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SISO Impedance-Based Stability Analysis for
System-Level Small-Signal Stability Assessment
of Large-Scale Power Electronics-Dominated
Power Systems

Dongsheng Yang

Abstract—To address the growing dynamic issues in the power
electronics-based power system, this paper proposed an enhanced
impedance-based stability analysis which can not only obtain the
global view of system dynamics, but also provide a tailor-made
stabilization solution by the direct use of the measured black-box
models. With the proposed method, the dynamic interactions at
selected multiple ports of the system are translated as multiple
decoupled single-input single-output (SISO) minor loops in the
frequency domain, of which the stability can be readily assessed by
the SISO Nyquist stability criterion. Moreover, the oscillation mode
shapes, i.e., the relative magnitude and phase of oscillated voltages
and currents at the selected ports, are derived mathematically.
Furthermore, the frequency-domain participation factor is defined
to identify the most contributive components for the oscillations;
Through impedance shaping solution of the corresponding oscil-
latory mode, it also provides the most effective system stability
enhancement solution. EMTDC/PSCAD time-domain simulation
results from an 800 MW offshore wind energy system with a real-
istic complexity confirm the effectiveness of the proposed method.

Index Terms—System-level small-signal stability, impedance-
based stability analysis, modal analysis, minor loop, Nyquist
stability criterion, participation factor, impedance shaping.

1. INTRODUCTION

O MITIGATE climate change and secure sustainable
T energy supply, the global green-energy transitions are
accelerating, and massive renewable energy resources are con-
tinuously integrated into electrical power grids [1]. As the key
enabler for this transformation, the power electronic converters
are widely used as efficient and flexible power processing units
that interface with the power system and play an increasingly
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essential role in every sector of the electrical power grid, includ-
ing the generation, transmission, distribution, and consumption
[2].

Unlike centralized synchronous generators (SG) dominated
power systems, hundreds of distributed converters may be
present in the power-electronics-dominated system (such as
the solar or wind farm). Moreover, the dynamics of power
electronic converters are more dependent on the wide-time
scale controllers rather than the law of physics [3], leading
to an increasing number of non-characteristic harmonics and
resonance incidents reported over a wide frequency range in
recent years [4]-[7], which cause significant economic losses
and poses great challenges to the safe operation of modern power
grids. As aresult, the scalable system-level small-signal stability
analysis is urgently needed, which should not only identify the
stability condition of the system (stable or not), but also be able
to characterize the individual component’s contribution to the
instability and provide a tailor-made mitigation solution with
the most effective design-oriented stabilization method.

The time-domain modal analysis based on the state-space
model has been widely adopted to assess the multi-machine in-
teractions as well as inter-area oscillations of the large-scale syn-
chronous generator (SG)-dominated power systems for decades
[8]. It gives a complete overview of the system dynamics in
detail. Specifically, the eigenvalues and eigenvectors of the state
matrix provide rich information about all the oscillatory modes,
including their oscillation frequencies, damping ratios, and the
oscillation mode shapes [8]—[11]. The participation factors re-
veal the dynamic contributions of state variables, and thus can be
used for system damping control [8]. Despite the many advan-
tages of modal analysis, there are very limited applications in the
system-level stability analysis of power electronics-dominated
power systems. This is mainly due to the significant obstacles
in formulating the complete state-space model for the large-
scale distributed power electronics dominated-power systems
[3]. Firstly, with hundreds of power electronics converters in
the system and each containing tens of states, it leads to a
very high-order system state matrix and thus a high demand
for computational power [12]. Secondly, the converter control
algorithms are usually different from one vendor to another and
are usually black-boxed and protected as intellectual property
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(IP) [13], which further prevents the accurate formulation of
the state-space models. Therefore, the modal analysis cannot be
readily applied for power electronics-dominated systems with
multi-vendor converters.

As an alternative, the impedance-based analysis was origi-
nally developed to address local dynamic interactions between
the converter and power grid at the point of connection (PoC)
[14], [15]. Different from the state-space model, the impedance
model of an electrical system is essentially the transfer function
from its external voltage input to the current output (or vice
versa for admittance), featuring good modularity and scalability
[16]. Moreover, such impedance model can be measured by
the external frequency scanning without disclosing the internal
confidential details [17], [18]. Due to these advantages, many
efforts have been made to extend the localized impedance-
based analysis to the system-level stability assessment for power
electronics-dominated power systems.

Different from the local stability analysis at a single PoC [19],
multiple points will be analyzed simultaneously to obtain the
global view of the system dynamics. As a result, the multi-input
multi-output (MIMO) impedance matrix or admittance matrix
needs to be used to reflect the MIMO dynamic relationships
among the voltages and currents at selected points. Depending
on the types of the impedance/admittance matrix that used, the
existing system-level impedance-based analysis methods can be
divided into closed-loop approaches [20]-[27] and open-loop
approaches [28]-[32].

In [20], the closed-loop admittance matrix is formulated for
the offshore wind farm by the closed-loop connection of all
component admittances. The matrix zeros are then calculated
to determine the system stability. Additionally, the bus par-
ticipation factor is defined to rank the impacts of oscillations
on different buses and identify the contributions from different
power converters. Using the same stability criterion as [20], the
frequency domain modal analysis (FMA) is proposed in [21]
for the power systems with high penetration of renewables, and
different participation factors are defined to identify the distribu-
tion of oscillations in the system and contributive components as
well as to mitigate the oscillations. Since the direct calculation of
the matrix zeros relies heavily on the explicit analytical expres-
sions of transfer functions in the matrix, the analysis method
in [20] and [21] requires disclosure of manufacture controller
information at best, which is proven to be difficult. Although, in
view of IP protection, it is practical to ask the vendor to provide
the measured black-box impedance/ admittance model, to apply
such model to the aforementioned analytical transfer function
method requires curve fitting. Depending on the targeted order
of the curve-fitted transfer function system, both errors and
artificial poles/zeros can be introduced diminishing the value
and accuracy of the end results.

To avoid the direct calculation of matrix zeros, the graphical
FMA method can also be used for resonance analysis in traction
systems [22], microgrids [23], wind power plants [24], and other
converter-dominated systems [25]. By visually inspecting the
resonance peak values in magnitude-frequency responses of the
driving-point impedances at different buses or eigenvalues of
the closed-loop impedance matrix, the resonance hazards can
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be identified. Moreover, the contribution of components to the
resonance can be also quantified by the sensitivity analysis of
these resonance peaks. However, the FMA studies in [22]-[25]
only focus on the magnitude-frequency responses of the res-
onance modes, while the phase information was overlooked,
thus they cannot distinguish negative damped resonances from
positive ones. To address this issue, the quality factor rather than
the magnitude of the resonant peak is used for FMA analysis
[26], which can characterize both the positive and negative
damping conditions of resonance mode, which is more suitable
for the system that contains active components. Nevertheless, the
calculation of the quality factor in [26] relies on a dedicated curve
fitting method, namely “circle fit” [27], which assumes that all
resonant modes can be represented by the second-order transfer
function of a parallel RLC circuit individually. Thus, additional
errors can be introduced during the curve fitting process, and
deteriorate the accuracy of the FMA results.

Besides these closed-loop approaches, the generalized
Nyquist stability criterion (GNC) can also be used to assess the
closed-loop stability of the MIMO system from its open-loop
impedance/admittance matrix or the so-called minor loop gain
[28]-[29]. In order to apply GNC, the exact number of right-
half-plane (RHP) poles in the minor loop gain has to be calcu-
lated [30]. The component connection method (CCM) is used
to formulate the RHP-pole-free minor loop gain for multiple
converter systems [31], which allows GNC stability analysis to
be directly applied to the measured black-box models. However,
since existing GNC-based analysis could not provide insight
on the most effective impedance shaping method for system
stabilization, it usually relies on an iterative design method to
ensure system stability [31], [32].

This paper proposed an enhanced SISO impedance-based sta-
bility analysis (SISA) as an alternative open-loop system-level
stability analysis method. As shown in Table I, compared with
the state-space-based analysis, the proposed method has better
modularity and scalability and can be directly applied on the
measured black-box impedance/ admittance models without any
model identification or curve fitting. Compared with other ex-
isting impedance-based analysis methods, for the first time, the
proposed method can provide the mode shapes using black-box
models, i.e., the relative magnitudes and phases of the oscilla-
tion at all ports under analysis, which not only gain a global
view of the system dynamics but also provide a straightforward
way to validate the accuracy of the stability analysis results.
Moreover, it combines the advantages of other impedance-based
analysis methods by providing the participation factor analysis,
most-effective stabilization solution, and applicability on the
pure black-box models at the same time, which makes it very
promising for design-oriented system-level small-signal stabil-
ity assessment for the large-scale power electronics-dominated
power system.

II. SYSTEM REPRESENTATION

Fig. 1 shows the interactions of multiple power electronics
applications in a generic power electronics-dominated power
system. The components of interest are partitioned separately
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TABLE I
COMPARISON OF DIFFERENT SYSTEM-LEVEL STABILITY ANALYSIS METHODS
Categories State Space Impedance Based Analysis
Based Analysis
Time-domain . . . - .
Methods modal analysis Frequency domain modal analysis (FMA) Nyquist stability analysis
Used models State matrix Closed-loop impedance/admittance matrix Open-loop impedance /admittance matrix
Stability criterion Damping ratio of Damping Magnitude of Quality factor of | Generalized Nyquist SISO Nyquist
ty eigenvalues ratio of zeros | resonance peaks | resonance peaks stability criterion stability criterion
Oscillation mode shapes =+ — — — — +
Participation factor analysis + + + - +
MosF effective stabilization + _ _ _ +
solution
Modularity and scalability - + + +
Applicable on pure black- _ _ +/— + +
box models
Proposed SISA
References [8]-[11] [20],[21] [22]-[25] [26],[27] [28]-[32] method
H
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Fig. 2. Equivalent circuit and block diagram of the single port system based

Energy Storage System Critical Loads

Fig. 1. Single-line diagram of a generic power electronics-dominated power
system with multiple dynamic interactions.

from the network, and each component may contain one (e.g.,
energy storage system, a string of wind turbines, a critical load,
etc) or multiple ports (e.g., a sub-network, an HVDC stations
[33], etc).

To simplify the system representation, all of the portioned
components can be modularized together as a single subsystem
A, . Similarly, the rest of the unpartitioned network can also be
modularized as a single subsystem B,,. In this way, the dynamic
interactions among multiple components and the unpartitioned
network can be translated into the dynamic interaction between
two subsystems A,, and B,, through the selected n ports.

To analyze the dynamic interactions between A, and B,,, the
subsystem A,, and B,, are firstly disconnected from each other
and are modeled separately in the frequency domain.

Take a single port subsystem as the example, if the terminal
current i, is chosen as the input variable, and the terminal voltage
Vv, 18 chosen as the output variable, then based on the Thevenin
theorems, the impedance Z, (s) in series with an independent
voltage source v can be used to characterize the input current-
output voltage relationship [14], as shown by the circuit and
block diagram in Fig. 2(a). Based on the duality principle, the
admittance Y, (s) in parallel with an independent current source

on (a) Thevenin theorem and (b) Norton Theorem.
“ X 7,
O— :

Fig.3. Equivalent block diagram of (a) subsystem A, and (b) subsystem By, ,

is can be used to characterize the input voltage-output current
relationship based on the Norton theorem, as shown in Fig. 2(b).

As subsystem A,, contains n ports, there will be n input
variables and n output variables. If all the input variables are
the terminal currents that flow into n ports, then an impedance
matrix with a voltage source vector have to be utilized to map the
multi-input multi-output (MIMO) relationships of A,,. However,
for a more generic case, the input variables of A,, can be hybrid
of voltages and currents, thus, the hybrid parameter matrix

H, (s)[34], together with independent sources C_"1 are required to
map the multi-input multi-output relationship at n ports, and 1ts
block diagram can be depicted by Fig. 3(a), where W, andX,
are the input and output vectors, respectively. The diagonal
elements of H,(s) are the driving-point impedances/admittances
atindividual ports, while the non-diagonal elements of H,(s) are
mutual impedances/admittances between different ports. Each
element of H,(s) can be obtained using the frequency scanning
method [17]-[18].
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Fig. 4. Representation of power electronics-dominated power system in the

frequency domain.
6
O

Fig. 5. Breaking the closed-loop system at )‘(’a‘

Similarly, the hybrid parameter matrix Hy(s) together with
independent sources C', can be used to characterize the MIMO
relationship of B,, atn ports, as shown in Fig. 3(b), where Wy, and
X, are the input and output vectors, respectively. To represent
the interactions of two subsystems, outputs of A, should be used
as inputs of By, and vice versa.

As a result, the system in Fig. 1 can be simplified into Fig. 4
by connecting block diagrams of A,, and B,,. The minus sign of
H,(s) in Fig. 4 is introduced by the non-associated reference
directions of voltages and currents defined for Ay, i.e., the
outflowing currents rather than inflowing currents are defined
as the positive for Ay, as shown in Fig. 1.

To simplify the stability analysis, the RHP-pole-free partition
rule is to partition all active components into one subsystem Ay,,
so that B,, only contains passive components. As a result, the
RHP-pole-free H,(s) and Hy (s) can be formulated assuming all
the active components are internally stable, and they are modeled
as Thevenin equivalent when can be stably connected to the ideal
current sources, while modeled as Norton equivalent when can
be stably connected to the ideal voltage sources [31].

III. STABILITY CRITERION OF SISO IMPEDANCE-BASED
STABILITY ANALYSIS (SISA)

For clarity, the matrices are denoted with capital boldface
letters (e.g., H,) and their elements are denoted with lower-case
italic letters (e.g., hq_s); the vectors are denoted with capltal
italic letters with are accented with right arrows (e.g., X ), and
their elements are denoted with either lower-case italic letters
(e.g., x,_;) or simply use an index to cite the vector (e.g., Ly, (2)).
For simplicity, the Laplace variable s = jw in signals and transfer
functions are omitted in the following analysis.

To assess the closed-loop stability of )Z'a , the closed-loop
in Fig. 4 can be first opened at X a » as shown in Fig. 5. Thus,
the open-loop response of X, resulting from the input Wi, and
excitation sources C’ and Cb can be calculated based on the
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superposition theorem, expressed as

X.=—H.Hy, - W, + C, — H.G,, ()

The closed-loop response of X, can be thereby obtained by
letting W, = X, in (1), i.e.,

—

X,= - H.H, X, +C, — H.C,
—— ———
H

2
e}
where H is the open-loop transfer function matrix; C is the
equivalent independent system inputs seen at X,.

For a specific frequency w, the elements of H are complex

numbers. Therefore, by applying the eigenvalue decomposition
[35], it yields

H = RAL 3)

where A is a diagonal matrix whose diagonal elements are the
eigenvalues of H; R is a matrix whose column k is the unitized
right eigenvector of k™" eigenvalue, denoted as ﬁk; L is a matrix
whose row k is the unitized left eigenvector of k' eigenvalue,
denoted as Ly, They have the following properties.

HR =RA )
LH = AL 5)
L'=R (6)
Ri =R (k,:), Ly = L(:.k) )
Ei.ﬁj—{é;j ®)
Substituting (3) into (2), it yields
X,= - RALX, +C )
Left-multiplying L at both sides of Eq.(9), it gives
LX,=— ALX, +LC (10)
By defining the equivalent vectors as
Xoq = LX, (11)
Coq := LC (12)
Eq. (10) can be rewritten as
Xoq= — AXoq + Coq (13)

As A is a diagonal matrix, the arbitrary row in (13) can be
represented in a scalar form as

LTeq k = _Ak *Teq_k + Ceq_k (14)

where xoq r and ceq i are the kM elements of )_('eq and éeq,
respectively, while Ay, is the k" diagonal element of A.

Eq. (14) can be interpreted as the minor loop with unity gain
in the forward path, and Ay in the negative feedback path, as
shown in Fig. 6. As a result, the stability of the k" minor loop
can be readily assessed by the SISO Nyquist stability criterion.

When H,, and H}, are RHP-pole-free, the minor loop Ay, will
not contain RHP poles. Therefore, the minor loop Ay is stable
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Fig. 7. Positive and negative crossings in (a) Nyquist plot and (b) Bode plot.

if and only if N — N~ = 0, where N and N~ are numbers of
positive and negative crossings in the Nyquist/Bode plot of Ay,
at positive frequency range, respectively [36], as shown in Fig. 7
[37].

However, if RHP-pole-free cannot be guaranteed, the minor
loop A may contain RHP poles. In this case, the number of
RHP poles must be examined. By checking the magnitude slope
change and the phase change of Ay, the number of RHP poles
can be obtained [38], denoted as Ngyp. Thus, the minor loop
Ay is stable if and only if NT — N~ = Ngryp/2 [37].

Similarly, the closed-loop response of )?b can obtained

sz —HyH, Xb + 613 + Hbéa
— = N

H' &

(15)

As seen, different open-loop transfer matrix H' will be ob-
tained. Nonetheless, H' and H have the same eigenvalues [39]
despite different eigenvectors. Due to the page limitation, SISA
for Xy, will not be repeated in this paper.

IV. OSCILLATION MODE SHAPES OF SISA

According to (11), the output vector X, can be expressed in

terms of equivalent output variables of the minor loops:
- i N n

X, =L 'X,,=RXoq= >

k=1

= Teq_1 'R1+"Eeq72~R2+...

|:xcq_k : R'k:|
+ xeqﬁn N ﬁn

(16)

This relationship bridges gaps between the dynamics of each
minor loop and that of actual output variables. Take k" minor
loop as the example, the propagation of dynamics from its output
Xeq_k to the actual output variables X, can be described by
Fig. 8, where x, 1, Xa 2,... Xa n are the elements of Xa, and
Tk 1, 'k 2, ... I'c_n are the elements of R;C

Although the minor loop may contain several critical oscil-
lation modes at different frequencies, the distribution of each
oscillation mode among the actual output variables is readily
assessed by the right eigenvector at the corresponding frequency.

Fig.8. Propagation of the dynamics from the output of k¥ minor loop to actual
output variables.

Assuming that there is a poorly damped or amplified oscilla-
tion that occurs in k™ minor loop at the frequency f;., then this
oscillation will propagate from the equivalent output variable
Xeq_k to the actual output VarlablesX in proportion to the k"
right eigenvector Rk , d.e.,

Xa (fr) = B (fr) - Teq k (fr) (17)

The right eigenvector ﬁk (f-) provides a great insight into the
relative magnitudes and phases of oscillations at each output
variable, which could be used for stronger validation of stability
analysis.

V. PARTICIPATION FACTOR ANALYSIS OF SISA

To stabilize a critical minor loop, the sensitivity analysis will
help to identify the most effective way of impedance shaping at
the system level. More specifically, as for the sensitivity analysis,
a small parameter perturbation can be applied to each element
of H and then check the changes in the critical minor loop
gains (i.e., eigenvalues) to determine which element has the most
impact on the minor loop gains

According to (4) and (8),
H- R, = ALRy, (18)
Ly -Br=1 (19)
Therefore, the k™ minor loop gain can be expressed as
Ay =1L -H-Ry (20)

The sensitivity of k™ eigenvalue with respect of the element
h; ; in H can be derived as

oA, d(EkHék)
Oh.; am7 B
= g H-Ry + Ly a,H Ry + Ly H- Gl
_aLkARL Ry + Ay Ly - 28
oh, ks A+ L - Bi ke 1 Ak s Lk ohi ;
=L 22 By + Aki(L" i)
(21)
Since Ek ﬁk =1 is a constant, M equals to zero.

Moreover since change h; ; will only affect the element at /"

row j" column of H LH is a matrix with all zero elements

> Dha;
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except for the unity-gain element at i row j column, i.e.,

000

H
6ah =|--010---| « " row
& 000

1§t column (22)
Therefore, (21) can be further simplified as
O\, - OH = 3 .
=Ly -— Ry=1L ‘R 23
hy s k hi s k k(1) - Ry (7) (23)

where Ly (i) is the i element of L, and Ry, (7) is the /™ element
of Ek .

The traditional participation factor in the state-space-based
modal analysis is essentially the sensitivity of eigenvalues to the
diagonal elements of the state matrix. However, this definition
is not applicable in the frequency domain because the open-loop
transfer function matrix H is the product of H, and Hy, and it
is difficult to shape the diagonal elements H directly.

The most promising impedance shaping solution is to change
the equivalent series impedance or shunt admittance at the se-
lected ports, which are the diagonal elements of the H, and Hy,.
Therefore, a new participation factor is defined as the sensitivity
of minor loop gain to the diagonal elements of H, and Hy,.

By perturbing the i" diagonal element ha_;,; of matrix Hy, it
will change all the elements in row i of H due to the multiplica-
tion of H, and Hy,, i.e.,

D . OAg
Pap(i) == 8haf: -
n . n
_ Ohie  OAy \ _ ) A
- (aha;i i ahzfcc) - Z (hb—z’c ' ahzfcc) (24)
c=1 c=1
n —
ZZ@Mc%@RMﬂ
c=1
where h; . is the element of the matrix H at i row ¢ column.

Similarly, by perturbing the i diagonal element /,_; ; in of
Hy,, it will change all the elements in column i of H, i.e.,

ﬁbk(i) = agi\jl
D Ohes AL & ,
- Z (ahb,z‘,i ’ ahrki) - Z (ha_r,i 8h,,fi> (25)

=1
n

=%

”
r=1

where &, ; is the element of the matrix H at M row i column.

As a result, the most promising shunt and series impedance
shaping can be identified by ranking the participation factors
defined in (24) and (295), i.e., the diagonal element with the

greatest sensitivity to the critical minor loop gain can be selected
for impedance shaping.

VI. TAILOR-MADE IMPEDANCE SHAPING METHOD

To damp the oscillations, the critical minor loop must be
adjusted to increase its stable margin. Assumed that the critical
minor loop Ay has a unity-gain and a phase angle close to —180°
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Fig. 9. Desirable adjustment for stabilizing the critical minor loop.

at the cross-over frequency f., which can be represented by a
phasor, as shown in Fig. 9(a). One way to stabilize Ay is to
increase the phase margin by APM, which can be realized by
rotating the phasor Ag(f.) with an angle of APM, as shown
by A’(f.) in Fig. 9(b). Therefore, the desirable adjustment for
Ag(fe) can be calculated as

ANy (fc) =N (fC) — Ay (fC)

_ (e—jAPM — 1) Ax (f) (26)

The proposed participation factor in (24) and (25) provides
great insight on how to shape i diagonal impedance of H, or
Hj,. Assumed that the participation factor of i’ diagonal element
in H, has the largest magnitude, the desirable adjustment in (26)
can be realized by shaping &, _; ; at the cross-over frequency f
as

AN (fe) = Pu(d) (fe) - Aha_ii (fe)

y MM A s
= Ahasi(fe) = FG0 =9 ¢

27)

where P, (i)(f.) is the i element in the participation factor
]%k at fo; g; and d; are the gain and the phase of Ah,_ ;.

A second-order bandpass filter with phase compensation can
be used to implement shaping function Ah,_; ;(s) in the fre-
quency domain, which is expressed as

2w; (scosd; — 2m f.sind;)

Ahajﬂ‘ (S) 3 3
2+ 2w;s + (27 fe)

=i

(28)

where w; is used as the quality factor.

It should be noted that the tailor-made impedance shaping
function can be directly derived based on the measured black-
box models without disclosing the internal control and circuit
details of the power electronics converters, which can be used
as the impedance shaping specifications for the multi-vendor
power electronics converters.

Although the rigorous derivation of SISA method in Sec-
tion III~VI requires a lot of mathematical operations, the re-
sulted implementation of SISA is rather simple, which can
be depicted by the flowchart in Fig. 10. As seen, the major
computation complexity lies in eigenvalue decomposition in (3).
As the dimension of impedance matrix H used for eigenvalue
decomposition is dependent on the number of selected ports
rather than the number of system states, thus this computation
complexity is lower than that of time-domain modal analysis.
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Fig. 10. Flowchart for implementation of the proposed SISA method.
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Fig. 11.  The layout of an 800 MW wind energy system.

VII. SIMULATION VALIDATION

A. System Description

An 800 MW wind energy system is built in the
PSCAD/EMTDC v4.6.3 simulation software to validate the
effectiveness of the proposed SISA, including the stability crite-
rion, oscillation mode shapes and the impedance shaping based
on the participation factor analysis. As shown in Fig. 11, four
strings of 200 MW wind turbine generators (WTGs) are firstly
connected to the 66 kV buses. After stepping up to 220 kV,

1[m] _— Pipe Outer Insulator

" Pipe Inner Insulation

—Inner Coax Cable

108 [mm)]
115 [mm]
121 [mm] ;

36 [m] Pipe Outer Insulator
Pipe
Pipe Inner Insulation

Inner Coax Cable

110 [mm] }
116 [mm
122 [mm] §

(b)

Fig. 12.  Physical parameters and the dimensions of cable for (a) 30km onshore
cable section 1 or 2. (b) 90 km offshore cable section 3 or 4.

the wind power is transported through a 90 km offshore cable
section and a 30 km onshore cable section, and finally, feeds into
380 kV ac grid through onshore transformers.

Different 220 kV cables are selected for onshore and offshore
cable sections. 1200 mm? copper is used as the core conductor
of the onshore cable, while 1200 mm? aluminum is used as the
core conductor of the offshore cable. Their physical parameters
and the dimensions of the onshore and offshore cables used
for frequency-dependent phase modeling are shown in Fig. 12.
The electrical parameters of the cable sections are internally
computed by the PSCAD/EMTDC v4.6.3 tool.

To increase the power transfer capacity, both onshore and
offshore shunt reactors (RT1~RT4) are installed to provide the
necessary reactive power from two ends of the cables. The shunt
reactor is modeled as an inductor Lyt in series connected with
a resistor Ry. In this paper, Lgr = 1.48 H and Rgr = 0.648 ()
are selected.

The detailed electromagnetic transient (EMT) models of
2 MW type3 and typed WTGs from PSCAD/EMTDC knowl-
edge base [40] are utilized, where both the mechanical system
and electrical system are modeled completely including 1) Wind
turbine; 2) Pitch angle controller; 3). Grid-side converter and
controls; 4) Machine-side converter and controls; 5) DC-link
chopper protection; 6). Low pass filters; 7) Transformer; 8)
Scaling component to increase the power level of WTG to model
equivalent WTG strings. The default parameters of WTGs are
adopted in this paper except for the base frequency (50 Hz) and
the base voltage (66 kV).

B. Formulation of Hybrid-Parameter Matrices H , and Hy,

The whole wind energy system is partitioned by the red dotted
line is shown in Fig. 11, and five ports (D)~(5) are selected for
system-level stability analysis. Four strings of 200 MW WTGs
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and the equivalent ac grid are treated as multiple-port system
A, and the rest transmission network is treated as multiple-port
system By,.

The output variables for A,, and B, are selected as

Iziql ‘qul

. -@q? B ‘quz

Xa= lags Xp = Vags (29)
{dq4 ‘iciq4
Vags Tags

Therefore, the hybrid-parameter transfer function matrix of
A, can be formulated accordingly

Ywrs
Ywra

Ywra 30)

where YwTs and Ywmrq are the output admittance of type
3 and type 4 wind turbine strings seen from the 66 kV bus,
respectively; Zg is the equivalent impedance of the 380 kV ac
grid; the rest of non-diagonal elements are zero. Since the wind
turbines are stable when connected to an ideal 66 kV voltage
source, and the equivalent impedance of the AC grid is passive,
no RHP poles will appear in H,.

As for By, it is relatively easier to measure its admittance
matrix Ymatrix, and then transform it into hybrid-parameter
transfer function matrix Hy,. Considering the symmetry of the
B.., the admittance matriX Ymatrix can be formulated as

YiYsYs Y1 Y5

Ys Y Yi Y1 Y5 [Yn Yio

A
= 31
Yo Yzz] ©h

Y.Y.Y Y575 2
Y. Y. Y;Y: Ys
Y6 Yo Yo Yo Yo

Ymatrix =

where diagonal elements Y7 and Y5 are self-admittances while
Y3~Yg are mutual-admittances.

In order to derive Hy, from Y matrix, fOur sub-admittance-
blocks of Ymatrix are defined, which can be expressed as

Y:iYsY, Y,y Ys

| Y3Y1 Y Yy RS
Yll - Y4 Y4 Yl Y3 3Y12 - Y5
Y4 Y4 Yg Y1 Y5

Yo1=[Ys Y6 Yo Ys |, Yoo =[Y9] (32)

Therefore, the hybrid-parameter transfer function matrix Hy,
can be derived as [31]

Y. ~Y11 Y12

1 1 (33)
Y21Y77 Yoo —Y21Y7Y2

Hy =

Since the transmission network only contains passive compo-
nents, no RHP poles will appear in Hy, either.
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C. Black-Box Measurement of Elements in H, and Hy,

An advanced frequency-scanning toolbox is developed to au-
tomatize the measurement of the elements in H, and Hy, | which
can be seamlessly incorporated with the PSCAD/EMTDC soft-
ware environment. The toolbox is modified from the impedance
measurement automation toolbox that was developed for TSO,
of which the accuracy has been verified by the vendor-specific
black-box model of a real MMC-HVDC installation [41].

In this paper, frequency scanning is carried out from 1 Hz to
2 kHz with 160 equal-distance points in the log scale. The mea-
sured frequency responses of Ywrs, YwTa4, Zg,and Y;~Yg in
the global dg-frame at port (1) are shown in Appendix as Figs. 23
and 24, respectively. It should be mentioned that Ywrs, Ywra
are operating-point-dependent [42], therefore they should be
measured at the operating point that is intended for system
stability analysis.

D. Validations of SISA

Substituting the measured results in Fig. 23 into (30), H,
can be obtained; Substituting the measured results in Fig. 24
into (31) and then (33), Hy, can be obtained. After that, the
eigenvalues of open-loop transfer function matrix H = H,Hy,
can be calculated as shown in Fig. 13, where Fig. 13(a) shows
the critical minor loop Ag, while the rest of non-critical minor
loops are shown in Fig. 13 (b), (c) and (d). While both Nyquist
plots and Bode plots can be used to do stability analysis based on
Nyquist stability criterion, the Bode plots can directly provide
the essential frequency information that is needed for SISA, thus
Bode plots are used to do SISO Nyquist stability analysis in this
paper.

According to the most critical minor loop shown in Fig. 13(a),
an oscillation at 27 Hz is expected in the wind energy system,
as the phase margin is close to zero.

Fig. 14(a)~(e) shows the voltage and current waveforms of the
five ports from the EMT simulation, and growing oscillations can
be observed. The beginning 4 seconds of oscillated waveforms
are used for Fourier analysis. and the results are shown in
Fig. 14(f). As seen, the oscillation frequency is around 27 Hz,
which confirms the stability prediction of SISA.

The oscillation mode shapes, i.e., the relative magnitudes and
phases of the voltage and current oscillations at the selected
five ports are calculated according to (16), and are normalized
at port (1), as shown in Fig. 15(a) and Fig. 16(a). As seen,
the voltages and currents have completely different oscillation
mode shapes. For comparison, the FFT analysis results at the
oscillation frequency are also shown in Fig. 15(b) and Fig. 16(b),
which show a good match with the SISA predictions in terms
of both oscillation magnitudes and phase angles. The relative
errors of calculated oscillation mode shapes compared with
the simulated oscillation mode shapes in Fig. 15 and 16 are
calculated as shown in Table II, where the maximum error is
4.71%, which validates the accuracy of the oscillation mode
shapes obtained by the proposed SISA method.

To damp the oscillations, the critical minor loop must be
adjusted to increase its stable margin. According to Fig. 13(a),
the cross-over frequency Ag is approximated to f. = 27 Hz.
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Simulated Voltage Oscillations
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Fig. 15.  Validation of the voltage oscillation mode shapes (a) Calculated results (b) Results from FFT analysis of EMT simulation waveforms.
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Fig. 16.  Validation of the current oscillation mode shapes (a) Calculated results (b) Results from FFT analysis of EMT simulation waveforms.

TABLE II 0 T v -
RELATIVE ERROR OF MODE SHAPES &
Port Voltage Voltage Current Current % =
No. magnitude angle magnitude angle B
1d 0 0 0 0 100 ‘ . |
1q 3.83% 0.95% 3.31% 0.77% 90 T T T
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4d 1.58% 1.41% 4.60% 0.72% <
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Fig. 18.  The shunt shaping admittance at d-axis of port (3).
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o Fig. 19.  The frequency response of shaped critical minor loop.
Accordingly, the participation factors P,g at f, can be calculated
as shown in Fig. 17. It shows that dd components of ports (3) and
(@) have the same and largest magnitude of participation factors, ~diagonal element of Hj, h._s55) is taken as an example to
indicating both of them are dominated oscillation contributors, validate the effectiveness of the participation factor.
can be shaped to damp the oscillation most effectively. In this Assuming an increase of phase margin APM = 10° (i.e., 7/18)
paper, the shaping of dd component at ports (3) (i.e., the fifth atf. =27 Hz is selected as the shaping goal. According to (27),
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Fig. 21. RHP-pole-free portion rule for the scenario when additional active
STATCOMs are installed offshore.

the required adjustment of h,_s 5 at f. can be obtained as g5 =
0.0384 (—28.13 dB) and 05 = —18.2°. With w,; = 0.1"2xf,, the
frequency response of shaping function in (28) can be depicted
as Fig. 18. After adding Ah,_5 5(s) into the dd component of 3rd
diagonal element of (30), the frequency response of the shaped
critical minor loop gain is shown in Fig. 19. Compared with
Fig. 13(a), the phase margin of the critical minor loop at f, =
27 Hz is increased by 9.5°, which matches well with the shaping
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goal. Due to the bandpass filter, the impedance shaping precisely
targets at the frequency range around f, = 27 Hz.

The shaping admittance is implemented in EMT simulation
as follows: 1) sense the three-phase voltages at the port (3), and
transform them into the dg-frame; 2) feed the d-axis voltage
into the transfer function defined by (33); 3) the output of the
transfer function is then transformed back into abc-frame and
controls a shunt three-phase current source that connected at
port (3). In reality, this shaping admittance can be either realized
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by the internal virtual impedance technique in the wind turbine
converters [43] or the external active damper converter [44].
Due to the page limitation, the detailed realization of the shaping
admittance at the converter level is out of the scope in this paper.
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Selected simulation waveforms with impedance shaping are
shown in Fig. 20. As seen, when the impedance shaping is
enabled at 4 seconds, the growing oscillation is damped out
rapidly, which verifies the effectiveness of the proposed partici-
pation factors of SISA in the impedance shaping for system-level
stability enhancement.

E. Discussion on Generality of SISA

In this paper, subsystem B,, only contains passive network
components. In real applications, the active components, such
as STATCOMs, may be used for dynamic reactive power com-
pensation instead of passive reactors RT3 and RT4. In this case,
the RHP-pole-free condition can not be guaranteed for Hy, when
the same output variables in (29) are used. Therefore, minor
loop gains may also contain RHP poles, and their number has
to be examined for each minor loop gain individually, which
complicates the SISO Nyquist stability analysis.

Alternatively, these STATCOMs can also be partitioned from
the passive network just like the WTG strings, as shown in
Fig. 21, which not only simplifies the Nyquist stability analysis
of minor loop gains, and also helps to exam the contribution of
the STACOM:s to the oscillations.

Also, WTG strings are modularized as single units in previous
system-level stability analysis, however, the internal dynamic
interactions among the WTGs within a string can still be further
analyzed by applying the proposed SISA again to the string level.

Take the Type 3 WTG string at port (1) as the example, since
the external interaction at port (1) has been analyzed at the
system level, an ideal voltage source can be used to replace
the rest part of the system for the internal dynamic interaction
analysis. More sub-ports 1.1~1.m can be selected to partition
the WTG strings into m-port sub-systems Cy, and Dy, , as shown
in Fig. 22. Thus, the internal dynamic interactions analysis
can be readily assessed by following the same procedure as
the previous system-level analysis. In this way, the dynamic
interactions at different levels can be analyzed in a hierarchical
way with reduced complexity as no need to address all the
dynamic interactions at all levels at the same time.

Therefore, the proposed SISA demonstrates good generality
for different system configurations and different levels of dy-
namics interactions.

VIII. CONCLUSION

This paper proposes a SISO impedance-based stability anal-
ysis that has great advantages over existing system-level sta-
bility methods by providing additional detailed information of
oscillation mode shapes for a global view of oscillation distri-
bution and the most effective impedance shaping solutions for
system stability enhancement. More importantly, this method
permits the direct utilization of the pure measured black-box
impedances/admittance models. Therefore, it can readily be ap-
plied to the real-life large-scale power electronics-based power
system with great complexity. The simulation results from an
800 MW offshore wind energy system with a realistic complex-
ity confirm the effectiveness of the proposed analysis method.
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APPENDIX

The measured frequency responses of Ywrs, Ywa4, Zg are
shown in Fig. 23, while the measured frequency responses of
Y;~Yg are shown in Fig. 24.
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