentiable function. There exists a neighborhood around
x̃1 = 0 where V̇ (x̃) < 0. So, the origin is asymptotically stable

Because g(x̃1) = 0 at x̃1 = sin−1(−k3/
√
k24 + k25)−

(β + ϕ2). The area W2 is obtained as follows, in which
V̇ (x̃) < 0

g (x̃1) > 0 ∀x̃1

∈
⎡
⎣sin−1

(
−k3/

√
k24+k25

)
−sin−1 (A/B)+(ϕ1−ϕ2) ,

π−sin−1
(
−k3/

√
k24+k25

)
−sin−1 (A/B)+(ϕ1−ϕ2)

⎤
⎦

− {0} . (A7)
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