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Design-Oriented Transient Stability Analysis of
Grid-Connected Converters: A Comparative
Study of Analysis Methods

Chao Charles Liu

Zhenxi Wu'¥, Student Member, IEEE, Hua Han

Abstract—Transient stability analysis of grid-connected convert-
ers can provide guidance for practical design. Previous studies have
summarized monotonic relationships between stability and param-
eters. Given the complex nonlinear behavior of converter-based
systems, these monotonic relationships are incomplete. In this ar-
ticle, design guidelines in the form of feasible parameter ranges
are developed. Sensitivity analysis and bifurcation diagrams are
utilized to derive feasible parameter ranges from typical stability
analysis methods, including time-domain simulation, energy-based
methods (manually derived and algorithmically searched), and
bifurcation analysis. It is found that different analysis methods
may provide equivalent design guidelines due to the similar sensi-
tivity patterns identified by these methods. Furthermore, we reveal
that the change in the sensitivity patterns can be induced by the
bifurcation behavior of grid-connected converters. Therefore, the
qualitative differences between the stability analysis methods are
determined by their ability to capture the various bifurcations cru-
cial for determining transient stability. Our results show different
levels of consistency between the analysis methods. The findings
are verified by laboratory experiments.

Index Terms—Bifurcation analysis, grid-following converter
(GFLC), grid-forming converter (GFMC), Lyapunov method,
sensitivity analysis, transient stability.

1. INTRODUCTION

S MODERN power systems containing significant num-
ber of power electronics converters may encounter large
disturbances, the significance of transient stability of grid-
connected power converters has gained increasing attention [1],
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[2]. Recently, a number of dynamical models and analysis tools
have been developed to study transient stability. With many
physically insightful results obtained, the research on transient
stability of grid-connected converters has reached a stage where
the focus can be directed from dynamical analysis toward prac-
tical design [1], [3]. It is thus of practical importance to evaluate
the analysis methods from a design-oriented perspective [4].

The first task of design-oriented transient stability analysis is
to establish large-signal models for practical converters with
high fidelity. Due to the difficulty of elucidating high-order
models, order reduction is commonly applied to simplify analy-
sis [5], [6], [7]. Specifically, the outer synchronization loops of
converters are generally preserved, while the inner control loops
(e.g., current loops) can be omitted. For instance, the second-
order model containing a phase-locked loop (PLL) is widely
utilized for studying grid-following converters (GFLCs) [5].
Also, depending on whether a lowpass filter (LPF) is used for
noise suppression and inertia emulation, a first-order or second-
order model containing a power synchronization loop can be
adopted for investigating grid-forming converters (GFMCs) [6],
[7]. While such order reduction enables simple and intuitive
analysis of instability phenomena of converters, the applicability
of the simplified models to practical design is not guaranteed.
The findings of recent studies have underlined the importance of
the preconditions of using simplified models [8], [9]. Generally,
the simplified models should be used only when the internal
loops are much faster than the synchronization loops. It is
worth noting that tuning of the bandwidth of the inner loops
is always necessary, and the applicability of simplified models
also depends on the use of power decoupling and feedforward
compensation [8].

The next issue is the capability of large-signal models in
assessing transient stability. Such capability can be characterized
by the basin of attraction (BOA) of a stable equilibrium point
(SEP), of which the shape and size primarily affect the stability
metrics of converter-based systems. As shown in Fig. 1, typical
BOA estimation methods can be classified into three types, in
accordance with the preferences of different communities. First,
time-domain simulation (TDS), or the phase portrait method, di-
rectly computes the transient trajectories via step-by-step numer-
ical integration and thus requires no in-depth understanding of
the system’s nonlinear behavior [7], [10]. The BOA is estimated
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Fig. 1.
swing equation; (c) bifurcation-based manifold analysis.

by scanning the state space and identifying the convergence
or divergence of trajectories. Despite its high computational
burden, TDS is mostly adopted by the industry due to its high
reliability and broad applicability [2], [11]. However, TDS does
not provide sufficient information for developing a systematic
design methodology. Second, energy-based methods are more
appealing due to their better physical intuitions and high an-
alyticity. These methods seek to identify the condition under
which the system’s equivalent energy contracts monotonically to
ensure stability. Based on earlier research on conventional power
systems, typical energy-based methods for grid-connected con-
verters include the equal-area criterion (EAC) [12], [13], [14],
[15], and Lyapunov’s direct method [16], [17], [18], [19]. A
major challenge in using energy-based methods is that the results
are conservative in nature [11]. Recent advances in convex opti-
mization [18] and machine learning [20] have made it possible
to search energy functions with lower levels of conservation via
automatic algorithms. However, it is yet to be clarified whether
quantitative improvements of energy-based methods can sub-
stantially benefit the design of converter-based systems. The
third category of methods utlizes nonlinear studies, which typ-
ically demonstrate the exact BOA boundary of converter-based
systems using bifurcation-based manifold analysis [8], [14],
[21], [22], [23]. According to Chiang et al. [24], with certain
conditions satisfied (which hold in general for converter-based
systems), the BOA boundary of a nonlinear system is composed
by the union of the stable manifolds of all equilibrium points and
periodic orbits on the boundary. Thus, the exact BOA boundary
can be obtained by directly computing the relevant manifolds.
For simplicity, the estimation can be performed by considering
only the stable manifolds of equilibrium points [12]. However,
without employing bifurcation analysis, the simplified approach
will solely cover a part of all possible operating regimes (i.e.,
composition of the BOA boundary). With variation of parame-
ters, the composition of the BOA boundary will change due to
the emergence or disappearance of periodic orbits. As qualitative
changes are affected by the bifurcation behavior of the system,

Examples of BOA estimation methods applied to GFLC with x;, = 0.1 p.u. (a) Time-domain simulation; (b) lie derivative of the energy function of the

bifurcation-based manifold analysis offers a more comprehen-
sive view of the BOA boundary for guiding the parameter design.
Nevertheless, bifurcation analysis involves indepth mathemati-
cal analysis of dynamical systems and is considered a relatively
complex method.

For the purpose of practical design, many studies have at-
tempted to derive design guidelines concerning transient sta-
bility. Most design guidelines, however, focus on monotonic
relationships between stability and parameters [7], [10], [12],
[16], [17], which may only hold for certain parameter con-
ditions. Determining parameter values through these mono-
tonic relationships still requires practical experience and may
encounter contradictions between different stability and re-
sponse metrics. For instance, increasing the cutoff frequency
of the LPF of GFMCs improves transient stability but results
in weaker inertia support [19], [25]. On the other hand, di-
rect acquisition of optimal parameter values is challenging
due to the difficulty of formulating a solvable optimization
problem.

To provide effective design guidelines, we aim to identify fea-
sible parameter ranges and leave the final choices to engineers.
The results of bifurcation analysis (i.e., bifurcation diagrams) are
essentially such type of design guidelines [4]. To derive design
guidelines from TDS and energy-based methods, we perform
sensitivity analysis on the stability metrics estimated by these
methods. The sensitivity analysis provides critical insights into
the effects of parameters on transient stability [26].

Despite the quantitative differences in the estimated stability
metrics, the analysis methods may give similar sensitivity pat-
terns, leading to equivalent parameter suggestions. By compar-
ing the design guidelines, we reveal the qualitative differences
between the various stability analysis methods as well as their
practical values for parameter design. Moreover, we apply bi-
furcation analysis to identify these qualitative differences. This
study may thus benefit engineers with diverse backgrounds by
presenting advanced analytical methods in a simple yet practical
way.
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Fig.2. Overshoot (solid line) and its sensitivity (dashed line) to damping ratio
for a standard second-order linear system.

II. DESIGN METHODOLOGY
A. Sensitivity Analysis

The sensitivity of performance metrics provides insightful
information for tuning control parameters, especially for sce-
narios with necessary tradeoffs. Even for a linear system (i.e.,
with a linear relationship between input, state, and output), the
relationship between the sensitivity of performance metrics and
parameters is nonlinear in general, which signifies the varying
influences of parameters with the change of parameter choices.

For example, Fig. 2 shows the sensitivity of overshoot M, to
damping ratio ¢ for a standard second-order linear system [27].
The negative sensitivity suggests increasing ¢ to reduce M),
However, as ¢ approaches 1, the sensitivity of M, decreases
slowly to zero, indicating a diminishing marginal return. Also,
increasing ¢ up to 1 will resultin longer settling time (peak time).
Considering the tradeoff between overshoot and response speed,
a damping ratio slightly smaller than 1 (e.g., 1/\/5) is widely
adopted. The above-mentioned analysis can be summarized as a
design guideline by dividing the whole parameter range into two
subranges with contrasting sensitivities, of which the one with
small overshoot and low sensitivity is recommended. Specifi-
cally, we can choose ( in (0.64,1) to have a sensitivity lower than
0.5 in absolute value, as highlighted in blue in Fig. 2. Eventually,
a relatively small damping ratio in the low-sensitivity range
enables a small overshoot and fast response simultaneously.

The varying influence of parameters becomes more significant
in grid-connected converters, where the nonlinear behavior can
lead to nonsmooth and extremely contrasting sensitivity pat-
terns. For example, the response of GFLCs against consecutive
voltage dips is presented in Fig. 3 to show the sensitivity of the
critical clearing time ¢, to the proportional control parameter
kp. The response is obtained via full-circuit simulation on MAT-
LAB/Simulink. As shown in Fig. 3(a), the GFLC with s, = 0.1
p-u. recovers stability after a fault lasting for 0.12 s, but loses
synchronization as the fault duration increases to 0.14 s. Thus,
the converter’s critical clearing time (i.e., maximum endurable
fault duration) is about 0.13 s. For the case in Fig. 3(b), choosing
kp of 0.2 p.u. leads to the same t. of about 0.13 s, indicating
a low sensitivity between x, of 0.1 and 0.2 p.u. However,
when k,, increases from 0.2 to 0.22 p.u, the critical clearing
time nearly doubles, implying a very high sensitivity. Such
contrasting results underline the importance of considering the
varying influence of parameters on transient stability.
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Fig. 3. Full-circuit simulation of GFLC with consecutive voltage dips.
(a) kp = 0.1 p.u. and fault lasting for 0.12 s and 0.14 s; (b) kK, = 0.2 p.u.
and fault lasting for 0.12 s and 0.14 s; (c) kp = 0.22 p.u. and fault lasting for
0.22 s and 0.24 s.

While the primary role of sensitivity analysis in our design-
oriented analysis is to improve stability metrics, the estimated
sensitivity also facilitates other design considerations. Our pre-
vious studies have identified exhibiting low or zero sensitivity
in relatively long parameter ranges as a common property of
grid-connected converters [8], [21], [22]. The low sensitivity
enables us to improve other metrics without resulting in se-
vere stability degradation. For example, the GFMC can achieve
a satisfactory tradeoff between transient stability and inertia
support by choosing a relatively low cutoff frequency in the
low-sensitivity range [21]. Besides, the sensitivity analysis also
benefits the robustness of the design against parameter varia-
tions. Due to the nonlinear behavior of converters, the low sensi-
tivity to controllable parameters (e.g., controller parameters) and
uncontrollable parameters (e.g., grid impedance) can be realized
simultaneously. Thanks to these properties, we are able to derive
practical design guidelines by applying sensitivity analysis.

Another method to obtain feasible parameter ranges is to spec-
ify the minimum requirement of performance metrics [7], [10],
[19]. This requirement-based method can provide equivalent
parameter suggestions to the sensitivity-based method when the
minimum requirement is appropriately defined. However, like
applying the monotonic relationships, determining the minimum
requirement of performance metrics still relies on engineering
experience and may result in trivial or unfeasible solutions.
The requirement-based and sensitivity-based methods will be
compared in Section V-E.

B. Design Framework

The basic framework for design-oriented transient stability
analysis is presented in Fig. 4. Before conducting transient
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Fig. 4. Design framework.

stability analysis, an initial design should be obtained via small-
signal stability analysis. Then, the dominating parameters for
transient stability are chosen for sensitivity analysis. Since the
simplified models of grid-connected converters are generally
second order [5], [7], two parameters at most need to be tuned.
For each of the BOA estimation methods, the BOA under pa-
rameter changes is estimated to compute the concerned stability
metrics and their sensitivity to parameters. Finally, the parameter
ranges are divided into several subranges with distinct sensitivity
patterns, and the one with high stability metrics and low sensi-
tivity is chosen as the recommended feasible parameter range.

We apply the above-mentioned procedure to TDS and energy-
based methods but not bifurcation analysis. This is due to
the fact that the BOA estimates of bifurcation-based manifold
analysis are the same as those of TDS. Moreover, the bifurcation
diagrams obtained from bifurcation analysis directly divide the
parameter space using bifurcation boundaries. The bifurcation
boundaries are defined from the perspective of different op-
erating regimes (topological equivalence of phase portraits in
studies of dynamical systems [28]) [4]. The parameter range of
the expected operating regime provides a design guideline for
bifurcation analysis. We will examine the two types of design
guidelines in Section V-C.

III. LARGE-SIGNAL MODELS

A grid-connected power converter includes a power stage and
a filter connected to the power grid, as shown in Fig. 5. This
article focuses on two types of grid-connected converters due
to their relatively mature applications, namely, GFLCs using a
synchronous-reference-frame PLL and GFMCs employing P- f
droop control. Among other typical grid-forming control meth-
ods, power synchronization control [6] and virtual synchronous
generators control [7] are equivalent to the studied droop control,
while virtual oscillator control exhibits distinct time-domain
dynamics [29] and will be studied in future work.

The power grid is modeled as a stiff voltage source and a grid
impedance. The magnitude and phase angle of the stiff source
are denoted by Vi, and 6, respectively. To indicate the different
grid-strength compatibility, we denote the inductance of the grid
impedance for the GFLC and GFMC by L, and L, respectively.
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Fig. 6. Large-signal models of (a) GFLC and (b) GFMC.

While the GFMC here adopts the alternating-voltage control,
our analysis can be flexibly extended to those with a Q-V droop
control [7], [21].

We assume that the inner control loops feature high band-
width, power decoupling, and feedforward compensation such
that their transient process can be omitted in the time-scale
of the outer synchronization loops [8]. Hence, we obtain the
large-signal models shown in Fig. 6 by approximating the inner
control loops as unity-gain loops.

The dynamics of a GFLC are described by

. . s —Kp Vem SINOL 4K Yu +wo
Y = Vvsm sin 6L + Lszgd 1fmpL5i;d

e))

5 _ —Kp Vam sin 0L +£;yw +wo
L T—rp Lo,

— wo
where v, is the state variable of the PLL controller, d;, = 0y, —
0, is the phase difference, i; 4 1s the current reference for active
power, wy is the operating frequency of the grid, and x,, and &;
are the proportional and integral gains, respectively.
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TABLE I
DEFAULT PARAMETERS OF GFLCs

Parameter Value p.u. Parameter  Value  p.u.
Vsm, 311V 1 i; d 30 A 1
Ls 5 mH 0.152 Kp 0.413 1
wo 1007 rad/s 1 Ki 7.786 1
The GFMC is modeled as
. 3v%, Vi sin o
= — —_ Zfm smP TV *
Aing = wp ( Awn — my, 5oL + mypp ) @)

SM = AwM

where Awyy is the frequency difference between the GFMC
and the grid, w, is the cutoff frequency of the LPF, m,, is the
droop gain, v}, is the reference of the voltage magnitude, o\ =
On — 0O is the phase difference, and p* is the power reference.

In applying energy-based methods, the models of (1) and (2)
are usually transformed into the form of swing equations [11]
by establishing an analogy between converters and synchronous
generators. The swing equation is represented as

J§=P, — P, — D} (3)

where J is the equivalent moment of inertia, P,,, is the equivalent
mechanical power, P, is the equivalent electromagnetic power,
and D is the equivalent damping coefficient.

For the GFLC, the equivalent representation is obtained as

0 =90L
g knfsz‘;d
Py = woLsil, “

P, =V, sindy,
— Fp . _ %
D = = Vem cos oL Lszgd.

Likewise, the swing equation of the GFMC is derived by

0 =0m
_ 1
T wpmp
— *
Pm=p (5)
3v% Vi sin dum
. fm YVsm
Pe - QUJOLZ
D=L
Mp

It should be noted that although the models of (1) and
(3)—(4) are equivalent, they may produce different responses
in face of grid disturbances. For example, when a phase jump
or voltage dip occurs, ¥, in (1) remains zero at the instant of
the disturbance, but SL will suffer from a sudden change due
to the proportional gain of the PLL controller. In comparison,
following the tradition of synchronous generators, the model of
(3) assumes § to be zero at the instant of the disturbance, which
is common in EAC analysis [12], [13], [14], [15]. To reduce
error, an additional state jump should be considered when the
model of (3) is applied.

Throughout the analysis in this article, the default parameters
in Tables I and IT are adopted, unless otherwise stated. By default,
the GFLC and GFMC are designed to operate at 14 and 25 kW,
respectively.

TABLE II
DEFAULT PARAMETERS OF GFMCs

Parameter Value p-u. Parameter Value p-u.
Vsm 311V 1 p* 25 kW 1
L, 15 mH 0.812 wp 27 x 0.1 0.1
wo 1007 rad/s 1 mp G2e0 0,02
vl 311V 1

Note: Pmax is the maximum injection power and chosen as p* in this article.

TABLE III
ENERGY-BASED METHODS

Method Advantage Limitation
EAC Simple Damping assumed
Energy function of Intuitive Conservative

swing equation
SOSP
LNN

Numerical error
Less efficient

Less conservative
Formal and rigorous

300 T
Normal\

200 d

2
100 P P, under voltage dip e
0 = : c
065 % 5(; 5“77'

op, (rad)

Fig. 7.  EAC for GFLC suffering from a voltage dip with VSJ:,L =0.1p.u.

IV. ANALYSIS METHODS OF TRANSIENT STABILITY

This section presents the typical transient stability analysis
methods. As introduced in Section I, TDS has been commonly
used for transient stability analysis. The classical Runge—Kutta
method [11] can solve the low-order models in (1) and (2) with
very high accuracy, which will be omitted in this article. More-
over, we will present the salient concepts with minimal technical
details to facilitate easy grasp of the essential differences of the
various methods.

A. Energy-Based Methods

In this article, we consider four typical energy-based methods,
as shown in Table III. EAC considers the equivalent motion of
the swing equation [11], [12]. Fig. 7 shows an example of a
GFLC suffering from a voltage dip, where §, and J,, are the phase
differences at the SEP and the unstable equilibrium point (UEP),
respectively. Similar grid disturbances will create an imbalance
between P,, and P., and subsequently cause the acceleration
or deceleration of the equivalent motion of (3). The equivalent
energy change is characterized by an accelerating area A; and
a maximum decelerating area As. The converter-based systems
are judged as stable when disturbances are cleared before the
critical clearing angle J., where A; = As. Finally, the critical
clearing angle is translated to the critical clearing time ¢, using
trajectories computed from TDS.
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Assuming positive damping, the analysis of EAC implies a
Lyapunov function composed of potential energy and kinetic
energy [11], [17]. The potential energy is

E —

s
= — / (P — P.(u))du ©)
s
where u denotes the variable of integration for d. The kinetic
energy is
1.

Ep = 5J§2. @)
Thus, the energy (Lyapunov) function of grid-connected con-
verters is obtained as

V=F,+ L )
with the Lie derivative given as
. 0V ox :
= —— = —Dj* 9
Ox Ot ©)

where 2 = [0 ]T is the state vector. The energy function given
in (8) can be used to estimate the SEP’s BOA via La Salle’s
invariance principle [17]. In short, the BOA is identified as the
connected component of a sublevel set Q. = {z : V(z) < c},
where V is negative semidefinite (i.e., positive damping D) and
the SEP is the only included equilibrium point. An example of
the Lie derivative for the GFLC is shown in Fig. 1(b), where the
area with a negative semidefinite Lie derivative is depicted by
dashed lines.

While such manually derived Lyapunov functions provide
insightful physical intuitions, their BOA estimates can be too
conservative. To improve the accuracy of the estimates, re-
searchers have proposed specific algorithms to search valid can-
didates of Lyapunov functions [20], [30]. With the state vector x
normalized as z, the maximization of the BOA estimate involves
a sublevel set Q. = {z : V(2) < ¢, V(z) < 0} and a domain
D = {z:n(z) < B,V(z) < 0}, where (z) is positive-definite
and often initialized in the form of n(z) = 3, 2. Depending
on the inclusion relationship between 2. and I, the problem
formulation can be classified into the expanding interior algo-
rithm and expanding domain algorithm [31], as shown in Fig. 8.
For both algorithms, the area of D is enlarged by maximizing /5.
Hence, a limitation of the expanding domain algorithm is that
a large area of D does not ensure a large area of {2, i.e., the
estimated BOA.

To illustrate the expanding interior algorithm and expanding
domain algorithm, we implement sum-of-squares programming
(SOSP) and Lyapunov neural network (LNN), respectively. In
Lyapunov’s direct method, the asymptotic stability is determined
by positive (negative) semidefiniteness conditions, which are
relaxed to a sum-of-squares polynomial in SOSP (feasible space
being constrained). Thus, the problem of searching for a valid
Lyapunov function is transformed into a convex problem that
can be efficiently solved via semidefinite programming. Never-
theless, maximizing the BOA of the found Lyapunov function
is a nonconvex problem and can have different heuristic formu-
lations [31]. Our implementation mainly adopts the formulation
of Zhang et al. [18] and the solver in SOSTOOLS [32].
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Fig. 8. BOA estimates for GFLC with x;,, = 0.1 p.u. (a) Expanding interior
algorithm implemented by SOSP; (b) expanding domain algorithm implemented
by LNN.

While SOSP is relatively mature, it may result in problematic
estimates due to numerical errors. To ensure relevance of the
estimates, researchers have introduced formal verification into
the search of Lyapunov functions. LNN is a representative
method that incorporates numerical search and formal verifica-
tion [20]. This method generally adopts the expanding domain
algorithm, as shown in Fig. 8(b). The strict negative-definiteness
of V(z) in D is ensured by satisfiability modulo theory solvers,
which also limits computation efficiency. In this article, an
open-source toolbox FOSSIL [33] is utilized to search LNNs
for grid-connected converters.

B. Bifurcation Analysis

Bifurcation analysis deals with the change of operating
regimes of grid-connected converters under parameter varia-
tions [4]. The operating regimes can be differentiated by the
qualitative difference (topological equivalence) of phase por-
traits [28]. The purpose of bifurcation analysis is to identify the
parameter boundary for the expected operating regime. Early
studies on dc/dc converters often define the expected operating
regime by the stability of the operating equilibrium point [4].
Such a definition has been extended to small-signal stability
studies of ac converter-based systems [34]. However, the prob-
lem of transient stability concerns state trajectories escaping
from the BOA instead of the loss of the stability of equilibrium
points. Consequently, we can have a more flexible definition of
the expected operating regime for studying transient stability.
In this article, we propose two basic criteria for defining the
expected operating regime concerning transient stability.

1) Large BOA: The phase portrait should provide a relatively

large BOA in the expected operating regime.
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2) Low sensitivity: The sensitivity of stability metrics to
parameters should be relatively low under the expected
operating regime.

The above-mentioned criteria are applied to study the bifurca-
tion behavior of GFLCs and GFMCs. Our previous studies have
revealed the distinct homoclinic bifurcation behavior of these
converters [22]. As shown in Fig. 9, GFLCs have three types
of phase portraits concerning transient stability, of which the
transformation is induced by two homoclinic bifurcations that
generate two unstable periodic orbits (UPOs) [8], [14], [22]. In
comparison, GFMCs have two types of phase portraits [21],
as shown in Fig. 10. Notably, the homoclinic bifurcation of
GFMCs generates a stable periodic orbit (SPO) and thus breaks
global stability. Comparing the BOA in different phase portraits,
we choose those in Figs. 9(c) and 10(b) as the expected op-
erating regimes. While the global stability of GFMCs implies
zero sensitivity, the sensitivity of GFLCs will be examined by
TDS. Finally, the corresponding bifurcation boundaries in the

(b) (©)

Phase portraits of GFLC with (a) £, = 0.018 p.u., (b) K, = 0.1 p.u., and (¢) kp = 0.25 p.u.

parameter space, i.e., bifurcation diagrams, are computed to
guide the control design. Direct integration [21] or numerical
continuation [8] can be employed to perform the computation.
Moreover, checking the crossing-UEP resynchronization [22]
can represent a simple approach to identifying homoclinic bi-
furcation of grid-connected converters. For details of the mecha-
nism of homoclinic bifurcation, please refer to Kuznetsov’s [28]
work.

V. DESIGN-ORIENTED ANALYSIS

We choose the critical phase jump A6, and the critical clear-
ing time ¢, to illustrate the stability metrics of grid-connected
converters. The critical phase jump A6y is the maximum phase
jump of the grid voltage that converters remain stable. The
critical clearing time ¢, is the maximum duration of voltage dips
that converters can recover synchronization after the faults are
cleared. Generally, the two metrics are computed by identifying
the marginal cases when the during-fault trajectory touches the
boundary of the postfault BOA [11]. Considering that Af, in
the negative direction is trapped in the UEP for a relatively long
parameter range, as shown in Figs. 9(b) and 10(a), we mainly
study positive Afs. While Ad; is fully determined by the BOA’s
horizontal axis (d1, or d,s), t.. is also affected by the direction and
speed of the during-fault trajectory. The EAC analysis indicates
that a voltage dip will drive the trajectory to diverge toward the
upper right state plane. Hence, the BOA’s vertical axis (y,, or
Awyy) has a significant influence on ..

A. Estimation of BOA

To have an intuitive understanding of the difference between
analysis methods, we present representative examples of BOA
estimation. As shown in Fig. 11, the energy-based methods are
conservative for GFLCs in most cases. However, SOSP can give
optimistic estimates due to its numerical error, as shown in
Fig. 11(c). The increase of x,, leads to the BOA’s connection
in line gy, = 0, making the GFLC robust against any phase
jump (i.e., infinite Af,). However, such significant robustness
enhancement is only captured by TDS and SOSP, as shown
in Fig. 11(c). On the other hand, the UEP is included in the
estimated BOA boundaries of EAC and SOSP for a relatively
large r,. Thus, their BOA estimates cover merely a relatively
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small part of the upper right state plane, resulting in smaller £,
estimates.

Besides, the BOA estimates of LNNs are shown in Fig. 12.
While LNNs ensure the correctness of Lyapunov functions by
formal verification, their BOA estimates are very small and are
less affected by the change of parameters. A possible reason is
the limitation of the expanding domain algorithm, which has
been explained in Section IV-A. Changing to the expanding
interior algorithm may help improve the BOA estimates of LNNs
but will also make it more difficult to perform formal verification.
Due to their limited performance, LNN methods are omitted in
the following analysis.

Unlike the GFLC, the GFMC has a constant positive damping
coefficient D. Consequently, EAC and the energy function of
the swing equation are equivalent for the GFMC (with BOA
boundaries at the UEP) [17]. As Fig. 13 shows, the increase of
the size of BOA with a larger w,, is captured by EAC and SOSP.
However, due to the presence of a UEP, neither method is able
to identify the global stability of the GFMC.

B. Sensitivity-Based Design Guidelines

To obtain feasible parameter ranges, we apply the procedure
given in Fig. 4 in the transient stability analysis methods. The
critical phase jumps of a GFLC with varying ,, are presented in
Fig. 14. From the results of TDS, a very large positive sensitivity
is observed near small-signal instability (x, smaller than 0.02
p-u.). Then, the sensitivity drops below 15 and remains for a
relatively wide range. After an impulse is applied at x,, = 0.165

Awyr (rad/s)

6M (rad)
(b)
—O— TDS/Manifold —H— EAC/Swing
—— SOSP
Fig. 13.  BOA estimates of GFMC with (a) wp, = 0.1 p.u. and (b) w, = 0.7
p-u.

p.u., the sensitivity drops to zero while the GFLC becomes
robust to any phase jump. To increase Af, and ensure the
design’s robustness, we should choose ), larger than 0.165 p.u.,
which is exactly the recommended feasible parameter range of
TDS.

Similarly, the sensitivity patterns of all analysis methods
are summarized in Fig. 15. Despite the quantitative difference,
SOSP captures the three qualitatively different sensitivity pat-
terns revealed by TDS. Thus, the parameter suggestions to
increase Af, should be very close for SOSP and TDS. The three
sensitivity patterns are also identified by the energy function
of the swing equation. However, the energy function has an
additional parameter range with negative sensitivity, leading to
parameter suggestions with smaller x,. Besides, the estimate of
EAC remains constant for the whole parameter range, providing
little information for improving Afs.
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TABLE IV
DESIGN GUIDELINES FOR GFLC CONCERNING A6

Method ‘ Feasible range rp (p.u.)  Sensitivity (rad/p.u.)

TDS (0.165, 1) {0}
EAC (0.0092,1) {0}
Swing (0.085,0.14) {0}
SOSP (0.225,1) {0}

By choosing the parameter range with large Af, and low
sensitivity, we derive the design guidelines given in Table IV.
Specifically, the feasible ranges of TDS and SOSP are chosen as
parameter ranges in Fig. 15 with Af, of 27 and zero sensitivity.
In comparison, the energy function recommends ,, to be smaller
than 0.14 p.u. due to its negative sensitivity, and EAC does not
reflect the impact of . The results indicate that SOSP is the
only energy-based method that provides an equivalent design
guideline to TDS. Therefore, concerning the value for design,
Lyapunov functions searched via SOSP realize qualitative im-
provement over the manually derived Lyapunov functions.
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Fig. 16. (a) Critical clearing time of GFLC following a voltage dip with
stm = 0.1 p.u; (b) sensitivity to k.
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Fig. 17. Parameter range divided by sensitivity patterns of ¢. for GFLC.

Next, we perform a design-oriented analysis on the critical
clearing time of the GFLC, which depends more on the upper
right BOA. Fig. 16 presents the critical clearing time following a
voltage dip with during-fault voltage VJ,, = 0.1 p.u. The result
of TDS indicates a significant difference between Af, and ¢..:
the zero-sensitivity range of A#; is replaced by an impulse-
sensitivity (multiswing resynchronization) range of t.. This is
because the further increase of x,, will steer the upper UPO, as
shownin Fig. 9(c), to move upward, leading to a BOA’s extension
along the y,,-axis.

However, the energy-based methods fail to capture the im-
pulse sensitivity pattern, and produce negative sensitivity for x,,
larger than 0.2 p.u. This phenomenon is especially significant for
EAC, which holds negative sensitivity for the whole parameter
range. As shown in Fig. 17, concerning the critical clearing
time, SOSP and the energy function of the swing equation
have equivalent sensitivity patterns. Therefore, the two methods
suggest very close parameter ranges, as given in Table V. The
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TABLE V
DESIGN GUIDELINES FOR GFLC CONCERNING t.
Method | Feasible range ~, (p.u.)  Sensitivity (rad/p.u.)
TDS (0.205,1) Positive impulse
EAC (0.0092,1) (—0.5,0)
Swing (0.035,0.2) (0,0.5)
SOSP (0.05,0.15) (0,0.5)
0 L
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wp (pu.)
(a)
6
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=
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-2 |
0 0.2 0.4 0.6 0.8 1
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(b)
—O— TDS/Manifold —H— EAC/Swing
—— SOSP
Fig. 18. (a) Critical clearing time of GFMC following a voltage dip with

V.sf’rn = 0.1 p.u; (b) sensitivity to wp.

analysis of the critical clearing time indicates a qualitative gap
between energy-based methods and TDS for guiding the control
design.

To further demonstrate the sensitivity-based design guideline,
we investigate the critical clearing time of the GFMC. As shown
in Fig. 18, all considered methods capture the decrease of ¢, with
the increase of w,, under relatively small w,. However, in the
result of TDS, ¢, jumps to infinity at w,, = 0.67 p.u. In contrast,
t. estimated by the energy-based methods continue to decrease.
Although SOSP exhibits oscillating sensitivity under relatively
large w,,, the sensitivity can be considered negative after the
process of moving average. Moreover, choosing parameters in
the low-sensitivity ranges of energy-based methods will sacrifice
t. estimates, which implies a conflict between the performance
metric and the robustness against parameter variations. From
the sensitivity patterns shown in Fig. 19, we derive the design
guidelines from these methods, which are given in Table VI.
The result indicates a significant difference between the design
guidelines not only in the range but also in the trend. Specif-
ically, TDS suggests a relatively large w,,. To understand this
phenomenon, we recognize that an infinite w, will render a
second-order GFMC [7] equivalent to a first-order GFMC [6]
that can resynchronize as long as a SEP exists. In comparison,
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Fig. 19. Parameter range divided by sensitivity patterns of ¢, for GFMC.

TABLE VI
DESIGN GUIDELINES FOR GFMC CONCERNING t.

Method | Feasible range wp (p.u.)  Sensitivity (rad/p.u.)

TDS (0.67,1) {0}
Swing (0.01,1) (—00,0)
SOSP (0.01,1) (—00,0)
1.2 100 1.2 ;
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Fig. 20. (a) B{ﬁ? of GFLC computed by TDS; (b) bifurcation diagram in

the (kp, k;)-plane. For clarity, sensitivity above 100 is reduced to 100, and the
center and upper homoclinic bifurcations are denoted by dashed and solid lines,
respectively.

without capturing the global stability under a relatively large w,,
the energy-based methods recommend a smaller w,, such that the
diverging speed of the during-fault trajectory is reduced.

In summary, the sensitivity analysis of the two types of
converters indicates that the energy-based methods capture parts
of the sensitivity patterns as revealed by TDS. This partial
consistency leads to a qualitative difference in the corresponding
design guidelines. Therefore, from a design-oriented perspec-
tive, the results of energy-based methods should be examined
and improved by TDS. This observation is consistent with the
previous conclusions on traditional power systems [11].

On the other hand, there may be a dynamical origin for
the common sensitivity patterns and the corresponding design
guidelines. This important characteristic of grid-connected con-
verters is explained in the following section in the light of
bifurcation analysis.

C. Consistency With Bifurcation Analysis

To derive the design guidelines from bifurcation analysis,
we compute bifurcation diagrams using numerical continuation.
Fig. 20(b) shows the bifurcation diagram of a GFLC, where
the (k,, ~i)-plane is divided by two homoclinic bifurcations
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TABLE VII
BIFURCATIONS EMBODIED BY DESIGN GUIDELINES OF GFLCS

Bifurcation | Center homoclinic Upper homoclinic
Method | Swing and SOSP (t.) TDS and SOSP (Af)
0.03 10 0.03
- 5~ Fig. 10(a)
= = )
20.02 0 20.02
5 &
g 5 & \
Fig. 10(b
0.01 10 0.01 ig- 10(5)
0 02040608 1 0 02040608 1
wp (p-u.) wp (p-u.)
(a) (b)

Fig.21. (a) gf); of GFMC computed by TDS; (b) bifurcation diagram in the

(wp, myp)-plane. For clarity, the absolute value of the sensitivity above 10 is
reduced to 10.

into three areas with qualitatively different phase portraits. The
expected operating regime is at the right-hand side of the upper
homoclinic bifurcation. Besides, we analyze the sensitivity of
Af, through TDS, which is presented in Fig. 20(a). The result of
TDS suggests parameters in the range with infinite A, and zero
sensitivity, which is exactly at the bottom-right side of the upper
homoclinic bifurcation. The results indicate that the boundaries
of sensitivity-based guidelines can embody bifurcations relevant
to transient stability. In addition, Fig. 20 implies that fixing r,
and tuning k;, or tuning ~, and x; simultaneously, can realize
an equivalent design (the expected operating regime) to our
implementation by fixing x; and tuning .

The consistency is supported by a further comparison of the
sensitivity-based design guidelines given in Section V-B with
the bifurcation diagram shown in Fig. 20(b). The specific bifur-
cations embodied by the design guidelines are summarized in
Table VII. Hence, the qualitative difference in the design guide-
lines of the analysis methods can be interpreted by their different
capability to capture the bifurcation behavior of grid-connected
converters. Specifically, EAC and the energy function of the
swing equation offer less effective parameter recommendations
because they cannot capture the upper homoclinic bifurcation
of the GFLC.

The consistency between TDS and bifurcation analysis is also
found in the GFMC. Fig. 21 shows the sensitivity of ¢, computed
by TDS and the bifurcation diagram of the GFMC. The parame-
ter range suggested by the sensitivity analysis overlaps with the
expected operating regime given by bifurcation analysis, i.e.,
the bottom-right side of the homoclinic bifurcation. As the only
crucial bifurcation of the GFMC, the homoclinic bifurcation is
not captured by energy-based methods.

Overall, the comparison results indicate a varying consis-
tency between the design guidelines of bifurcation analysis
and other analysis methods. The reason is that the changes in
sensitivity patterns, which serve as the criterion for identifying
design guidelines, can be induced by the bifurcation behavior of

TABLE VIII
SENSITIVITY OF GFLC

9805 (radfpu.)  22% (rad/p.u.)

Kp (p-u.)

drp dL,
0.01 282.74 —42.41
0.1 9.42 —6.28
0.25 0 0
TABLE IX
SENSITIVITY OF GFMC
wp (pu) | FEE (shpu)  Gpe (shpau)
0.1 ~1.4 ~15
0.7 0 0

grid-connected converters. Some stability analysis methods may
only partially capture these crucial bifurcations, reflecting their
limit in guiding design. This observation may provide important
insights into the qualitative improvement of the stability analysis
methods.

D. Robustness of Design

In addition, the consistency between sensitivity analysis and
bifurcation analysis implies the advantage of sensitivity-based
design guidelines in terms of the robustness of the design against
parameter variations. For example, we present the sensitivity
of a GFLC’s critical phase jump to k, and L in Table VIIL
Despite their relative difference, 86%{05 and %A—Lis exhibit high,
relatively high, and zero values si?nultaneously with K, =
0.01, 0.1, 0.25 p.u., respectively. The three parameter settings
correspond to the three phase portraits in Fig. 9 (one with quan-
titative difference for visualization), which primarily determine
the overall consistent sensitivity patterns (high or low). For the
recommended case with x,, = 0.25 p.u., the GFLC works at the
expected operating regime of bifurcation analysis, where the
BOA boundary gets connected in line y,, = 0 and enables zero
sensitivity to all parameters. We provide another example of a
GFMC’s critical clearing time against voltage dips in Table IX,
where the consistency between gf; and 32‘1 can be explained
by the phase portraits in Fig. 10. These results demonstrate that
while the main focus of sensitivity analysis in this work is to
improve transient stability metrics, this approach can also benefit
the robustness of the design against variations of uncontrollable
parameters.

E. Requirement-Based Design Guidelines

While sensitivity-based design guidelines seek to exploit the
optimal (suboptimal) robustness of grid-connected converters,
requirement-based design guidelines aim to achieve a lower
bound in performance. This lower bound is often manually set
based on engineering experience. For instance, Chen et al. [19]
proposed to meet the requirement of IEEE Standards 1547-2018
and developed an analytical condition using an improved Lya-
punov function. Specifically, the requirement can be interpreted
as the need for the GFMC to remain stable during a sustained
voltage dip with V. = 0.5 p.u.
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Fig. 22. Boundaries of design guidelines for GFMC derived by sensitiv-
ity analysis (TDS), bifurcation analysis, and setting requirement (Lyapunov
method [19]), all with L; = 0.271 p.u.

We compare their requirement-based design guidelines with
our sensitivity-based design guidelines to show their values for
practical design. The boundaries of the design guidelines are
presented in Fig. 22, where the grid inductance L; is reduced
to 0.271 p.u. to allow for the presence of an equilibrium point
during the fault. The analytical condition by Chen et al. [19]
implies a linear relationship between w,, and m,, on the design
boundary. However, as shown in Fig. 22, the slope of the
requirement-based design boundary is very large in our example,
leading to extremely small w,, for typical values of m,. The
comparison given in Fig. 22 indicates that the parameter range
of the requirement-based design guidelines can be too broad to
provide useful information. On the other hand, when the require-
ment is set too stringent (e.g., the condition by Chen et al. [19]
under the default high-impedance scenario given in Table II),
there may not exist a feasible solution. Therefore, applying the
requirement-based design guidelines faces the same problem
as applying the monotonic relationships, i.e., the dependence
on engineering experience. In comparison, the sensitivity-based
design guidelines offer better performance and facilitate the
consideration of the impact of parameter variations. For these
reasons, the parameter suggestions of the requirement-based
method may serve as an initial solution and can be further
verified by the sensitivity-based method.

VI. EXPERIMENTAL VERIFICATION

Control hardware-in-loop experiments are employed to verify
the identified sensitivity patterns of stability metrics. Specifi-
cally, GFLCs and GFMCs with varying control parameters are
tested with grid disturbances to demonstrate the changes of
sensitivity patterns. The default parameters given in Tables I
and II are adopted, unless otherwise stated. The converters
and power grid are emulated using OPAL-RT OP4512, and the
control signals are generated by DSP TMS320F28377D.

As summarized in Section V-B, the GFLC exhibits three
sensitivity patterns of the critical phase jump Af,. Two of them
are exposed by the responses of the GFLC with varying &,
against phase jumps, as shown in Figs. 23-25. Judging from the
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Fig. 24.  Experimental waveforms of GFLC with s, = 0.16 p.u. suffering
from phase jumps of 1.067 and 1.17.

Neo——— —
l‘“ o ?f,fesm N LA ]
i ‘ i ‘ ‘ ‘ ki
| ige (150 A/div)
T e v‘l‘rWlH‘WM it
iye (150 A/div)

J |
N

Phasp Jump 1 Phase Jump 2

Time Scale: 400 ms/div

Fig. 25.  Experimental waveforms of GFLC with x, = 0.17 p.u. suffering
from phase jumps of 1.097 and 1.137.

convergence and divergence of post-fault waveforms, we
obtain the critical phase jumps of the GFLC at k, =
0.1 p.u.and0.16 p.u. as 0.827 and 1.087, respectively.
Thus, the sensitivity of Af to x, between the two cases is
13.6 rad/p.u., which is very close to the sensitivity estimates of
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Fig. 26.  Experimental waveforms of GFMC suffering from a voltage dip with

stm = 0.1 p.u. (a) wp = 0.1 p.u. the fault lasts for 0.4 s; (b) w, = 0.6 p.u.
the fault lasts for 0.3 s; (c) wp = 0.7 p.u. the fault lasts for 1 s.

TDS and SOSP, as shown in Fig. 14(b). Furthermore, for a GFLC
with ,, = 0.17 p.u., which meets the design guidelines of TDS
and bifurcation analysis (close to that of SOSP), we steer the
converter’s state to the two sides of the UEP by applying phase
jumps of 1.097 and 1.13w. The waveforms given in Fig. 25
show the successful resynchronization of the GFLC, implying
the connection of the SEP’s BOA in line y, = 0. As a result,
the GFLC becomes robust to any phase jumps, confirming the
zero-sensitivity range predicted by TDS, SOSP, and bifurcation
analysis. Therefore, the experimental results of GFLCs verify
the presence of the qualitatively different sensitivity patterns.
In terms of design guidance, the results demonstrate a stronger
robustness realized by following the design guidelines of TDS,
SOSP, and bifurcation analysis.

As for the GFMC, the identified two sensitivity patterns of the
critical clearing time ¢, are verified by the experimental wave-
forms shown in Fig. 26. With a relatively low cutoff frequency
wp = 0.1 p.u., the GFMC resynchronizes after a voltage dip
of 0.4 s. As w,, increases to 0.6 p.u., the GFMC loses stability
for a voltage dip of 0.3 s. The comparison between Fig. 26(a)
and (b) indicates a negative sensitivity of ¢, to w,, between the
two cases, which is consistent with the sensitivity estimates of
all considered transient stability analysis methods, as shown in
Fig. 18(b). However, a further increase of w), to 0.7 p.u., which
meets the design guidelines of TDS and bifurcation analysis,
enables the GFMC to survive a voltage dip of 1s, as shown in
Fig. 26(c). Instead of continuing to decrease, t. increases to a
huge value (infinity in theory) due to the increase of w,, beyond
0.67 p.u. Such an infinite . also signifies a zero sensitivity as
predicted by TDS. This abrupt qualitative change in transient
stability is captured by TDS and bifurcation analysis, indicating
the effectiveness of design-oriented analysis.

VII. CONCLUSION

Despite their quantitative differences, the various methods
for analyzing transient stability can identify similar sensitivity

patterns of stability metrics, leading to equivalent parameter
recommendations. We demonstrate this phenomenon in typical
analysis methods for grid-following and GFMCs. Our results
have multiple implications for design-oriented transient stability
analysis.

1) Sensitivity-based design guidelines: Sensitivity analysis
can identify the qualitative change in the dynamics of
grid-connected converters, providing an informative ap-
proach to guide the control design. Besides, compared
with requirement-based design guidelines, sensitivity-
based design guidelines show better adaptability to dif-
ferent parameter conditions.

2) Basis of sensitivity patterns: The change in the sensi-
tivity patterns of stability metrics, as captured by vari-
ous analysis methods, can be induced by the bifurcation
behavior of grid-connected converters. Hence, without
delving into complex dynamics, engineers can exploit
the conclusions from bifurcation analysis to confirm their
design results derived from sensitivity analysis. More-
over, we can find clues of crucial changes of stability
status from the design guidelines derived from other
methods.

3) Energy-based methods: While algorithmic construction
of Lyapunov functions gives less conservative results, the
estimated BOA in the vertical axis (y,, or Awyy) is still
limited by the presence of an UEP for grid-connected
converters. As a result, the energy-based methods only
partially capture the salient bifurcations (changes in sta-
bility status) of grid-connected converters. To overcome
this limit, future work may omit the unstable equilibrium
by adjusting the problem formulation.
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