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Modeling of Converter Synchronization Stability

under Grid Faults:

The General Case

Mads Graungaard Taul, Member, IEEE, Saeed Golestan, Senior Member, IEEE,
Xiongfei Wang, Senior Member, IEEE, Pooya Davari, Senior Member, IEEE,
and Frede Blaabjerg, Fellow, IEEE,

Abstract—The synchronization dynamics of grid-connected
power converters are known to have a tremendous impact on
transient stability and fault ride-through performance under grid
faults. Up till now, the modeling of converter synchronization
stability, which has paved the way for numerous enhanced control
methods, is developed around the assumption that the grid fault
is symmetrical. However, this is rarely the case. Moreover, grid
codes require dual-sequence current injection during asymmetri-
cal faults, which implies that the previously developed models are
no longer valid during unbalanced conditions. To address these
issues, this article identifies the necessary stability conditions
during asymmetrical conditions and presents a quasi-static large-
signal reduced-order model of a grid-following converter for
analyzing its synchronizing interaction with the external network
during symmetrical and asymmetrical grid faults. The modeling
approach is developed and tested for three different short-circuit
faults: A single line-to-ground fault, a double line-to-ground fault,
and a line-to-line fault. The accuracy of the proposed model is
verified through detailed simulation studies and experimental
tests. Thus, this model can be used to assess the transient
synchronization stability of grid-following converters during any
type of grid fault, and due to its low-order representation, it may
be well applicable for large-scale power system studies.

Index Terms—Fault Ride-Through, Grid-Connection, Synchro-
nization Stability, Transient Stability, Unbalanced Grid Fault,
Voltage-Source Converter.

NOMENCLATURE

iy lg Reference values for d- and g—axis current
components
Ly, Ly, LyLine, transformer leakage, and grid induc-

tances, respectively

Ry, R, Line and grid resistances

Vg, 04 Magnitude and phase angle of grid voltage

VPj,ECC Positive/negative sequence PCC voltage mag-
nitude

91%00 Positive/negative sequence PCC voltage phase
angle

6+ Positive/negative sequence control angle of
synchronization unit

Vﬁ, 9115 Positive/negative sequence fault voltage mag-

nitude and phase angle
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Zr, Magnitude of line impedance.

Zrr, ¢ Magnitude and phase of combined line and
transformer impedance
Positive/negative-sequence  magnitude
phase angle of injected converter current
Hf Positive/negative-sequence phase angle of con-
verter current relative to 6+

Fault impedance
Positive/negative/zero-sequence component of
Thevenin equivalent voltage

Z;‘;O Positive/negative/zero-sequence component of
Thevenin equivalent impedance
Positive/negative/zero-sequence fault currents
Natural angular frequency of synchronization
unit

I*, 0% and

Zp
Vi’

+0
IF
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I. INTRODUCTION

ITH a rapidly increasing penetration of renewable en-
W ergy sources interfaced with power electronic voltage-
source converters (VSCs), the dynamical behavior of modern
and future power grids are strongly influenced by the oper-
ation and control of these converters [1]. A high penetration
of converter-based generation strongly affects how the sur-
rounding network is being supported during fault conditions.
To that end, their dynamic response is, unlike synchronous
generators, determined by the internal control. As addressed
by the British network operator, National Grid, an increasing
risk of synchronization instability of phase-locked loop (PLL)-
synchronized converters is identified during grid faults and
weak-grid conditions [2]. Therefore, an increasing interest
in understanding the transient stability of converter-based
generation has emerged [3]. To enhance the network stability
during fault conditions, converters must comply with low-
voltage ride-through requirements defined in the grid codes by
the network operator. The study of grid-synchronization during
fault conditions using different synchronization methods has
been thoroughly investigated [4], yet without the influence of
the converter current injection on the synchronization point.
It has been repeatedly shown that under grid faults and
weak-grid conditions, converter instability may occur as the
synchronization unit is unable to remain synchronized with the
voltage at the point of connection [5]-[9]. This phenomenon
is referred to as grid-synchronization instability or loss of
synchronization (LOS). Accordingly, being able to model the
LOS is essential for accurate transient stability assessment



and for identification of potential controller solutions which
enhance the synchronization stability.

Initially, a static model identifying necessary conditions
for synchronization stability during severe grid faults was
presented in [5]. Here, it was recognized that the instability
occurs as a power transfer problem in an RL-circuit, where
depending on the phase-angle between the voltage and the
injected current, only a limited magnitude of the currents can
be provided. Since this model is static, it contains no system
dynamics, which means it is only able to assess instability,
accurately, when the static limit is violated. To address this
problem, a quasi-static large-signal PLL model was proposed
in [6]. In this model, a destabilizing positive-feedback loop
was identified, which is caused by the interaction between the
injected currents and the grid impedance on the voltage at
the point of synchronization. This model has paved the way
for understanding and describing LOS [10]-[13]. Besides the
revelation this model brought in understanding LOS, it has
certainly initiated ideas for enhanced controller designs aiming
to avert instability [14]-[17]. To that end, the dynamics of
the PLL is shown in [18] to be equivalent to the equations
governing the motion of a synchronous machine. Therefore,
equivalent inertia and damping of the PLL can be identified,
which has further enhanced the understanding between the
PLL controller gains and the anticipated dynamical response.
As the model presented in [6] is second order and nonlin-
ear, it has no known analytical solution. To address this,
recent research has adopted phase portraits and numerical
approximations to estimate the critical PLL damping and
area of attraction [19]-[21]. Moreover, it is shown in [22]
that the synchronization stability of PLL-synchronized grid-
following converters can be improved by adopting a first-
order synchronization unit during the fault. It should be noted
that in the model development, laying the foundations for
all the mentioned methods, the grid fault is assumed to be
symmetrical, although more than 95% of all occurring grid
faults are actually asymmetrical [23]. To that end, in Califor-
nia, 2016, PLL instability occurred during asymmetrical line-
to-line and single line-to-ground faults, causing a disconnect
of 700MW in a large photovoltaic power plant [24]. This
raises the question of how LOS should be characterized
and assessed under such circumstances. Only [22] describing
synchronization stability is found to address asymmetrical
conditions somewhat. In this work, it is described that under
asymmetrical conditions, a pre-filtering stage is used before
the PLL input to extract the fundamental positive-sequence
voltage. Since it is assumed that the pre-filtering stage has
a bandwidth much higher than the PLL, it is neglected, and
the model developed for positive sequence conditions is valid.
This assumption depends on the type of pre-filter used and
the tuning of it. Besides this, it is only valid if the converter
is considered to inject only positive sequence current during
the fault. Nevertheless, as described in recent German grid
codes [25], [26], dual-sequence current injection is required by
the power converter during asymmetrical faults. Considering
this, the above assumption can no longer be justified, and the
system must be modeled in the sequence domain, taking into
account that both positive and negative sequence currents are

injected during a fault. The LOS problem during asymmetrical
conditions is, in essence, not significantly different from the
symmetrical fault case since it still relies on a power transfer
issue between the converter and the faulted bus. However, how
to model and analyze it is mathematically different since LOS
is now specified in two sequence-frames that are coupled to
each other at the fault location.

Several recent research employs the complex vector model-
ing approach to model asymmetrical fault conditions of grid-
connected converters [27], [28]. Also, high-order state-space
models have been developed for asymmetrical fault analysis
[29], [30]. These models are, however, not focused on the
LOS phenomenon, they analyze the fault condition from a
pre-fault and post-fault small-signal point of view, and due to
high model complexity, they are not suitable for large-scale
analysis.

Consequently, this article aims to extend the modeling and
assessment of the large-signal synchronization stability of
grid-following converters into a general framework, which
is valid for both symmetrical and asymmetrical fault condi-
tions. Additionally, this article proposes a simplified sequence
model of grid-connected converters during asymmetrical fault
conditions, which may be useful for system operators in
their fault analysis of large-scale multi-converter systems. The
main research contributions provided in this article can be
summarized as

1) Identifying and describing the necessary condition for
stability during asymmetrical faults which are used to
attain a physical understanding of LOS. (Section III).

2) Providing a general modeling framework for repre-
senting the converter control and grid-interactions as
sequence equivalents in the positive, negative, and zero-
sequence frames taking into account dual-sequence op-
eration. (SectionIV).

3) Proposing a reduced-order large-signal model for sta-
bility assessment using a generalized sequence-domain
modeling framework with the opportunity for user-
specific synchronization units, which is general to any
short-circuit fault type, both symmetrical and asymmet-
rical grid faults. (Section V).

The remainder of the article is as follows: A description of
the system is given in Section II. Following this, the necessary
stability conditions during asymmetrical faults are derived in
Section III. Based on these, the general equivalent sequence-
domain model of the system is developed in SectionIV for
three types of asymmetrical short-circuit faults. A proposed
simplified model is presented in Section V, which is validated
against a detailed simulation model. The proposed model is
experimentally verified in Section VI and the article is finally
concluded in Section VII.

II. SYSTEM OF STUDY

In this article, a grid-following VSC is studied. The high-
frequency switching waveform at the converter terminals is
filtered through an LCL-filter from where it is connected to
the grid via a Delta-wye (Dy) grounded step-up transformer as
depicted in Fig. 1. Between the line impedance, Z, and the



Grid-Connected VSC

LCL-filter

Grid-following
control
Fig. 1. Structure of grid-tied converter with grid-following control connected
to the grid where an asymmetrical grid fault is considered to occur at vp.

SVM: Space Vector Modulation. A detailed view of the grid-following control
can be seen in Fig. 2(a).
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Fig. 2. Details on implemented converter control. (a): Complete outlook of the
grid-following control shown in Fig. 1. (b): Detailed view of the DROGI-FLL
used for sequence extraction and synchronization.

external grid, an asymmetrical fault is considered to occur as a
short-circuit between one or more phases and the ground. The
dc-side of the converter is usually connected to a generator-
side converter in the case of a type IV wind turbine system or a
DC/DC boost converter in case of a photovoltaic system. In ei-
ther cases, the back-to-back converters are carefully controlled,
meaning that the two converters can be considered decoupled
and analyzed independently. Furthermore, in the case of grid
faults, any accumulation of energy at the dc-side may be
regulated using a dc-side chopper, also under unbalanced
faults [31]. Accordingly, the dc-side can be approximated as
a constant voltage source as it is in this work.

To perform phase-tracking of both the positive-sequence
and the negative-sequence voltages during the fault, a single
SRF-PLL or single PLLs with a pre-filtering stage cannot be

used since the negative-sequence voltage component cannot be
tracked. To achieve this, the grid-following structure in Fig. 1
uses a dual reduced-order generalized integrator frequency-
locked loop (DROGI-FLL) (visualized in Fig.2(b)) [32], to
extract the sequence voltage components at the point of
common coupling (PCC). It is important to notice that the
DROGI-FLL is just one realization of a synchronization unit
that can perform phase-tracking in both sequence frames. Also,
the generalized modeling framework to be presented in this
work is independent of the synchronization unit considered,
and is therefore not limited to the DROGI-FLL.

The DROGI-FLL is considered in this work due to its
reduced-order dynamical structure. However, due to the inde-
pendence of the proposed modeling framework to the applied
synchronization unit, alternative solutions for synchronization
could have been selected instead, e.g. a dual second-order gen-
eralized integrator PLL. (DSOGI-PLL) [33], a decoupled dou-
ble synchronous-reference frame PLL (DDSRF-PLL) [34], or
an SRF-PLL with a complex coefficient notch and band-pass
filters [35]. For dual-sequence current control, a proportional-
resonant (PR) controller is used to control the converter-side
currents, and the PCC voltage feed-forward control is used to
enhance the dynamic response of the converter. ¢} is set to
1 per-unit (pu) under normal operating conditions whereas i,
is calculated based on the required dynamic voltage support
from the considered grid code. Following the German grid
code for installation in the medium-voltage network [25], the
system should tolerate severe low-voltage conditions and in
case of asymmetrical faults, currents should be injected in
both the positive and the negative sequence proportionally
to the change in the sequence voltage components at the
PCC. To that end, the negative sequence current injection is
necessary to avoid phase overvoltages [31] and excess heating
of machines alongside providing a balanced voltage for loads
and customers [36].

III. NECESSARY CONDITIONS FOR TRANSIENT STABILITY

The single-line diagram used for a balanced three-phase
system can no longer be applied to analyze LOS during
asymmetrical conditions. Instead, considering the converter to
operate in a three-wire system, an unbalanced condition can
be represented by a positive-sequence and negative-sequence
network [37]. Using the diagram from Fig. 1, the state equa-
tions of the inductances in the positive and negative sequence
frames can be written as

d Z;r v;CCa _i;r U;a
ot i8] = [ece] - 2] =[] o
d [iZ vp (7= v
L+ Ly)— |'e| = |"Pcca| _ g, |"e| = |"Fa| (2
(Lo Le )dt Lﬂ} [UPCCB] b lis Upg @
and d i+ + . +
1 v 1 v
L — | 99| = Fa] - R |:‘!]a _ { ga:| (3)
7 dt L;ﬂ} [”;ﬁ  ligs)  lvgs

d [i UV i v
L,— |99 = | Fe| — x| — | 9o 4
dt Lgﬁj [vFﬁ] Rg Lglj L}gﬁ] @



where ¢ is the current flowing into the grid from the PCC
and Ly, is the transformer leakage inductance. Expressing (1)-
(2) in phasor form, the PCC voltage may be expressed in its
sequence components as
Vieee? =Viefr + Zppelfir [+elfé
Vioe®? =Vnelr + Zppel?ir [Tellc

®)
(6)

where 0% = g% +9i, Z 1 and ¢ are the combined line and
transformer impedance magnitude and phase, respectively, and
05, = 0F during steady-state, i.e. §* is the control angle
of the used synchronization unit. Multiplying both sides of
(5)-(6) with e and taking the imaginary part gives

o = Vi sin(0f —0) + Zur I sin(pi +6)

v, =V sin(0z —07) + Zprl~ sin(¢p, +07).

(7
®)

During normal operating conditions where 0% = 9?500 then

v; = v, = 0. To achieve stable synchronization after a
disturbance, one must be able to control v;t = 0. This means
that the following necessary conditions must be satisfied

—VI;F sin(GZQ — 9+)

IT™<
o ZLT Sin((ber + 9?)
. vt
= I" < : ©))
| Zur sin(¢17 + 07 )|
and
_ —Vgysin(0m —07)
- ZLT Sil’l((bZT + 91_)
— [ < Vi . (10)

" | Zersin(¢pr +67)]

It is observed that the same limitation is present in the positive

and the negative sequence network, which makes sense as

there are no physical differences between them besides the

orientation. Since the negative-sequence current will only be

considered during fault conditions where only reactive current

is injected, §; = 7/2 always. Inserting this gives
Ve

- <t 11

<R, (1)

Similarly, if nominal capacitive reactive current injection is

considered in the positive sequence, i.e., H;F = —7/2, then
V-‘r
I <L 12
<%, (12)

It can be noticed that under pure reactive current injection,
the necessary stability condition is defined by the voltage
magnitude at the fault location and the line resistance.

The operating area for which the necessary conditions are
satisfied is visualized in Fig.3. The area is shown for the
positive-sequence limitation expressed in (9) during a non-
severe fault (Fig.3(a)) and a severe fault (Fig. 3(b)). Based on
these, the following observations can be made:

o IfIT < VF+ /Z 1T, any orientation of the current vector

will provide a stable operating point during the fault.

o During a severe fault, the stable operating area may

diminish such that 1 pu of pure reactive current injection

Stable area for current vector —» Maximum reactive current injection

»

q q

Unit circle

A

Unit circle

~]
v

Ve

= X
Non-severe fault

(€

Severe fault

(b)

Fig. 3. Positive-sequence stable operating area for injected current vector
during (a): a non-severe fault with the possibility for 1 pu pure reactive current
injection and (b): a severe fault without the possibility for 1 pu pure reactive
current injection.

cannot be accomplished (see Fig. 3(b)).

o If the current vector is aligned with the negative
impedance angle, i.e., 0?‘ = —¢rr, any current mag-
nitude can be injected while still providing a stable
operating point during the fault. This may, however, not
comply with the LVRT requirements.

The observations made from Fig.3 were exemplified for the
positive-sequence model but are equally valid for the negative-
sequence one.

With this, the current transfer limits for both sequences
during asymmetrical faults are described in (9) and (10). With
these at hand, the next step is to identify the expected value
of V; and Vi during different fault conditions. By using
symmetrical components theory, the sequence components can
be calculated as [23]

+ 2

Vg 1 o « VFq
vp|l =2 |1 a2 a VFD (13)
v% 1 1 1 Vpe

T

where all quantities are phasor quantities, i.e., complex num-
bers and o = e/?7/3. As the zero-sequence component is
not controlled or present in the three-wire system, this is not
considered for the necessary conditions. However, the zero-
sequence component is present at the secondary side of the
step-up transformer due to its grounding configuration.

Considering a single line-to-ground fault (SLG) where
phase-a is solidly connected to ground, i.e. vg, = 0, and the
remaining phases are unaffected, the symmetrical components
of the voltage at the fault location are VPT = 2/3 pu,
Ve = 1/3 pu, and V2 = 1/3 pu using (13). This result
is valid under the condition that the converter and external
grid have no influence on the voltage sequence components
at the fault location. Realistically, this is not the case, but it
serves as a good way of testing the applicability and accuracy
of the static stability limits since the sequence components at
the fault location are known and constant.
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Fig. 4. Detailed system simulation of DLG fault with Ry, = 0.32 pu which
results in a stable response as expected from (11)-(12). 1 pu of current in
both sequences are injected where 9? =—7/2and 0, =m/2.
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Fig. 5. Detailed system simulation of DLG fault with R;, = 0.34 pu, which
results in an unstable response as expected from (11)-(12). 1 pu of current in
both sequences are injected where 9? =—7/2and 0, =m/2.

Similarly for a solid double line-to-ground (DLG) fault
where (vpp = vp. = 0), and phase-a remains unchanged, the
symmetrical components of the voltage at the fault location
are V¥ =1/3 pu, V;; =1/3 pu, and V2 = 1/3 pu.

At last, for a line-to-line (LL) bolted fault on phases
b and c, the zero sequence remains zero as there is no
physical connection to ground, and the positive and negative
sequence components are V7 = 1/2 pu and V5 = 1/2 pu,
respectively.  Considering these three fault types, the DLG
fault represents the worst-case sequence components seen from
the static stability limits given in (9) and (10). To analyze
the derived static limits for current injection, a simulation of
a DLG fault is conducted for two cases. One per unit of
current is injected in both sequences with 9}*‘ = —7/2 and
0 =m /2. With this, the stability reduces to the ratio between
the sequence component of the fault voltage magnitude and the
line resistance. Hence, for a DLG fault with Vi = V7 = 1/3,
stability should result for R;, = 0.32 pu and instability would
occur for Ry = 0.34 pu. These two cases are tested and
shown in Fig. 4 and Fig. 5, where the three subfigures show the

TABLE I
MAIN PARAMETERS OF THE SYSTEM SHOWN IN FIG. 1.

Symbol  Description Physical Value
SN Nominal power 2.5 kVA

VN Nominal grid voltage 200-v3 V
In Nominal converter current 6/V2 A

Vy RMS grid phase voltage 200 V

fn Nominal frequency 50 Hz

Vie dc-link voltage 730 V

Ly Converter-side inductor 5mH

Lgy Grid-side inductor 3mH

Cy Filter capacitor 20 uF

fsw Switching frequency 10 kHz

fs Sampling frequency 10 kHz

Zr Line impedance 0.23 + 0.073j pu
Zy Grid impedance 0.1 pu

Xir Transformer leakage reactance 0

Kpic Proportional gain PR controller 10 €2

K ic Resonant gain of PR controller 1000 /s

estimated frequency, the per-unit grid current, and the per-unit
PCC voltage. As anticipated, the system remains stable when
R < VFi whereas it is clearly unstable when R; > VFi.
The control and network parameters used for the simulation
results are listed in TableI. It should be mentioned that the
modeling framework presented in this work is independent
of the converter nominal power and that a nominal power
of 2.5kVA is selected to match the experimental test setup
presented in Section VL.

For further analysis of the transient stability, (7) and (8)
can be viewed as the voltage-angle curves shown in Fig. 6,
where the positive-sequence frame is exemplified. When a
fault occurs, the voltage-angle curve drops since VI;F is reduced
to a lower value, initiating a dynamic response in §*. For the
negative-sequence case, the voltage before the fault would be
zero and then shift to a higher value during the fault. For the
case shown in Fig. 6(b), there exist no stable operating points
during the fault, and the system is clearly unstable. However,
in the case in Fig. 6(a), two operating points exist during the
fault (point ¢ and d). From the small-signal analysis around
the point d, this is an unstable operating point, as it is also
highlighted in Fig. 6(c) which shows the g-axis voltage for the
cases in Fig.6(a)-(b). As an example, the system in Fig. 6(a)
operates at the operating point a. When a fault occurs, the
voltage curve drops, and the operating point shift to point b.
Since v;r is now positive, the frequency in the synchronization
unit will increase and the phase-angle of the system will
advance till it reaches the new stable operating point c. At
this point, the frequency of the synchronization unit is still
higher than the grid frequency, which causes 6T to surpass
point ¢ towards point d. If the frequency deviation of the
system returns to zero before point d, the phase-angle will
again decline and the system will return to the stable operating
point ¢ and remain stable. However, if 6 surpasses point d,
v;r will be once again positive, which increases the operating
frequency, resulting in an unstable response.

From the analysis of the conventional power system, a
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similar power-angle curve is used to describe this and the
equal-area criterion may be used for stability assessment
[16]. Using the equal-area criterion, it can be shown that
if the maximum allowed decelerating area, K,,,,, is larger
than the accelerating area, K,.., shown in Fig. 6(a), then the
system will remain stable. However, an analytical expression
for this is only achieved by neglecting the damping of the
system, which makes the equal-area criterion a conservative
assessment tool. As can be disclosed by Fig.6(a), a large
damping ratio in the synchronization dynamics will lower the
risk of the system trajectory to surpass the unstable point
d since a lower overshoot will occur. However, the needed
sufficient damping is unknown.

Accordingly, the static limits and the analysis from Fig.6
serve as a strong tool for analyzing the transient stability
of converters during asymmetrical faults if the necessary
conditions in (9) and (10) are violated. However, to be able to
accurately assess the stability when the necessary conditions
are satisfied, the dynamics of the converter synchronization
process must be considered. In addition to this, the analysis
presented here was based on fixed sequence voltages at the
fault location (Vﬁ). In a real system, the fault happens due
to a short-circuit connection between phases and the ground
through a fault impedance. Hence, the sequence voltage at
the fault location will not only be dependent on the fault
type and fault impedance, but also the currents injected by
the converter as well as the external grid. Therefore, the
following section aims to derive the sequence voltages at the
fault location including the influence of the current injected by
the converter and the grid. Additionally, the dynamics of the
converter synchronization process (DROGI-FLL) are included
to be able to accurately assess the transient stability of the
system and the associated critical damping.

IV. EQUIVALENT SEQUENCE-DOMAIN MODELING OF VSC
A. Assumptions and Considerations for Model Development

For the proposed model, the converter is being represented
as an ideal controllable current source whose orientation
is determined by the dynamics of the synchronization unit.
Such a representation can be justified for two reasons. First,

the dominating dynamics of LOS lies in the low-frequency
range [21], [38]. Secondly, the bandwidth of the inner current
regulator is usually placed much higher than that of the
synchronization process, which facilitates that they can be
analyzed individually [6], [15], [16].

To be able to analyze the sequence voltage at the fault
location more accurately, the system is being presented in the
sequence domain rather than the phase domain [23, p. 458-
478]. This is visualized in Fig. 7 where the positive-, negative-,
and zero-sequence networks are shown alongside the notation
for their Thevenin equivalents seen from the fault location
at bus 3. As can be seen, the converter is modeled to inject
current in both the positive and negative sequences, whereas
the external grid is assumed only to provide positive sequence
voltages. Considering the line impedances and the trans-
former, the positive-sequence, negative-sequence, and zero-
sequence impedances are all equal. However, how the path
for zero-sequence current develops depends on the winding
configuration of the step-up transformer. Since the transformer
considered for this study is a Dyn type, the path for zero-
sequence current is blocked seen from the low-voltage side,
whereas a path is formed on the high-voltage side through
the ground connection of the star neutral point. The zero-
sequence network is then formed via the neutral grounding
of the secondary side of the transformer and that of the
external grid. Using the sequence-domain representation, the
coupled unbalanced set of phasors can be represented as
three symmetrical independent networks assuming the network
impedances to be internally balanced. Asymmetrical faults do
however cause coupling between the sequence networks at the
fault location. This coupling is depending on the fault type and
will influence how the Thevenin equivalents of the sequence
networks should be interconnected.

B. Thevenin Equivalents of Sequence Networks

The Thevenin equivalent for dependent and independent
sources, like for this case, is found by first calculating the
open-circuit voltage at the fault location (V,.), then the short-
circuit current at the fault location (¢s.). Finally, the equivalent
impedance is computed as Z;;, = Vip, /ise.
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Fig. 7. The considered system shown in phase domain is used to define the
sequence domain networks from where the Thevenin sequence equivalents
can be derived. The fault location is on bus 3 and the PCC is on bus 1.

For the positive-sequence network, the Thevenin voltage can
be found to be

Vi = Vb =V, + Tte%oc 7 s (14)

where
1 7I+RL ﬁ

= tan~ 3 (15)
V2 — (I+Ry)?

(X
= (7).

since the phase of the current source is dependent on the
phase-angle of the voltage across it, i.e. Q;F = Q;CC —m/2
for full reactive current injection during the fault. It should
be noted that the value of the square root function will be
real for the test cases of interest since the static network
limitation is not considered violated. Also, the tan—! functions
presented in this article should be implemented as a four-
quadrant inverse tangent function and can, therefore, not be
further simplified from what is presented here. Calculating the
short-circuit current at the fault location, the positive sequence
Thevenin impedance is

9+

I,0c

(16)

. Vit
70 = L (19)
" zV5¢g + Iteliee
g
where X X
0f o = —tan™! (tT];_LL> : (20)

Here, it should be noted that the desired response of H;F =
05cc — m/2 cannot be achieved during this short-circuit
network as the phase difference between the converter voltage
and injected current is simply determined by the network
impedance.

The negative-sequence network only consists of a depending
source since the grid voltage has no negative-sequence com-
ponent. Accordingly, the equivalent voltage is found as for
the previous case where the equivalent impedance is found
by inserting a known voltage source at the fault location and
calculate the resulting current injected by it. Using this, the
Thevenin equivalents are found to be

Vo =TV, = TZ,ei% [~e ¥roceVun 21)
-1
_ 1 i
Zth = (W — I eJ I’bL) (22)
where X4 X+ X
07 —tan l(Zgllir TOL 23
I,0c an ( RL +Rg ) ( )
IR
Oro=tant | — )47 ()
’ 1-— (IfRL)Q 2
. » It {Rg sin (0}“700) + X cos (0200)}
Hvth = tan

Vg + I+ [Rycos(67,,) = X,sin (ej)J
25

T" represents a sign operator whose value is depending on
the phase-angle between the positive and negative sequence
networks. For a DLG and an LL fault, the positive and negative
sequence voltages at the fault location are in phase (I' =
¢’9 = 1), whereas for an SLG fault, the positive and negative
sequence voltages are in anti-phase, i.e., (I' = ™ = —1).
The term Hé,zh aligns the negative-sequence frame with the
positive sequence one, all referenced to the positive-sequence
grid voltage. For 9?‘06 and 0, . presented in (15) and (24),
it is considered that the positi\}e—sequence current injection is
fully capacitive whereas for the negative-sequence current it is
fully inductive, i.e., 7 = —7/2 and §; = /2. Considering
that this analysis may also be done for cases where active
current is provided in addition to the reactive support, and for
completeness, the general expressions for G;FOC and 0 are
included in (17) and (18) visible on the top of this pagé.
Finally, for the zero-sequence network, the Thevenin equiv-

alents are V,, = 0 and
) 2K+ 2Y) o
h= 701 x0 L 70
hZ0+ X0 + 29

C. Sequence Voltages at Fault Location

With the equivalent circuits being derived for each sequence
network, the sequence voltage at the fault location including
the influence of converter current injection and the external
grid is to be derived. As mentioned previously, the intercon-
nection of the sequence networks is determined by the fault
condition.

a) SLG Fault: Considering the SLG fault in Fig. 8(a),
the following boundary conditions exist: ¢gp = tp. = 0 and
Vpa = ZFipge. With this, the sequence components of the fault
currents become

Il—;t 1Fa 1 iFa
=T 0| =2 ira Q7)
I% 0 iFa
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Fig. 8. Phase configurations at fault location for a single line-to-ground (SLG),
a double line-to-ground (DLG), and a line-to-line (LL) fault.

From this, the equation for the second boundary conditions
can be written in the sequence domain as

Vi + Ve + VR =Zp(If + 15 +1%) =3ZpI".  (28)

To satisfy (27)-(28), the derived sequence networks should
all be connected in series at the fault terminals through the
impedance 3Zp. This is shown in Fig.9 labeled SLG. Using
the sequence representation of the SLG fault, the sequence
voltages at the fault location can be readily calculated, and
the result is shown in TableII.

b) DLG Fault: For the DLG fault depicted in Fig. 8§,
the boundary conditions at the fault location are ip, = 0,
VFp = Vpe, and vpy, = Zp(ipp + ipc). Similarly as for the
SLG fault, this is expressed in the sequence domain as

Ih+ Iz +18=0 (29)
VR =V =3ZpI (30)
Vi =Vg, 31)

which are satisfied if all the equivalent sequence networks
are connected in parallel at the fault location, and 37 is
connected in series with the zero-sequence network. This is
shown in Fig.9 labeled DLG, and the sequence components
of the voltage at the fault location are shown in TableII.

c) LL Fault: Finally, the boundary conditions for the LL
fault shown in Fig. 8(c), are ip, = 0, ipp = —ip¢, and vEy —
Vpe = Zpipy. Transforming this to the sequence domain gives
the conditions

D=0 (32)
If =-Ip (33)
Vi Vi = Zplf, (34)

which are satisfied if the positive and negative sequence
networks are paralleled through Zr as shown in Fig. 9 labeled
LL. For the LL fault, the sequence voltages at the fault
terminals are as well contained in Table II.

Fig. 9. Interconnection of equivalent sequence domain models for an SLG,
a DLG, and an LL fault.
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Fig. 10. Comparison of steady-state sequence voltages at fault location for
different fault types and current injections (cases) between detailed simulation
model and model from TableIl. Case 1is It = 1,1~ = 0, Case2is [T =0,
I~ =1, and Case3 is It = 1, all in per unit. For all cases, G}L =—7/2
and §; = m/2. Dots denote positive-sequence voltages and crosses denote
negative-sequence voltages.

d) 3LG Fault: For completeness, the symmetrical three-
phase fault is included. In this case, all phases are influenced
identically by the fault. Hence, the balanced system remains
symmetrical after the fault, and only the positive sequence
voltage component will exist. This condition is modeled by
shorting the positive-sequence equivalent network through
the fault impedance Zp. The voltage at the fault location
considering a three-phase symmetrical fault is as well shown
in TableII.

e) Effect of Transformer Phase Shift: For the Dyn trans-
former, a phase shift between the primary-side and secondary-
side voltage will be present, which is not considered in the
above model. In addition to this, the factor of v/3 and the

+0F



TABLE II
EXPRESSIONS FOR CALCULATING SYMMETRICAL COMPONENTS AT FAULT LOCATION FOR DIFFERENT FAULT TYPES.

SLG DLG LL 3LG
+ (Vtay- + 57— -7+ + (vt_y— +
V"r V+ _ +Zth(Vth+Vth) - (Vthfth+‘/thzth)(zgh+SZF+) V+ _ Ztl:,(vthi‘/th) ‘ichF
B th Zth,+Zth,+Z$h,+3ZF Zth,Zth,+Zth,Z?h+Zch$h,+3ZF(Zth,+Zth,) th Zint 2o tZr ZintZr
- (vtiv-— + - - 7+ (70 - (vt_v-
Vo Vo — +Zth(vth+vth) s (Vthfth+‘/thzth,)(zth+3ZF+) V. — M 0
F th Zth+Zth+Z?h+BZF Zchth+Zch?h+Zch?h+3ZF(ZtthZth) th Lt 2t 2Zr
VO ZEh,(‘/tt-i_‘/t;) V-‘r Z?h, 0 0
3 ZH+2,+2% +3Zp F Z),4+3ZF

turns-ratio of the transformer are neglected since they can be
included in the per-unit representation of the impedances.

For accurate modeling, this phase-shifting effect should
be considered. This paragraph is devoted to describing why
neglecting the phase shift can be justified. At first, since this
model only cares about the magnitude of the sequence voltages
at the fault location, the transformer phase shift has no impact
on the negative sequence model. This is the case since the
circuit only contains a single acting source. Hence, a 30°
phase shift in the voltages produces a 30° phase shift in the
currents, which does not affect the magnitude. However, for
the positive-sequence model when evaluating the open-circuit
voltage as in (14), a 30° shift in the secondary-side voltage will
not necessarily cause a 30° shift in the secondary-side current
due to the presence of the external grid voltage. However,
modeling the accurate phase-shifting effect on the secondary-
side currents starts to complicate the model significantly [39],
which reduces the applicability of the reduced-order simplified
model. To investigate the error associated with neglecting
the phase shift, the predicted positive and negative-sequence
voltages at the fault location for different current injections
are compared to a detailed simulation model, including the
transformer dynamics. As seen from the simulated results and
the model in Fig. 10, the error associated with this assumption
is low, while the model complexity is kept reasonable. Only
the positive-sequence voltages are shown for the DLG and
LL faults since the negative sequence ones are the same in
this case. It is evident that the modeled results closely match
the simulated results, including feedback control, sequence
extraction, and a detailed transformer model. To that end,
the presented model seems to underestimate the voltages a
bit which gives some beneficial conservatism as instability is
more likely to occur when Vi is low.

It should be noted that the equivalent sequence-domain
modeling applied in this section is a well-known approach
used in traditional power system fault studies [23]. However,
the model presented here distinguish itself in several ways
compared to the traditional and prior art approaches:

1) Contrary to a synchronous machine, the grid-connected
converter is represented in both the positive-sequence
and the negative-sequence frame.

2) The expressions for the Thevenin equivalents are not
just based on constant operating values, but on the
LVRT operation where the injected converter current is

depending on the phase-angle of the PCC voltage.

3) Finally, the above points are used to establish an ana-
Iytical expression for Vﬁ during different fault types,
which is directly used in the g-axes equations in (7)-(8)
to formulate a reduced-order large-signal model.

V. REDUCED-ORDER LARGE-SIGNAL MODEL WITH
EQUIVALENT PLL DYNAMICS

A general grid-following converter control during asymmet-
rical faults consists of a sequence extractor (synchronization
unit), a reference current generation algorithm (outer power
loops and grid code requirements), and a current controller. For
this work, the sequence extractor is the block estimating 65,
performed by the DROGI-FLL shown in Fig. 2(b). Outer loops
are neglected for this analysis and the dg-frame positive-
and negative-sequence current references are directly specified
based on the grid-code requirements. Finally, the converter
currents are controlled using a PR controller. The following
text aims to accomplish the final task of completing the
reduced-order large-signal model of grid-following converters
with dual-sequence current injection.

The simplified large-signal model for grid-synchronization
stability assessment, shown in Fig. 11, is developed by con-
necting the grid-interaction model from SectionIV with the
employed synchronization unit, here the DSOGI-FLL. This is
a closed-loop feedback system that consists of the dynamical
model of the DROGI-FLL and the previously described inter-
action between the converter and the grid during fault con-
ditions. Accordingly, the generality of the proposed reduced-
order model is twofold: 1), the proposed model is general for
any short-circuit fault condition, including both symmetrical
and asymmetrical faults, and 2) since the dynamics of the
synchronization unit are attached to the reduced-order struc-
ture as shown in Fig. 11, the proposed modeling approach does
not require a specific synchronization unit to be used. Thus,
the large-signal modeling method is also general towards the
synchronization unit employed. Instead of the DROGI-FLL
used here, any other method could be attached instead (e.g.
PLLs, FLLs, etc.).

A. Model Validation

The proposed model is compared with a detailed switching
simulation model performed in MATLABs Simulink with
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Fig. 11. The proposed simplified large-signal model for grid-synchronization
stability evaluation during asymmetrical fault conditions. VI;F and V are
obtained from SectionIV based on the fault type and converter operating
mode.

PLECS blockset of the system shown in Fig. 1. The converter
is operated as grid-following with the control structure as
shown in Fig.2(a). The parameters for the simulation model
and the proposed model are listed in TableI.

To test and compare the developed model against a detailed
simulation model of the system, a given fault type and current
injection are selected. Then the tuning of the DROGI-FLL
is swept to identify the tipping point between stability and
instability for that given fault condition. The DROGI-FLL has
two control parameters, k, A\, which are designed as

2w N
\/5 ’
By evaluating the damping ratio of the second-order linearized
model of the DROGI-FLL, one will find that { w%
Therefore, by decreasing the natural angular frequency wy, the
damping ratio can be increased. For the model verification, it
is wy, which is varied to identify the boundary of stability and
the critical damping ratio. Five different scenarios are tested,
and the results of the proposed model and the simulation model
are shown in TableIll. For each case, the stability boundary
of the system is identified as shown with a stable and an
unstable case excited by an increase of 1 unit in wy. Besides
the fault type, the converter current injections are shown for
both sequences in per-unit.

k= A= wi. (35)

As can be seen, the reduced-order model predicts the stabil-
ity boundary well for the tested fault conditions. As expected,
the proposed model is a bit conservative in the stability
assessment during SLG faults as disclosed from Fig.10. A
nearly exact match is evident in the case of a DLG fault. This
is convenient since this fault type represents the worst-case
asymmetrical fault type.

It is noticed that the largest error occurs for the LL faults.
Here, it matches the analysis from Fig. 10 that case 1 for
the LL fault has a lower error compared to case 3 where
current injection is performed in both sequences. For the SLG
fault and especially for the LL fault, the resulting voltages at
the fault location is higher compared to the DLG fault case.
This implies that the assumption of neglecting the phase shift
caused by the transformer will be less valid, which causes the
increased error observed.

TABLE III
BOUNDARY OF SYNCHRONIZATION STABILITY OF THE PROPOSED MODEL
AND DETAILED SIMULATION MODEL BY VARYING wpy IN THE

DROGI-FLL
Fault Type Stable?  Proposed Model  Simulation Model
SLG v wn = 34 wn = 36
I Im =11 X wn =35 wn =37
DLG v wN =22 wn =21
It,JI- =10 X wn =23 wn = 22
DLG v wn =18 wn =19
I I- =11 X wn =19 wn =20
LL v wn =39 wy =42
IYJI- =10 X wn = 40 wn =43
LL v wn =27 wn = 33
I Im =11 X wn =28 wn =34

VI. EXPERIMENTAL VERIFICATION

To experimentally verify the presented model, the laboratory
test setup shown in Fig. 12 is used. An active rectifier is used to
establish the dc-link potential of the grid-connected converter
under test. The grid-connected converter is a Danfoss VLT
FC-302 inverter, which is being controlled using a dSPACE
expansion box, including a DS1007 PPC processor board for
code actuation, DS5101 digital waveform output board for
PWM generations, and a DS2004 high-speed A/D board for
voltage and current sensing. The PCC voltages and converter-
side currents are used for actual converter control, whereas
the PCC currents are only measured for visualization and
plotting. The Danfoss inverter is connected to an LCL-filter
and a passive impedance, which emulates the line impedance
of the model. A realistic fault scenario would require to
directly short one or more phases of the ac-supply to the
grounding terminal of the step-up transformer. Since this draw
large short-circuit currents, beyond the specifications of the
laboratory equipment, the Dyn transformer is neglected for
the experimental verification. Instead, the asymmetrical and
symmetrical fault voltages are directly emulated at the fault
location using a Chroma Regenerative Grid Simulator Model
61845. This also means that Z,, as shown in Fig.1, is set
to zero. The remainder of the system parameters for the
experimental setup are as listed in TableI.

Like for the previous model verification, wy is swept for
different fault types and current injections to estimate the
stability boundary of the system. The results of this for the
proposed model, the simulation model, and the experimental
setup are presented in Table IV. Here, the proposed model well
matches the simulation model, with a tiny amount of conser-
vatism compared to the experimental results. This indicates
that the reduced-order model is well equipped for transient
stability assessment under asymmetrical and symmetrical grid
faults. The small underestimation in the stability boundary
by the proposed model is caused by the non-ideal inner
current controller, which adds a stabilizing effect to the system,
since it slows the response a bit. The experimental cases
marked in blue in Table IV represent the cases where detailed
experimental waveforms are shown in Figs. 13-15. On each
figure, the five sub-figures are the three-phase PCC currents,
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Fig. 12. The laboratory test setup used for experimental verification. A programmable grid simulator is used to generate the different grid faults, and a

grid-connected converter is interfaced through a line impedance.

TABLE IV
BOUNDARY OF SYNCHRONIZATION STABILITY OF THE PROPOSED MODEL,
DETAILED SIMULATION MODEL, AND THE EXPERIMENTAL TEST SETUP BY
VARYING wp IN THE DROGI-FLL

Fault Type Stable?  Proposed Model Simulation Experimental
SLG 4 wn = 38 wn =40 wny =41
I, I =11 X wn =39 wy =41  wy =42
DLG 4 wy =28 wy = 28 wy =29
IV =10 X wn =29 wn =29 wn=230
DLG v wy =22 wy = 22 wy = 22
I, =11 X wy =23 wy =23 wy =23
LL l/ WN :37 WN :37 WN =38
I, J- =10 x wn = 38 wny =38  wn =239
LL (4 wn =33 wn =33 wn =33
I I =11 X wn =34 wn =34 wn=34
3LG 4 wn = 26 wy = 26 wy = 26
It I =10 X wny =27 wy =27 wn =27

the positive- and negative-sequence currents at the PCC, the
estimated frequency of the DROGI-FLL, the PCC voltages,
and the PCC voltage sequence components. Since the SLG
fault represents the least severe asymmetrical fault from the
loss of synchronization point of view (V;' = 2/3pu and
Vi = 1/3pu), wy can be increased significantly before
instability occurs. For the SLG case in Fig. 13(a), the boundary
of stability occurs for wy = 41rad/s, which results in low
damping of the synchronization dynamics. This low damping
is clearly observed in the weakly-damped oscillations in
Fig. 13(a), which causes undesired harmonic oscillations in
the injected currents. When the damping is further reduced as
shown in Fig. 13(b), instability occurs where synchronization
is fully lost and the system is unable to resynchronize to the
grid after the fault has been cleared. For the more severe
DLG fault in Fig. 14, it can be seen that system is much
more damped compared to the cases in Fig. 13 and Fig. 15
since a lower wy (larger damping) is needed for the system
to remain stable. As seen in Fig. 13-Fig. 15, besides matching
the stability assessment using the proposed model, it can be
observed that if synchronization is lost, the PCC voltages

are not properly supported during the fault and the system
might not be able to resynchronize to the grid after the fault
clearance. This highlights the desire for being able to predict
and avert large-signal synchronization instability during such
conditions.

In addition to the transient stability evaluation, the time-
domain waveform of the estimated FLL frequency of the
proposed model is compared to the experimental results for
the DLG fault in Fig. 14. This is shown in Fig. 16, where,
despite the simplified model structure, a good match is ob-
served in the estimated frequencies for the proposed model
and the measured results. Hence, the presented reduced-order
model based on the sequence-domain equivalent modeling is
well capable to evaluate the stability under asymmetrical and
symmetrical faults. This is also the case when considering the
step-up transformer as shown in Table III. However, the neglect
of the transformer phase shift is seen to cause the largest error
during LL faults, whereas the results obtained for the SLG and
DLG faults are accurate.

VII. CONCLUSION

The modeling of synchronization stability of grid-following
converters during asymmetrical grid faults is addressed. Nec-
essary conditions for synchronization stability are derived for
both sequences frames, which is shown to be a strong tool
for stability assessment. To capture the dominating dynamics
of the system in respect to loss of synchronization, Thevenin
equivalents in all sequence frames are derived, taking into
account converter current injection in both the positive and
negative-sequence frames and the fault type of interest. Based
on this and the synchronizing dynamics of the DROGI-
FLL, the proposed reduced-order large-signal model for grid-
synchronization stability assessment is established. The pro-
posed model is carefully verified against a detailed simulation
study and an experimental laboratory set up revealing its
strong stability assessment capability with a simple modeling
structure. The presented modeling framework is general for
any short-circuit fault type and is not restricted to a spe-
cific algorithm for sequence extraction and synchronization.
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Accordingly, the presented model is useful in understanding  [4] P. Rodriguez, A. Luna, R. S. Munoz-Aguilar, I. Etxeberria-Otadui,

the governing dynamics of synchronization stability during
faults and may, with its low-order structure, be well suited
for design-oriented studies or large-scale power system studies
where a high-order detailed time-domain model is not feasi-

ble.

[1]

[2]
[3]

REFERENCES

B. Kroposki, B. Johnson, Y. Zhang, V. Gevorgian, P. Denholm, B. M.
Hodge, and B. Hannegan, “Achieving a 100 % renewable grid: Operating
electric power systems with extremely high levels of variable renewable
energy,” IEEE Power Energy Mag., vol. 15, pp. 61-73, March 2017.
NationalGrid, UK, “Performance of phase-locked loop based convert-
ers,” tech. rep., 2017.

M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “An overview
of assessment methods for synchronization stability of grid-connected
converters under severe symmetrical grid faults,” IEEE Trans. Power
Electron., vol. 34, pp. 9655-9670, Oct 2019.

[5]

[6]

[7]

[8]

R. Teodorescu, and F. Blaabjerg, “A stationary reference frame grid
synchronization system for three-phase grid-connected power converters
under adverse grid conditions,” IEEE Trans. Power Electron., vol. 27,
pp. 99-112, Jan 2012.

I. Erlich, F. Shewarega, S. Engelhardt, J. Kretschmann, J. Fortmann,
and F. Koch, “Effect of wind turbine output current during faults on
grid voltage and the transient stability of wind parks,” in Proc. IEEE
PESGM, pp. 1-8, July 2009.

D. Dong, B. Wen, D. Boroyevich, P. Mattavelli, and Y. Xue, “Analysis of
phase-locked loop low-frequency stability in three-phase grid-connected
power converters considering impedance interactions,” IEEE Trans. Ind.
Electron., vol. 62, pp. 310-321, Jan 2015.

B. Weise, “Impact of k-factor and active current reduction during
fault-ride-through of generating units connected via voltage-sourced
converters on power system stability,” IET Renewable Power Generation,
vol. 9, no. 1, pp. 25-36, 2015.

C. Zhang, M. Molinas, J. Lyu, H. Zong, and X. Cai, “Understanding the
nonlinear behaviour and synchronizing stability of a grid-tied vsc under
grid voltage sags,” in 8th Renewable Power Generation Conference



2F T T T T T ]
|}
£ g?WJV(X(:X\OC\X:X\x'Xﬂ\x'X\x’xﬂﬁ&')f&')f\x’)f&'x\xm')w‘x'x‘x'xm'XMW&'X&W&W&:
L5F ' ' .
_*I_ IF IJ\M
- 0’5 M . M ]
E 80 - I ' ' ' ! 1
60
St e peb—
S A W W W W W) “
20 m&wwmwwmwwwwmxmm
¥R -
0 0.1 0.2 0.3 0.4 0.5
Time [s]
(a)
Fig. 15. Experimental results for an LL fault with /T = 1 and I~ =
wn = 39rad/s.
70
60 - 1
v
=, 50
~
40 + Experimental R
Reduced-order Model
30 '
30 Experimental 1
Reduced-order Model
o
g of |
~
-50 ‘ ‘ ]
0 0.05 0.1 0.15
Time [s]

Fig. 16. Time-domain waveform comparison between the proposed reduced-
order model and the experimental results for a DLG fault with T = 1 and
I~ = 1. The top stable responses are with wy = 22rad/s. The bottom
unstable responses are with wy = 23 rad/s.

[9]

[10]

[11]

[12]

[13]

(RPG 2019), pp. 1-8, 2019.

J. Hu, Q. Hu, B. Wang, H. Tang, and Y. Chi, “Small signal instability
of PLL-synchronized type-4 wind turbines connected to high-impedance
AC grid during LVRT,” IEEE Trans. Energy Conv., vol. 31, pp. 1676—
1687, Dec 2016.

X. He, H. Geng, and G. Yang, “Synchronization stability analysis of
grid-tied power converters under severe grid voltage sags,” in Proc. [IEEE
PEAC, pp. 1-6, Nov 2018.

Q. Hu, L. Fu, F. Ma, and F. Ji, “Large signal synchronizing instability
of PLL-based VSC connected to weak AC grid,” IEEE Trans. Power
Syst., vol. 34, pp. 3220-3229, July 2019.

W. Wang, G. M. Huang, P. Kansal, L. E. Anderson, R. J. O’Keefe,
D. Ramasubramanian, P. Mitra, and E. Farantatos, “Instability of PLL-
synchronized converter-based generators in low short-circuit systems and
the limitations of positive sequence modeling,” in Proc. IEEE NAPS,
pp. 1-6, Sep. 2018.

M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “Robust fault ride
through of converter-based generation during severe faults with phase
jumps,” IEEE Trans. Ind. Appl., vol. 56, pp. 570-583, Jan 2020.

2 - T T ]
.N§ 0 %’X’x:x‘\%{}('v’)f\y,?v\y,’)(‘\y:x&W&’X\yf)?&W&W&W&W&W&W&W&T&W&W&W&W{pjx &WXXX"X’&
2 | . ! ; -
4
v 50 ‘ ! ! ! !
5 59 —\l\/v ]
-100 & ! ! I . v ]
S e e R
= PO AR A
YR —
=S ‘ . , e
0 0.1 0.2 0.3 0.4 0.5
Time [s]
(b)
0. (a): Stable response with wy = 38rad/s. (b): Unstable response with

[14]

[15]

[16]

(17]

[18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

0. Goksu, R. Teodorescu, C. L. Bak, F. Tov, and P. C. Kjer, “Instability
of wind turbine converters during current injection to low voltage grid
faults and PLL frequency based stability solution,” IEEE Trans. Power
Syst., vol. 29, pp. 1683-1691, July 2014.

S. Ma, H. Geng, L. Liu, G. Yang, and B. C. Pal, “Grid-synchronization
stability improvement of large scale wind farm during severe grid fault,”
IEEE Trans. Power Syst., vol. 33, pp. 216-226, Jan 2018.

H. Geng, L. Liu, and R. Li, “Synchronization and reactive current
support of PMSG-based wind farm during severe grid fault,” IEEE Trans.
Sust. Energy, vol. 9, pp. 1596-1604, Oct 2018.

X. He, H. Geng, R. Li, and B. C. Pal, “Transient stability analysis
and enhancement of renewable energy conversion system during LVRT,”
IEEE Trans. Sust. Energy, pp. 1-1, 2019.

Q. Hu, J. Hu, H. Yuan, H. Tang, and Y. Li, “Synchronizing stability of
DFIG-based wind turbines attached to weak AC grid,” in Proc. IEEE
ICEMS, pp. 2618-2624, Oct 2014.

M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “Systematic approach
for transient stability evaluation of grid-tied converters during power
system faults,” in Proc. IEEE ECCE, pp. 5191-5198, Sep. 2019.

H. Wu and X. Wang, “Design-oriented transient stability analysis of
grid-connected converters with power synchronization control,” IEEE
Trans. Ind. Electron., vol. 66, pp. 6473-6482, Aug 2019.

M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “An efficient reduced-
order model for studying synchronization stability of grid-following
converters during grid faults,” in 2019 20th Workshop on Control and
Modeling for Power Electronics (COMPEL), pp. 1-7, June 2019.

H. Wu and X. Wang, “Design-oriented transient stability analysis of pll-
synchronized voltage-source converters,” IEEE Trans. Power Electron.,
vol. 35, pp. 3573-3589, April 2020.

N. Tleis, Power Systems Modelling and Fault Analysis - Theory and
Practice. Elsevier, st ed., 2008. ISBN: 978-0-7506-8074-5.

North American Electric Reliability Corporation (NERC), “1,200 MW
fault induced solar photovoltaic resource interruption disturbance re-
port.”

VDE, “VDE-AR-N 4110: Technical requirements for the connection and
operation of customer installations to the medium-voltage network (TCC
medium-voltage),” 2017.

VDE, “VDE-AR-N 4120: Technical requirements for the connection and
operation of customer installations to the high-voltage network (TCC
high-voltage),” 2015.

B. Wang, S. Wang, and J. Hu, “Dynamic modeling of asymmetrical-
faulted grid by decomposing coupled sequences via complex vector,”
IEEE J. Emerg. Sel. Topics Power Electron., pp. 1-1, 2020.

H. Guo, “Sequence-impedance modeling of voltage source converter
interconnection under asymmetrical grid fault conditions,” IEEE Trans.
Ind. Electron., pp. 1-1, 2020.

S. Mortazavian, M. M. Shabestary, and Y. A. I. Mohamed, “Analysis and
dynamic performance improvement of grid-connected voltage—source



converters under unbalanced network conditions,” IEEE Trans. Power
Electron., vol. 32, no. 10, pp. 8134-8149, 2017.

S. Mortazavian and Y. A. I. Mohamed, “Dynamic analysis and improved
control design of a grid-connected converter with flexible multi-sequence
reactive current injection,” in 2018 IEEE International Conference on
Smart Energy Grid Engineering (SEGE), pp. 186-190, 2018.

M. G. Taul, X. Wang, P. Davari, and F. Blaabjerg, “Current reference
generation based on next generation grid code requirements of grid-
tied converters during asymmetrical faults,” IEEE J. Emerg. Sel. Topics
Power Electron., pp. 1-1, 2019.

S. Golestan, J. M. Guerrero, J. C. Vasquez, A. M. Abusorrah, and Y. Al-
Turki, “A study on three-phase FLLs,” IEEE Trans. Power Electron.,
vol. 34, pp. 213-224, Jan 2019.

A. A. Nazib, D. G. Holmes, and B. P. McGrath, “Decoupled DSOGI-
PLL for improved three phase grid synchronisation,” in 2018 Interna-
tional Power Electronics Conference (IPEC-Niigata 2018 -ECCE Asia),
pp. 3670-3677, 2018.

P. Rodriguez, J. Pou, J. Bergas, J. I. Candela, R. P. Burgos, and
D. Boroyevich, “Decoupled double synchronous reference frame pll
for power converters control,” IEEE Trans. Power Electron., vol. 22,
pp. 584-592, March 2007.

X. Guo, W. Wu, and Z. Chen, “Multiple-complex coefficient-filter-based
phase-locked loop and synchronization technique for three-phase grid-
interfaced converters in distributed utility networks,” IEEE Trans. Ind.
Electron., vol. 58, pp. 1194-1204, April 2011.

S. K. Chaudhary, 0. Goksu, R. Teodorescu, and P. C. Kjaer, “Impact
of negative sequence current injection by wind power plants,” in Proc.
IEEE PESGM, pp. 1-5, July 2013.

[37] J. Jia, G. Yang, and A. H. Nielsen, “Investigation of grid-connected
voltage source converter performance under unbalanced faults,” in Proc.
IEEE PES APPEEC, pp. 609-613, Oct 2016.

Y. Gu, N. Bottrell, and T. C. Green, “Reduced-order models for
representing converters in power system studies,” IEEE Trans. Power
Electron., vol. 33, pp. 3644-3654, April 2018.

1. Dzafi¢, R. A. Jabr, and H. Neisius, “Transformer modeling for three-
phase distribution network analysis,” IEEE Trans. Power Syst., vol. 30,
pp. 2604-2611, Sep. 2015.

(30]

[31]

(32]

[33]

[34]

[35]

[36]

[38]

[39]

Mads Graungaard Taul (S’17-M’20) received the
B.Sc. and M.Sc. degrees in electrical energy engi-
neering with a specialization in power electronics
and drives in 2016 and 2019, respectively, and
the Ph.D. degree in power electronic systems from
Aalborg University, Denmark in 2020. In connection
with his M.Sc. degree, he received the lst prize
master’s thesis award for excellent and innovative
project work by the Energy Sponsor Programme. Dr.
Taul was a visiting researcher at the University of
California, Berkeley, at the Department of Electrical
Engineering and Computer Science from August 2019 to January 2020.
Currently, he is a Post-doctoral researcher at the Department of Energy Tech-
nology at Aalborg University, Denmark. His main research interests include
renewable energy sources and grid-connected converters with a particular
focus on modeling, control, and stability analysis of power electronics-based
power systems.

Saeed Golestan (M’11-SM’15) received the B.Sc.
degree from Shahid Chamran University of Ahvaz,
Iran, in 2006, the M.Sc. degree from the Amirkabir
University of Technology, Tehran, Iran, in 2009, and
the PhD degree from Aalborg University, Aalborg,
Denmark, in 2018, all in electrical engineering. He
is currently an assistant professor at the Department
of Energy Technology, Aalborg University, Aalborg,
Denmark. His research interests include modeling,
synchronization, and control of power electronic
systems and microgrids.

Xiongfei Wang (S’10-M’13-SM’17) received the
B.S. degree from Yanshan University, Qinhuangdao,
China, in 2006, the M.S. degree from Harbin In-
stitute of Technology, Harbin, China, in 2008, both
in electrical engineering, and the Ph.D. degree in
energy technology from Aalborg University, Aal-
borg, Denmark, in 2013. Since 2009, he has been
with the Department of Energy Technology, Aalborg
University, where he became an Assistant Professor
in 2014, an Associate Professor in 2016, a Professor
and Research Program Leader for Electronic Power
Grid (eGrid) in 2018, and the Director of Aalborg University-Huawei Energy
Innovation Center in 2020. He is also a Visiting Professor of power electronics
systems with KTH Royal Institute of Technology, Stockholm, Sweden. His
current research interests include modeling and control of grid-interactive
power converters, stability and power quality of power-electronic-based power
systems, active and passive filters. Dr. Wang serves as a Member-at-Large
for Administrative Committee of IEEE Power Electronics Society (PELS)
in 2020-2022, and as an Associate Editor for the IEEE TRANSACTIONS
ON POWER ELECTRONICS, the IEEE TRANSACTIONS ON INDUSTRY
APPLICATIONS, and the IEEE JOURNAL OF EMERGING AND SE-
LECTED TOPICS IN POWER ELECTRONICS. He was selected into
Aalborg University Strategic Talent Management Program in 2016. He has
received six Prize Paper Awards in the IEEE Transactions and conferences,
the 2016 Outstanding Reviewer Award of IEEE TRANSACTIONS ON
POWER ELECTRONICS, the 2018 IEEE PELS Richard M. Bass Out-
standing Young Power Electronics Engineer Award, the 2019 IEEE PELS
Sustainable Energy Systems Technical Achievement Award, the 2019 Highly
Cited Researcher by Clarivate Analytics (former Thomson Reuters), and the
2020 IEEE Power & Energy Society Prize Paper Award.

Pooya Davari (S’11-M’13-SM’19) received the
B.Sc. and M.Sc. degrees in electronic engineering
from University of Mazandaran (Noushirvani), Iran,
in 2004 and 2008, respectively, and the Ph.D. degree
in power electronics from QUT, Australia, in 2013.
From 2005 to 2010, he was involved in several
electronics and power electronics projects as a De-
velopment Engineer. From 2013 to 2014, he was
with QUT, as a Lecturer. He joined Aalborg Uni-
versity, in 2014, as a Postdoc, where he is currently
an Associate Professor. He has been focusing on
EMI, power quality and harmonic mitigation analysis and control in power
electronic systems. He has published more than 140 technical papers. Dr.
Davari served as a Guest Associate Editor of IET journal of Power Electronics,
IEEE Access Journal, Journal of Electronics and Journal of Applied Sciences.
He is an Associate Editor of Journal of Power Electronics, Associate Editor
of IET Electronics, Editorial board member of EPE journal and Journal of
Applied Sciences. He is member of the International Scientific Committee
(ISC) of EPE (ECCE Europe) and a member of Joint Working Group six and
Working Group eight at the IEC standardization TC77A. Dr. Davari is the
recipient of a research grant from the Danish Council of Independent Research
(DFF-FTP) in 2016, and 2020 IEEE EMC Society Young Professional Award
for his contribution to EMI and Harmonic Mitigation and Modeling in Power
Electronic Applications. He is currently Editor-in-Chief of Circuit World
Journal.



Frede Blaabjerg (S’86-M’88-SM’97-F’03) was
with ABB-Scandia, Randers, Denmark, from 1987
to 1988. From 1988 to 1992, he got the PhD degree
in Electrical Engineering at Aalborg University in
1995. He became an Assistant Professor in 1992, an
Associate Professor in 1996, and a Full Professor of
power electronics and drives in 1998. From 2017
he became a Villum Investigator. He is honoris
causa at University Politehnica Timisoara (UPT),
Romania and Tallinn Technical University (TTU)
in Estonia in 2017. His current research interests
include power electronics and its applications such as in wind turbines, PV
systems, reliability, harmonics and adjustable speed drives. He has published
more than 600 journal papers in the fields of power electronics and its
applications. He is the co-author of four monographs and editor of ten books
in power electronics and its applications. He has received 32 IEEE Prize
Paper Awards, the IEEE PELS Distinguished Service Award in 2009, the
EPE-PEMC Council Award in 2010, the IEEE William E. Newell Power
Electronics Award 2014, the Villum Kann Rasmussen Research Award 2014,
the Global Energy Prize in 2019 and the 2020 IEEE Edison Medal. He was
the Editor-in-Chief of the IEEE TRANSACTIONS ON POWER ELECTRONICS
from 2006 to 2012. He has been Distinguished Lecturer for the IEEE Power
Electronics Society from 2005 to 2007 and for the IEEE Industry Applications
Society from 2010 to 2011 as well as 2017 to 2018. In 2019-2020 he serves
a President of IEEE Power Electronics Society. He is Vice-President of the
Danish Academy of Technical Sciences too. He is nominated in 2014-2019 by
Thomson Reuters to be between the most 250 cited researchers in Engineering
in the world.




