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Transient Synchronization Stability of
Grid-Following Converters Considering
Nonideal Current Loop

Chao Charles Liu

Abstract—The widely deployed grid-following converters
(GFLCs) may lose synchronization under grid disturbances, pre-
senting a critical challenge to the power electronics penetrated
power grid. Existing methods for analyzing transient synchro-
nization stability often assume an ideal current loop in order to
keep the system model at low order. However, such approaches
based on a simplified second-order model can lead to optimistic
stability prediction and inappropriate design. This article applies
a full-order model to explore the effects of the nonideal current
loop. The unstable periodic orbits (UPOs) that determine the basin
of attraction of the stable equilibrium point are located via a nu-
merical continuation method. Moreover, the essential bifurcations
leading to the emergence and disappearance of UPOs are identified.
A design principle with consideration of the effects of the nonideal
current loop is derived to enhance the transient synchronization
stability of GFLCs. Experimental results are provided to verify the
analytical findings.

Index Terms—Basin of attraction (BOA), current loop, grid-
following converter (GFLC), numerical continuation, transient
synchronization stability.

1. INTRODUCTION

HE increased penetration of power electronics converters
T is reshaping the dynamical characteristics of the power
grid, which has been dominated by synchronous generators for
decades [1]. While new concepts, such as grid-forming convert-
ers (GFMCs), have been proposed, grid-following converters
(GFLCs) are widely adopted in applications due to the relatively
mature control methods applicable to GFLCs [2]. As Fig. 1
shows, the GFLC synchronizes with the grid via a phase-locked
loop (PLL). However, both industry and academia have identi-
fied multiple stability problems of this control scheme [3], [4],
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Fig. 1. Circuit diagram and control of the GFLC.

[5]. One example is the GFLC tripping after the transmission
system faults in California, where the North American Electric
Reliability Corporation (NERC) identified the cause being the
loss of synchronization (LOS) of the PLL [3].

Depending on the assumed disturbance scale, the stability
problems of the GFLC can be classified into small-signal stabil-
ity and transient stability. Small-signal studies based on the small
disturbance assumption simplify the analysis by linearizing the
system, where the standard second-order system [6], the Bode
plot [7], the impedance (admittance) methods [8], [9], and the
damping analysis [10] can be applied. Some works considered
the PLL and other control loops separately in the modeling
process [6], [7], [10]. Under this paradigm, with each control
loop being kept stable individually, the whole system can still
become unstable due to the coupling between different control
loops. This problem has been studied using the impedance
methods [8], [9], which usually derive a sufficient condition
for small-signal stability regarding the bandwidth of different
control loops. Harnefors et al. [8] proposed to set the PLL
bandwidth to less than one-tenth of the current loop bandwidth.
On the other hand, Li et al. [9] determined the maximum PLL
bandwidth by the ratio between the current loop bandwidth and
the switching frequency. Despite their different conclusions,
both studies have recommended a current loop much faster than
the PLL.

The time-scale separation between the PLL and the current
loop has also been introduced into the transient stability studies,
which deal with large disturbances that make the linearized mod-
els inapplicable. The slow-scale dynamics of the PLL have been
considered dominant in the transient synchronization stability.
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As aresult, the PLL-based second-order model has been widely
adopted in the literature [7], [11], [12], [13], [14], [15], [16]. Two
primary mechanisms for the LOS under large disturbances have
been revealed. The nonexistence of a stable equilibrium point
(SEP) was found to result from reactive current support required
by the grid code [7]. However, even when an SEP exists, LOS
can still occur as the state trajectory leaves the SEP’s basin of
attraction (BOA) [5]. Typical grid disturbances, such as phase
jumps, voltage dips, and short-circuit faults, can steer the state
to the outside of the BOA.

The BOA analysis necessitates the use of large-signal
methods. Considering the structural similarity between the
second-order model of the GFLC and the swing equation of the
synchronous generator, Hu et al. [11] introduced the equal-area
criterion to estimate the BOA. This method is basically a special
case of the energy function method [12], [13], which has the
disadvantage of intrinsic conservation. On the other hand, Wu
and Wang [14] applied the numerical phase portrait to evaluate
the effects of parameters. Furthermore, Zhao et al. [15] derived
an approximate analytical solution of the state trajectory via
the averaging method, where the convergence or divergence
of the trajectory could be judged by the relationship between
parameters. To explain the qualitative change in the PLL
dynamics, Ma et al. [16] identified some critical bifurcations of
the second-order model, including a homoclinic bifurcation and
a subcritical Hopf bifurcation. Nevertheless, one homoclinic
bifurcation in the upper phase plane was missing in their work.

All these studies have assumed an ideal current loop, i.e., the
output current perfectly follows the control reference. While this
approach can approximately explain the behavior of GLFCs,
neglecting the current transients inevitably leads to inaccu-
rate transient stability assessment [17]. Moreover, according to
Shil’nikov theorem, the essential bifurcation of GFLCs (i.e.,
homoclinic bifurcation) can be considerably complex if the
system’s dimension exceeds two [18]. Hence, the assumption of
anideal current loop could bury the essential qualitative changes.

Recently, the impact of the nonideal current loop has begun to
be recognized. Chen et al. [17] showed a more accurate stability
assessment by neglecting only the filter dynamics and keeping
the current loop dynamics. In addition, Hu et al. [19] proposed an
analogy between the current loop of GFLCs and the excitation
control of synchronous generators. With delicate simplifications
and empirical analysis, their study indicated that the current loop
could increase the LOS risk by accelerating the PLL’s equivalent
motion after disturbances. Furthermore, Fu et al. [20] applied the
extended invariance principle to identify the maximum dynamic
interaction of the current loop in the sense of Lyapunov stability.

Existing works provide a qualitative description of the adverse
effects of current transients on transient synchronization stabil-
ity. However, the exact capability to maintain synchronization
with different circuit and control parameters is yet to be clarified.
Hence, the resulting analysis could not result in a quantitative
design principle to enhance the stability of the GFLC. The
challenge that prevents the consideration of the nonideal current
loops lies in the difficulty of analyzing a high-order model, for
which conventional methods adopted for second-order models
become infeasible.
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On the other hand, theoretical analysis has shown that the
exact BOA is determined by the equilibrium points and periodic
orbits on the BOA boundary [21]. Specifically, the union of
the stable manifolds of these equilibrium points and periodic
orbits forms the BOA boundary. In the second-order model,
the unstable periodic orbit (UPO) emerging from a homoclinic
bifurcation forms the BOA boundary [16]. Hence, an intuitive
idea is to find the related periodic orbits in the full-order model
using alternative methods.

To fill the gap, a numerical continuation method is introduced
in this article. This method computes the curve of equilibrium
points, periodic orbits, or bifurcations by solving the bound-
ary value problems [18]. The existing studies tend to apply
this method in the analysis of equilibrium points [22], [23].
In this article, we present a method that uses the full-order
model to locate UPOs emerging from homoclinic bifurcations.
To apply the numerical continuation method, we first estimate
the initial points effectively using the second-order model. Our
numerical continuation results reveal the complex bifurcation
behavior captured by the full-order model. In this study, we have
established a parameter design principle that ensures transient
synchronization stability. Furthermore, we have systematically
analyzed the effects of the current loop bandwidth and the
voltage feedforward weight. These effects can be incorporated
into our proposed design principle.

II. SYSTEM MODELING
A. Limitation of Second-Order Model

As Fig. 1 shows, the GFLC connects the power grid via an
LCL filter. The power grid is modeled as a voltage source v, and
a grid impedance, where the amplitude and frequency of v, are
Vsm and wy, respectively, and the grid impedance includes an
inductance L4 and aresistance rs. The PLL uses a proportional—
integral controller to produce the phase reference of the current
loop 6, according to the voltage of the point of common coupling
(PCC) vy. In the dg-frame, the corresponding components of v,
are denoted by vyq and vy,. This representation is also adopted
by other current and voltage variables unless stated otherwise.
The dynamics of the PLL can be described by

dy,,

a Vaa M)
dé
ditL = wr, —wo (2)
WL, = RpUgq + KiYw + Wo (3)

where y,, is the state variable of the PLL controller, §y, is the
phase difference between v, and v, wy, is the frequency of the
PLL, and r,, and r; are the proportional and integral parameters,
respectively.

Using Park transformation, vy, can be represented as

“

As shown in Fig. 2, the difference between the full-order
model and the second-order model lies in the modeling of i4q
and i 4,. Specifically, the full-order model considers the nonideal

Vgq = —Vem SIn0p + igqwrLs + igqTs.
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Fig. 2. Large-signal models of (a) PLL, (b) ideal current loop, and (c) nonideal current loop.
TABLE I
DEFAULT PARAMETERS OF GFLC

Parameter ~ Value p.u. Parameter Value p.u.
Vsm 311V 1 Ly 2 mH 0.06
Ls SmH 0.152 T 0.1 0.010 ° °
s 0.1 Q 0010 C 60 uF 0.195 UEP UEP UEP
[ 30 A 1 Te 1Q 0.096
g -10
lgq 0 0 Lg 0.6 mH 0.018 0 o Ax 6
Kp 0413 1 rg 0.05 Q 0.005 or (rad)
Ki 7.786 1 wo 1007 rad/s 1
gl: 511'%4789 } ?;;r OQZIS(HH;S O'igs Fig. 3. SEP’s BOA (the blue area) predicted by the second-order model and

current loop in Fig. 2(c). On the other hand, the second-order
model adopts the ideal current loop in Fig. 2(b), which assumes
perfect current regulation, i.e.,

tgd = i*d
{ g (5)
tgq = gq

where i, = 0 normally.

Equations (1)—(5) complete the second-order model [7], [11],
[12], [13], [14], [15], [16]. The default parameters in Table I are
designed using Bode plots to ensure small-signal stability, where
the bandwidth of the PLL and current loop are fP!! = 23.36 Hz
and f<! = 126.29 Hz, respectively.

To see the limitation of the second-order model, a phase jump
disturbance of —m rad applied to v, is presented in Fig. 3. The
default parameters are adopted except that x,, is set as 0.4 per unit
(p.u.), with fP!! decreasing to 14.40 Hz. Since the current loop is
much faster than the PLL, the precondition of the second-order
model is satisfied. As predicted by the second-order model, two

the state trajectory (the red curve) of the cycle-by-cycle simulation with k;, =
0.4 p.u.

UPOs form the SEP’s BOA boundary, within which all points
should converge to the SEP. Clearly, the system’s state lies in
the BOA after the phase jump. However, the cycle-by-cycle
simulation on MATLAB/Simulink shows that the state trajectory
eventually diverges to infinity (limited by the overmodulation
saturation in practice). This discrepancy indicates that neglecting
the dynamics of the nonideal current loop leads to optimistic
BOA prediction.

B. Full-Order Model

In view of the inaccuracy of the second-order model, a
nonideal current loop, as shown in Fig. 2(b), is considered.
The current loop generates the pulsewidth modulation (PWM)
reference of the converter terminal voltage v, as follows:

d |Yia Tgd igd

- =10 |. (6)

. *
dt |viq tgq tgq
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yiq

[“‘fd] = By ([’gdl - [’:gd ) + B yid] ™
qu qu Lgq
where y;q and y;, are the state variables of the current loop,
and (3, and ; are the proportional and integral parameters,
respectively.

The converter terminal voltage v,, is affected by the time delay,

which can be modeled as
vt Vo
od| | 7ed ®)
Vg Vog

_ L
ot

where T; = 1.5T,, is the equivalent time constant, and Ty, is
the control period.

Finally, the grid-side current i is determined by the dynamics
of the LCL filter and grid impedance. The LCL filter includes
a converter-side inductance L,, a capacitance C)., a damping
resistance r., and a grid-side inductance L,, where the stray
resistances of L, and L, are denoted by r,. and r,, respec-
tively. Thus, the dynamics of the filter and grid impedance are

described by
—wr L'r ird_
irg |

d Z'rd- o 1 -Uod Urd rr
dt irq 7Lr Voq Urq WLLT T

d

dt

Vod

Vogq

)
E Ucd— o i _2.7'd - Z.gd _ 0 —WLO,» Ucd_
d UC‘I a Cr iT(I igq wr C?" O ch
(10)
i igd _ 1 Urd Vsd
dt |igg|  Ls+Lg \ |vrg Vsq
B Ts+ Ty —wr,(Ls + Lg) | |iga
wr(Ls + Ly) Ts +Tg igq
(11)
and
Urd _ Ved 4, Z"r‘d o %gd (12)
Urq ch ZT!] qu
where vsq = Vs, cOS0p,Vsqg = — Vs sindy, irq and i, are the

converter-side currents, v.q and v are the capacitance voltages,
and v,4 and v, are the voltages across C,. and r..

Also, a more numerically stable representation of v, can be
found as follows:

Lily, (1, ., 1
Vgg = 77— | =/ Vs — U
99 Ls +Lg Ls q Lg q

Ts r .
“(5-2)m)
Combining (1)—(3) and (6)—(13) yields a 12th-order nonlinear

system, which can be represented as

dx
a = f(z)

13)

(14)
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where
T
T = |:yw 6L Urd trq Ved Veq tgd tgq Yid Yiq Vod Voq

is the state vector.

III. NUMERICAL CONTINUATION FOR BIFURCATION ANALYSIS
A. Homoclinic Bifurcation

The homoclinic bifurcation occurs when a homoclinic orbit
connects a saddle [18]. The saddle is an unstable equilibrium
point (UEP) with both positive and negative eigenvalues. As a
parameter changes, the split of the homoclinic orbit can gen-
erate a stable periodic orbit (SPO) or UPO, depending on the
polarity of the saddle quantity. For a second-order system, the
saddle quantity refers to the algebraic sum of the saddle’s two
eigenvalues.

This feature of the homoclinic bifurcation results in a dual
characteristic between the GFMC and the GFLC. Our previous
work has clarified that the homoclinic bifurcation generating an
SPO is the cause of sustained low-frequency oscillation of the
GFMC [24]. Then, a study based on the second-order model
identified that the homoclinic bifurcation generating a UPO
leads to the qualitative changes of transient synchronization
stability of the GFLC [16]. It is reasonable to expect this
bifurcation to remain in the full-order model since the slow
dynamics of the PLL are dominating for the GFLC.

However, the homoclinic bifurcation can have distinctive
features in high-order systems. From the homoclinic central
manifold theorem [18], the leading eigenvalues, instead of all
eigenvalues, determine the property of the homoclinic bifurca-
tion. The leading eigenvalues are defined as the eigenvalues that
are closest to the imaginary axis. For a saddle with eigenvalues
satisfying

Re(Ay) < ... <Re(r1) <0< Re(ra) <...<Re(hp)

the leading stable and unstable eigenvalues are A; and Ao,
respectively. Then, the saddle quantity is given as

g = Re()q) + Re()»g). (15)

As in the case of the second-order system, o < 0 in high-order
systems means an SPO emerging from bifurcation. In contrast,
Shil’nikov theorem [18] predicts that o > 0 in high-order sys-
tems can have following two different results.

1) One simple UPO: This case occurs when the leading
eigenvalues are both real values, i.e., Im(11) = Im(%3)
= 0. This saddle is referred to as the Type-1 saddle in the
following.

2) Infinite UPOs and one chaotic attractor: This case occurs
when at least a pair of leading eigenvalues are complex,
i.e., Im(A1) # 0 or Im(A2) # 0. This saddle is referred to
as the Type-2 saddle in the sequel.

B. Numerical Continuation

The adoption of the full-order model presents a crucial chal-
lenge. The analysis method for the second-order model is no
longer applicable. For the second-order model, the stable and
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Fig. 4. UPOs emerging from the homoclinic bifurcations in the second-order
model, where (a) K, = 1 p.u., and (b) K, = 0.0092 p.u.

unstable manifolds of the saddle can be calculated by integrat-
ing the model along the saddle’s eigenvectors. A homoclinic
orbit is found when the two manifolds overlap. However, the
full-order model as a high-order system can be much stiffer in
the inverse direction of time. Therefore, the calculation of the
stable manifold easily fails as the integration errors blow up
instantaneously [18].

In this article, we try to find the UPO emerging from the
homoclinic bifurcation. To this end, the numerical continua-
tion of UPOs is applied in a periodic boundary-value prob-
lem. Let the parametric representation of (14) be f(x,«),
where « is the selected continuation parameter. The time ¢ €
[0,T] can be normalized to 7 € [0, 1], where T is the period
of the UPO x;. The normalized system can be represented
as

dp
E - Tf(l'l’va)

where po . is equivalent to ;. Hence, p, is a UPO with period
1, and the periodic boundary condition is given as

(16)

1o = . (17)

The discretization of (16) and (17) defines a curve consisting
of UPOs, i.e.,

F(&,a)=0, F:RV* 5 RV, (18)

With an additional phase condition, the periodic boundary-
value problem defined by (18) can be solved via Newton-like
iterations. Some well-studied test functions can be used to locate
the bifurcation points along this curve. For implementation
details, refer to Kuznetsov [18].

As the numerical continuation relies on iterations, the ini-
tial point to start the continuation is of great significance. By
studying the second-order model, the rough features of the
UPOs generated from the homoclinic bifurcations are already
known. For the upper homoclinic bifurcation, the associated
UPO behaves close to a straight line at relatively large ,, as
shown in Fig. 4(a). For the center homoclinic bifurcation, the
associated UPO converges to the SEP at relatively small r,,
eventually leading to a subcritical Hopf bifurcation, as shown in
Fig. 4(b). These features of the UPOs in the second-order model
provide an effective estimation for the initial points. Therefore,
for the full-order model, the continuation of the upper and center
UPOs here starts from an approximate straight line and the
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(b) kp = 0.4 p.u., (c) Kp = 0.26 p.u., and (d) K = 0.22 p.u. Other parame-
ters adopt the default values. Note that the PUEP instead of the UEP is on these
cross sections.

subcritical Hopf bifurcation, respectively. The corresponding
homoclinic orbits can be found when the periods of these UPOs
approach infinity.

IV. TRANSIENT SYNCHRONIZATION STABILITY
A. Basin of Attraction

The full-order model is applied to derive the SEP’s BOA
numerically. Specifically, the trajectory starting from each initial
state in the phase plane is calculated by the Runge—Kutta method.
Convergence or divergence of the numerical process can be used
to identify the BOA. As the system normally operates at the
SEP, the BOA cross section containing the SEP is analyzed.
Fig. 5 shows that the BOA cross section is connected at x, =
1 p.u., implying two potential UPOs in the upper and bottom
sides. As k), decreases to 0.26 p.u., the BOA cross section splits
into a fractal structure. Furthermore, the BOA cross section
shrinks to an ellipse at x, = 0.22, suggesting a potential UPO
near the SEP. If k,, decreases further, the SEP eventually be-
comes a UEP via the subcritical Hopf bifurcation. These rough
features are consistent with that of the second-order model,
indicating the primary role of the PLL in the dynamics of the
GFLC.

However, the comparison between Figs. 3 and 5(b) indicate
that the BOA shrinks much faster in the full-order model. Conse-
quently, the projection of the UEP (PUEP) in Fig. 5(b) becomes
out of the BOA at relatively large ,,. This significant difference
can be attributed to the adverse effects of current transients. The
result demonstrates that the second-order model overestimates
the GLFC’s robustness to phase jump disturbances, highlighting
the importance of the nonideal current loop in the transient
synchronization stability.
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respectively.

B. Bifurcation Behavior

The numerical continuation method is utilized to identify the
bifurcation behavior behind the BOA changes. The continuation
results of the upper and center UPOs are shown in Figs. 6 and 7,
respectively. The manifolds in Figs. 6(a) and 7(a) show the
trajectory variations of the corresponding UPOs with different
kp. The periods of the UPOs in Figs. 6(b) and 7(b) approach
infinity near x, = 0, implying homoclinic bifurcation. The sad-
dle quantities at the upper and center homoclinic bifurcations are
24.52 and 27.44, respectively, with both the saddles having com-
plex leading eigenvalues. Hence, as Shil’nikov theorem predicts,
infinite UPOs will emerge near the homoclinic bifurcations. This
phenomenon is verified by the repetitive small “wiggles” near
the homoclinic bifurcations illustrated in Figs. 6(b) and 7(b).
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Fig. 6 shows that, within the normal parameter range (i.e.,
kp > 0), there exists at least an upper UPO whose stable man-
ifold can affect the SEP’s BOA. From (14), for any values of
kyp, the SEP lies in the same position, as shown in Fig. 5. Thus,
Fig. 6 indicates that as x,, decreases from 1 p.u., the upper UPO
gets closer to the UEP and, simultaneously, the SEP, resulting
in the BOA’s contraction.

Moreover, Fig. 7 shows two main branches of UPOs in
the center UPO manifold. For clarity, a codim-1 bifurcation
diagram illustrating the center UPOs is presented in Fig. 8.
The bifurcation diagram shows that the external and internal
branches of the center UPOs emerge from the homoclinic
and Hopf bifurcations, respectively. The internal branch makes
the BOA significantly sensitive to parameter choices. As the
internal branch approaches the SEP, the BOA cross section
shrinks rapidly from a connected area (x, = 0.292 p.u.) to zero
(kp = 0.201 p.u.) until a subcritical Hopf bifurcation sets in. To
enhance the transient synchronization stability of the GLFC, the
internal branch’s existence should be avoided. This objective can
be achieved by triggering the saddle-node bifurcation of periodic
orbits (SNPO) at x, = 0.292 p.u., where the two branches
collide and annihilate.

The significance of the SNPO is further illustrated in Fig. 9(a),
where the magnitudes of the critical phase jumps Af, leading
to instability are presented. As x,, decreases from the SNPO, the
critical phase jumps drop to zero in a narrow parameter range.
Therefore, the full-order model suggests triggering the SNPO
to enhance the synchronization stability. In contrast, the critical
phase jumps of the second-order model in Fig. 9(b) suggest
triggering the upper homoclinic bifurcation at ,, = 0.166 p.u.
With this design principle derived from the second-order model,
the real critical phase jumps have decreased to zero, indicating
no BOA, as shown in Fig. 9(a). Therefore, comparing Fig. 9(a)
and (b) validates the full-order model and the proposed design
principle.

C. Effects of Current Loop Bandwidth

Studies have shown that a faster current loop can reduce the
current transient and mitigate its adverse impact on the transient
synchronization stability [17], [19]. In this section, not only the
qualitative effects of the current loop bandwidth £¢', but also its
quantitative effects are studied in terms of the BOA and bifurca-
tion behavior. With f<! < 0.2f;,, [8], where f.,, = 2 kHz is the



LIU et al.: TRANSIENT SYNCHRONIZATION STABILITY OF GFLCS CONSIDERING NONIDEAL CURRENT LOOP

T
4 Negative
= 1
<
\5:4/ ™
< 2 l Positive
< q |
! [+—SNPO
0 |
0 01 02 03 04 05 0.6
iy (D)
(@
T — T
|
3T
=1 I
S Positive |
-z I Negative I
2 R | Upper [lmn()('linir—bl
! | «— Qenter Homoclinic I
WAl
0 0.05 0.1 0.15 0.2
Ky (P

(b)
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switching frequency, four cases with ffl = 100, 200, 300, and
400 Hz are presented in Fig. 10. The current loop bandwidth is
tuned while the ratio 3; / 8, remains unchanged. Fig. 10(a) shows
that increasing f<! enlarges the BOA considerably. However,
even with a very high bandwidth of 400 Hz, the discrepancy
between the second-order model and full-order model is still
significant, as shown in Figs. 9(b) and 10(a). Therefore, while
the second-order model provides an approximate description of
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the dynamical behavior, the current transient is important for
accurate BOA estimation.

The changes in bifurcation behavior regarding the center
UPOs are illustrated by Fig. 10(b). With f<!' = 100 Hz, the
external branch of the center UPOs emerges from a homoclinic
bifurcation at small «,, (nearly zero). As f CCI increases to 200 Hz,
another homoclinic bifurcation occurs at relatively large ,, (over
0.2 p.u.), of which the generated UPO forms the external branch.
If f! increases further, the SNPO and the external branch disap-
pear. This phenomenon can be explained by applying Shil’nikov
theorem. When fcCl = 200 Hz, the saddle’s leading eigenvalues
are —21.52 + 516.78 and 57.07, indicating a Type-2 saddle.
When f¢' = 300 Hz, the leading eigenvalues change to —26.02
and 55.63, indicating a Type-1 saddle. Hence, the transformation
of the saddle means that the homoclinic bifurcation generates
only a simple UPO for very high fgl. A codim-1 bifurcation
diagram with f¢! = 300 Hz is presented in Fig. 11, where
the only center UPO is directly connected by the subcritical
Hopf bifurcation and the homoclinic bifurcation. Indeed, such
bifurcation behavior of the full-order model at very high f¢! is
similar to that of the second-order model, which can be regarded
as a full-order model with infinite current loop bandwidth.

Nevertheless, the available bandwidth of the current loop is
limited by small-signal stability as well as the switching fre-
quency. As shown in the root loci plotted in Fig. 12, if the current
loop bandwidth reaches 1000 Hz, the SEP will become unstable
through the Hopf bifurcation. Thus, the extreme bandwidth of
the current loop here is nearly 900 Hz in terms of small-signal
stability. With such an extreme setting, the critical phase jumps
of the full-order model are presented in Fig. 13, which is close to,
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although not exactly same as, Fig. 9(b). Therefore, the second-
order model cannot fully substitute the full-order model with
only the current loop bandwidth being tuned. Besides, tuning the
current loop bandwidth to adapt to the second-order model may
cause other problems, e.g., reducing the small-signal stability
margin. Thus, the appropriate model should be chosen according
to the specific setting.

To clarify the bifurcation behavior with varying current
loop bandwidth, a codim-2 bifurcation diagram is presented in
Fig. 14. It can be observed that, at relatively low f¢!, the SNPO
serves as the boundary between the existence and disappearance
of the center UPOs. With ' exceeding 140.85 Hz, a center
homoclinic bifurcation occurs near the SNPO and eventually
overlaps with the SNPO at f¢' = 244.52 Hz. Simultaneously,
the saddle connected by the homoclinic orbit transforms from a
Type-2 saddle to a Type-1 saddle. To enhance the transient syn-
chronization stability, the existence of the center UPOs should be
avoided. This objective can be achieved by triggering the SNPO
for relatively low current loop bandwidth or avoiding the center
homoclinic bifurcation for very high current loop bandwidth.

D. Effects of Voltage Feedforward Scheme

Although the PCC voltage is neglected in the derivation of
the current loop bandwidth, it can significantly impact current
regulation [25]. To address the current harmonics that result from
voltage distortion, grid voltage can be feedforwarded into the
current loop. This scheme is also crucial for transient stability,
as it enhances the speed of the current loop. Thus, the output of
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the current controller in (7) can change to

[U‘;d] =ﬁp<[’i“] — | )w i\ 4 ”W] (19)
Vogq Lgq Lgq Yiq Ygq
where

L,L,

1 1
- Ls +Lq <stsd+ fgvrd

(52w
NEAVAY
Ly Lg)"*

Here, a feedforward weight & € [0, 1] is adopted because the
unweighted voltage feedforward scheme will increase the risk of
small-signal instability of converters with LCL filters, especially
under weak grids [26].

Fig. 15 shows the positive critical phase jumps of the full-
order model adopting the voltage feedforward scheme. As k
varies from O to 1, the BOA of the full-order model gradually
becomes close to that of the second-order model. Furthermore,
the bifurcation behavior with varying k is illustrated by the
codim-2 bifurcation diagram in Fig. 16. Similar to increasing

<l increasing k leads to the change of the bifurcation behavior
from Figs. 8 to 11. The reason is that both increasing ¢! and k
can accelerate current regulation.

Furthermore, the full-order model gives the same BOA and
bifurcation behavior as the second-order model for an extreme
k (i.e., 1), but not for an extreme fCC1 (i.e., 800 Hz). Thus, the

Ugd

(20)
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TABLE II
QUALITATIVE EFFECTS OF PARAMETERS

K Ki
PLL D L
T il
i ¢ k
Current Loop gd c
1 i i)
. V. Lgs,r
Grld sm Sy '8
T 1

Note: “1” (“}”) denotes that the transient synchronization stability can be
enhanced by increasing (decreasing) the corresponding parameter.

simplification of the second-order model is valid for the GFLCs
using the unweighted voltage forward scheme, although this
scheme can lead to oscillations under a high grid impedance [26].
Besides, regardless of the choice of ffl and k, the full-order
model and the numerical continuation are always valid.

V. IMPLICATIONS FOR DESIGN

A. Design-Oriented Analysis

As a classical application of bifurcation diagrams, design-
oriented analysis can be conveniently performed with the full-
order model. The bifurcation diagrams corresponding to the
SNPO and the center homoclinic bifurcation with different con-
trol and grid parameters are provided in Fig. 17. As summarized
in Table II, the qualitative effects of the parameters on the BOA,
except f<' and k, in the full-order model are the same as in the
second-order model [15].

However, the desired parameters vary significantly with the
current loop bandwidth. For instance, when ffl decreases from
300 to 150 Hz with other parameters remaining unchanged,
the minimum required «,, gets nearly doubled (from 0.152 to
0.262 p.u.). Suppose k, above the bifurcation boundary by
0.05 p.u. is adopted. Then, system A (x, = 0.202 p.u.) in
Fig. 17(a) should be chosen for fcCl = 300 Hz. On the other
hand, the conventional methods neglecting the current transients
recommend the same r,, for different current loop bandwidth,
which may lead to system B (k, = 0.202 p.u., f! = 150 Hz)
in Fig. 17(a). For such lower f¢!, the proposed method suggests
choosing system C (k, = 0.312 p.u.) in Fig. 17(a) to ensure
transient synchronization stability.

The BOA cross sections of systems A—C are provided in
Fig. 18. Clearly, the BOA of systems A and C is significantly
larger than that of system B. The robust performance of systems
A and C can be further reflected by the critical clearing time
t. against voltage dips and short-circuit faults. The voltage dip
is modeled as the temporary drop of the amplitude of the grid
voltage to V. Likewise, the short-circuit fault is modeled as the
temporary increase of the inductance and resistance of the grid
impedance to L{ and 7/, respectively. After the fault is cleared,
the grid voltage and impedance are assumed to recover to the
default values. The critical clearing time to remain stable is pre-
sented in Fig. 19. For a voltage dip with V7, = 0.35p.u., systems
A, B, and C must clear the fault within 0.30 s, 0.05 s, and 0.09 s,
respectively. Such difference is also significant for a short-circuit
fault with Lf = 1.8 p.u. and v/ = 1.8 p.u., where ¢, of systems
A—Care 1.01,0.47 s, and 0.88 s, respectively. The results show
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that systems A and C have more time to clear the relatively severe
faults. In contrast, system B, designed without considering the
current transients, is more likely to become unstable with a short
duration of grid faults. Hence, the bifurcation analysis with the
full-order model enables a more accurate design reflecting the
adverse effects of the nonideal current loop, and is applicable to
different current loop parameters.
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Fig. 19.  Critical clearing time for (a) voltage dips and (b) short-circuit faults.

B. Discussion on Applications of Design Principles

Two design principles can be applied in various applications
based on the second-order and full-order models. Their appli-
cability and limitations have been summarized in Table III.
The second-order model’s design boundary can be identified
through direct integration, but its accuracy is only suitable for
GFLCs that use the unweighted voltage feedforward scheme.
Using this method comes at the expense of less small-signal
stability margin. On the other hand, the full-order model’s design

mate design boundary in addition to proper numerical continu-
ation, which facilitates practical applications. The exact design
boundary (e.g., SNPO) is crucial because a UPO emerges at
this boundary, making the BOA highly sensitive to parameter
changes. Therefore, the approximate design boundary can be
found near the peak of the BOA change rate. First, the posi-
tive critical phase jump is derived using the full-order model,
as shown in Fig. 9(a). Then, the slope of the critical phase
jump is calculated, as shown in Fig. 20. The peak in the slope
corresponds to the maximal change rate of the BOA. k, at
the peak slope is denoted by mgeak. The approximate design
boundary is set as kP + Ak, where Ak, is 0.05 p.u. in
this example. Table IV presents a comparison between the exact
and approximate design boundaries. The approximate design
boundary is close to the exact design boundary while simplifying
the computation. This method provides a practical approach to
identify the approximate design boundary and is a valuable tool
for engineers and researchers.
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VI. EXPERIMENTAL VERIFICATION

The control hardware-in-loop experiments have been per-
formed to verify the analytical findings. The grid and the GFLC
are emulated by the OPAL-RT equipment OP4512, while the
control signals are generated using DSP TMS320F28377D. The
default parameters in Table I are adopted unless otherwise stated,
where the short-circuit ratio of the grid is 6.6. First, the phase
jump disturbances are applied to vs to validate the accuracy
of the full-order model. As shown in Fig. 21, a phase jump of
—2.2 rad cannot destabilize a GFLC with , = 0.4 p.u. and
other parameters adopting the default values. When the phase
jump increases to —2.4 rad, the GFLC loses the synchronization,
with 7, diverging and 4, soaring to a very high value. Despite
the different stability results, the amplitude of 74, is far from
the reference value (30 A) during the transient process, which
justifies the consideration of the nonideal current loop. These
experimental results are consistent with the numerical result
given in Fig. 9(a), where the full-order model predicts that the
GFLC with k;, = 0.4 p.u. has a critical phase jump of —2.3 rad.

Next, systems A (x,, = 0.202 p.u., ffl =300Hz)and C (k, =
0.312p.u., f¢! = 150 Hz) described in Section V-A, which typify
the GFLCs with very high and relatively low f¢!, are tested with
voltage dips and short-circuit faults to examine the proposed
design principle. For clarity, the grid’s equivalent inductance L
is modeled as the series connection of a transformer inductance
L; and a double-circuit transmission line with L;; = L2, as
shown in Fig. 22. The grid’s equivalent resistance 7 is processed
in the same way. When a short-circuit fault occurs on L;, the
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voltage dips, with Vi, = 0.35 p.u., 5, = 0.202 p.u., and f&' = 300 Hz.
Other parameters adopt the default values. The first and second voltage dips last
for 0.2 and 0.25 s, respectively.
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Fig. 24.
short-circuit faults, with L{ = 1.8 p.u.,r{ = 1.8 p.u., k, = 0.312 p.u., and

FS' = 150 Hz. Other parameters adopt the default values. The first and second
short-circuit faults last for 0.8 and 0.9 s, respectively.

Experimental waveforms of 4;1, 444, and &7, after two subsequent

relaying system disconnects the corresponding branch of the
transmission line, leading to Lf: = L; + L;5. Hence, a short-
circuit fault with L!; = 1.8 p.u. means L; = 0.2 p.u.and L;; =
L5 = 1.6 p.u. With such modeling, the current of L;; (i.e., ¢;1)
provides a clear indicator for the short-circuit fault.

Fig. 23 shows the response of system A under two subsequent
voltage dips with V£ = 0.35 p.u. While the fault depth is con-
siderable, system A recovers the normal current and phase angle
with the first voltage dip being cleared 0.2 s after its occurrence.
Then, after the second voltage dip, which lasts for 0.25 s, system
A falls into continuous oscillation. These experimental results
are close to the numerical critical clearing time (0.30 s) given in
Section V-A. Likewise, two short-circuits faults with L£ =1.8
p.u. and 7/ = 1.8 p.u. are applied to system C of Fig. 24. The
first and second faults last for 0.8 and 0.9 s, respectively. The
experimental results show that system C only diverges after
the second short-circuit fault, which confirms the numerical
critical clearing time given in Section V-A, i.e., 0.88 s.
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The stability conclusions of the experiments are consistent
with those of the numerical analysis. Hence, the experiments
on systems A and C demonstrate the robust performance of
the proposed design principle. Since the two systems have
distinctive current loops, the experiments also corroborate the
broad applicability of the proposed design principle to GFLCs
with different current loop bandwidth.

VII. CONCLUSION

The nonideal current loop in the GFLC plays a decisive
role in determining the dynamics of the system. Besides the
adverse impact of current transients, this article also reveals
the rapid contraction of the BOA as a result of the presence
of the UPO near the SEP. For a relatively low current loop
bandwidth (e.g., fg‘ < 244.52 Hz with the default setting), this
UPO can be eliminated by triggering the saddle-node bifurcation
of periodic orbits. For a very high current loop bandwidth (e.g.,
[ > 244.52 Hz with the default setting), the same objective
can be achieved by avoiding the center homoclinic bifurcation.
Both cases can be implemented with the proposed numerical
continuation or approximate method. With the proposed design
principle, the BOA of the SEP becomes less sensitive to param-
eter changes, and consequently, a robust system can be easily
designed.
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