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How to Identity Grid-Connected Inverter Stability
Region: A Model-Free Measurement-Based Method

Quansen Rong ', Pengfei Hu

Ying Huang

Abstract—Identifying the stability region of grid-connected in-
verter (GCI) is a critical issue for estimating the operation region
of renewable generation system, since its key grid-interface com-
ponent is the GCI. Due to commercial reasons, grid operators are
unable to ascertain the specific parameters and internal details of
the controller of GCI. The black-box characteristics of the con-
troller, coupled with the real-time variability of operating points of
GCI, are posing significant challenges to the stability analysis of the
system. Regarding this issue, this article proposes a model-free and
low-cost measurement-based method to identify the stability region
of GCI, which is suitable for most practical engineering occasions of
unknown controller details and grid strength. In this method, with
less computational demand, a generalized admittance model of GCI
is established to reduce the required number of preset operating
points. Moreover, we eliminate expensive main-circuit disturbance
sources, replacing them with virtual disturbance injection into the
sampling values of GCI. Besides the grid impedance, different com-
ponents determined by the control loops that make up GCI’s ad-
mittance can be measured separately, which endows the proposed
method with the ability to provide guidance for manufacturers to
optimize control parameters to enlarge the stability boundary of
GCI. The proposed method is a preverified approach that enables
a priori prediction for stable operating points of GCI and early
warning for unstable ones, without admittance measurements at
all operating points one by one. The performance of the pro-
posed method is validated by simulations and hardware-in-the-loop
experiments.

Index Terms—Grid-connected inverter (GCI), impedance
measurement, operating point, stability region, virtual distur-
bance.

I. INTRODUCTION

HE grid-connected inverter (GCI) is of significant impor-
I tance for the integration of renewable energy into the power
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grid, however, the broadband oscillation phenomenon occurs
frequently. The impedance/admittance of GCI is recognized as
a key means of analyzing these unstable cases, and impedance-
based small-signal stability analysis methods have been studied
in [1], [2], [3], and [4], which require detailed impedance the-
oretical models of various converters. The stability of GCI is
influenced by control parameters, grid strength, and its steady-
state operating points. Practically, as commercial secrets, the
manufacturers do not disclose their control information, which
makes GCI’s controller a black box and increases the difficulty
of stability analysis and improvement [5], [6]. In this context,
how to identify the stability region of GCI with completely
unknown control parameters and grid conditions becomes an
urgent problem.

To ascertain the small-signal stability of GCI, obtaining its
impedance characteristics at each operating point is essential.
Currently, the primary-side disturbance-based method has been
widely adopted to obtain the impedance of GCI [7], [8], [9], [10],
in which disturbance signals are generated by the designed actual
devices in the main circuit. The frequency response analyzer
in [7], and the serial voltage injection converter in [8], as well as
the measurement grid-following inverter in [9] to measure the
admittance of GCI, and the broadband harmonic generator sys-
temin [10] to acquire the impedance of four-quadrant converters
in high-speed trains, are the representative implementation cases
of the primary-side disturbance-based methods. However, due to
expensive measurement devices and complex operations in prac-
tice, it remains great challenges to measure GCI’s impedance at
all operating points (AOPs) one by one to identify the stable ones,
which is labor-intensive. Some novel impedance measurement
methods in [11] and [12] that inject disturbances inside the
controller, i.e., secondary-side disturbance-based method, may
help mitigate the measurement cost issue, yet they neglect the
black-box nature of GCI’s controller in practice. Moreover,
although we have proposed a universal impedance measurement
method for converters [13], problems still arise in how to rapidly
acquire GCI's impedance at various operating points to identify
its stability region.

The impedance measurement is performed with a fix op-
erating point of GCI during stable system operation, which
essentially serves as a postevent validation method for stability
analysis, since we have first observed that the system is stable
and then perform impedance measurement to verify it. Thus,
the warning for unstable operating points based on impedance
measurement is generally issued after the fact, rather than early
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warning, which prevents the true significance of impedance
measurement from being fully realized.

Since it is uneconomic and impractical to obtain massive
impedance values within full operating range through primary-
side disturbance measurement, some other mechanism models
and algorithms are adopted to predict the impedance of GCI
and conduct stability assessment. A variable-operating-point
impedance model is established in [14] to analyze the stability
of GCI, where impedance values of several preset operating
points are required to identify the parameters in the proposed
model [15]. Meanwhile, an AOP admittance model of the wind
turbine generator is proposed in [16], which is calculated based
on the polytopic black-box model theory and the measured
admittance values at preset operating points. Furthermore, by
training deep neural network (DNN) with impedance datasets,
research in [17] gives a DNN-based stability evaluation method
to estimate the stability region of GCI, and research in [18]
indicates that the data-driven framework is also applicable to
model-free inverters. By extracting the features of measured
GCT’s impedance profiles, a data-driven-based impedance and
stability prediction method is proposed in [19], which does not
rely on the mapping relationship between operating points and
impedance values. Based on the trained broadband impedance
of individual GCI through the data-driven approach, combined
with system topology and operating point information at each
node, online oscillation assessment of large-scale power system
is achieved in [20]. Besides impedance models, the state—space
model is also applicable for stability region prediction to find the
maximum transferable power of GCI, with less demand for pre-
set impedance measurement data [21]. Moreover, with the novel
digital twin (DT) approach implemented on an edge-computing
platform, the stability of the converter can be evaluated, based
on simultaneous perturbation injections into the physical system
and DT model [22].

In existing studies, to calculate the impedance values at
various operating points and then determine the stability re-
gion of GCI, they mostly adopt the model fitting, parameter
identification and data-driven techniques to find the relationship
between GCI’s impedance and its full operating points, based
on the measured impedance values by primary-side disturbance
method. There exist two significant limitations: firstly, the re-
quired quantity of preset impedance datasets is relatively large
since the impedance model is complicated and nonlinear; sec-
ond, it is a challenging and time-consuming task for impedance
dataacquisition in real world, because actual disturbance devices
are quite expensive with a large size and weight, especially in the
scenarios of high voltage or large capacity. Therefore, alow-cost,
computationally efficient, and practically feasible method for
GCI’s stability region identification is critically required.

To address the above-mentioned problems, this article focuses
on addressing how to identify the stability region of GCI with
low-cost and limited number of measurement operations to
realize the prewarning for system small-signal instability, which
does not rely on the internal information of GCI’s controller or
the grid impedance values. The main contributions of this article
are summarized as follows.

1) The concept of voltage interval division is introduced and

a generalized admittance model of GCI in a comparable
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Fig. 1. Topology of GCI and primary-side disturbance-based impedance mea-
surement method.

voltage amplitude range is established, with which the
number of needed preset operating points to be measured
in advance can be reduced.

2) A model-free measurement-based method to identify the
stability region of GCI is proposed, where disturbances
are injected into the voltage and current sampling values
of GCI, leading to a significant reduction in the cost and
footprint size of measurement equipments.

3) The proposed method enables proactive early warning for
small-signal instability risks of GCI, which can also pro-
vide some guidance for control parameters optimization
to enlarge the stability region of the system, according to
the measurement data.

The rest of this article is organized as follows. The concept
of voltage interval division and generalized admittance model
of GCI are illustrated in Section II. The response mechanism
of GCI under virtual disturbance and proposed stability re-
gion identification method are given in Section III. Section IV
presents the simulation and experimental validations, along with
a comparative analysis of advantages. Finally, Section V con-
cludes this article.

II. ADMITTANCE MODEL ANALYSIS OF GCI UNDER VARIOUS
OPERATING POINTS

A. Primary-Side Disturbance-Based Measurement Method

A typical topology of GClis shown in Fig. 1, where L, C¥, Ry,
and L, are the filter elements, Vg, V; are dc, ac voltages, X, is the
grid impedance, V.. denotes the voltage at the point of common
coupling (PCC), k, is the voltage feedforward coefficient, G; is
the current loop controller. The admittance of GCI, Ygci(s), is
related to control loops, filter parameters and operating points,
referring to [23], that is

fB(V;)ccvll -,S)

Ff(s) + [_Fpll(v;)cca Ilv 8) - KPWMkaud]
Zz(s) + KpwmGi(s — j2m f1)Gia(s)

fa(WViee,I1,5)

Yoei(s) =

ey

where s = j2nf,, f, is the disturbance frequency, Z; is the
filter impedance, I't is related to filter parameters, I, describes
the effect of phase-locked loop (PLL), G4 and G4 represent
sampling delays, f4 and fp are terms affected by control loops,
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as well as voltage and current operating points V.., /1 of GCI,
Iy =14 +jl, and I,4, I, are the d- and g-axis currents. Note
that f4 and fp are both closely related to GCI’s operating
points under different control, although f4 is unrelated under
this control.

Practically, if we obtain an analytical model as (1) with the
premise that all parameters are known, the admittance values
of GCI at full operating range can be acquired easily, and then
the system stability at a certain operating point is determined.
However, control parameters are not publicly available for com-
mercial reasons so that the admittance of GCI needs to be
measured.

In the traditional cognitions, the physical meaning of ad-
mittance is to depict GCI’s external port characteristics and
measurement methods are mostly to utilize actual disturbance
power sources in the main circuit with series or parallel con-
figurations, i.e., primary-side disturbance, as shown in Fig. 1.
Under this disturbance method, Ygci(s) equals the ratio of the
port disturbance voltage to the output disturbance current of GCI
at the disturbance frequency. Based on the basic circuit relations,
following circuit equations are presented to describe the cases
using real current and voltage disturbance sources, Ai, and
Ay, respectively

i1 (fp) = —Yoci(s) - ver (fp) + Alrear ()
it?(.fp) = _YGCI(S) . [UtQ(fp) + AUrea]] 3)

where v;1, 141, U2, and 445 are the disturbance voltage and current
values shown in Fig. 1. Although the measurement mechanisms
of (2) and (3) are simple, the large-scale promotion of actual
disturbance equipments are hindered in practice due to their
high-cost and complicated design.

B. Generalized Admittance Model of GCI

In practice, the output current of GCI in renewable energy
stations may experience significant fluctuations, i.e., 0-1.0 p.u.,
since the variability of the wind and solar energy, while the
voltage amplitude at PCC is generally limited within the range
of 0.9—1.1 p.u. with voltage stability constraints in power system
operation. It can be observed that the voltage fluctuations at
PCC are strictly bounded and can only vary slightly above and
below the rated voltage of the power system. Moreover, PLL
control leads to a complex nonlinearity between the admittance
and voltage operating point of GCI, as Iy in (1). If the voltage
operating point is regarded as almost a constant, this nonlinearity
will be simplified and the computational complexity of the
admittance model of GCI can also be reduced. Thus, we divide
the voltage amplitude of V... into a finite number of intervals,
ie.,

‘/pcce[F17F2a"'7Fi7"'7Fn] (4)

where F; is a set of different operating points characterized by
similar voltage amplitudes, 7 € {1,2,...,n} and n is the total
number of divided intervals, that is

F; = {‘/pcc| AK - (Z — 1) < ‘/pcc — Vinin < AK - Z} (5)
AK = %(‘/max - ‘/min)
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where Viax and Vi, are the maximum and minimum voltage
amplitudes of Vi, AK is the size of the voltage interval.
Assume that the intervals are sufficiently divided, the voltage
operating point within each interval can be approximated as
invariant. Then, (1) can be rewritten as

_ Li(s) + fe(l1, )
Yoar(s)ly, er, = Zi(s) + fa(l1,s)’

The admittance of GCI at different current operating points all
satisfy the form of (6) in each F;, within which they yield
similar voltage amplitudes. Since the admittance of GCI is
related to its voltage operating point, the number of voltage
intervals n and the size of AK determine the error of admittance
calculation. Excessive intervals increase computational load and
the operation of measurement, whereas insufficient intervals
will degrade the accuracy of admittance calculations. Since the
stability boundary of GCI serves as an early warning mechanism,
to reduce the required preset operating points to be measured, n
needs to be minimized within acceptable error limits.

Therefore, through the interval division of the amplitude of
PCC voltage, the original complex admittance mapping problem
with V... and I at the same time, is transformed into a calcula-
tion only with I, thereby resulting in a significant decrease in the
computational burden and measurement operations. Conversely,
if we partition the current operating range into intervals, it
actually requires a greater number of intervals and more preset
operating points.

(6)

III. MODEL-FREE MEASUREMENT-BASED STABILITY REGION
IDENTIFICATION AND EXPANSION FOR GCI

This section will elucidate the response mechanism of GCI
under virtual disturbance, and then a method to estimate GCI’s
admittance values across its entire operating domain by mea-
surement data of a small number of preset operating points is
proposed. Finally, the stability region is identified.

A. Response Mechanism of GCI Under Virtual Disturbance

The secondary-side disturbance-based measurement method
is relatively opposed to the above-mentioned primary-side dis-
turbance, which aims to disturb GCI through its own controller.
From an intuitive perspective, it means that the admittance
measurement can be completed by the converter itself, without
other disturbance sources. To deal with the problem that the
internal information of GCI’s controller is confidential and
difficult to obtain in practice, Fig. 2 illustrates a novel method
that disturbances are injected through the sampling process, not
inside the controller or the external port, where the controller is
considered as a black box and X, is also unknown. For GCI, the
disturbance source is internal rather than from external ports.
Therefore, this article designates this perturbation method as
virtual disturbance.

The equivalent computational model of GCI at the distur-
bance frequency with virtual disturbance injections is shown
in Fig. 3, where u( f;,) denotes the disturbance voltage at con-
verter’s output terminal before the filter, v;(f,) and i.(f,) are
the disturbance voltage and output current at PCC. Based on the
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Fig. 3. Equivalent computational model of GCI with virtual disturbance.

circuit theory, the main circuit equation of GCI is

u(fp) = T'i(s) - ve(fp) + Zi(s) - is(fp)- ()

As Fig. 3, in the main circuit, since there is no actual dis-
turbance sources between the grid and GCI, v.(f,) is equal
to the disturbance voltage on the grid inductance Lg, that is,
v¢(fp) = sLg - i(fp). Then, the main circuit equation of (7) can
be reformulated as

u(fp) = Te(s) - sLg - ie(fp) + Zi(s) - it (fp)
= [Te(s) - sLg+Zi(s)] - it (fp)
= Z{(s) - it(fp) ®)

where Z(s) denotes the equivalent impedance of the filter
with Le. Equation (8) is a simplified form of the main circuit
equation, derived according to the circuit topology under virtual
disturbance injections.

On the control side, it can be observed that the input to
GCI’s controller consists of the sampled disturbance voltage
and current, while the output adjusts the duty cycle of PWM to
control u( fp). Thus, using the harmonic linearization method,
the equation of GCI’s control loops while injecting current
sampling disturbance Adyia [23] can be written as

fA(Ila S) : [Z’tl(fp) + AZ'Virtual}
+ (11, 8) - va(fp) = —ui(fp) 9)

“]7’

where the subscript denotes circuit variables under current
sampling disturbance, and the following subscript “2” will be
employed to represent those under voltage sampling disturbance.
The analysis for virtual voltage disturbance injection is in the
same way, that is

fally,s) - iw(fy) + fB(11,8)

: [Ut2(fp) + A'Uvirtual] = _u2(fp) (10)
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where Awyia denotes the injected voltage sampling distur-
bance. Then, by means of the reorganization of (8), (9), and (10),
we acquire the circuit equations of GCI under virtual current and
voltage disturbance injections, as follows:

— I , .
itl(fp) = Zf/(s)fi(f;(i)l, S) Utl(fp) + Gc(s)szirmal (11)
. _ _fB (-[17 S) .
ZtQ(fp) - Zf/(S) + fA(Il, S) [th(fp) + A’Uvu‘tual] (12)
where
Go(s) —Jally;9) (13)

Z{(s)+ fa(I1,s)

Comparing (11) and (12) with (2) and (3), it can be seen
that the circuit equations of GCI exhibit a extremely similar
structure with primary-side disturbance and virtual disturbance,
while the term in (11) and (12) multiplied by the disturbance
voltage vi( f;) is not the actual admittance Ygci(s), but rather a
part of it. This leads to a fundamental distinction in the response
mechanisms of GCI under the two types of perturbation. It needs
to be clarified that admittance measurement for GCI is typically
performed under steady-state conditions rather than transient
processes to avoid continuous changes of the operating points
during the measurement, regardless of the measurement method
employed.

B. Stability Region Identification of GCI Based on Virtual
Disturbance Measurement

The interaction between GCI’s admittance and the grid
impedance plays a decisive role in the system stability. The
proposed frame of stability region identification is shown in
Fig. 4, including three parts: firstly, the steady-state operation
constraints of the system are derived; then, with the measurement
for several groups of preset operating points based on virtual
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disturbance, admittance calculation of (6) is achieved; finally,
the stability region of GCI is determined and the boundary can
be expanded with the control parameter optimization guidance
of the proposed method.

1) Steady-State Operation Constraints: In practice, if there
are no reactive power compensation devices, PCC voltage am-
plitude will fluctuate when the output current of a renewable
energy inverter changes over time, due to the existence of the grid
impedance. Thus, GCI’s output current needs to be constrained
by voltage amplitude V},.., and the static maximum transmission
capacity of the system, which are both determined by the grid
impedance value X at the rated frequency. Based on the circuit
topology and vector relationship of output current and voltage,
Vpee satisfies the following formula:

(14)

Vi)cc = vaQ - (XgO : Id)2 - XgO : Iq

where I is positive when GCI outputs capacitive reactive power.
Equation (14) shows that Vj,.. will decrease when Iy increases.
Since the transmission active power equals 1.5V,. /g, the active
power that the grid can accommodate has a finite upper limit
value. With the power factor angle ¢, the maximum d-axis
current can be derived as follow [24]:

cos Ve

V2 =2sinp Xgo

By injecting disturbance signals into current sampling values
of GCI, the grid impedance can be measured. Previous study
involves disturbing from inside GCI’s controller [25], with the
principle of measuring grid impedance being similar. After GCI
outputs the disturbed current, a disturbed voltage is generated
jointly on X,. Thus, the grid impedance at each disturbance
frequency f, equals the ratio of disturbance components of PCC
voltage to the output current of GCI under virtual disturbance
injections, that is

Idmax = (15)

vi(fp)
it (fp)

Altering frequency f, enables the measurement of wide-
band grid impedance. Then, through the vector fitting (VF)
method [26] and measured grid impedance data, the value of
Xgo can be acquired. Thus, (14) and (15) are established.

2) Virtual Disturbance-Based Admittance Calculation: For
a certain fixed operating point, with injecting disturbances into
current and voltage sampling values in turn, the admittance of
GCI at this operating point can be measured [23]. Furthermore,
based on the above-mentioned analyzed response mechanism
of GCI, we can acquire the values of G, fa, and fp at this
operating point by solving (11), (12), and (13) simultaneously,
as follows:

Xe(fy) = (16)

fally,s) = —%Z{(S) (17)
fo(ls) = ——2th) __zn0 4 s as)

V2 (fp) + Avyiral

Noted that we are not obtaining the specific analytical ex-
pressions of G, fa, and fp in s domain directly, but rather
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calculating their values sequentially at different f, until covering
the whole frequency band. Then, another preset operating point
in F; is measured as above-mentioned steps and the values of
G, fa,and fp at another operating points are obtained.

With the impedance modeling method of harmonic lineariza-
tion, the order of the current operating point /; is one and there is
no term with a higher order such as 12, which can be confirmed
by the theoretical impedance models of GCI in [23], [27], and
[28]. On this basis, in each F; and the full frequency band, the
theoretical expressions of f4 and fp with I; can be written in
the form of

Fanj2nty) = ao(2nfy) + as(i2nfy) - Iy |
{fgul,j%fi) — boG2mf) + by (2 fy) - 1, 0 Veee € Fi (19

where ag, a1, by, and by denote four coefficients that are related
to the disturbance frequency, control loops and voltage oper-
ating points of GCI. Using the admittance model of (1) as an
example, the specific expressions of the coefficients of f4 in
s domain are that {ao, CLl} = {KPWMGi(S — j27‘(’f1>Gid(S), O},
and a comparable derivation can be conducted for the coeffi-
cients of fp. Thus, based on the calculated values of f4 and fp
at two different operating points, we can obtain four mutually
independent equations and the four unknown coefficients in (19)
and the expressions of f4 and fp about I; at each f, are solved.
Then, the admittance values of GCI in wide voltage variation
range can be acquired as (6) through the union of admittance
expressions in all F;.

Notably, through the interval division of PCC voltage am-
plitude, the proposed method makes individual measurement
results of only two preset operating points transferable to other
operating points for admittance calculation. Based on (19),
within each voltage interval F;, the broadband admittance values
at different current operating points can be derived analytically
from one another, eliminating the need for repeated measure-
ments to obtain them, which provides a foundation for advance
prediction of GCI's small-signal stability across the entire oper-
ating domain.

3) Stability Region Identification and Expansion: With the
approach of disturbance injection into the sampling values,
GCI’s admittance calculation of (6) and the broadband grid
impedance measured by (16) can be obtained simultaneously.
Notably, the admittance of GCI measured by virtual disturbance
is corresponding to the single-input and single-output model
in [29], where the influence of coupling components is included.
Thus, based on the calculated GCI’s admittance at variable
operating points and grid impedance values, the small-signal
stability of the system can be analyzed by Nyquist criterion or
bode plots, i.e., L(f,) = Xo(fp) - Yocr(fp) does not surround
(—1,70) at any disturbance frequency. Finally, the stability
region of GCI is identified along with the operation constraints
of (14) and (15).

In addition, since the measurement methodology based on
virtual disturbance allows for the understanding of the values
of f4 and fp that are relevant to the specific control loops, it
can offer some insights into optimizing control parameters to
expand the original stability region of the system, which will
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TABLE I
SIMULATION PARAMETERS OF GCI

Variable  Value Variable  Value
Ve 311V Ry 0.9 mQ2
Vae 800 V Cy 1 uF
Lg 18 mH G; 31.41,16449/s
Ly 2.5 mH PLL 1.8,600/s
10 T T
0.9pu voltage constraint
5 .
MIO.2) * Mo(12,1.5)%
0r ae— — )-b 4
—_
Stable
< M309.3) Unstable
o M4(12,-4)
~ 5t 4
1ok 1.1pu voltage constraint ~
h Small-signal stability
boundary
-15 : !
5 10 15 20
Iy (A)
Fig. 5. Simulation results of the stability region of GCI identified by the

proposed method, a(14,0), b(16,0), ¢(15,-5), d(17,-5).

be clarified based on the experimental measurement data and
discussed in the following section.

In summary, the proposed measurement-based method is de-
signed for a priori determination of GCI’s stability region with
minimal measurement costs and limited measurement opera-
tions, instead of repetitive admittance measurements at each sta-
ble operating point for after-the-fact verifications. This proactive
stability assessment is achieved by estimating the admittance of
GCI across its entire operating range using measured values
of only a few stable operating points, without acquiring prior
knowledge of the control parameters or grid strength.

IV. VALIDATION OF THE PROPOSED STABILITY REGION
IDENTIFICATION AND EXPANSION METHOD FOR GCI

A. Simulation Verification of Stability Region Identification

In order to exhibit the performance of the proposed method,
we establish a GCI simulation model in PLECS software and the
result calculations are performed by MATLAB. The converter
adopts the control strategy as Fig. 1, and the system parameters
can refer to Table I, in which Ry is the parasitic resistance on
the inductor L.

The stability region of GCI within the constraint of (15)
identified by the proposed method is shown in Fig. 5, where
the black lines are the 0.9-1.1 p.u. voltage amplitude constraint
of (14). The region to the left of the blue small-signal stability
boundary is stable, while the right region is unstable. We divide
voltage operating points into two intervals, (Ve € F1, 0.9-1.0
p.u.) and (Vi € Fy, 1.0-1.1 p.u.) and two groups of preset
operating points corresponding to the two intervals, M1, M2
and M3, M4, are set to be measured.
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TABLE II
EXPERIMENTAL PARAMETERS OF GCI

Variable  Value Variable  Value
Ve 311V Ct 20 uF
Vie 800 V Ry 1Q
L, 18 mH G 3,100/s
Ly 3 mH PLL 5,50/s

Note that the preset operating points can be set arbitrarily
within each Fj, while adopting the operating points with the
median value of the voltage amplitude range as preset operating
points tends to smaller computational errors, since the preset
operating points will exhibit a maximum voltage amplitude
deviation of 0.05 p.u. relative to other possible operating points
within each defined voltage interval. For an operating point,
the single-frequency sinusoidal signal is superimposed with the
current and voltage sampling values respectively, where the
disturbance amplitude is set to 3% of the steady-state value to
avoid the operating point deviation of GCI and maintain stable
system operation. Based on the measured values of f4 and fp
at the operating points of M1 and M2, the coefficients in (19) are
calculated. Repeat the measurement and coefficient calculation
for M3 and M4, and then the admittance of GCI is acquired by
substituting them into (6). By current sampling disturbance, the
grid impedance is measured as (16). Then, through VF method,
the value of X, and steady-state operation constraints (14) and
(15) are determined. Finally, the small-signal stability of GCI is
analyzed.

To validate the accuracy of the predicted stability region, the
simulation waveforms of GCI at several operating points and the
Nyquist plots calculated by proposed method are presented in
Fig. 6. Several frequency points are presented in Nyquist plots,
with each point spaced 2 Hz apart, covering the frequency range
from 166 to 190 Hz. In Fig. 6(a), the d-axis current increases
from 14 to 16 A at 2.0 s, leading to an oscillation phenomenon
due to the impedance interaction between GCI and the power
grid. Note that the computed Nyquist plots exhibit a transition
from not enclosing (—1, j0) to enclosing it, which corresponds
to the simulation results. The stability of the system is correctly
judged by the proposed approach so that the validity of it is
confirmed by simulations.

B. Hardware-in-the-Loop (HIL) Experimental Validation

The HIL experimental platform is shown as Fig. 7, including
RT-BOX, TI28069 control board, oscilloscope and a host com-
puter. The parameters are given in Table II, where the switching
and sampling frequency of GCI are both 10 kHz. Based on the
previous analysis and steps, the broadband admittance values of
GCI at full operating points are measured and calculated. The
experimental results of GCI’s stability region identified by the
proposed method is shown in Fig. 8, where S1, S2 (V.. € FY),
and S3, S4 (V.. € F3) are preset operating points that measured
by current and voltage sampling disturbance injections.

Based on the measured values of f4andfp, Fig. 9 shows the
vector relationship of each part in (6) at point B when the voltage
feedforward coefficient k, equals 0.6, where we decompose
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Fig. 7. HIL experimental platform based on RT-BOX.
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Fig. 8. Experimental results of the stability region of GCI identified by the

proposed method, A(21,0), B(23,0), C(25,0), D(22,-4), E(24,-4), F(25,-4),
G(22,-7), H(24,-7), 1(25,-7), J(26,-10), K(28,-10).

Admittance
optimization

Parameter optimization

Fig. 9. Guidance for admittance optimization when k,, = 0.6 (point B).
Ysei(s) into the sum of Yoon(s) and Ypes(s), i.e.,

Y;:on(s)

B T¢(s)
Yoai(s) = Zi(s) +ffA(I1,S)

Yoes (5)

fe1,s)
Zi(s) + fa(li, s)

where Y., denotes the admittance that PLL effect is ignored,
and Y is named pseudoadmittance which contains transfer
functions of PLL. The purpose of this approach is to reveal the
source of negative damping terms that lead to the oscillation
instability in GCI’s admittance. Since Y}, exhibits strong neg-
ative damping caused by the angle of fp, shown in Fig. 9, Ysc1
is located in the second quadrant (negative damping region) so
that point B is unstable when &, = 0.6, which can be improved
if fp acquires a positive damping component.

For manufacturers who are accessible to their controllers, it is
simple to realize admittance optimization from Ygcy to Ygcr' by
reducing k. It has the same effect as the blue arrow in Fig. 9 and
the mechanism behind is as (1) that the sign of k,, is negative in
the theoretical model of f5 so that reducing k,, can add a positive
damping to fp equivalently. Therefore, changing &, from 0.6 to
0.5, fp canbe optimized to f5’, and then the negative damping of
YGcr is eliminated. The stability boundary of k,, = 0.5 identified
by the proposed method is also shown in Fig. 8, which is indeed

(20)
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Fig. 10. PCC voltage waveforms at different operating points set in Fig. 8 and corresponding Nyquist plots calculated by the proposed method under the cases
of (a)—(c) ky, = 0.6 and (d)—(f) k, = 0.5.(a) A=+ B.(b) D - E.(¢c)G—-H.(d)B—=C.(e)I = F. ()] = K.

extended than before, thereby validating the correctness of the of &k, = 0.6 and (d)—(f) are that of £, = 0.5 . Several frequency
above-mentioned analysis. points are presented and cover 140 to 160 Hz frequency range.

To verify the reliability of the identified stability boundary, the It can be observed that PCC voltage waveform at the operating
PCC voltage waveforms at various operating points set in Fig. 8  point B is stable when k,, = 0.5 in Fig. 10(d), while it becomes
and corresponding Nyquist plots are shown in Fig. 10, where unstable when £, = 0.6 in Fig. 10(a). The minor increase of
(a)—(c) illustrate the stability boundary verifications in the case  voltage feedforward coefficient k, results in a reduction of
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TABLE III
COMPARISON OF ADVANTAGES WITH EXISTING METHODS

Methods [2] [14], [15] [17] [21] [12] Proposed
Controller model White box Black box Black box Black box Grey box Black box
Disturbance position Primary-side Primary-side Primary-side  Primary-side ~ Controller internals ~ Sampling values
Practical measurement High-cost High-cost High-cost High-cost Low-cost Low-cost
Mathematical model Admittance Impedance Impedance State-space Admittance Admittance
Amount of data needed | Model parameters Ten or more points 2000 points Seven points Control types Four points
Calculation complexity | Theoretical model 41 variables Train DNN  Sevenvariables Measured values Four variables
Stability criterion Nyquist Impedance’s zeros Nyquist Eigenvalue Nyquist Nyquist

the stability region of GCI, while the Nyquist plots calculated
by the proposed method can correctly capture this trend. The
close agreement between Nyquist plot analysis and experimental
results robustly validates the methodological efficacy of the
proposed method.

C. Comparison With Existing Methods

The evaluation of the advantages of the proposed approach
relative to existing methods is given in Table III. The detailed
impedance theoretical model needs to know all the control pa-
rameters of GCI and it is only suitable for completely white-box
scenarios. The mainstream techniques primarily rely on the
primary-side disturbance method, exhibiting high costs, oper-
ational complexity, and numerous preset operating points to be
measured. Meanwhile, data-driven and machine learning algo-
rithms demand substantial training datasets that are primarily
accessible via offline simulations, remaining significant chal-
lenges in real-world online data acquisition. Certain advanced
secondary-side disturbance methods necessitate a gray-box con-
troller to inject disturbances inside that the control types of
GCI need to be understood in advance, which does not involve
the discussions regarding multioperating-point impedance mea-
surement. More importantly, methods that repeat the impedance
measurement at each operating point to analyze GCI’s stability
or rely on extensive preset impedance measurement results are
characterized by postevent verification, as more system stability
information has been acquired beforehand.

The proposed measurement-based method eliminates the re-
quirements for the information of GCI’s controller and the
grid impedance, making it particularly suitable for practical
measurement of GCI with a black-box controller. Based on
the novel methodology of sampling disturbance, the acquisi-
tion cost of admittance datasets is minimal with more simple
operations. By interval partition of voltage operating points,
the required amount of preset measurement datasets is reduced,
which consequently leads to less computational demand and en-
hances the efficiency of stability boundary estimation. Stability
conditions at unmeasured operating points can be extrapolated
from measurement results of a few stable operating points of
GCI, enabling predictive stability assessment and instability
early-warning, without online measurements for AOPs. The pro-
posed method overcomes an additional weakness that primary-
side disturbance-based measurement can only yield measured
impedance values without revealing how control parameters

affect them at the same time, which can guide manufacturers
to improve the stability of GCI.

V. CONCLUSION

This article proposed a model-free measurement-based sta-
bility region identification method for GCI, which is a pre-
verified approach that provides early warning for unstable op-
erating points and only a few preset stable operating points
of GCI are needed to be measured. By injecting disturbances
into sampling values, the information inside GCI’s controller
related to the admittance, and the grid impedance are acquired
without high-cost primary-side disturbance equipments. Taking
into account the steady-state operation constraints, this method
exhibits advantages of low measurement cost, wide applicability,
minimal quantity of preset measurement data and low computa-
tional complexity. In addition, the proposed method can guide
manufacturers to optimize its control parameters to enlarge the
stability region.

REFERENCES
[1] Y. Liao and X. Wang, “Impedance-based stability analysis for intercon-
nected converter systems with open-loop RHP poles,” IEEE Trans. Power
Electron., vol. 35, no. 4, pp. 4388-4397, Apr. 2020.
Z. Xie, W. Wu, Y. Chen, and W. Gong, “Admittance-based stability
comparative analysis of grid-connected inverters with direct power control
and closed-loop current control,” IEEE Trans. Ind. Electron., vol. 68,1n0.9,
pp. 8333-8344, Sep. 2021.
M. Z. Mansour, N. Mohammed, M. H. Ravanji, and B. Bahrani, “Output
impedance derivation and small-signal stability analysis of a power-
synchronized grid following inverter,” IEEE Trans. Energy Convers.,
vol. 37, no. 4, pp. 2696-2707, Dec. 2022.
W. Cao, Y.Ma, and F. Wang, “Sequence-impedance-based harmonic stabil-
ity analysis and controller parameter design of three-phase inverter-based
multibus AC power systems,” IEEE Trans. Power Electron., vol. 32, no. 10,
pp. 7674-7693, Oct. 2017.
Y. Li, X. Wu, Z. Shuai, Q. Zhou, H. Chen, and Z. J. Shen, “A systematic
stability enhancement method for microgrids with unknown-parameter
inverters,” IEEE Trans. Power Electron., vol. 38, no. 3, pp. 3029-3043,
Mar. 2023.
N. Cifuentes, M. Sun, R. Gupta, and B. C. Pal, “Black-box impedance-
based stability assessment of dynamic interactions between converters
and grid,” IEEE Trans. Power Syst., vol. 37, no. 4, pp.2976-2987,
Jul. 2022.
J. Liu, X. Du, Y. Shi, and H. -M. Tai, “Impedance measurement of
three-phase inverter in the stationary frame using frequency response
analyzer,” IEEE Trans. Power Electron., vol. 35, no. 9, pp. 9390-9401,
Sep. 2020.
J.Ma, W. Wang, S. Wang, T. Liu, and J. Zhao, “Bidirectional power balance
control of serial voltage injection converter for impedance measurement
of grid-connected inverter,” IEEE Trans. Power Electron., vol. 38, no. 6,
pp. 70697078, Jun. 2023.

(2]

(31

(4]

(5]

(6]

(71

(8]



RONG et al.: HOW TO IDENTIFY GRID-CONNECTED INVERTER STABILITY REGION: A MODEL-FREE MEASUREMENT-BASED METHOD 16789

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

W. Zhou, M. H. Ravanji, N. Mohammed, and B. Bahrani, “Rapid admit-
tance measurement of power converters using double-PLL grid-following
inverters,” IEEE Trans. Power Del., vol. 39, no. 3, pp. 1407-1419,
Jun. 2024.

H. Tao, H. Hu, X. Yang, X. Zhu, and Z. He, “Detailed modeling and
rapid measurement approach for broadband impedance of high-speed
train,” IEEE Trans. Transport. Electrific., vol. 10, no. 2, pp. 3630-3644,
Jun. 2024.

Z. Xie, W. Wu, Y. Chen, S. Cao, and Y. Xu, “Sequence-admittance
measurement method of grid-connected inverter with its control system
disturbance,” IEEE Trans. Ind. Electron., vol. 70, no. 8, pp. 8598-8602,
Aug. 2023.

C. Sun, X. Ding, L. Zhang, H. Guo, and J. Chen, “Self-measurement of
the admittance matrix of AC-DC power converter by internal harmonic
injection,” IEEE Trans. Ind. Electron., vol. 71, no. 2, pp. 1503-1513,
Feb. 2024.

Q. Rong et al., “Asymmetric sampling disturbance-based universal
impedance measurement method for converters,” IEEE Trans. Power
Electron., vol. 39, no. 12, pp. 15457-15461, Dec. 2024.

W. Liu, J. Shair, S. Wu, and X. Xie, “Oscillatory stability region anal-
ysis of black-box CIGs,” IEEE Trans. Power Electron., vol. 37, no. 8,
pp. 8780-8784, Aug. 2022.

W. Liu, X. Xie, J. Shair, and J. Zhang, “Stability region analysis
of grid-tied voltage sourced converters using variable operating point
impedance model,” IEEE Trans. Power Syst., vol. 38,n0. 2, pp. 1125-1137,
Mar. 2023.

7. Zhang et al., “Identification method of all-operating-point admittance
model for wind farms considering frequency-coupling characteristics,” Int.
J. Elect. Power Energy Syst., vol. 158, no. 109953, Mar. 2024.

M. Zhang and Q. Xu, “Deep neural network-based stability region estima-
tion for grid-converter interaction systems,” IEEE Trans. Ind. Electron.,
vol. 71, no. 10, pp. 12233-12243, Oct. 2024.

Y. Li et al., “Machine learning at the grid edge: Data-driven impedance
models for model-free inverters,” IEEE Trans. Power Electron., vol. 39,
no. 8, pp. 10465-10481, Aug. 2024.

Y. Wu et al., “Impedance profile prediction for grid-connected VSCs with
data-driven feature extraction,” IEEE Trans. Power Electron.,vol. 40,n0.2,
pp- 3043-3061, Feb. 2025.

L. Gao, J. Lyu, X. Zong, X. Cai, and M. Molinas, “Online oscillatory
stability assessment of renewable energy integrated systems based on data-
driven and knowledge-driven method,” IEEE Trans. Power Del., early
access, May 08, 2025, doi: 10.1109/TPWRD.2025.3568426.

W.Zhou, N. Mohammed, and B. Bahrani, “Operating-point-parameterized
state-space models of black-boxed grid-following inverters for maximum
transferable active power prediction,” IEEE Trans. Ind. Electron., vol. 71,
no. 12, pp. 16882-16887, Dec. 2024.

S. d. Lopez Diz, R. M. Lopez, F. J. Rodriguez Sanchez, and E. J. Bueno
Peiia, “A digital twin approach for online impedance-based stability analy-
sis of three-phase AC systems,” IEEE Trans. Ind. Electron.,vol. 71, no. 12,
pp. 16845-16856, Dec. 2024.

Q. Rong, P. Hu, Y. Yu, D. Wang, Y. Cao, and H. Xin, “Virtual exter-
nal perturbance-based impedance measurement of grid-connected con-
verter,” IEEE Trans. Ind. Electron., vol. 72, no. 3, pp.2644-2654,
Mar. 2025.

D. Yang, X. Wang, F. Liu, K. Xin, Y. Liu, and F. Blaabjerg, “Adaptive
reactive power control of PV power plants for improved power transfer
capability under ultra-weak grid conditions,” /IEEE Trans. Smart Grid,
vol. 10, no. 2, pp. 1269-1279, Mar. 2019.

Z. Liu, J. Liu, and Z. Liu, “Analysis, design, and implementation
of impulse-injection-based online grid impedance identification with
grid-tied converters,” IEEE Trans. Power Electron., vol. 35, no. 12,
pp. 12959-12976, Dec. 2020.

M. Li, H. Nian, B. Hu, Y. Xu, Y. Liao, and J. Yang, “Adaptive frequency
adjustment method for impedance measurement,” IEEE J. Emerg. Sel. Top.
Power Electron., vol. 10, no. 1, pp. 518-531, Feb. 2022.

W. Wu et al., “Sequence-impedance-based stability comparison between
VSGs and traditional grid-connected inverters,” IEEE Trans. Power Elec-
tron., vol. 34, no. 1, pp. 46-52, Jan. 2019.

L. Hong, R. Tang, Q. Jiang, X. Xie, and Y. Zhu, “Admittance-based sta-
bility analysis of LCL-type grid-connected inverter considering AC-side
and AC-DC frequency coupling effects,” IEEE Trans. Power Del., vol. 39,
no. 3, pp. 1351-1363, Jun. 2024.

C. Zhang, X. Cai, A. Rygg, and M. Molinas, “Sequence domain SISO
equivalent models of a grid-tied voltage source converter system for small-
signal stability analysis,” IEEE Trans. Energy Convers., vol. 33, no. 2,
pp. 741-749, Jun. 2018.

Quansen Rong received the B.Eng. degree in elec-
trical engineering and automation from the Wuhan
University of Technology, Wuhan, China, in 2023.
He is currently working toward the Ph.D. degree
in electrical engineering with Zhejiang University,
Hangzhou, China.

His research interests include the stability analysis
of renewable-energy dominated power system and
impedance measurement of grid-connected converter.

Pengfei Hu (Senior Member, IEEE) received the
B.E. and Ph.D. degrees in electrical engineering from
Zhejiang University, Hangzhou, China, in 2010 and
2015, respectively.

From 2015 to 2016, he was a Power System Engi-
neer with State Grid Sichuan Electric Power Research
Institute, Chengdu, China. From 2017 to 2018, he was
a Visiting Professor with the Department of Energy
Technology, Aalborg University, Aalborg, Denmark.
From 2017 to 2019, he was an Assistant Professor
with the University of Electronic Science and Tech-

nology of China, Chengdu, China. He is currently a Professor with the College
of Electrical Engineering, Zhejiang University. His research interests include
modeling and control of renewable-energy dominated power system.

Yu Cao (Student Member, IEEE) received the B.Eng.
and M.Sc. degrees in electrical engineering from Zhe-
jiang University, Hangzhou, China, in 2019 and 2024,
respectively.

He is currently with State Grid Zhejiang Elec-
tric Power Company Ltd. Hangzhou Power Supply
Company, Hangzhou, China. His research interests
include renewable energy grid connection and control
strategies, and flexible interconnection technology of
distribution network.

Guanxiang Wang received the B.Eng. degree in
electrical engineering from the Hefei University of
Technology, Hefei, China, in 2024. He is currently
working toward the M.Sc. degree in electrical engi-
neering with Zhejiang University, Hangzhou, China.
His research interests include renewable-energy
grid connection and control strategies and impedance
measurement of grid-connected converter.

Ying Huang (Senior member, IEEE) received the
Ph.D. degree in electrical engineering from Zhejiang
University, Hangzhou, China, in 2005.

She is currently a Full Professor with the Col-
lege of Electrical Engineering, Zhejiang University.
Her research interests include high-voltage direct
current (HVDC) transmission and renewable power
integration.

Dr. Huang is a Senior Member of IET and the Na-
tional Committee Member of the HVDC and Power
Electronic Technology Council of CIGRE B4. She

was the recipient of the Outstanding Contribution Award of China Power Science
and Technology in 2018.

Dong Wang (Member, IEEE) received the B.Eng.
degree in electrical and electronic engineering from
the University of Strathclyde, Glasgow, U.K.,in 2014,
the M.Sc. degree in energy and sustainability with
electrical power engineering from the University of
Southampton, Southampton, U.K., in 2015, and the
Ph.D. degree in electrical engineering from the Uni-
versity of Strathclyde, in 2020.

He is currently a Postdoctor Research with Zhe-
jiang University, Hangzhou, China. His research in-
terests include protection and control of direct current
distribution power systems.


https://dx.doi.org/10.1109/TPWRD.2025.3568426


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


