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Harmonic Transfer-Function-Based Impedance
Modeling of a Three-Phase VSC for Asymmetric
AC Grid Stability Analysis

Chen Zhang ™, Marta Molinas

Abstract—Impedance modeling and stability analysis of a grid-
voltage source converters (VSC) system under symmetric ac grids
have been extensively discussed in the literature, where the dq do-
main impedances are usually adopted. As for asymmetric ac grids,
impedance modeling is no longer straightforward in the dg domain
due to the presence of negative sequence components, where the lin-
earization will result in a linear-time-periodically-varying system,
making the frequency-domain analysis intractable. One way to ad-
dress this issue would be the harmonic-transfer-function (HTF)
approach. Although this method is conceptually clear, its applica-
tion to the stability analysis of an unbalanced grid-VSC system is
still challenging and an effective model is missing here, therefore
this paper aims to bridge this gap. First, the sequence impedances
of an unbalanced grid-VSC system is modeled in the HTF frame-
work. Then the HTFs are truncated into four-by-four matrices by
exploiting the property of frequency couplings. Based on this, the
equivalent source and load model for Nyquist-based analysis are
established, and they are thoroughly verified by impedance mea-
surements as well as the accuracy on stability analysis. Finally,
several stability concerns of the unbalanced grid-VSC system, as
well as the feasibility of symmetric models for asymmetric ac grid
stability analysis are discussed and clarified.

Index Terms—Converter, impedance, Nyquist-criterion, stabil-
ity, time-varying, unbalance.

I. INTRODUCTION

OLTAGE source converters (VSCs) have been widely
Vutilized in the grid-integration of renewable energies,
e.g., wind and solar [1], as well as the interconnection of
asynchronous ac grids by means of high-voltage-dc (HVDC)
technologies [2]. Recently, it has been identified that VSCs are
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susceptible to oscillate if the ac grid is weak [3], and they have
been reported not only in wind farms [4] but also in photovoltaic
power plants [5]. To study this, both the state-space-based ([6]—
[8]) and the impedance-based methods can be applied. In this
study, the impedance-based method is preferred, since most of
the oscillations are caused by port-interactions, for which the
input—output characteristic is analyzed.

Analytical impedance modeling is a useful tool for stability
assessment, as reported in [9] by Wang and Blaabjerg, where dif-
ferent impedance-modeling techniques are overviewed. Among
them, the dg-impedance and the sequence-impedance are usu-
ally applied for stability analysis. Under symmetric ac-grid
conditions, a framework for the dg-impedance modeling with
constant-power-load (CPL) of VSCs and associated stability
criteria was established in [10] by Belkhayat. Afterward, more
detailed impedances models including the phase-locked-loop
(PLL) and other control loops are developed, e.g., in [11] by
Wen et al. and in [12] by Harnefors et al.

Since the linear-time-invariant (LTI) property holds for the
dg-domain models under symmetric three-phase conditions, cor-
responding impedances can be easily obtained by applying the
Laplace transform on the linearized systems in dg-domain. If
the VSC is directly linearized in the phase-domain (i.e., abc
frame), the resulting model will be linear-time periodically vary-
ing (LTPV) because of the periodically time-varying operating
points. Unlike the LTI system, translating an LTPV system into
the frequency domain is no longer straightforward due to the
presence of frequency couplings. One way to address this is-
sue is to apply the harmonic linearization method of sequence
components (overviewed by Sun [13] ), by which the sequence
impedances can be obtained, e.g., [14] and [15].

Interestingly, both the dg and the sequence impedance devel-
oped under three-phase symmetric conditions are two-by-two
matrices, implying some bindings between them. This motivates
the formation of other impedance modeling methods with differ-
ent perspectives, e.g., a complex-vector-based ([16] and [17]), a
modified-sequence-domain-based ([18] and [19]), and a phasor-
based [20], from them the frequency-domain properties of VSCs
canbe better revealed, e.g., the mirror frequency coupling (MFC)
[18] effect. It should be noted that a sound understanding of
the frequency-domain properties is crucial and beneficial for
impedance modeling, in particular, the model reductions. This
resembles the importance of multi-time-scale property to the
power system dynamic modeling and analysis.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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On the other hand, if the system is three-phase asymmetric,
multiple frequency-couplings will present if it is perturbed.
Therefore, a more general modeling method is required for
mapping such LTPV systems into frequency-domain. In this
respect, the harmonic-state-space (HSS) [21] and the harmonic-
transfer-function (HTF) [22] method are applicable. The HSS
method utilizes the so-called exponentially modulated periodi-
cal (EMP) signals (e.g.,e%* - > U,,el™“1t) [21] to achieve a
state-space-like model, however, in the frequency domain, e.g.,
$n X = Zm Ap - Xt Zm B, - Upy, X, is the nth
Fourier coefficients of state-vector x. Due to this resemblance,
a clarification of different state-space notations is necessary and
presented in [23] by Kwon et al. Clearly, the larger the number
of harmonics considered, the more accurate approximation of
the HSS model will be. Applications of the HSS approach in
harmonic modeling and resonance analysis of VSCs are studied
in [23] and [24], it is shown that the HSS model is able to
capture the harmonic dynamics up to switching frequency by
choosing the number of harmonics sufficiently large. Whereas
in [25] a relatively low-harmonic order is considered since
the objective is to identify the control interactions between
the modular-multilevel-converter (MMC) and the wind farm.
On the other hand, although transforming an HSS model into
transfer-functions is conceptually clear, it is difficult to achieve
analytically due to the large model dimensions. In this regard,
the HTF method can be an alternative since it is known as a gen-
eralized operator for directly mapping an LTPV system into the
frequency domain. Due to this benefit, it is intuitive to applied
to single-phase VSCs [26]. As for three-phase VSCs, since the
three phases are tightly coupled through converter controls, the
complexity is drastically increased even under symmetric con-
ditions [27]. A numeric-based analysis as presented in [28] can
be a choice, where the converter is viewed as a black/gray box.
However, without the analytical model, insights of impedance
characteristics and their effects on stability are hard to
acquire.

In overall, the HTF approach lays a theoretical foundation for
the frequency-domain modeling of LTPV systems. Although
this method is conceptually clear, its application to the stability
analysis of an unbalanced grid-VSC system is still challeng-
ing and a useful model is missing, therefore this paper aims to
bridge this gap. First, in Section II, an unbalanced grid-VSC
system is modeled in the HTF framework and then transformed
into the sequence-domain. Since the HTFs are of infinite di-
mensions, they cannot be used for analysis directly, an order-
reduction (i.e., model truncation) by exploiting the property of
frequency-couplings is presented in Section III, where only the
frequency components relevant to control dynamics are retained
and extracted from the HTFs. Section IV further derives an
equivalent source and load model for Nyquist-based stability
analysis, its effectiveness is verified by frequency-sweeping as
well as the accuracy in stability assessments. Section V provides
more impedance validations under grid-voltage asymmetry con-
ditions. Also, the feasibility and performance of two types of
symmetric impedance models on asymmetric ac-grid stability
analysis are discussed and clarified. Finally, Section VI draws
the main conclusions.
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Fig. 1. Typical two-level and three-phase grid-tied VSC system.

II. SEQUENCE IMPEDANCE MODELING OF AN UNBALANCED
GRID-VSC SYSTEM IN THE HTF FRAMEWORK

Fig. 1 presents a typical grid-tied VSC system, which is
mainly composed of a three-phase and two-level VSC, a
Thevenin equivalent ac grid and a step-up transformer. The dc
voltage is assumed constant in this study, whereas the current
control loop and the PLL will be modeled in detail.

A. Brief Introduction of the HTF Approach

The EMP signal is introduced to the HTF framework for prop-
erly capturing all the possible frequency couplings [21]

u(t) = e - Z U,,edmert (1)

where w; is the fundamental frequency of the grid, s is the
Laplace variable, and U,,, denotes the mth Fourier coefficient. If
represents the signal U, - ¢%* as an implicit function of s, one
may obtain its spectrum: U, (s). In this way, the EMP signal is
related to a vector of spectra [22] as

U™ (s) = [« U-1(s) Uog(s) Uy (s) )

where U"(s) denotes the vector of spectra, and the compo-
nents within it, e.g., U,,,(s) is regarded as the spectrum at mth
frequency band (FB), or more illustratively speaking the infor-
mation stored in the mth FB.

According to the HTF approach [22], an LTPV system in the
frequency domain is formulated as

.]T

Y 4
Yo | =
Y

Hi 11y (s) Ha)(8) Hirn)(s)
Hoo,-1y(s)  Hoo(s) Hoq(s) -] | Uo
Hii1,-1) () Hig,0) () Higa,41) () Upt

Hhtf(s)

3)
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where H™(5s) is referred to as the HTF. The component e.g.,
H (1,,m)(s) describes the coupling between input Uy, (s) and out-
put Yy, (s) at different FBs. Besides, the element, e.g., H ,, ) (5)
if written explicitly is H,,—p, (s + j - mwy).

In what follows, two types of frequently used HTFs will
be introduced. For LTI systems, the off-diagonals in the HTF
matrix will be zeros due to the nonexistence of frequency
couplings, i.e., Hy, ny(s) =0,m # n. E.g., a passive filter
Zy(s) = sLy + Ry in the HTF format will be

Z?tf(s) =diag (..., Zs (s — jw1), Zs(s), Zy (s + jwi),...)
(€]

clearly, it is a diagonal matrix with elements that are frequency-
shifted copies of each other.

For a memoryless LTPV system, the HTF model can be rep-
resented by a Toeplitz matrix [21]

Ay A, A,

Ahtf _ A71 - (5)

A Ao

Aje Ay Ao

where A,, is the Fourier coefficient of nth harmonic. Under
asymmetric ac grids, the operating points in dg frame should
have both dc and second-order harmonics due to the pres-
ence of negative sequence component, e.g., the converter cur-
rent: [go + Iocos (2wt + ¢), according to the definition, the
nonzero elements of the Toeplitz matrix are: Ag = I, A2 =
0.5I,,0¢7%, and A_5 = 0.5,,0e 7%.

Based on the above-introduced fundamentals, the grid-VSC
model in the HTF framework can be established as follows.

B. HTF-Based Modeling of the VSC

1) HTF Modeling of the dq Transformation: The dg transfor-
mation is essentially a memoryless LTPV system with multiple
inputs and multiple outputs (MIMO). Hence, its HTF model is
a collection of Toeplitz matrices

htf htf htf
htf _ 2 Acosa Acosb Acosc (6)
abe/dqg — g htf htf htf
3 _Asina _Asinb _Asinc

htf  pAhtf htf : :
where AL, AL, and Al represent the Toeplitz matrices

of components: cos 61, cos(61 — 27), and cos(; + 27). They
can be derived from the knowledge of (5). For example, the
nonzero elements of A" are A | = %,A,l =5 with a =

cosb
i2n  Ahtf  ADtf htf : .
3™ AL VAL, and AJ . are obtained similarly, e.g., the
nonzero elements of AMf

. _ a J—— ]
sinp arc: A+1 = 2j’A_1 =3

Likewise, the inverse dg transformation is obtained

Abhtf Abtf ‘| T

cosb

_Ah_tf

sinb

cosa

- _ Ahtf

sina

cosc

_Ahtf

sinc

Ahtf
= (7
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For brevity, the notation T2 and 714 will be adopted in the
later analysis, for representing the first and the second row of
(6) respectively.

2) HTF Modeling of the PLL: The input of the PLL is the
q axis voltage at the PCC (as shown in Fig. 1), its linearized

equation in the time domain is

tga (t)
Ugq (1) = —uqo (t) - Abpn + Tin (61) |ugs (1) (8
tge (1)
where %2191;1;] Opu=01(t) [Ugao (t), Ugbo (t), Uch(t)]T = —Uqdo

(t). uqo(t) is time-varying due to the grid asymmetry, e.g.,
udo(t) = Ugo + Unocos (2wit + ¢, ), where the negative
sequence component U,/ ?+ is present.

According to HTF approach, (8) can be transformed into the
frequency domain as

o (5)

u
upt(s) = ulti(s) 9)
u

o _Usngahtf(s) + Thtf

pll sin g

htf
ge ()
where Uh is a Toeplitz matrix with nonzero elements as Ay =
Ugo, As = 0.5U,0e7%, and A_5 = 0.5U,,0e 7?=. It is noted

that all the variables are vectors of spectra according to (2), e.g.,

uggf(s) = ugg-1)(8); Ugg(0) (), Ugg(+)(5), - - JT.

Substituting the HTF model of the PLL forward gain:
ABN (s) = GRif (s) - ugtf(s) into (9), yields

pll 99
ultf(s)
A0 (s) = (I+ G (U) " Gyl (s) - TH1 | ubif(s)
ThE (5) g (s)
(10)
where
Gl (s)
— diag Hypu(s — jw1) Hpu(s) Hpn(s + jwn)
A s 1 jon
is obtained via frequency shifting of the component H%l(s),

Hpu(s) is the PLL controller as shown in Fig. 1.
3) HTF Modeling of the Current Controller: Similar to (9),
the HTF model of the dg current feedbacks is

sht f
ihttif(s) Ihtg Lea (5)
& cq htf htf .
,L'htf(s) = _Ihtf AOPh (8) + Tai(:/dq l?lgf (S) (1 1)
cq cd0 ’I:htf(s)

where IM40 is a Toeplitz matrix with nonzero elements: Ay =
Iy, Ay = 0.51,0¢7%, and A_y = 0.51,,0e7%i. Similarly, IE;B
is also a Toeplitz matrix with nonzero elements: Ay = I, As =
0.5j1,0e7%, and Ay = —0.551,,0e 7%, I,0e7? is the negative
sequence current.
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Similarly, the outputs of the current controller in HTF format
can be derived

htf htf
uhtf (S) UcLaO Ueq
htf cd htf htf htf
qu/abc 'll,htf (S) + UcJ_bO A91311 ( ) U (12)
cq Uhtf wbtf
clcO Uee

where U?ifam U f:‘fbo, U, htf "o are from the Toeplitz matrix of
aT, Ueao(t U

s o], - fat, s [k
besides, since this study focuses on the control interactions and
associated stability issues, fast dynamics related to switching
will be ignored, thus the output voltages of the converter are
assumed equal to the controller outputs.

Substituting (11) and (12) into the current controller H, (s)
yields (15) shown at the bottom of this page, where H () are
frequency-shifted copies of H.(s).

Next, the voltage equation of the ac filter in HTF format is

htf
€.g. UcLaO -

ugt!(s) e (5)
ulii(s)| = ding (245, 23, 2} [itsF (s

ugl (s) il (s)

Substituting (10) and (13) into (15) finally yields the VSC-
HTF admittance model in (16) shown at the bottom of this page.
In (16), the Laplace variable s is omitted for brevity, and the
condition Z }]}g zZ} e =Z} hef =Z} htf s assumed in this study.

C. HTF- Modeling of the Asymmetric AC Grid

According to the above analysis, the Grid—-HTF model is ob-
tained in (14)
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D. Symmetrical Components of the HTF Models

In power system analysis, symmetrical decomposition is a
useful tool for analyzing an unbalanced three-phase system via
three independent components [29], i.e., the positive sequence,
negative sequence, and the zero sequence (ZS), where the ZS
can be omitted if there are no paths for ZS currents to flow.

The symmetrical decomposition is straightforward if applied
to one set of three-phase periodical signals. As for the EMP
signals, multiple harmonics should be decomposed consistently.
This is fulfilled by decomposing the three-phase signals of each
frequency bands one-by-one.

Taking the +1 FB (i.e., 4 f1) as an example, the three-phase
variables in this FB are: U, (41)(8), Up(11)(8), Ue(41)(5). Ac-
cording to the typical decomposition method, the symmetric
components of this FB are [27]

.1 [Uacr1)y(s)
Up(4+1)(5)
Ue+1)(8)

7)

1 a*

Up(+1)(s)] 1 ll a a
-3

where a = €737 It should be noted that the Laplace variable s if
written explicitly is: s = jw,w > 0, where the frequency should
be positive according to the definition.

Then, applying this method to all the FBs yields the symmetric
components of an HTF model

) Uhtf s
UMi(s) 1|1 aa* a (5)
Uhtf(S) "3 Ia* a Ulgtf(s) (18)
" U (s)
where I = diag(...,1,1,1,...), a =diag(...,a*,a,a,...).

Consequently, the VSC-HTF model, i.e., (16) is transformed

Z81E (5) = diag (Z];tf( ), thf( ), Z?f(s)) (14) into sequence domain as
where the elements within the HTF, e.g., Z1% (s) are frequency- o . I 1 et
shifted copies of Zyq(s) = sLy + Ry. | %P (s) _ 1 ITaa Yggg(s) a a ugP(S) .
In this study, the grid asymmetry is primarily interpreted B}\f,(s) 3|Ia* a ugﬁ\f,(s)
as the grid impedance imbalance of three phases, hence a a
Zga(s), Zg(s), and Zg.(s) are not necessarily the same. (19)
htf htf htf
Ueq (3) UcLaO Hhtf( )Ihtf Hhtf(g) 0 2ea (5)
htf(s) Uhtt htf ¢ cq0 Aghtf( ) — htf ¢ htf htf( s)
Uy c1b0 dq/abe _Hhtf( )Ihtf pll dq/abc 0 Hhtf(s) abe/dg Teb
htf htf c cd0 c “htf
Uce (S) UchO Lee (S)
15)
Hhtf 0 -1
HTF : htf htf htf) | ohtf c htf
YVSC( ) = dlag (thz ) Zf%; 7Z ¥ ) d;/abc 0 0t Tazc/dq
htf
Hhthhtg UCJ—U«O
htf ¢ htf | Ahtf
xq I+ Td;/abc [_Hhthitf] - U}clifbo Tph T@ltn (16)
c cd0

htf
UcL c0
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Likewise, the sequence domain Grid-HTF model is obtained
from (14) as

gg(s) _lIaa*Z
ugﬁ\f,(s) " 3|Ia a

where the inputs and outputs are still vectors of spec-

I 1
Grd(s) [a* a

a a

tra, e.g., }g‘g =[..,ip1)(8),ip)(s),ip(+1)(s),...]7, and
ot = [ in 1) (8),ino) (8)s inv41y (8), - - T

So far, the HTF model of an unbalanced grid-VSC system is
achieved, where the HTFs are infinitely dimensional matrices
characterizing all the possible frequency couplings. Therefore,
they cannot be used for analysis directly, and proper model trun-
cation is required. Since this study aims at acquiring an analyti-
cal model for control-related stability analysis, this implies that
only a few frequency components of the HTFs are crucial for this
study. To this consideration, a method for truncating the HTFs
will be shown in the next section.

III. PROPERTIES OF THE FREQUENCY COUPLINGS AND
FORMULATION OF THE FIRST COUPLING CYCLE MODEL

A. Properties of the Frequency Couplings Relevant to Controls

In a previous analysis [18], the MFC effect of the VSC is
identified, i.e., if a positive sequence perturbation at a frequency
e.g., fp + f1, is applied, the current responses of the VSC will
show up two frequency components, one is f, + fi and the
other is — f,, + f1, or illustratively speaking =+ f,, at +1 FB [see
Fig. 2(a), the 1st MFC]. This phenomenon is caused by the un-
equal regulation effects of VSC controls on the d and g-axis
variables, e.g., the PLL effect. Further, since the grid-VSC forms
a closed-loop system, the outputs of the VSC are the inputs of
the grid. As a result, if the grid impedance is three-phase sym-
metric, then the voltage responses (as vectors) will be of the
same frequency and direction as the perturbation inputs, i.e.,
+fp + f1. Therefore, the number of frequency-couplings is fi-
nite for three-phase symmetric cases, which is two. This also
explains why the impedance models of VSCs (three-phase and
two-level) regardless of domains are two-by-two matrices under
symmetrical grids.

However, if the grid-impedance is three-phase asymmetric,
it is known that the output voltages across the three-phase
impedances will be unbalanced even if the input currents are
balanced. In sequence domain, this feature is equivalent to the
change of input directions, e.g., a positive sequence current flow-
ing into the unbalanced the grid will additionally produce a neg-
ative sequence voltage. Based on this property, the inputs of the
grid at = f,, + f1 (i.e., the 1st MFC current-outputs of the VSC)
will result in two new responses at F f,, — f1. This process, in
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Fig. 2. Qualitative study of the frequency coupling properties with the pres-

ence of grid asymmetry (in (a), a fast VSC control is employed for illustration,
and the phase C impedance is 10% of phase A and B). (a) Current responses
of a typical VSC under an asymmetric ac grid. (b) Illustration of the frequency
coupling and the first coupling cycle.

this study, is denoted as the sequence domain coupling (SDC)
effect of the grid. As shown in Fig. 2(a), the magnitudes of three-
phase currents (e.g., at 70 Hz) are no longer equal, indicating the
existence of SDC [in Fig. 2(a), the steady-state operating points
are removed from the spectra to acquire a clear illustration of
the small-signal propagations].

After this first coupling cycle (FCC), composed of 1st MFC
and Ist SDC) completes, the VSC will initiate the 2nd MFC,
creating new responses at £f, + 3f; [see Fig. 2(a), the 2nd
MEFC, and a more illustration in Fig. 2(b)]. Clearly, this process
resembles a “chain reaction” that starts from the injection at
fp + f1 but never ends, one may refer to [30] for a more general
discussion on the infinite many frequency couplings.

Since the MFC effects are primarily dependent on the VSC
controls, which are bandlimited signals in general, hence this
“chainreaction” can be approximately ended at a point where the
MEFC effects become weak and negligible. In this study, the 2nd
MFC is chosen as the “end point” due to its negligible responses,
see the comparison of 1st and 2nd MFC effects in Fig. 2(a).

In summary, only the dynamics relevant to the FCC is of most
concern and should be modeled in detail. Next, the HTFs will
be truncated into lower dimensions based on this criterion.

icp (s — jwi) we | als) b (=s) e el 0 ugp (5 — jwi)

der (s +dwn) | Yerr = lb@ @’ (s)] V@ =100 e o) | | | ugr (s+ o) 1)
leN (S _.]Wl) chl}:\f]‘P( ) o [ d(s) 7d(5) ] Y}Cljt\le( ) _ 6(5) 0 UgN (5 _.]wl)
ien (5 + jwi) —d* (=s) d*(—s) 0 e (—s) ugn (s + jwr)
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TABLE I
TRANSFER FUNCTIONS OF THE VSC-FCC MODEL

o- I—TP“Z(S)(U:w:oHC(s)) b(s)= Tp"z(s)(ucwcoyc(s)) - Tf’#("’(u;,owznwc(s—zw.))
T (s jor) + Ho (o) Tz s+ o)+ He () YTz (s— i)+ He(s—2jay)
C(S) _ TP" (ngjf”]) (UcnO HenoH e (5)) e(s) _ I- Tp1|7(5 _}{“)L) (Uc0+ICOHc (s —2joy ))

Zf(s_ja)])+Hc (5)

Z; (s~ jon)+ Ho(s—2jon)

B. Derivation of the VSC and the Grid FCC Model

According to the above analysis, there are only four frequency
components involved in the process of FCC, thereby a four-by-
four matrix is expected for modeling their dynamics and inter-
actions. This is fulfilled by extracting relevant frequency com-
ponents from the HTF models.

1) Derivation of the VSC-FCC Model: The VSC-FCC
model (21) shown at the bottom of this page, is developed by
extracting the frequency components F f;, = f; from its HTF
model (19), the transfer-functions of (21) are listed in Table I. It
should be noted that the symmetry condition: G*(—s) = G (s)
may not hold generally if the transfer-functions [e.g., a, (s)] are
of complex-valued coefficients.

Also, it is worth clarifying that, a straightforward way for
representing the components + f,, + f; is to adopt the complex-
vector notation as presented in [16]. This means the positive
and negative sequence component are unified by defining the
Laplace variable s of a function can be either positive or neg-
ative, e.g., i.(s + jw1), s = *jw,. However, by definition, the
employed symmetrical decomposition method regards the vari-
able s as positive. Hence, the complex-vector notation has to
be separated by i.p(jw, + jwi) and i.p(jw, — jw:r), where
iep(jwp — jwr) is the conjugation of i.p(—jwy, + jwi). Sim-
ilarly, i.n (s — jw1) and i.n(s + jw;) are obtained from the
complex-vector i.(s — jwi) with s = Fjw,.

Based on this notation, the submatrix Y8, of the VSC-
FCC model is correlated to the modified sequence domain
VSC model in [18], where a*(—s) — Yy, (s), a(s) = Yan(s),
b(s) = Ypn(s), b*(—s) = Yap(s) (the lower case “pn” denotes
the frequency notation of the modified sequence domain, where
the base-frequency of complex vectors is 4wy ). In turn, the FCC
model can be regarded as an extension to the typical (modified)
sequence domain model.

2) Derivation of the Grid-FCC Model: Similar to the deriva-
tion of the VSC-FCC model, the grid-FCC model is developed
in (22) shown at the bottom of this page, by extracting the same
frequency components from (20).

In (22), m(s) = Z4(s — jwi), where the three-phase asym-
metry is introduced as the imbalance among grid impedances,

TABLE II
PARAMETERS OF k1 AND ko WITH DIFFERENT VALUES OF k

Phase C asymmetry ki k>
kz=0.1 7/10 3/20
kz=0.5 5/6 1/12
kz =1 (symmetric case) 1 0
kz=2 4/3 1/6
kz=10 4 3/2

ie., Zgo = Zgy # Zge. Meanwhile, the asymmetry factor
is defined as: kz = Zy./Zg,. Given by this definition,
ko=1+ \/gj, leaving k;, ks are two additional constants
related to kz, see Table II for the values of grid asymmetry
under this definition.

3) Characteristics and Interpretations of the VSC-FCC and
the Grid-FCC Model: This section aims to acquire a qualitative
understanding of the FCC models regarding the characteristics
and interpretations of the components. For better illustration,
the magnitude responses of the VSC-and grid-FCC model are
plotted in Fig. 3, the main parameters are listed in Table III.

It is seen that the respective off-diagonal submatrices of
the VSC-FCC and the grid-FCC model are evident, indicat-
ing the existence of SDC effect. It is easily accepted that
the grid is sequence-domain coupled since the three-phase
impedance of this study is imbalanced, and the coupling
strength can be qualitatively evaluated from the magnitudes of
|Z2}‘:N(s)|, | Z1E 1 (s)|. As for the VSC, one may argue that the
SDC should not be present since it is assumed three-phase sym-
metric in this study. In fact, Y% (s), Y24 () are correlated
with the negative sequence components of steady states [see
the models in Table I, e.g., c(s) and d(s)], which are existent
due to the asymmetric ac grid. If the grid is symmetric, then
Yt (s), YR (s) will not exist. Therefore, the SDC effect
of the VSC, in this analysis, could be roughly interpreted as the
consequence of grid asymmetry.

Furthermore, it is seen that the off-diagonals of the diago-
nal submatrices, i.e., Y2, (s), Y2\ (s), are related with the

ugp (s = jwi) - m(s) 0

. ZgPP = kl
ugp (s +jwi) | 0 m*(—s)
ugn (8 — jwi) 2 kim(s) 0
ugn (5 4 jwi) Nz 0 kom* (—s)

i kom(s) 0 igp (5 — jwi)
ZQPN = k2 ¥ o0k ; y
0 kym*(—s) igp (s + jwi) 22)
htf m(s) 0 ign (5 — jwi)
ZgNN =k " .
0 m"(-s) ign (s + jwi)
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VSC-FCC admittance model
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o 0.0225 Yopn(2:2)
0
50 50 100 fHZ oy s0 00
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Fig. 3. Magnitude responses of the VSC- and the grid-FCC models.

MFC effect of VSC. In which, the off-diagonals of Y2 ,(s)
is already well-understood, i.e., typical MFC effect under sym-
metric grid conditions [18]. Also, notice that the off-diagonals
of YME (s) are null, this is because the frequency compo-
nents: Ff, — fi are mirror-frequency coupled with compo-
nents: —(Ffp — f1) + 2f1 = £f, + 3 f1, which are outside the
scope of the FCC [i.e., 2nd MFC in Fig. 2(b)].

IV. EQUIVALENT SOURCE AND LOAD MODEL FOR THE
NYQUIST-BASED STABILITY ANALYSIS

As the grid-FCC and the VSC-FCC model are four-by-four
matrices, impedance verification can be lengthy since four sets of
data are required for each measurement. Considering the model-
ing purpose is for stability analysis, which is essentially a closed-
loop issue that can be studied by the impedance-ratio of a source
and load system [31]. A previous study in [19] has explored in
this respect and proposed a method to convert the two-by-two
matrix model into single-input and single-ouput (SISO) equiv-
alents in the (modified) sequence domain, which drastically re-
duced the complexity in analysis and verification.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

TABLE III
MAIN PARAMETERS OF THE GRID-VSC SYSTEM

Name Value Name Value
Sose  2MW L, 0.25 p.u (SCR = 4)
Ubase 690 V ki 5/6
H. 200Hz k» 1/12
Hpy, 50 Hz L¢ 0.1 p.u
C C . .
U 4 Mpotn [szc] AN I Ti
0 pn 2x2
— 0
Symmetric case
u{? ,uy |:ZGrid:| -
(a) L ) )
l Method applied to Asymmetric case
u. .
Yhtf htf ;J(+flzl htf thf
cpp cp gp gpp

-htf _ -htf htf .htf
cp ~ lep Z gpn’en
y et hef .
cpn Uen positive sequence
htf htf _ _ htf htf
Y, cn ~ “gn 4 gnn

htf .htf
ZgnP lgp

htf | htf
Y

(b) cnp “cp negative sequence

lObtaining the pseudo-SISO

) s zZ5
|||——1%»—<ﬁe—®—ﬁ—>£»——“|

©) Equivalent source and load system

Fig. 4. Derivation of the equivalent source and load circuit.

Single-tone Injections

Asymmetric
Grid

Vsc

71

e (1)l (1) "7 M (1) e (1)
l Data collection from PSCAD to MATLAB ‘

v

l Calculate periodic steady point, e.g. Iy, 1.,0 H F
or
Time domain signal analysis in dq frame, do analytic
Fast Fourier Analysis at fk models:
k=k+1 (23),
Transform frequency response to modified ?Zn 40;
sequence domain
l Plots and compare }4—/
Fig. 5. Flowchart for impedance measurement in simulation.
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Fig. 6. Impedance model validation under various system configurations. (a) Casel (“sim 1” denotes /.40 = 0.5p.u., “sim 2” denotes. I.q0 = —0.5p.u.,

I.q0 = 0.5p.u., CC =200 Hz, PLL =20 Hz, SCR =4, kz = 0.1.). (b) Case 2 (“sim 1" denotes PLL = 20 Hz, “sim 2”” denotes PLL = 40 Hz. I.40 = 0.5 p.u.,

Ieqo = Op.u., CC =300 Hz, SCR =2, k7 = 0.1.).

According to that analysis, if the grid-VSC system is
perturbed by an independent perturbation of positive se-
quence [see Fig. 4(a), up,], then the SISO-based equiva-
lent source and load models can be found as: Z‘f’q(s)i;f7 =
uf and —if = Y. (s)uf. Moreover, it is identified that
the marginally stable/unstable conditions of the SISO-
based and the two-by-two matrix-based model are iden-
tical, because of the condition det(—1+ ZZ Y5)siso =
det(—Igxo + Z5HY V39 Mo = 0 holds simultaneously.
This condition conveys a fact that the SISO-based models,

though with lower dimensions, have the same accuracy as the

MIMO models in terms of stability. Therefore, this method will
be applied to the FCC model to find its lower dimensional source
and load equivalents for stability analysis.

A. Derivation of the Equivalent Source and Load Models
From the FCC Model

In this analysis, a similar closed-loop system as Fig. 4(a) can
be constructed, except that the grid and VSC models (two-by-
two matrices) are replaced with corresponding FCC models.
As a result, the positive and negative sequence circuit based on
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the FCC models can be drawn as Fig. 4(b), where the indepen-
dent perturbations of +-f; FB are applied.

Under this configuration, the equivalent source and load mod-
els (illustratively, the pseudo-SISO model due to the concept and
method) can be derived similarly as [19] by solving the coupled
sequence circuits. After some circuit operations, the equivalent

load model, defined as —ilfi (s) = Y5, (s) - ulfi(s) is obtained

in (23) shown at the bottom of the next page, where u}:}gf =

[wep(-1)(8), uepn) ($)]T. igp = [icp(-1)(5) icp(41)(s)]"-
Likewise, the equivalent source model defined as: ugtpf(s) =
Z!, (s) - ip5(s) is obtained in (24) shown at the bottom of

Eg = [igp(-1)(8) igp(+1)(s)]T, u _E]Ig =

[ugP(fl)(S)v ugP(+1)(5)]T'

Finally, an equivalent source and load system (i.e., the pseudo-
SISO model) is established in Fig. 4(c), based on which the
impedance validation and the Nyquist-based stability analysis
will be performed. Notice again, although the equivalent mod-
els are of lower dimensions, the accuracy on stability analy-
sis will not be sacrificed due to the identical marginal stability
condition.

the next page, where ¢

B. Model Verification by Measured Frequency Responses

In this section, Y/ (s) and Z fq(s) will be verified through
frequency-scanning. Benefit from the low-model dimension,
only two sets of data are required for the impedance measure-
ment of a single frequency point, and the main process is shown
in see Fig. 5, in general, it resembles the dg or the modified
sequence impedance measurements.

It should be noted that, due to the significant nonlinearities,
analytical calculation of the system’s steady states is intractable,
thereby simulation data are employed in this analysis. Also, un-
der asymmetric cases, control parameters will greatly affect the
operating points, which means they are not valid for a wide span
of parameter changes. Hence, for more accurate impedance vali-
dation and stability analysis, it is suggested to update the operat-
ing points once a large change of control parameters is registered.

In Fig. 6(a) Case 1, two types of reactive current injections
are considered to address the effects of operating points. Over-
all, Y (s) is consistent with measurements, whereas Z fq(s)
only achieves the consistency on the diagonals. The discrep-
ancy appeared at the off-diagonals could be the consequence of
either the model truncation or the unmodeled high-frequency
components. However, overall, they are small compared to the
diagonals, thereby negligible effects on stability is anticipated.
This remark is qualitatively justified by inspecting the eigenloci,
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Nyquist plots
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(a) Nyquist plots (/.40 = 0.5p.u. CC = 200Hz, PLL = 40 Hz, SCR = 4).
(b) Time domain simulations (at 2 s PLL is changed from 20 to 40 Hz).

for which the following equation:

A - (Zei(z,m + qu(l,l)) bt Zy0,2) Zeai )

-1
YE() = [ + ¥l Tz + 23 i) 22ty

qu(s) = ZE%P

ZgPN (I2x2 + (Y}cl};\f'N —Yip (Yggp

htf htf htf \ L1y htf htf
X |:<YCNN - Y. np (YcPP) YcPN) Zynp —
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verification.

S
Zeq(l,Z)

Z esq(2,1)’ the last term in the characteristic equation is second-
order smaller, i.c., |Z§1(172)Zi(271).| < |Z§1(272)Z'§1(1,1) | holds.
Therefore, the dominant characteristic of the equivalent source
is determined by the diagonals. A further study on the stability
effects will be shown in the next section.

Next, Fig. 6(b) Case 2 further considers two sets of PLL band-
widths to show the control effects. It is observed that the ana-
lytical models are consistent with the measurements except for
some discrepancies on the off-diagonals of the equivalent source
model. As addressed before, since these discrepancies remain
small, the former justification on stability effects is still valid.
On the other hand, from the load model, it is also seen that the
larger the PLL bandwidth the greater the MFC effect due to the
enlarged magnitudes of the off-diagonals.

is solved. Due to the small amplitudes of and

C. Nyquist-Based Stability Analysis and Validation

This section will perform the validation and analysis
in terms of Nyquist-based stability. For which, the eigen-
loci are first calculated from the characteristic equation:
det(AIayxo — Z'qug‘q) = 0, and then stability is assessed ac-
cording to the generalized Nyquist criterion [32].

In what follows, two asymmetric conditions: kz = 0.5 and
kz = 0.1 are considered for stability assessment, the Nyquist
plots are plotted and compared in Fig. 7(a). It is seen that the
Nyquist plots with a small k (i.e., kz = 0.1) indicate a stable
system, whereas the ones with a larger k (i.e., kz = 0.5) con-
clude a marginally unstable system. In Fig. 7(b), time-domain
simulations under these two cases are shown respectively, where
small-signal dynamics are invoked by changing the PLL band-
width at 2 s. It is identified that the case with kz = 0.1 is stable,
whereas the one with k7 = 0.5 is unstable, proving the stability
results of the Nyquist-based analyses are correct.

For further model validation, particularly the accuracy on
marginally stable/unstable states predictions (i.e., the critical
condition), experiments on a downscaled grid-tied VSC system
are conducted. The experimental system setup is illustrated in
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1. Initialize the simulation as the
same circuit configuration as the
experimental system

¥

2. Run simulation and Extract
steady-state operating points
and send to impedance model

!

3. Run analytical Nyquist-
based stability tests

4. Change
VSC control
parameters

5. Output the control parameters as the
theoretical results, also as the reference for
experil

(©)

Experimental system setup and verification method. (a) Schematic of the experimental system. (b) Experimental layout. (c) A flowchart for experimental

TABLE IV
MAIN CIRCUIT PARAMETERS OF THE EXPERIMENTAL SYSTEM

Name value Name  value

Sh 3.3.kVA L¢ 1.2 mH

U, 1555V (peak) L, Casel: 4,B,C: 6mH, 6 mH, 2.4 mH
Case2: A,B,C :8mH, 8 mH, 2.0mH

1, 15 A (peak) k, Case 1: 0.4

Jfow 10 kHz Case 2: 0.25

Fig. 8(a) and (b), and the main circuit parameters of the experi-
mental system are listed in Table I'V.

To fulfill this target, the control parameters from the Nyquist-
based analysis and the experiments at which the critical
condition occurs will be compared. In which, the theoretical
control parameters of the critical condition are first calculated,
denoted as the “theoretical results”. A brief illustration of this
process is shown in Fig. 8(c). It is seen that the critical con-
trol parameters are detected by iteratively calling the Nyquist-
based stability tests, and checking if it is approaching (—1, 0 j).
Also, notice that the steady-state operating points are updated
once a large change of control parameters is recorded. Once
the critical parameters are obtained, they will serve as the ref-
erence for the experiments, however, with some modifications
until the critical oscillation of the experimental system occurs,
the resulting parameters are then denoted as the “experimental
results.”

Based on this method, two sets of critical control parame-
ters under k, = 0.4 (i.e., Casel) and k., = 0.25 (i.e., Case2)
conditions are compared in Table V. It is seen that, though the
theoretical and experimental results are not perfectly consistent,
in general, the discrepancies are small and satisfactory.

Further, Fig. 9 shows the current waveforms and spectra in
accordance with the aforementioned analysis of the critical sta-
bility condition. From the current spectra, one may clearly ob-
serve that the mirror 1st MFC effect is evident for both cases,
whereas the 2nd MFC effects are almost invisible. This find-
ing justifies the FCC assumption is feasible for control-related
stability analysis. Besides, other frequency components except
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Fig. 9.
side: current waveforms, right side spectra).

TABLE V
COMPARISON OF THE EXPERIMENTAL AND THEORETICAL RESULTS

Case Control parameters Oscillation frequency

Experiment Theory Experiment  Theory
Case CC: k,= 0.4, CC: k=043, 32Hz 29 Hz
1 ki: 40 ki:38

PLL: k= 0.129, PLL: k,=0.129,

k=1.29 k=129
Case CC: k,=0.53, CC: k,=0.6, 8.0 Hz 8.4 Hz
2 k=150 k=160

PLL: k= 0.25, PLL: k= 0.25,

k=5.15 ki=5.15

for those related to MFC are also captured in Case 2. They are
existent mainly because the oscillating waveforms create quasi-
steady periodical operating points at & f,s. + f1, fosc = 8 Hz,
and these new components will interact with the fundamental
and the switching frequency, resulting in infinite many frequency
couplings, typically they are small and of high orders [30].

In overall, the Nyquist-based analysis and verification show
that the proposed model is effective for asymmetric ac-grid
stability analysis. This justifies a former remark that the off-
diagonals of the equivalent source model have negligible effects
on stability. By comparing those stability cases, another inter-
esting observation that can be found is that it seems the system
exhibits a greater capability of maintaining stability if the grid is

(2)

(b)
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Experimental current waveforms and spectra analysis. (a) Case 1: k, = 0.4 (left side: current waveforms, right side spectra). (b) Case 2: k, = 0.25 (left

more asymmetric. A qualitative but straightforward understand-
ing of this finding from the grid-FCC model is that a “strong
grid effect” is captured as kz reduces. More analysis on sta-
bility, along with a clarification on the feasibility of symmetric
models for asymmetric ac-grid analysis will be discussed in the
next section.

V. DISCUSSIONS ON THE GRID VOLTAGE ASYMMETRY AND
THE FEASIBILITY AND PERFORMANCE OF SYMMETRIC MODELS

Previously, the “grid asymmetry” is primarily defined as the
imbalance among three-phase grid impedances. Additionally,
grid voltage unbalance is also a sort of grid asymmetry. Hence, it
isinteresting to see the performance of the proposed model under
such conditions. On the other hand, from foregoing analysis,
the FCC model is essentially an expansion of the (modified)
sequence domain model (i.e., the symmetric model). Hence, it
is worthful to clarify the feasibility of the symmetric models for
asymmetric ac-grid stability analysis.

A. Impacts of the Grid Voltage Imbalances

In the first place, the grid-voltage asymmetry is defined as the
ratio: kg, = |Un /Up|, where Uy and Up are the negative and
positive sequence voltage respectively. A comparative study of
a small and large grid-voltage asymmetry is shown in Fig. 10,
where the “sim 1” denotes the large one (i.e., k, = 0.15), and
“sim 2" denotes the small one (i.e., k, = 0.07).



ZHANG et al.: HARMONIC TRANSFER-FUNCTION-BASED IMPEDANCE MODELING

Equivalent Load Admittance

2 -
10
18 7 TN g (12)
() [Y gqr (1. e Z SR
~ eqlL e N
_8 101 x,x'&“ee 12 ~a. / 1\)«\%}3\
© gt 1 XN\\ B
L 0.8 g
10°
10° 10" 102 10° 10" 102
200 100
o) )
9 [_\"\x- e
2 R
© 0 X sim1 ik
a analy1
N .
.S_ sim2
-200| — — —analy2
107 10
2 TSR
7
@ =
o 1 S
Q Lo— S
(0]
IquL 2,1
10° 10"
o 200 200
()
=
@ 0
(2]
@
s
-200
10° 10" 102 10° 10" 102
f/Hz f/Hz
Equivalent Source Impedance
c 10°
2
>~ 10 S
2 IZeq(1,1)I
©
107 5 ;
10 10
o 100 — X sim1
) analy1
o
° 0 sim2
2] — — —analy2
(]
<
o

abs /ohm

phase /deg
o

200
10°

102

10"
f/Hz

10" 102 10°

f/Hz

Fig. 10. Impedance validation with grid voltage asymmetry (/.40 = 0.5p.u.,
SCR = 2, CC =300 Hz, PLL =20 Hz, kz = 0.5).

It is identified that the analytical models are still accurate un-
der such conditions (except the negligible mismatches on the
off-diagonals of the equivalent source model), which means the
proposed model can capture the major effects of grid asymme-
tries regardless of the sources (e.g., either three-phase impedance
or voltage imbalances). Besides, it is also observed that the
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cho =0.5p.u,, SCR=4,CC =200 Hz, PLL =20 Hz
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Fig. 11.  Nyquist plots comparisons of the symmetric and asymmetric models.

extent of grid-voltage asymmetry only has a small impact on
the impedance characteristics (see the comparison between
kg = 0.15 and k4 = 0.07), mainly due to the change of oper-
ating points.

B. Symmetric Models for Asymmetric Grid Stability Analysis

In this section, two types of symmetric models will be
introduced, and they are compared with the asymmetric
model (i.e., the equivalent source and load model) in terms of
Nyqusit plots and stability margin. First, the typical symmetric
model is introduced and defined as: YSLym_typ =YY", and
Z3 o 1yp = diag(Zy(s — jwi), Zg(s + jw:)). However, this
model is too simplified since all the asymmetry effects are
ignored. A simple improvement can be done by multiplying

Z3 1 typ With the factor ki, from which a modified symmetric
source model is obtained: Z fymimod =kZ fym_typ = Z};};f. P

and the modified symmetric load model is unchanged, which
is nymityp. It is easily validated that the loop gains of the
typical and modified symmetric model have this relationship:
k1 Lsym_typ(s) = klZSgPYBgP(S) = Lsym_mod(s)-

First, in Fig. 11, a comparative study in terms of Nyquist
plots is presented (only the dominant eigenloci are shown). It
is seen that the typical symmetric model (i.e., Lgym typ(s)) is
valid only if &, is large (i.e., a small extent of grid asymmetry).
As the grid becomes more asymmetric (e.g., k. = 0.5), evident
discrepancies between the typical symmetric and the asymmet-
ric model are shown. As a result, in general, this model is not
suitable for asymmetric ac grid stability analysis.

The modified symmetric model (i.e., Lsym mod(s)) indeed
improves the accuracy to a certain level, the evident error only
presents at which the grid asymmetric is severe (e.g., kz < 0.5).
Therefore, this model is valid for a certain range of grid asym-
metry. On the other hand, the discrepancy between Ly, _mod (s)
and L qsym () also implies that the SDC effect cannot be over-
looked if grid asymmetry is large.

Based on the Nyquist plots comparison, it is known that both
the typical and the modified symmetric model are conservative
in terms of stability, particularly the former one. To check if
this pessimism holds for a certain range of parameter change,
phase margins are evaluated from the Nyquist plots. As a result,
a full picture of the stability trends regarding various system
configurations is acquired.

In Fig. 12, for a small grid asymmetry (i.e., kz = 0.9), both
the typical symmetric and the modified symmetric model are
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TABLE VI
A SUMMARY OF STABILITY MARGIN AND MODEL ACCURACY ANALYSIS
A summary of stability margin analysis
Impacts of the grid asymmetry Impacts of the PLL BD
Values k,=0.9 k,=0.5 k,=0.1 Values Small Medium Large
Stability margin Small Medium Large Stability margin | Large Small Medium
Stability trend Monotonously increase Stability trend Initially reduces and then increases
Impacts of the current control BD Impacts of the Grid SCR
Values Small Medium Large Values Small Medium Large
Stability margin Small Medium Large Stability margin | Small Medium Large
Stability trend Monotonously increase Stability trend Monotonously increase
A summary of the feasibility of symmetric models for asymmetric grid stability analysis
Grid asymmetry (small, medium, large) k,=0.9 k,=0.5 k,=0.1
Error in Margin Prediction Typical symmetric model Small (negative) | Evident Large
(compared to asymmetric (negative) (negative)
model) Modified symmetric model Negligible Small Evident
(negative) (negative) (negative)
Remark The typical symmetric model is not suitable for asymmetric ac grid stability analysis
The modified symmetric model is valid for a certain range of grid asymmetry, overall, the
stability predications are over-pessimistic.
" " k, =09 o of the symmetric models for asymmetric ac-grid analysis can be
20 Ky B N logo =05 PU- roughly obtained, i.e., the typical symmetric model is valid for
SCR=4 : 10 bo| PLL=20Hz
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Fig. 12.  Analysis of the phase margin under various system configurations.

very close to the asymmetric model in terms of stability margin
and trend, particularly the modified symmetric model. How-
ever, as the grid asymmetry enlarges (see the comparison under
kz = 0.5 and kz = 0.1), the typical symmetric model exhibits
evident error on the stability margins, and generally lower than
the prediction of the asymmetric model. As for the modified
symmetric model, this pessimism on stability margin still holds,
however, the accuracy (i.e., the extent of pessimism) is improved.

In summary, from those comparisons, it is identified that this
pessimism on stability holds consistently for a relatively wide
range of parameter variation. Therefore, the effective boundaries

kz < 0.1, and the modified symmetric model is valid for k; <
0.5. Last, Table VI is formulated to summarize this comparative
stability analysis of different models.

VI. CONCLUSION

This study developed an analytical impedance model of an
unbalanced grid-VSC system for asymmetric ac-grids-stability
analysis. The proposed models have a clear physical interpreta-
tion in frequency-domain, reflecting the interactions between the
VSC controls (i.e., MFC effect) and the asymmetric ac grid (i.e.,
SDC effect). The proposed model is thoroughly validated within
the frequency range of interest (i.e., the FCC related to control
dynamics), whereas the high-frequency range outside this scope
is not modeled (e.g., switching and digital delays). Therefore,
in theory, the harmonic unstable phenomenon characterized as
high-frequency dynamics may not be effectively justified by this
model, which are worth being explored in future studies.

On the other hand, several significant concerns on the stabil-
ity and the feasibility of symmetric models for asymmetric grid
analysis are discussed and clarified. It turns out that the typical
symmetric model is not suitable for asymmetric grid stability
analysis, whereas the modified typical model has some improve-
ments but still only valid for a certain range of grid asymmetry.
Overall, they are over-pessimistic on stability assessments. An-
other finding from the stability analysis could be interesting is
that the grid-VSC system exhibits a greater capability of main-
taining stability if the grid asymmetry is more severe.
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