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Sequence Domain SISO Equivalent Models of a
Grid-Tied Voltage Source Converter System for
Small-Signal Stability Analysis

Chen Zhang, Xu Cai, Atle Rygg, and Marta Molinas, Member, IEEE

Abstract—This paper presents a generalized method for convert-
ing multi-input and multi-output (MIMO) dq impedance model of
a grid-tied voltage source converter system into its sequence do-
main single-input and single-output (SISO) equivalents. As a result,
two types of SISO impedance models were derived, one of which
was derived from relatively strong and dq symmetric grid assump-
tion (reduced SISO model) and the other was based on closed-loop
equivalent (accurate SISO model). It was proven that the accu-
rate SISO model has the same marginal stability condition as the
MIMO model. Accuracy of these models is assessed with respect to
the measured impedances in PSCAD/EMTDC simulations, their
effects on stability are analyzed as well. Findings show that the
accurate SISO model presents identical stability conclusions as the
MIMO model. However, the reduced SISO model may lead to in-
accurate results if the system is highly dq asymmetric, e.g., VSC
with fast phase-locked loop or an actively controlled grid.

Index Terms—Couplings, PLL, sequence impedance, stability
analysis, voltage source converter.

1. INTRODUCTION

OWADAYS, voltage source converters (VSC) have be-
N come widely used in grid-integrated renewable energies
[1] and flexible power transmission systems [2]. Oscillations at
both low [3] and high frequencies [4] were observed in VSC-
based systems, particularly in weak grid conditions [5]. Such
types of small-signal stability issues can be effectively assessed
by impedance-based analysis. Impedance models of three-phase
VSCs [6]-[9], single-phase VSCs [10], and modular multi-level
converters [11], among others, have been developed rigorously
in recent literature.

For typical two-level and three-phase grid-tied VSCs, the
impedance can be extracted either in dq synchronously ro-
tating frame [7] or in three-phase stationary frame [8]. In dq
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frame, the grid-tied VSC system is time invariant if grid is three-
phase balanced. This setup allows for direct linearization; thus,
performing Laplace transformation on the resultant linear time
invariant (LTI) model yields dq impedances [9]. However, if
applied to three-phase stationary frame, the grid-tied VSC in-
herently varies by time. Therefore, the harmonic linearization
method from a previous study [12] is applied to obtain sequence
impedances [8]. Generally, linearizing the time-varying system
along a steady periodic trajectory yields a linear time periodic
(LTP) system. To transform LTP systems into frequency domain,
the harmonic balance approach [13] can be adopted.

Despite the different models in dq and sequence domains,
both are coupled because of the off-diagonal terms in impedance
matrices are nonzero. Recent research has presented interest in
the interpretation of these couplings and their consequences dur-
ing stability assessment. Previous works [14], [15] established
that frequency couplings can be identified in their sequence
domain (i.e., positive and negative sequences are coupled and
separated by twice fundamental frequency); and their impacts
on low-frequency stability were also emphasized. This interest-
ing property of VSC was also identified from dq impedance and
introduced as dq asymmetry in [16]. Moreover, the relationship
between dq and sequence impedances were thoroughly inves-
tigated in [17], and findings showed that dq impedances can be
transformed into its modified sequence domain equivalents by
means of symmetrical decomposition [18]. On the other hand,
a complex space vector method [16] is used to directly derive
VSC impedance in stationary frame [19].

However, frequency couplings in the foregoing reviews (e.g.,
[14]-[17]) were in single-frequency coupling form (i.e., a
single-frequency perturbation induces a single-frequency cou-
pling that separated by twice the fundamental frequency). This
condition is true if either the converter or the grid impedance
is dq asymmetric [16] or equivalently contains the mirror
frequency coupling effect [17]. If the system is three-phase un-
balanced, there will be multiple frequency couplings. To include
these couplings with full accuracy, the harmonic-state space [20]
as well as the harmonic transfer function method [13] should be
adopted.

Currently, both cases on single- and multiple-frequency cou-
plings can only be captured by matrix-based impedances, which
are multi-input and multi-output (MIMO) systems by nature;
therefore, the generalized Nyquist criterion (GNC) [21] should
be adopted for stability analysis. Furthermore, finding the
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Fig. 1.  Schematic of the grid-tied VSC system.

single-input and single-output (SISO) equivalents of grid-tied
VSC system is appealing due to their simplicity and convenience
for physical interpretation.

This paper aims to develop a generalized method for con-
verting MIMO dq impedance into its sequence domain SISO
equivalents by exploring the properties of single-frequency cou-
pling system. The rest of the paper is organized as follows: In
Section II, the method for converting the dq impedance into
its MIMO sequence domain equivalents is introduced. System
blocks of a grid-tied VSC system are modeled based on this
method. In Section III, sequence domain MIMO model of grid-
tied VSC system is established by assembling the blocks in
Section II. And its SISO equivalents are found by performing
closed-loop analysis of the entire system, instead of viewing
them as subsystems. A detailed comparison of SISO models
with measured impedances in PSCAD/EMTDC is presented.
Section IV discussed the performance of proposed SISO mod-
els in predicting small signal stability. Finally, Section V draws
the conclusions.

II. MODELING OF GRID-TIED VSC IN MODIFIED
SEQUENCE DOMAIN

A. Topology and Control Scheme of the Grid-Tied VSC

Fig. 1 presents the system analyzed in this paper. It consti-
tutes a typical two-level VSC, an L-type filter, and a Thevenin-
equivalent grid.

Only current controller and phase-locked loop (PLL) are con-
sidered, mainly to achieve simplicity of subsequent property
analysis. It will not affect the generality of proposed method
as will be presented later. Grid voltage feedforwards can have
a great impacts on both transient [6] and small-signal response
[5] of VSC, if the bandwidths of these feedforwards are not
carefully chosen. In this regard, feedforwards are viewed as
impedance-shaping method, and will not be discussed in this
paper because the focus is on modeling.

B. Symmetrical Decomposition of a dq Impedance
Taking a dq impedance model in [9] as an example,

B 789 (s) Zd9(s) | | 1a (s)
[qu(s) qu(s)] [ms)] v

Ud (S)
Uq (s)
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Expression (1) is a LTI system and a complex exponential
input (e.g.,e*") leads to an output with the same formation [13].
Thus, the variables for dq currents and voltages in (1) can be
written explicitly with variable s, as shown below.

Ua| o [2%%(s) Z99(s)| | La]| .
o= ot ][]

299 (s) | | I
where s — jwis translated from s-domain to frequency-domain.
14,1, and Ug, U, are the current and voltage phasors at fre-
quency w respectively, and they can be decomposed as:

U 1 U U
p :1 J dl _ A d 3)
U, 211 =j||U, U,
Applying matrix A and its inverse A~! to (2) yields:
1d d
U, —A ZC (s) Z99(s) Al L,
U, 794 (s) 749 (s) L,
PN L .
=7 (s) 1 Vs — jw 4)

where elements in ZFN (s) = [é;:gi; %::Ej;] are generally com-

plex transfer functions. This method makes it possible to obtain
the modified sequence impedance directly from well-developed
dq impedance as discussed in [17] (i.e., the same authors of this
paper). The term “modified” denotes the specific frequency no-
tation used in [ 17], where the frequency of sequence impedances
is referred to dq frame. This notation is adopted in the present
paper as well, and the term “modified” will be omitted for brevity
in subsequent analysis. However, other recent works e.g., [14]
and [19] use a different frequency notation, which are referred
to phase domain.

C. Sequence Domain System Blocks of Grid-Tied VSC

Adopting the decomposition method in Section II-B, system
blocks of a grid-tied VSC system in dq format (e.g., [9]) can
be transformed into their sequence domain equivalents.

For passive circuit elements, e.g., filter:

Rf + SLf —wst dq—pn Z?p (S) 0 (5)
wg Lg R + sL; 0 73" (s)

where ZFP (s) = Ry + sL¢ + jwsL¢, ZM(s) = ZPP(s). The up-
per line on the latter denotes complex-conjugate operator on
the function (i.e., the coefficients not the Laplace variable “s”).
For a typical Thevenin grid, its sequence impedances are sim-
ilarly as the filter, which are ZPP(s) = Ry + sLg + jwsLs and
Ziv (s) = ZPP(s) respectively.

For variables perturbed by abc to dq transformation e.g.,
converter output currents:

—

Teqo Tpu(s)
0 =70 da-p Tpu(s) | Lo Leo ] (6)
0 ,%ﬁ“(s) — 2U, l:[] _lz()
UUlel(S)

where Tpn(s) = 77757 is the closed-loop system of a

typical PLL as in Fig. 1. Uj is the voltage at PLL sampling point.
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I.o = Icqo + jlcqo is the complex-valued current in steady.

The converter output voltage can be obtained similarly as:
T;‘&E)S) [[L%“_%cz |- Uy = Ucdo + jUcqo is the complex-valued
converter terminal voltage.

For current controller it has:

H, (s) 0
0 H. (s)

P (s) 0
] (7
0 H(s)

dq—pn

—

Generally, all the system blocks in dq domain can be trans-
formed into their sequence domain equivalents, e.g., VSC with
PQ controller, DC voltage controller etc.

D. Sequence Impedance Model of the Grid-Tied VSC System

The sequence domain MIMO model of a grid-tied VSC sys-
tem can be established by assembling system blocks derived in
Section II-C.

For a load (VSC) subsystem, its admittance is:

it Y (s u! : u!
| L e U] @
1L Yi'(s)] [up uy,

For a generalized source (grid) subsystem, its impedance is:

W] [ ) A O] [R] H
= :Z S 9
lugl [zs (s) 78" <s>] H | @

Yi' (s)
Yi" (s)

S
-p . -p sn __ N
=P =i (10)
P p — n __ ..n
ug + Uy, = up,up, = ug (11)
D 1-G 1 \ D11 G 11 n
where YI* = s Yi = ¥ QG g $ =

- T . . .
Y7" and Gpu = 5 (HeLy + Uy,). Laplace variable s is omit-
ted for brevity.

uitb is a positive sequence perturbation voltage. Functions in

bold format e.g., ZISDN denotes a matrix, in the case of Fig. 1, it
has Z§" (s) = Zg"(s) = 0, as the grid is passive and dq sym-
metric. The subscript ‘S’ in capital format denotes source (e.g.,
grid) subsystem, and ‘L’ denotes load (e.g., VSC) subsystem.
Note that the line on the lettere.g., YEP is conjugate operator on
the function, if the full complex conjugate operator “x” is used,
it has (YF?)* = YPP(8). The derived MIMO model as (8) and
(9) can be used directly to assess small-signal stability with the
help of GNC [14]. A previous study [17] proved that the GNC
based on this model leads to identical results, as the GNC based
on dq impedance.

The sequence equivalent circuits can be plotted as Fig. 2 on
the basis of (8)—(11). In Fig. 2, positive and negative sequence
circuits are coupled via two dependent current sources, which
are voltage controlled. This intrinsic binding between positive
and negative sequence circuits will be explored further in next
section for finding their SISO equivalents.

P
u
ptb 1P 7DD
ug Zg

1| —>—C >_._|:|_ It
iP — 3P
1, =14
pn, . n Positive sequence circuit
Y u,

Y{m uy[t - Zm

S

I e
an _ en
I, =1
Negative sequence circuit

Yrru?
Fig. 2. Sequence domain equivalent circuits of the grid-tied VSC system.
Fig. 3. Sequence domain control blocks diagram of a grid-tied VSC system.

III. SISO EQUIVALENT MODELS OF A GRID-TIED
VSC SYSTEM

A. Analysis of Coupled Sequence Loops

In order to reveal the sequence coupling in a more intuitive
way, manipulating the system blocks (5)—(7) with electrical sys-
tem configuration in Fig. 1 yields the following diagram.

Fig. 3 clearly identifies the positive and negative sequence
loops coupled via six paths, which are all caused by the PLL
(i-e., Tpu(s)). Different paths will result in models with different
accuracies, as in the following cases:

Case 1: By neglecting all paths, the simplest model with de-
coupled positive and negative sequences is obtained. Although
this case may not be effective for stability analysis, it is useful
for identifying the intrinsic properties of the grid-VSC system
(e.g., resonant point), and the coupling effects of PLL can be in-
troduced as additional damping sources to the intrinsic resonant
point [22].

Case 2: By isolating the paths of ) 3)(G) and ) (@) (), an-
other popular decoupled sequence model as in [8] is obtained.
The positive and negative loop impedance from perturbation
voltage to the current response can be calculated directly from
Fig. 3; e, 1/Y]? + Z3" and 1/Y}" + Z§". Note that the ob-
tained loop impedance is equivalent to neglect the off-diagonal
terms in the converter admittance. This condition is satisfied if
the grid is relatively strong and dq symmetric. See the proof
in the subsequent analysis as in (18), (19).

The foregoing analysis presents two decoupled models for the
grid-tied VSC, which are SISO systems. However, both models
neglect sequence coupling to some extent. In the following sec-
tion, we will develop a method for deriving an accurate SISO
model with no assumptions and reductions.
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Fig. 4. Closed-loop representation of a grid-tied VSC system.

B. Accurate and Reduced SISO Models of the Grid-Tied VSC

In this subsection, we regard VSC and grid as a closed-loop
system, not as subsystems, perturbed by independent sources.
Due to linearity, closed-loop analysis under positive and nega-
tive independent perturbations can be analyzed separately.

Taking the positive sequence as an example, the positive se-
quence loop impedance can be obtained by solving the linear
system in Fig. 4:

5= 1

Zy 5 = - -
i C(ZPN(s)+ZEN(s)) 'B

Loop

12)
where ZYN (s) = (YPN(s)) L. It should be noted that the de-

rived loop impedance is one dimension, i.e., a SISO system.
Substituting elements as in (8) and (9) into (12) yields:

7P (2" +28°) (" + 75")
erln + ZEH

Loop (S) = ng + ZEP -

(13)

This method is applied to find the negative sequence loop
impedance. Replacing the matrix B = [0 1]7,C = [0 1] and
up, — upy, yields:

(Z" +7257) (2 + Z57)
ZgP + ZEP

Expressions (13) and (14) is defined as the accurate SISO
model, and ZEOOP (s) = Zfoop (s) still holds, i.e., if we have the
analytical model of the positive sequence, the negative sequence
model is determined accordingly. In addition, during the deriva-
tion, no assumption for dq symmetry was made, therefore this
method is general for any LTI systems.

The physical interpretation of this method is: the negative se-
quence circuit in Fig. 2 is augmented into the positive sequence
network (and vice versa) via the voltage-controlled dependent
current source. Consequently, the effects of sequence coupling
are included in this model intrinsically.

In order to proof the validity of the method, a previous work
in [17], where the sequence impedance is derived for source
and load subsystem is compared. Taking the positive sequence
model for example, in [17] it has:

Zgoop (S) = ISln + Zrﬁn - (14)

uP an (an + an)
ZP _ _ L _ ZPP _ ~L L S 15
L ilﬁ L leln + Zﬂn ( )

u’ 72 (7P 4 70P)
Zg = '78 = ng - S IlllL HIIS (16)

ig 78" + 7}
L(s) =17 (s)

Zg (s) = Z§ (s) (17)
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We can clearly observe that Z{ + 7§ = 7, and Z} +
7s = ZEOOP. ((15) and (16) are equivalent to (33) in [17], but are
written in a more compact form with slightly different notation.)

Furthermore, if considering a dq symmetric and rela-
tively strong grid, it has conditions as: ZE” = Zg” = 0,]Z8"| <
|Z}"|,Vw and |Z§"| < |Z}"|, Vw. Hence, (13) and (14) can be
reduced to:

! det |ZPN 1
g ) -z + A _gp L ay
Zy Yy,
det | ZPN 1
Zgﬂgl (s) = Zg" + Z|ppL | = 75" + Yoo (19)
L L

Expressions (18) and (19) is defined as the reduced SISO
model, which is widely applied in previous research [8]. How-
ever, a frequency translation to phase domain is needed since
this paper uses a dq frequency notation.

C. Proof of Identical Marginal Stability Condition

This subsection will prove that the accurate SISO model is
consistent with the MIMO model in terms of marginal stability
condition. The marginal stability condition is defined as the case
when the eigenvalue loci of a MIMO or SISO system cross the
(—1,0) point on the basis of GNC or NC.

For MIMO-based model, the marginal stability condition is:
There is s that eig (ZgN . YEN) equals —140-j (20)

where ZEN, YPN are given in (8) and (9). After some calcula-
tions, we have the equality as:

det ZEN + det ZPN + ZBP 7™ + Z8MZPP — Z7PZR"
-7’ =0 (21)
For SISO-based model, the marginal stability condition is:
There is s that eig (Z5/Z7)  equals (22)
where Zg, Z{ are given in (15) and (16).
=0—17Z

Loop

~140-]

P
(22) is equivalent to det |ZLZ% = 0, thus the
L

equality given by (13) is:
(78" + 2) (28" + 24F) -

(ZP™ 4+ 78" (22 + Z2) = 0
(23)

Expanding (23), then substitute detZ{N = ZEPZE" —
ZE"7gP and det ZPN = ZPP7zin — 7P 7P into (23) can prove
that (21) equals (23), i.e., the accurate SISO model has the same
marginal stability condition as the MIMO model. Therefore it
can be used with accuracy in stability analysis. Furthermore,
any modifications on SISO model will lead to a marginal stabil-
ity condition different from (23) e.g., the reduced SISO model.
Note that the same proof applies to the negative sequence.

D. Comparison of SISO Models with Measurements

The accurate SISO model as in (13) and (14), and the re-
duced SISO model as in (18) and (19), will be compared under
conditions of a) dq symmetric and b) dq asymmetric grid.

Impedance measurements conducted in PSCAD/EMTDC
with the system in Fig. 1 (see Appendix A for detailed
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Fig. 5. Loop impedance comparison under dq symmetric grid. (a) SCR = 4,
CC = 200 Hz, PLL = 5 Hz, current is 0.5 p.u. (flow out). (b) SCR = 4, CC =
200 Hz, PLL = 200 Hz, current is 0.5 p.u. (flow out).

. 2
U, =u, sm[HJrger

Asymmetric grid emulator

Fig. 6. Control scheme for asymmetric grid emulation.
system parameters). The multi-run module in PSCAD is used.
At each run, a single-tone harmonic voltage is injected into the
grid. The frequency is varied from 0 Hz to 100 Hz with an incre-
ment of 2 Hz. The sampling frequency and sampling window
used for Fourier analysis are 1 kHz and 0.5 s respectively. All
data and figures are post-processed in MATLAB.

1) dq Symmetric Grid Cases: As shown in Fig. 5(a), both
accurate and reduced SISO models achieved a good match with
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g g
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(®)

Fig. 7. Loop impedance comparison under dq asymmetric grid. (a) SCR = 4,
CC =200 Hz, PLL = 5 Hz, current is 0.5 p.u. (flow out) (Note that SCR here is
only used for calculating grid passive impedance). (b) SCR = 4, CC = 200 Hz,
PLL = 300 Hz, current is 0.5 p.u. (flow out) (Note that SCR here is only used
for calculating grid impedance).

the measured impedances under a slow PLL configuration. How-
ever, if PLL bandwidth is increased to a relatively large value,
the shapes of the reduced model would differ from the measure-
ments, particularly for the negative sequence impedances, as
shown in Fig. 5(b). By contrast, the accurate SISO model tracks
the measured impedances accurately in Fig. 5(b). It proves that
the accurate SISO model is superior to the reduced SISO model
in capturing the details of impedance characteristics.

2) dqAsymmetric Grid Cases: In this paragraph, an actively
controlled grid is introduced to emulate the asymmetric behavior
in source subsystem.

The control scheme is shown as below:

In Fig. 6, wy = 27-50 is constant, Ung is the voltage ampli-
tude set point of the active grid. H, (s) = kj + kT is the voltage
regulator. The sequence impedance of the actively controlled
grid is asymmetric and can be found in Appendix. B ((A.1)
and (A.2)).

Comparing Fig. 7(a) with Fig. 6(a) we can identify that, the
good accuracy of reduced SISO model under symmetric grid as
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solid blue line denotes locus of accurate SISO model).

well as slow PLL configuration is violated if dq asymmetric
grid is presented. The inaccuracy of reduced SISO model can
be identified clearly in Fig. 7(b) as well, where a fast PLL is
adopted. On the contrary, the accurate SISO model still presents
good accuracy in all conditions.

IV. SMALL-SIGNAL STABILITY ANALYSIS

This section will further analyze the validity of the proposed
SISO models in terms of small-signal stability, particularly for
the marginal stability condition in Section III-C. By acquiring
the advantages of SISO properties, the proposed model can be
used in combination with classic Nyquist criterion (NC) [23].

A. Numerical Stability Analysis

Three model and criterion combinations are considered:

1) Reduced SISO with NC. (For comparison)

2) Accurate SISO with NC. (For comparison)

3) MIMO model with GNC. (For Reference).

In a, the eigenvalue loci is obtained straightforward as
Ap(s) = 28" - YTP and Ax(s) = Z&" - Y]" in accordance with
(18) and (19).

In b, since the SISO loop impedance in (13) can be de-
composed into source and load subsystems as (15) and (16).
Therefore, the eigenvalue loci of minor loop gains are Ap (s) =
75/7;) and Ax(s) = Z8/Z}, where Z§,7{,78,7} are given
by (15)—(17).

In c, the eigenvalue loci can be calculated from det
AT —ZENYEN(s)| = 0, where A1 (s), 2 (s) are the two solu-
tions. The abovementioned eigenvalue loci are complex transfer
functions; thus, the locus for negative frequencies is not the

Numerical stability comparisons with an asymmetric grid (SCR = 4, CC = 200 Hz, current is 0.5 p.u., dash line denotes locus of reduced SISO model,

conjugation of the locus of positive frequencies [16]. How-
ever, the eigenvalue loci of SISO systems have the property
(AN (jw))* = An(—jw) = Ap(—jw). Hence, the negative fre-
quency plots can be obtained by conjugating the negative
sequence locus.

Fig. 8 illustrates the stability comparisons of three model and
criterion combinations under a dq asymmetric grid condition.
By varying PLL bandwidth in three steps from slow to fast, the
system is stable, marginal stable and unstable respectively. The
accurate SISO model with NC has the same stability conclusion
as the MIMO model with GNC. Particularly, the eigenvalue loci
of accurate SISO model and MIMO model cross the (—1, 0j)
point simultaneously, indicating that the proof of marginal sta-
bility condition in Section III-C is correct. On the other hand,
the reduced SISO model fails to give the correct marginal sta-
bility condition, as well as the stability conclusion, identified in
Figs. 8(b) and (c) respectively.

Therefore, it is not safe to use the reduced SISO model if the
converter and grid is highly dq asymmetric. On the contrary,
the accurate SISO model is effective for stability analysis in this
respect.

The marginal stability can also be analyzed physically by find-
ing the damping characteristic at resonances of loop impedance,
e.g., by passivity analysis in [24]. The following time domain
study will provide more physical insights into the oscillatory
behavior lies in the grid-tied VSC system.

B. Simulation Study

The physical interpretation of marginally stable condition is
that the loop impedance has approximately zero damping at a
resonance frequency. By plotting the real and imaginary parts
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Fig. 9. Marginally stable analysis (CC = 200 Hz SCR = 4, VSC current

is Ip.u.). (a) Positive and negative sequence loop impedance plots. (b) Time
domain simulation. (Before 2 seconds, the PLL bandwidth is 5 Hz to achieve
a stable operational point. Afterwards, the PLL bandwidth is set to 20 Hz.
Oscillation is observable after several seconds.). (c) Fourier analysis of phase
current. (Sampling rate is 1 kHz. Sampling window is 1 second.)

of loop impedance, the resonances can be found at frequencies
where the imaginary part cross zero axis, meanwhile damping
at these resonances can be determined according to the sign of
real parts.

As shown in Fig. 9(a), the positive sequence loop impedance
has a resonance at 10 Hz, while the negative sequence loop
impedance has a resonance at 60 Hz, this findings is consis-
tent with the analytical calculation of resonant points in [22].
Furthermore, the damping at 10 Hz resonance is negative with
small value, indicating a marginally unstable condition, on the
contrary a positive damping characteristic is presented at 60 Hz,
indicating a stable resonance. It is again emphasized that the
resonance frequencies are referred to dq frame in the above
analysis.

Time domain simulations in PSCAD/EMTDC also draw sim-
ilar conclusions in terms of stability. The VSC output currents
gradually become unstable during a long simulation time in
Fig. 9(b), this is due to the fact that negative damping at 10 Hz
is small.

Furthermore, by performing a Fourier analysis on the phase
current, we can identify that two additional frequencies ex-
cept the fundamental at 40 Hz and 60 Hz appears, the mir-
ror frequency coupling effect is originated from oscillations in
dq frame at 10 Hz, which again proves the correctness of
above analysis. Additionally, the oscillatory behavior shown in
Fig. 9(b) is also similar to the field measurements of grid-tied
photovoltaic inverter systems in [25].

V. CONCLUSION

This paper developed a generalized method for converting
dq impedance model of grid-tied VSC system into its SISO
sequence domain equivalents. The converting process includes
two steps: firstly converts dq impedance into its MIMO se-
quence domain equivalent, then converts the MIMO sequence
domain equivalent into its SISO equivalent by means of closed-
loop analysis method proposed in this paper. The decoupled
SISO model allows the classic Nyquist Criterion to be used for
stability analysis.

Two types of SISO model were given, the accurate one is
directly from the consequence of conversion, and the reduced
one is derived with a strong grid condition approximation. Nu-
merical and time domain analysis shown that the reduced SISO
model gives the wrong stability conclusions in cases where the
system is highly dq asymmetric. On the contrary, the accurate
SISO model presents a good consistence with MIMO model in
terms of stability conclusions, particularly for the marginally
stable condition.

The proposed method is general for any MIMO LTT systems.
Therefore it is applicable to grid-tied VSC systems where a
power controller or DC voltage controller is adopted. Only the
marginal stability condition is proven to be identical in this
work. Performance on gain and phase margin should be carefully
evaluated in future works.

APPENDIX

A. Circuit Parameters Used in Stability Analysis and
Simulations

TABLE Al
CIRCUIT PARAMETERS OF THE GRID-TIED VSC SYSTEM

NAME VALUES NAME VALUES
Nominal rating 2 MVA Filter inductance 0.1 p.u.
Nominal 0.69 kV Grid inductance 1/SCR = 0.25 p.u.
voltage (SCR =4)
Dc voltage 1.1kV Current controller ky =0.03,k = 6.1
(CC =200 Hz)
Switching 2.4 kHz PLL controller K" = 71, kP! = 1421
frequency (PLL = 20 Hz)
asymmetric grid ky =1,k =100
controller
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B. Modeling of Actively Controlled Grid

The dq domain grid model with control scheme in Fig. 6 is:

. 14+cosdpHy (s) 0] |sLs+Rs —wsLs
Z.l(s)=
& —sindoHy (s) 1 ws Lg sLs + R
(A.1)

where Jy is the steady voltage angle difference between PCC and
grid. Clearly, the dq impedance of actively controlled grid is
not symmetric. Using the decomposition method in Section II-B
gives a coupled sequence impedance:

(s) = AZ

PN
Z grid

grid (s) A~ (A.2)

C. dq Symmetric and Asymmetric

For a dq impedance matrix [éi;g:; %ji((fi |, it is said to be
.dq symmejtric if de(:s) = Z99(s) and qu(s) = —Z,q(s),and
if the condition not satisfied, the system is referred to dq asym-
metric. For a dq symmetric system, its sequence equivalent
can be obtained by linear transformation using the methods in
Section II. As a result, the sequence impedance is decoupled.
Otherwise, the sequence impedance is coupled.
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Sequence Domain SISO Equivalent Models of a
Grid-Tied Voltage Source Converter System for
Small-Signal Stability Analysis

Chen Zhang, Xu Cai, Atle Rygg, and Marta Molinas, Member, IEEE

Abstract—This paper presents a generalized method for convert-
ing multi-input and multi-output (MIMO) dq impedance model of
a grid-tied voltage source converter system into its sequence do-
main single-input and single-output (SISO) equivalents. As a result,
two types of SISO impedance models were derived, one of which
was derived from relatively strong and dq symmetric grid assump-
tion (reduced SISO model) and the other was based on closed-loop
equivalent (accurate SISO model). It was proven that the accu-
rate SISO model has the same marginal stability condition as the
MIMO model. Accuracy of these models is assessed with respect to
the measured impedances in PSCAD/EMTDC simulations, their
effects on stability are analyzed as well. Findings show that the
accurate SISO model presents identical stability conclusions as the
MIMO model. However, the reduced SISO model may lead to in-
accurate results if the system is highly dq asymmetric, e.g., VSC
with fast phase-locked loop or an actively controlled grid.

Index Terms—Couplings, PLL, sequence impedance, stability
analysis, voltage source converter.

1. INTRODUCTION

OWADAYS, voltage source converters (VSC) have be-
N come widely used in grid-integrated renewable energies
[1] and flexible power transmission systems [2]. Oscillations at
both low [3] and high frequencies [4] were observed in VSC-
based systems, particularly in weak grid conditions [5]. Such
types of small-signal stability issues can be effectively assessed
by impedance-based analysis. Impedance models of three-phase
VSCs [6]-[9], single-phase VSCs [10], and modular multi-level
converters [11], among others, have been developed rigorously
in recent literature.

For typical two-level and three-phase grid-tied VSCs, the
impedance can be extracted either in dq synchronously ro-
tating frame [7] or in three-phase stationary frame [8]. In dq
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frame, the grid-tied VSC system is time invariant if grid is three-
phase balanced. This setup allows for direct linearization; thus,
performing Laplace transformation on the resultant linear time
invariant (LTI) model yields dq impedances [9]. However, if
applied to three-phase stationary frame, the grid-tied VSC in-
herently varies by time. Therefore, the harmonic linearization
method from a previous study [12] is applied to obtain sequence
impedances [8]. Generally, linearizing the time-varying system
along a steady periodic trajectory yields a linear time periodic
(LTP) system. To transform LTP systems into frequency domain,
the harmonic balance approach [13] can be adopted.

Despite the different models in dq and sequence domains,
both are coupled because of the off-diagonal terms in impedance
matrices are nonzero. Recent research has presented interest in
the interpretation of these couplings and their consequences dur-
ing stability assessment. Previous works [14], [15] established
that frequency couplings can be identified in their sequence
domain (i.e., positive and negative sequences are coupled and
separated by twice fundamental frequency); and their impacts
on low-frequency stability were also emphasized. This interest-
ing property of VSC was also identified from dq impedance and
introduced as dq asymmetry in [16]. Moreover, the relationship
between dq and sequence impedances were thoroughly inves-
tigated in [17], and findings showed that dq impedances can be
transformed into its modified sequence domain equivalents by
means of symmetrical decomposition [18]. On the other hand,
a complex space vector method [16] is used to directly derive
VSC impedance in stationary frame [19].

However, frequency couplings in the foregoing reviews (e.g.,
[14]-[17]) were in single-frequency coupling form (i.e., a
single-frequency perturbation induces a single-frequency cou-
pling that separated by twice the fundamental frequency). This
condition is true if either the converter or the grid impedance
is dq asymmetric [16] or equivalently contains the mirror
frequency coupling effect [17]. If the system is three-phase un-
balanced, there will be multiple frequency couplings. To include
these couplings with full accuracy, the harmonic-state space [20]
as well as the harmonic transfer function method [13] should be
adopted.

Currently, both cases on single- and multiple-frequency cou-
plings can only be captured by matrix-based impedances, which
are multi-input and multi-output (MIMO) systems by nature;
therefore, the generalized Nyquist criterion (GNC) [21] should
be adopted for stability analysis. Furthermore, finding the

0885-8969 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1.

Schematic of the grid-tied VSC system.

single-input and single-output (SISO) equivalents of grid-tied
VSC system is appealing due to their simplicity and convenience
for physical interpretation.

This paper aims to develop a generalized method for con-
verting MIMO dq impedance into its sequence domain SISO
equivalents by exploring the properties of single-frequency cou-
pling system. The rest of the paper is organized as follows: In
Section II, the method for converting the dq impedance into
its MIMO sequence domain equivalents is introduced. System
blocks of a grid-tied VSC system are modeled based on this
method. In Section III, sequence domain MIMO model of grid-
tied VSC system is established by assembling the blocks in
Section II. And its SISO equivalents are found by performing
closed-loop analysis of the entire system, instead of viewing
them as subsystems. A detailed comparison of SISO models
with measured impedances in PSCAD/EMTDC is presented.
Section IV discussed the performance of proposed SISO mod-
els in predicting small signal stability. Finally, Section V draws
the conclusions.

II. MODELING OF GRID-TIED VSC IN MODIFIED
SEQUENCE DOMAIN

A. Topology and Control Scheme of the Grid-Tied VSC

Fig. 1 presents the system analyzed in this paper. It consti-
tutes a typical two-level VSC, an L-type filter, and a Thevenin-
equivalent grid.

Only current controller and phase-locked loop (PLL) are con-
sidered, mainly to achieve simplicity of subsequent property
analysis. It will not affect the generality of proposed method
as will be presented later. Grid voltage feedforwards can have
a great impacts on both transient [6] and small-signal response
[5] of VSC, if the bandwidths of these feedforwards are not
carefully chosen. In this regard, feedforwards are viewed as
impedance-shaping method, and will not be discussed in this
paper because the focus is on modeling.

B. Symmetrical Decomposition of a dq Impedance
Taking a dq impedance model in [9] as an example,

28 (s) Z99(s) | | La ()
‘[zws) qu(s)] [Ius)] W

Ua (s)
Uq (s)
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Expression (1) is a LTI system and a complex exponential
input (e.g.,e®") leads to an output with the same formation [13].
Thus, the variables for dq currents and voltages in (1) can be
written explicitly with variable s, as shown below.

Ua| o _|29%(s) 29(s)| |Ta
Ut T |z )] |1
where s — jwis translated from s-domain to frequency-domain.

1,1, and Ug, U, are the current and voltage phasors at fre-
quency w respectively, and they can be decomposed as:

] et Vs = jw (2

U 111 U U

p|_ 1 J. di _ A d 3)

U, 211 —=j||Uy U,

Applying matrix A and its inverse A~! to (2) yields:
ad d
U, — A ZC (s) Z99(s) Al L,
U, A O VALEE) I,
PN Ip .

=z () | | Vs = 4)

where elements in ZFN (s) = [é;; EZ; %:Ei;] are generally com-

plex transfer functions. This method makes it possible to obtain
the modified sequence impedance directly from well-developed
dq impedance as discussed in [17] (i.e., the same authors of this
paper). The term “modified” denotes the specific frequency no-
tation used in [ 17], where the frequency of sequence impedances
is referred to dq frame. This notation is adopted in the present
paper as well, and the term “modified” will be omitted for brevity
in subsequent analysis. However, other recent works e.g., [14]
and [19] use a different frequency notation, which are referred
to phase domain.

C. Sequence Domain System Blocks of Grid-Tied VSC

Adopting the decomposition method in Section II-B, system
blocks of a grid-tied VSC system in dq format (e.g., [9]) can
be transformed into their sequence domain equivalents.

For passive circuit elements, e.g., filter:

Rf + SLf —wSLf dq—pn ZFP (S) 0 (5)
ws Lt Ry + sL¢ 0 Z?n (S)

where ZEP (s) = Ry + sL¢ + jws g, ZM(s) = ZPP(s). The up-
per line on the latter denotes complex-conjugate operator on
the function (i.e., the coefficients not the Laplace variable “s”).
For a typical Thevenin grid, its sequence impedances are sim-
ilarly as the filter, which are ZPP(s) = Ry + sLgs + jwsLs and
71 (s) = ZPP(s) respectively.

For variables perturbed by abc to dq transformation e.g.,
converter output currents:

—

TeqoTpn(s
0 0 UUH< ) dg—pn Ty (s) I, 1Ly ©)
0 —haguld | = 20 | Ly Ly
— _UoHpuls)
where Tpn(s) = 74 175y is the closed-loop system of a

typical PLL as in Fig. 1. Uj is the voltage at PLL sampling point.
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Lo = Icao + jleqo is the complex-valued current in steady.

The converter output voltage can be obtained similarly as:
Tpu(s) [*Qco Uco
20, LUl, ~U!

]. U.g = Ucao + jUcqo is the complex-valued
=<0 =0
converter terminal voltage.
For current controller it has:

H, (s) 0
0 H. (s)

HEP (s) 01
(7)
0 H(s)

dq—pn

—

Generally, all the system blocks in dq domain can be trans-
formed into their sequence domain equivalents, e.g., VSC with
PQ controller, DC voltage controller etc.

D. Sequence Impedance Model of the Grid-Tied VSC System

The sequence domain MIMO model of a grid-tied VSC sys-
tem can be established by assembling system blocks derived in
Section II-C.

For a load (VSC) subsystem, its admittance is:

[il-Fee el
L

Yr'(s)| [up
For a generalized source (grid) subsystem, its impedance is:

[u@] = [ng b (8)1 [lg] =75 (s) [lé] 9)
Ug

VP (s)
V7 (s)

(®)

| S|

np nn n
Zg" (s) Zg"(s)] |ig I3
sP __ P n __ :n
L T (10)
p p —— n __ _.n

Ug + Uy, = Up, up, = Ug (11)

pp _ _1-Gyu nn _ PP ypon _ _ Gpu np _
where Y; " = AT 207 Yt =Y, Y = AT 4277 Yy =

YP" and Gy = ”2%101 (He L., + U,.)- Laplace variable s is omit-
ted for brevity.

b . . .
u,,, is a positive sequence perturbation voltage. Functions in

bold format e.g., Z{™ denotes a matrix, in the case of Fig. 1, it
has Zg" (s) = Zg"(s) = 0, as the grid is passive and dq sym-
metric. The subscript ‘S’ in capital format denotes source (e.g.,
grid) subsystem, and ‘L’ denotes load (e.g., VSC) subsystem.
Note that the line on the lettere.g., YT* is conjugate operator on
the function, if the full complex conjugate operator “x” is used,
it has (Y}?)* = Y}P(5). The derived MIMO model as (8) and
(9) can be used directly to assess small-signal stability with the
help of GNC [14]. A previous study [17] proved that the GNC
based on this model leads to identical results, as the GNC based
on dq impedance.

The sequence equivalent circuits can be plotted as Fig. 2 on
the basis of (8)—(11). In Fig. 2, positive and negative sequence
circuits are coupled via two dependent current sources, which
are voltage controlled. This intrinsic binding between positive
and negative sequence circuits will be explored further in next
section for finding their SISO equivalents.

pp L
p pt
Y/ up ug Zg

i >
sp _sp
1, =14
YP“ n Positive sequence circuit
L

Y uyp
Fig. 2. Sequence domain equivalent circuits of the grid-tied VSC system.
Fig. 3. Sequence domain control blocks diagram of a grid-tied VSC system.

III. SISO EQUIVALENT MODELS OF A GRID-TIED
VSC SYSTEM

A. Analysis of Coupled Sequence Loops

In order to reveal the sequence coupling in a more intuitive
way, manipulating the system blocks (5)—(7) with electrical sys-
tem configuration in Fig. 1 yields the following diagram.

Fig. 3 clearly identifies the positive and negative sequence
loops coupled via six paths, which are all caused by the PLL
(i.e., Tpu(s)). Different paths will result in models with different
accuracies, as in the following cases:

Case 1: By neglecting all paths, the simplest model with de-
coupled positive and negative sequences is obtained. Although
this case may not be effective for stability analysis, it is useful
for identifying the intrinsic properties of the grid-VSC system
(e.g., resonant point), and the coupling effects of PLL can be in-
troduced as additional damping sources to the intrinsic resonant
point [22].

Case 2: By isolating the paths of M) @) ) and @ @) ©), an-
other popular decoupled sequence model as in [8] is obtained.
The positive and negative loop impedance from perturbation
voltage to the current response can be calculated directly from
Fig. 3; i.e., 1/Y{P + Z§” and 1/Y}™ + Z§". Note that the ob-
tained loop impedance is equivalent to neglect the off-diagonal
terms in the converter admittance. This condition is satisfied if
the grid is relatively strong and dq symmetric. See the proof
in the subsequent analysis as in (18), (19).

The foregoing analysis presents two decoupled models for the
grid-tied VSC, which are SISO systems. However, both models
neglect sequence coupling to some extent. In the following sec-
tion, we will develop a method for deriving an accurate SISO
model with no assumptions and reductions.
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Fig. 4. Closed-loop representation of a grid-tied VSC system.

B. Accurate and Reduced SISO Models of the Grid-Tied VSC

In this subsection, we regard VSC and grid as a closed-loop
system, not as subsystems, perturbed by independent sources.
Due to linearity, closed-loop analysis under positive and nega-
tive independent perturbations can be analyzed separately.

Taking the positive sequence as an example, the positive se-
quence loop impedance can be obtained by solving the linear
system in Fig. 4:

P
Zgoop (S) = _u-I;)tb = L 1
Iy, C(ZPN(s)+ZEN (s)) B

12)

where ZFN(s) = (YFN(s))7!. It should be noted that the de-
rived loop impedance is one dimension, i.e., a SISO system.
Substituting elements as in (8) and (9) into (12) yields:

oo (20 +76") (2 +757)
ZEOO (S) = pr + ZI i nn nn (13)
P st e + 7}

This method is applied to find the negative sequence loop
impedance. Replacing the matrix B = [0 1]7,C = [0 1] and

p n 1 .
u, — upyy, yields:

(Zi" +73") (2 + Zg")
ZIS)P + ZEP

Expressions (13) and (14) is defined as the accurate SISO
model, and 7, () = 71, (s) still holds, i.e., if we have the
analytical model of the positive sequence, the negative sequence
model is determined accordingly. In addition, during the deriva-
tion, no assumption for dq symmetry was made, therefore this
method is general for any LTI systems.

The physical interpretation of this method is: the negative se-
quence circuit in Fig. 2 is augmented into the positive sequence
network (and vice versa) via the voltage-controlled dependent
current source. Consequently, the effects of sequence coupling
are included in this model intrinsically.

In order to proof the validity of the method, a previous work
in [17], where the sequence impedance is derived for source
and load subsystem is compared. Taking the positive sequence
model for example, in [17] it has:

Zhoop (5) = 22 + 74"

(14)

up an (an + an)
7P = _ _L _ 7pp _ L L S 15
L ilﬁ L erm + an s)
ul ZEN (Z07 + Z0P)
7P — S —zpp S \FL TS 16
S ig S erln i Zlﬁn ( )
Zy (s) = Z7 (s)
Zg (s) = Zg (s) (17

IEEE TRANSACTIONS ON ENERGY CONVERSION

We can clearly observe that Z{ + Zg = 7y ,,, and Zj +
Zg = Zgoop. ((15) and (16) are equivalent to (33) in [17], but are
written in a more compact form with slightly different notation.)

Furthermore, if considering a dq symmetric and rela-
tively strong grid, it has conditions as: Z£” = Zg” = 0,]Z8"| <
|ZPP|,Vw and |Z§"| < |Z}™|, Vw. Hence, (13) and (14) can be
reduced to:

_ o det|ZPN s 1
day o=+ S i L
L L
rau nn det ZEN nn
Zsop (5) = Zs +*Z|pp Lz o (19
L L

Expressions (18) and (19) is defined as the reduced SISO
model, which is widely applied in previous research [8]. How-
ever, a frequency translation to phase domain is needed since
this paper uses a dq frequency notation.

C. Proof of Identical Marginal Stability Condition

This subsection will prove that the accurate SISO model is
consistent with the MIMO model in terms of marginal stability
condition. The marginal stability condition is defined as the case
when the eigenvalue loci of a MIMO or SISO system cross the
(—1,0) point on the basis of GNC or NC.

For MIMO-based model, the marginal stability condition is:
There is sthateig (Z§™ - YIV) equals —1+40-j (20)

where ZEN, YTN are given in (8) and (9). After some calcula-
tions, we have the equality as:

det Z§™ + det Zy ™ + ZEPZy" + Z8§MZYP — ZyPZR"

-7 =0 (21)

For SISO-based model, the marginal stability condition is:

There is s thateig (Z5/Z)) equals —1+0-j (22)
where Zg, Z] are given in (152 and (16).
(22) is equivalent to det |ZLZ°I,°p =0 — Zf,,, = 0, thus the
L

equality given by (13) is:

(28" +20") (26" + 70°) — (2" + Z5") (21 + Z5") = 0
(23)

Expanding (23), then substitute detZ{N = ZEPZa" —
ZE"ZgP and det ZPN = ZPP7Zin — ZP" 7P into (23) can prove
that (21) equals (23), i.e., the accurate SISO model has the same
marginal stability condition as the MIMO model. Therefore it
can be used with accuracy in stability analysis. Furthermore,
any modifications on SISO model will lead to a marginal stabil-
ity condition different from (23) e.g., the reduced SISO model.
Note that the same proof applies to the negative sequence.

D. Comparison of SISO Models with Measurements

The accurate SISO model as in (13) and (14), and the re-
duced SISO model as in (18) and (19), will be compared under
conditions of a) dq symmetric and b) dq asymmetric grid.

Impedance measurements conducted in PSCAD/EMTDC
with the system in Fig. 1 (see Appendix A for detailed
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Fig. 5. Loop impedance comparison under dq symmetric grid. (a) SCR = 4,

CC = 200 Hz, PLL = 5 Hz, current is 0.5 p.u. (flow out). (b) SCR = 4, CC =
200 Hz, PLL = 200 Hz, current is 0.5 p.u. (flow out).

uab Ls Rs uabcs
4PN AN— ) ——
y u,, =u,sin(6)
abc/dq [€&* ,

o 7"
Uy, =, sin[&—%ﬂj
H, (S) U, = sin{9+§7rj

Asymmetric grid emulator

ref,
Us

Fig. 6. Control scheme for asymmetric grid emulation.
system parameters). The multi-run module in PSCAD is used.
At each run, a single-tone harmonic voltage is injected into the
grid. The frequency is varied from 0 Hz to 100 Hz with an incre-
ment of 2 Hz. The sampling frequency and sampling window
used for Fourier analysis are 1 kHz and 0.5 s respectively. All
data and figures are post-processed in MATLAB.

1) dq Symmetric Grid Cases: As shown in Fig. 5(a), both
accurate and reduced SISO models achieved a good match with

Positve sequence Negative sequence

‘00 (]
g ]
=107 s10" S
o
£ £
102 107°
100 101 102 10° 10! 102
f (Hz) accurate f (Hz)
= = =reduced
2 X simul 2
go go
@ o
2.2 2.
@ (]
-4 4
10° 10 102 10¢ 10’ 10°
f (Hz) f(Hz)
(a)

Positve sequence Negative sequence

10
10° 107 102 - 10° 10’ 107
£ —|ccural £
(Hz) | _ = reduced {Hz)
2 x 4

angle (rad)
angle (rad)

-4
10° 10’ 102 10° 10° 102
f (Hz) f (Hz)

(b)

Fig. 7. Loop impedance comparison under dq asymmetric grid. (a) SCR = 4,
CC =200 Hz, PLL = 5 Hz, current is 0.5 p.u. (flow out) (Note that SCR here is
only used for calculating grid passive impedance). (b) SCR = 4, CC = 200 Hz,
PLL = 300 Hz, current is 0.5 p.u. (flow out) (Note that SCR here is only used
for calculating grid impedance).

the measured impedances under a slow PLL configuration. How-
ever, if PLL bandwidth is increased to a relatively large value,
the shapes of the reduced model would differ from the measure-
ments, particularly for the negative sequence impedances, as
shown in Fig. 5(b). By contrast, the accurate SISO model tracks
the measured impedances accurately in Fig. 5(b). It proves that
the accurate SISO model is superior to the reduced SISO model
in capturing the details of impedance characteristics.

2) dqAsymmetric Grid Cases: In this paragraph, an actively
controlled grid is introduced to emulate the asymmetric behavior
in source subsystem.

The control scheme is shown as below:

In Fig. 6, wy = 27-50 is constant, U is the voltage ampli-
tude set point of the active grid. H, (s) = &} + ’% is the voltage
regulator. The sequence impedance of the actively controlled
grid is asymmetric and can be found in Appendix. B ((A.1)
and (A.2)).

Comparing Fig. 7(a) with Fig. 6(a) we can identify that, the
good accuracy of reduced SISO model under symmetric grid as
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solid blue line denotes locus of accurate SISO model).

well as slow PLL configuration is violated if dq asymmetric
grid is presented. The inaccuracy of reduced SISO model can
be identified clearly in Fig. 7(b) as well, where a fast PLL is
adopted. On the contrary, the accurate SISO model still presents
good accuracy in all conditions.

IV. SMALL-SIGNAL STABILITY ANALYSIS

This section will further analyze the validity of the proposed
SISO models in terms of small-signal stability, particularly for
the marginal stability condition in Section III-C. By acquiring
the advantages of SISO properties, the proposed model can be
used in combination with classic Nyquist criterion (NC) [23].

A. Numerical Stability Analysis

Three model and criterion combinations are considered:

1) Reduced SISO with NC. (For comparison)

2) Accurate SISO with NC. (For comparison)

3) MIMO model with GNC. (For Reference).

In a, the eigenvalue loci is obtained straightforward as
Ap(s) = 28" - YI? and Ax(s) = Z&" - Y[" in accordance with
(18) and (19).

In b, since the SISO loop impedance in (13) can be de-
composed into source and load subsystems as (15) and (16).
Therefore, the eigenvalue loci of minor loop gains are Ap (s) =
Z3/Z7 and An(s) = Z§/Z}, where 23,77 ,75,Z} are given
by (15)—(17).

In c, the eigenvalue loci can be calculated from det
AT —ZENYEN(s)| = 0, where 1 (s), A2 (s) are the two solu-
tions. The abovementioned eigenvalue loci are complex transfer
functions; thus, the locus for negative frequencies is not the

Numerical stability comparisons with an asymmetric grid (SCR = 4, CC = 200 Hz, current is 0.5 p.u., dash line denotes locus of reduced SISO model,

conjugation of the locus of positive frequencies [16]. How-
ever, the eigenvalue loci of SISO systems have the property
(An(jw))* = Ax(—jw) = Ap(—jw). Hence, the negative fre-
quency plots can be obtained by conjugating the negative
sequence locus.

Fig. 8 illustrates the stability comparisons of three model and
criterion combinations under a dq asymmetric grid condition.
By varying PLL bandwidth in three steps from slow to fast, the
system is stable, marginal stable and unstable respectively. The
accurate SISO model with NC has the same stability conclusion
as the MIMO model with GNC. Particularly, the eigenvalue loci
of accurate SISO model and MIMO model cross the (—1, 0j)
point simultaneously, indicating that the proof of marginal sta-
bility condition in Section III-C is correct. On the other hand,
the reduced SISO model fails to give the correct marginal sta-
bility condition, as well as the stability conclusion, identified in
Figs. 8(b) and (c) respectively.

Therefore, it is not safe to use the reduced SISO model if the
converter and grid is highly dq asymmetric. On the contrary,
the accurate SISO model is effective for stability analysis in this
respect.

The marginal stability can also be analyzed physically by find-
ing the damping characteristic at resonances of loop impedance,
e.g., by passivity analysis in [24]. The following time domain
study will provide more physical insights into the oscillatory
behavior lies in the grid-tied VSC system.

B. Simulation Study

The physical interpretation of marginally stable condition is
that the loop impedance has approximately zero damping at a
resonance frequency. By plotting the real and imaginary parts
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Fig. 9. Marginally stable analysis (CC = 200 Hz SCR = 4, VSC current

is 1p.u.). (a) Positive and negative sequence loop impedance plots. (b) Time
domain simulation. (Before 2 seconds, the PLL bandwidth is 5 Hz to achieve
a stable operational point. Afterwards, the PLL bandwidth is set to 20 Hz.
Oscillation is observable after several seconds.). (c) Fourier analysis of phase
current. (Sampling rate is 1 kHz. Sampling window is 1 second.)

of loop impedance, the resonances can be found at frequencies
where the imaginary part cross zero axis, meanwhile damping
at these resonances can be determined according to the sign of
real parts.

As shown in Fig. 9(a), the positive sequence loop impedance
has a resonance at 10 Hz, while the negative sequence loop
impedance has a resonance at 60 Hz, this findings is consis-
tent with the analytical calculation of resonant points in [22].
Furthermore, the damping at 10 Hz resonance is negative with
small value, indicating a marginally unstable condition, on the
contrary a positive damping characteristic is presented at 60 Hz,
indicating a stable resonance. It is again emphasized that the
resonance frequencies are referred to dq frame in the above
analysis.

Time domain simulations in PSCAD/EMTDC also draw sim-
ilar conclusions in terms of stability. The VSC output currents
gradually become unstable during a long simulation time in
Fig. 9(b), this is due to the fact that negative damping at 10 Hz
is small.

Furthermore, by performing a Fourier analysis on the phase
current, we can identify that two additional frequencies ex-
cept the fundamental at 40 Hz and 60 Hz appears, the mir-
ror frequency coupling effect is originated from oscillations in
dq frame at 10 Hz, which again proves the correctness of
above analysis. Additionally, the oscillatory behavior shown in
Fig. 9(b) is also similar to the field measurements of grid-tied
photovoltaic inverter systems in [25].

V. CONCLUSION

This paper developed a generalized method for converting
dq impedance model of grid-tied VSC system into its SISO
sequence domain equivalents. The converting process includes
two steps: firstly converts dq impedance into its MIMO se-
quence domain equivalent, then converts the MIMO sequence
domain equivalent into its SISO equivalent by means of closed-
loop analysis method proposed in this paper. The decoupled
SISO model allows the classic Nyquist Criterion to be used for
stability analysis.

Two types of SISO model were given, the accurate one is
directly from the consequence of conversion, and the reduced
one is derived with a strong grid condition approximation. Nu-
merical and time domain analysis shown that the reduced SISO
model gives the wrong stability conclusions in cases where the
system is highly dq asymmetric. On the contrary, the accurate
SISO model presents a good consistence with MIMO model in
terms of stability conclusions, particularly for the marginally
stable condition.

The proposed method is general for any MIMO LTT systems.
Therefore it is applicable to grid-tied VSC systems where a
power controller or DC voltage controller is adopted. Only the
marginal stability condition is proven to be identical in this
work. Performance on gain and phase margin should be carefully
evaluated in future works.

APPENDIX

A. Circuit Parameters Used in Stability Analysis and
Simulations

TABLE Al
CIRCUIT PARAMETERS OF THE GRID-TIED VSC SYSTEM

NAME VALUES NAME VALUES
Nominal rating 2 MVA Filter inductance 0.1 p.u.
Nominal 0.69 kV Grid inductance 1/SCR = 0.25 p.u.
voltage (SCR =4)
Dc voltage 1.1kV Current controller ky =0.03,k = 6.1
(CC =200 Hz)
Switching 2.4 kHz PLL controller k5" = 71, kP! = 1421
frequency (PLL = 20 Hz)
asymmetric grid kg =1,k =100
controller
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B. Modeling of Actively Controlled Grid

The dq domain grid model with control scheme in Fig. 6 is:

4 1+cosdpH, (s) 0] |sLs+ Ry —wsLy
Z,\ (s)=
& —sindoHy (s) 1 ws Lg sLs + Ry
(A1)

where d is the steady voltage angle difference between PCC and
grid. Clearly, the dq impedance of actively controlled grid is
not symmetric. Using the decomposition method in Section II-B
gives a coupled sequence impedance:

(s) = AZ%Y

PN
Z grid

erid (s) A7 (A2)

C. dq Symmetric and Asymmetric
For a dq impedance matrix [éi‘i(s) qu(s)], it is said to be
ad(s) Zaa(s)
dq symmetric if Z49(s) = Z99(s) and Zy,(8) = —Z4(s), and
if the condition not satisfied, the system is referred to dq asym-
metric. For a dq symmetric system, its sequence equivalent
can be obtained by linear transformation using the methods in
Section II. As a result, the sequence impedance is decoupled.
Otherwise, the sequence impedance is coupled.
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