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An Improved Impedance Modeling Method of
Grid-Tied Inverters With White-Box Property

Zhijie Zeng, Huafeng Xiao

Abstract—Small-signal modeling of grid-tied inverters (GTIs) is
an essential work in stability analysis of GTIs-weak grid coupling
system. Different from the previous small-signal modeling meth-
ods of GTIs with black-box property, a reduced-order modeling
method has been proposed in this article to provide an impedance
model with white-box property. First, impedance and admittance
are seamlessly incorporated into the modeling method, where con-
cepts of partial admittances, partial impedance, active power ad-
mittance, and reactive power admittance are especially introduced.
As a result, simplified expressions of impedance model of GTIs
have been obtained with physical interpretations of dg impedances
strengthened. After that, dominated relationships between terms
of GTI’s impedance matrix and its internal physical parts are
explicitly revealed to represent white-box property of the proposed
impedance model. Specifically, the influence and effect mechanism
of feedforward voltage compensation, current controller, phase
lock loop, and power points (I4, 1,) are emphasized based on the
proposed impedance model. Finally, perturbations generated inde-
pendent with PLL are injected into a hardware in-loop experiment
platform, and impedance measurement results are provided to
verify the conclusions drawn from the improved modeling method.

Index Terms—Admittance, harmonic resonance, impedance,
negative resistance, small-signal.

I. INTRODUCTION

ITH the increasing adoption scale of power electronics
W interfaces for renewable energy generations, the tradi-
tional power system featured as synchronous machine is evolv-
ing as power electronics-based power system. As a consequence,
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distribution networks behave with more and more obvious char-
acteristics of weak grid [1]-[3]. Grid-tied inverters equipped
with multiple-timescale controllers are a kind of classical in-
terface units between distributed renewable energy generations
and the grid [4], [5]. The interaction between GTIs and weak
grid easily leads to broadband resonance and harmonic stability
issues, which deteriorate power quality and even endanger the
operation of power system [6], [7].

Analysis methods for harmonic stability of grid-connected
system mainly include state-space approaches and impedance-
based approaches [8]. The state-space approach requires detailed
system parameters, then the small-signal characters can be an-
alyzed based on equations containing interior parameters [9],
[10], which is the representative characteristics of white-box
model. The state-space approaches are generally adopted for
bulk power system with fixed parameters and few generators
[11]. Yet, due to the wide time scale dynamics of power elec-
tronics converters connected into grid, the system order of
state-space model will significantly increase and even lead to
dimension disaster [12]. Furthermore, the white-box model is
non-convenient to verify by measurement, and physical mech-
anism of resonance cannot be revealed by state-space based
stability analysis.

Impedance-based approaches were earlier developed to ana-
lyze the interactions of dc—dc converters for dc cascaded sys-
tem, in which terminal characteristics of converters depicted by
transfer functions are extracted, and thus, the stability analysis
is performed in frequency domain by dividing the whole system
into source subsystem and load subsystem [13]. As operation
parameters of renewable energy generations and modern power
networks change frequently, the impedance-based black-box
modeling approach tends to be more suitable to analyze the
stability of coupling system of GTIs and weak grid [14]. When
the impedance is single-input and single-output (SISO) black-
box model, it not only eliminates the disadvantages of the
white-box model but also has the advantages of the white-box
model by oriented reshaping of impedance [15], [16]. Furtherly,
considering the accuracy limit of SISO model, multi-input and
multi-output (MIMO) impedance modeling approaches have
been deeply investigated [17], [18].

Generally speaking, MIMO impedance models of GTIs can
be classified into sequence impedance model and dg impedance
model expressed in different coordinate [19]. Currently, GTIs are
usually controlled in the dg frame to regulate active and reactive
power exchanged with power grid, therefore, the dg impedance
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Fig. 1. Impedance curves of GTIs with and without FVC.

model is easier to build connections with control blocks of GTIs
[20]. Based on the small-signal model of dynamic error of phase
lock loop (PLL) in [21], Wen et al. [22] established a full-order
dg impedance model for GTTs, and effects of PLL and feedback
control on impedance were analyzed by comparing impedance
curves. This modeling approach was further developed to discuss
influences of grid impedance and filter parameters on the interac-
tion stability of inverters-grid connected system [23]. Because
the three-phase inverter is presented as a coupled dual-input
and dual-output system in dg coordinate, subsequent matrix
calculations weakened connections between impedance terms
and physical parts of GTIs, and thus, it is difficult to find out the
interaction mechanism between GTIs’ parameters and coupling
system stability [24]. In order to avoid multiplex matrix opera-
tions, a simplest dg impedance model was proposed by ignoring
all impedance coupling terms of impedance matrix in [25], butits
application range is limited as it only can be used to analyze the
stability under unity power factor condition [26]. A small-signal
model of the GTI with divided d-channel and g-channel was pro-
posed to improve stability analysis without matrix calculation
in [24], but the relationships between impedance terms and the
physical parts of GTIs had not been revealed yet, which is the
weakness of MIMO black-box model.

In order to build the relationships discussed above, a simpli-
fied small-signal model with enhanced physical interpretation
has been proposed in [27] by reducing matrix calculations and
ignoring part of coupling terms in the modeling process. In
grid-connected system, the feedforward voltage compensator
(FVC) is practically applied to improve the grid-in current qual-
ity under conditions of the grid voltage distorted [28]. However,
the influence of FVC to small-signal model of GTTs has not been
discussed and reported in existing publications yet. As shown in
Fig. 1, the impedance model was exported without considering
FVC while measurement impedance data were obtained from a
real GTI controller with FVC based on hardware in-loop experi-
mental platform. It is obvious that there are significant deviations
between existing model and real objective, especially in the
amplitude-frequency curves of Zg4 and Z4,. The contribution of
this article is that impedance modeling approaches for GTIs with
FVC are proposed and a set of interior-terminal-connections is
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Fig. 2. Grid-tied inverters with feedforward control.

revealed based on the built reduced-order MIMO impedance
model to represent white-box property.

The rest of this article is organized as follows. According
to previous modeling approach investigated in [22], Section II
first presents a full-order small-signal model of GTIs as a
reference of following discussions. After that, a reduced-order
impedance modeling method for GTIs with FVC is proposed,
and thus, a simplified impedance model is obtained in Section III.
Subsequently, the frequency scanning results in experimental
platform are provided in Section IV to verify the proposed
model. In Section VI, the influence of interior physical parts on
terminal impedance is analyzed. Finally, Section VII concludes
this article.

II. FULL-ORDER SMALL-SIGNAL MODEL

As a common structure of commercial 500 kW grid-tied
inverters shown in Fig. 2, the bridge output is connected to grid
by a LC filter and a step-up transformer. It is worth noting that the
feedback signal for current controller (CC) is the filter inductor
current.

An important issue in the connection of power converters to
the grid is the synchronization with the voltage at the point
of common coupling (PCC). The phase-locked loop based on
synchronous reference frame (SRF-PLL) is conventional means.
However, the voltage waveform is prone to be polluted and
unbalanced as consequence of the effect of nonlinear loads
and asymmetrical grid faults, so dual second-order generalized
integrator-based PLL (DSOGI-PLL) is commonly applied to
commercial GTIs.

As shown in Fig. 3, the grid voltage is filtered by two second-
order generalized integrator-based quadrature signal generator
(SOGI-QSG) after transferred from abc frame to o5 frame. The
in-quadrature output signals of the adaptive filter are modeled
by the following transfer functions:

- wosS
D(S)_ 52+wos+w§ (D
2
Qs) = —0 2)

82 4+ wos + wi’
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Accurate small-signal model of grid-tied inverters.

Afterward, the sequence-separated voltage is obtained by cal-
culation, and positive sequence component is applied to generate
reference phase in conventional SRF-PLL for coordinate trans-
formation. Meanwhile, it is worth mentioning that feedforward
voltage includes both negative sequence and positive sequence
as emphasized by red arrows.

The impedance or admittance of the three-phase GTI is basi-
cally a breed of small-signal linearization models for nonlinear
systems [14]. Based on Figs. 2 and 3, given that Au,, 4, denotes
the small-signal voltage at PCC, and Aij 4 is the small-signal
variable of controlled current in the filter inductor, the small-
signal block diagram of GTIs can be described as shown in
Fig. 4.

Similar with definitions in [22], G4 is the transfer function
matrix of digital control delay. Gbrr,, Gprr,, and G¥r1, model
small-signal paths from system voltage to duty cycle control
signal, current and voltage in controller dg frame, respectively.
The current PI controller matrix is G¢.; while the decoupling
term in the controller is denoted as G.. Considering that
the current controller is based on inductor-current feedback
scheme, the inverter-side impedance (Z;) is modeled similar with
L-filtered GTI, so Y, is the admittance transfer function matrix
of filter inductor, and G, is equivalent to minus Y ;, due to the
inverse definition of current direction.

To model the current sampling branch, G1; represents trans-
fer function matrix of low-pass filter, and Gg,y, 1S introduced

Scheme of DSOGI-PLL for phase-lock loop and feedforward voltage compensation.

due to the half-cycle delay in discrete sampling while k;, is the
current sampling coefficient. Symmetrically, Gy, is the transfer
function matrix of low-pass filter in voltage sampling branch, &, ,,
is the voltage sampling coefficient while Kpw )\ is the product
of 1/k;, and a second-order identity matrix.

Moreover, two transfer-function matrices Gy and Gy of
equivalent voltage filters are introduced to model the effect of
DSOGI-PLL. Since expressions G¢; and Gyo in dg frame can
not be derived directly from transfer functions of o3 frame,
a curve-fitted approach was applied to obtain target transfer
functions based on frequency-scan results of DSOGI module. In
the small-signal branch of Gy, the reserved positive sequence
voltage in dg frame can be described by

— __ _56m 33s
Gfl(la 1) = Gf1(2a2) ~ 5456w 524+110s+(1607)2
X . _ —125.6s . _260m
Gfl(]" 2) - Gf1(2? 1) - s2+10071'5+(10071')2 542607
._T707
s+70m

3)

Likewise, the equivalent filter G¢» considering both positive

sequence and negative sequence can also be derived as shown
in the following:

G(l,1) = Gp(2,2) = si%’g,r + 82+2201$1-|(-)?2007r)2
. B 0.4-(2007)? s .
Gf?(la 2) - _Gf2(27 1) T $24+108ms+(2007)2 " 542007
’ s+i47r
“)

As illustrated in Fig. 5, the characteristic of DSOGI in fre-
quency domain is holistically closed to low-pass filter. Due to
that negative sequence component of line frequency is presented
as double line frequency, Gy and Gg differ evidently around
100 Hz. More specifically, G¢; and Gy present as band-stop
filter and band-pass filter in the frequency range around double
line frequency, respectively.

According to Fig. 3, Auy, 44 and Al 44 are featured as excita-
tion and response to each other. When voltage is interpreted as
excitation and current is response, the inverter admittance can be
obtained as (5). Alternatively, the full-order impedance of GTIs
was derived as inverse matrix of admittance [22]

Y = (EQ - GLKPWMGdcl : (GCC2 - Gccl)kigGsamGlpi)71
(YL + GrKpwmGae (G 1 G + Gip1, G
+ (G002 - GCCI)G%LLGH)kvasamGlpv)~ (5)
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Fig. 5. Bode curves of equivalent filter.

It is revealed that the establishment of the full-order
impedance model requires lots of matrix operations including
coupling terms and matrix inversion, which leads to fuzzy
connection between the impedance terms and actual physical
segments. In order to eliminate this deficiency, a method for
establishing a reduced-order model will be discussed in the
following sections.

III. REDUCED-ORDER SMALL-SIGNAL MODELING

Due to the existence of coupling terms in transfer function
matrix, the full-order expressions of impedance terms are com-
plex after lots of matrix multiplication and inverse operations
as shown in (5), which further fuzzes the connections between
external characteristics and internal parameters. Consequently,
reducing matrix operations and simplifying coupling terms are
interpreted as the guideline of proposed modeling method, and
then two assumptions are introduced as following.

Assumption 1: Considering certain effect frequency-bands of
different physical segments, the number of matrices involved in
the calculation can be reduced in the case of focusing on certain
frequency-band. Specifically, itis divided to low-frequency band
(0-20 Hz), medium-frequency band (20-200 Hz) and high fre-
quency band (200-1600 Hz), where 1600 Hz is half of switching
frequency of discussed 500 kW inverters.

Assumption 2: Considering that dominant elements in
most matrices lie in main-diagonal. If amplitude difference of
impedance between the main-diagonal and subdiagonal ele-
ments approaches or exceeds 20 dB, the influence of the subdi-
agonal elements can be ignored.

The order-reduction of low-frequency is first performed. In
order to distinguish the modeling processes of full-order model
and proposed reduced-order model, a schematic diagram is plot-
ted as shown in Fig. 6, where five steps are introduced to derive
individual expressions of elements in the impedance matrix, and
thus, explicit connections can be presented by reduced-order
impedance model.

As the application of assumption 1 and the first step of
reduced-order modeling, matrices are classified into dominant
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matrices and nondominant matrices during low-frequency band,
then the following simplified-admittance is obtained by remov-
ing nondominant matrices:

YS = (EQ - GLKPWM(GC02 - Gccl)kig)71
(YL +GL(Ghry, + Gy
+ (Gcc2 - Gccl)GiPLL)Gsogi)' (6)

Noted that Ggogi is substituted expression of Gy and Gy,
where subdiagonal terms are ignored and the consistent diagonal
term (gsogi) is simplified to a low-pass filter with a certain cutoff
frequency (i.e., 28 Hz).

Second, partial admittances are defined according to the
disintegration of simplified admittance in (6). The first partial
admittance nonrelevant with PLL and another partial admittance
relevant with PLL is shown in (7) and (8), respectively. Referring
to assumption 2, decoupling terms in the controller is negligible
compared with PI controller (#f..), and thus, G2 is removed
from expressions of partial admittances

Yls = (EQ - YLKPWMGcclkig)71 ' YL (7)
— (B2 — Y . KpwmGeerkig)
Y1 (Ghrp + Ghrp — Gt Ghrp)Gosogi- (8)

YZS =

In order to derive individual expressions of partial admit-
tances, related matrices are listed in the following, where 14,
is the fundamental grid-in current’s amplitude in the given
power level, V4, is the fundamental component’s amplitude of
modulation signal in SVPWM, V,,,; is the fundamental voltage
amplitude of PCC. Note that the small-signal models of PLL in
(10)—(12) are simplified after focusing on low-frequency band,
which is derived from original definition of the literature [22]

_[—tfee 0O
Gccl — 0 *tfcc :| (9)
) 10
PLL = | 0} (10)
[0 —Veu
VP
Gy = o (11)
0 v
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As third step, the individual expressions of elements in Yo
[referring to (13)] can be derived through the manipulation on
(®)-(12)

Yodd YpLL-d
Yo = . 13
2 [ 0 Yorr, (13)

More specifically, d-channel admittance and g-channel ad-
mittance introduced by PLL can be described by (14) and
(15), where dominant variables are power points (/4 and /)
as listed in the end of brackets. It is indicated that there is
a positive correlation between the amplitude of Ypy.4 and
the current value of reactive power. Likewise, there exists a
positive correlation between the amplitude of Ypy,.-, and the
current value of active power. Accordingly, Ypr1.-4 and Ypr1.-,
can be defined as reactive power admittance and active power
admittance, respectively

V. k 1,
Yor7_ g = cq P 4 ) geosi 14
PLL-d (Vpd Fogt fon Vpd> Jsog (14)
‘/Cd kvp kvp Id
Yorr o= (222 24 ) gei. (5
PLLa (Vpd kigtfcc M kigtfcc * Vpd Jsog ( )

Considering that /; is a negative value in normal grid-
connected mode, a further look into (15) reveals that phase of
active power admittance will be shaped as 180° during low fre-
quency range. The so-called negative resistor behavior of Ypr1.- 4
will inspire destabilizing effect when dynamically interacting
with the impedance of weak-gird [27].

Notice that subdiagonal terms of Y are originated from cou-
pling terms of the admittance matrix of filter inductor. Referring
to assumption 2, subdiagonal terms of Y;4 are ignored in the
fourth step. Meanwhile, Y5 44 can be integrated with Y7 44, which
is shown in manipulation of the following:

. | Yiaa Yiaq
Algdq - |:qu(1 quq

|:Y1dd +Y2qq O
0 Yigq

Yoi4 Ypri-d
+[ 0 Yprr—g Updg

%

0 Yprr—a
[
(16)

Subsequently, partial impedances (Z; 44 and Z; 4,) derived
from partial admittances are defined and described by following
equations as the result of step 4:

1 k tfeocks;
Zraq = o Apwatlfechiy (17)
Yidqa + Yoqa 1 — Gsogi
1
Zqu = Yi ~ kPWMtfcckig~ (18)
1qq

In the final step, an equivalent equation of (19) is derived
as follows, where partial impedances, active-power admittance,
and reactive-power admittance are synthesized to model the
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connection between small-signal voltages and currents:

1 Zy4dYprL-d } |:Aupd:| _ [Zldd 0 } |:Aigd:|
0 1 + ZquYpLL,q A’U,pq 0 Zqu Aqu ’
(19)

As shown in the following, the impedance expression with
reduced-order was obtained after further manipulation of (19),
which is the result of order-reduction in low-frequency band:

—Z144Z1qqYPLL-
L el B

In the order-reduction of high-frequency band, considering
that the influence of PLL dynamic error on the small-signal
modeling of GTIs disappears, the admittance and impedance
expressions can be simplified to the following according to
assumption 1:

Y = (E2 + YLkPWMGdel(GCCQ - Gccl)kigGsam)71 . YL
(21)

Z =7}, + kpwmkigGaelGsam (Gecz — Geel))- (22)

Furthermore, the application of assumption 2 brings out a
more concise result without coupling terms as shown in the
following:

ks
7~ E2 . (ZL + gkpccgdelgsam) . (23)

Eup

In addition to medium-frequency band, reduced-order ad-

mittance is obtained as (24) referring to assumption 1, and

reduced-order impedance is the inverse of admittance matrix.

Since the subdiagonal terms of matrices in (24) are nonignorable,

the order-reduction based on assumption 2 is not performed in
in medium-frequency band

Y = (E> — Grhpwmkig(Geez — Gee1)) !
(Yr + GL(GE G + Gy G
+ (Geez — Gee1)Gpr,Gi)). (24)

As revealed by the integration of (14), (15), (17), (18), (20),
and (23), individual expressions of elements in the impedance
matrix are obtained, which provides the bedrock of white-box
property analysis. Although the derivation and discussion above
are performed based on a certain current-controlled GTI, it is
worth noting that the principle of simplifying coupling terms and
reducing matrix operation can also be applied to the modeling
of GTIs with different control scheme.

IV. MODEL VERIFICATION

In order to verify the small-signal model of GTIs with FVC
established in previous sections, a real-time digital simulation
(RTDS)-based hardware in-loop experimental platform was
built as shown in Fig. 7. More specifically, hardware structure of
the experiment platform is shown in Fig. 8. The model of power-
stage was established in the commercial software (RSCAD)
of the upper host-computer connected with RTDS racks. It is
worth noting that the controllers were practically applied in
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TABLE I
PARAMETERS OF 500 KW GTIs
Symbol Description Value
Vie Input dc voltage 700V
Veo Line voltage of transformer in primary-side 315V
Val Line voltage of secondary-side 10kV
Laref D channel current reference -800A
Tgref Q channel current reference 0/-600A
15} Line frequency 2n#50rad/s
L Inductance of inverter output inductor 150uH
Cy Capacitance of filter capacitor 80uF
R, Resistance of inverter inductor self-resistor 20mQ
Sfow Switching frequency 3.2kHz
Koce Proportional gain of current controller 0.125
Kice Integrator gain of current control 16
m Time delay due to digital control and PWM 1.5/faw
JeopLL Proportional gain of current controller 0.25
ki Integrator gain of current control 4
Koy Voltage sampling coefficient for control 23
Kig Current sampling coefficient for control 6.3

photovoltaic generation system, so current signals and voltage
signals are transferred by D/A and amplifier to match the input
requirements of the controller’s built-in sampling board. As the
output signals of controller box, the driving timing generated by
SVPWM is sent to RTDS racks after amplitude modulation of
D/D, and all of control signals are monitored by the underlying
host-computer. Moreover, it should be noted that parameters of
500 kW GTIs are shown in Table I, which are also parameters
for analysis in Section V.
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As shown in Fig. 9, the voltage-based injection approach is
used, in which three-phase perturbation voltages are injected at
PCC to excite small-signal current disturbance. Subsequently,
the target data were obtained with voltage and current collected
in a series of interested frequencies. After all quantities are
transformed into dq frame, the small-signal dg impedance char-
acterizes the relationship between small variations of dg voltages
and dg currents in frequency domain, which is expressed by
matrix as shown in the following:

[Aud (w) :| _ [ Zidd (w) Zidq (w) ] [Azd(w) ] (25)
Aug(w) | | Ziga(w) Zige(w) | | Adg(w) |

Since the impedance matrix consists of four unknowns, two
linearly independent sets of perturbations are needed in the
impedance measurement. Previous research has shown that
small-signal perturbations generated dependent on the result of
PLL are prone to nonignorable deterioration of measurement
accuracy [29]. To avoid this issue, a perturbations-generated
approach independent with PLL is adopted in this article.

Considering that three-phase voltages in abc frame are pre-
sented as rotating vectors in dg frame, a set of quadrated
perturbation-voltage vector with the nonrotated characteristic
can be composed as shown in Fig. 10. Noted that virtual syn-
chronous rotation frame in measurement system is introduced as
dy, and gy, while another frame synchronous with PCC voltage
is denoted by dj, and ¢;,. Once the vectors with the same rotation
speed are symmetrical to the d.,, the resultant vectors are ob-
tained as d-axis voltage disturbances in the view of measurement
dgq frame. Furthermore, the g-axis voltage disturbances are com-
posed by changing the phases of perturbation-voltage with fre-
quency and amplitude remained. Though non-synchronization
exists between measurement dg frame and PCC-voltage-based
dq frame, two composed perturbation vectors are still linearly
independent in the view of PCC-voltage-based dgq frame, which
proves that the result of PLL is non-indispensable in the gener-
ation process of perturbation signals.
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TABLE II
CONNECTIONS BETWEEN GTI’S IMPEDANCE AND PHYSICAL PARTS

Impedance Low-frequency band High-frequency band
Zaa CC. FVC Filter, k.. digital control
Zag CC. FVC. 1y . I, Negligible
Zga Negligible Negligible
Zy CcC. I;. PLL Filter. kpec. digital control

After synthesizing the corresponding data of theorical models
and RTDS-based frequency scanning results, the bode plots of
GTIs” impedance in cases of different power points are shown in
Fig. 11. It can be noticed that theoretical models with FVC and
without FVC are over-plotted to simultaneously compare with
RTDS-based laboratory measurement results. Referring to the
matching effect of two models and final measurement results,
large discrepancy between the first group impedance curves and
measurement results verifies the necessity of FVC modeling. On
the contrary, the impedance date extracted from RTDS-based
experiment is well consistent with the second group impedance
curves with exception of Zg, and Z,4 during low-frequency
range. The latter discrepancy results from the sensitivity to small
measurement error in the case that both the real part and the
imaginary part of GTI impedance are close to zero.

V. INTERIOR-TERMINAL CONNECTION ANALYSIS

It is well known that dg impedance is a type of black-box
MIMO model after linearization in synchronous coordinate. In
order to provide impedance model with white-box property, the
proposed reduced-order model is applied to reveal the influence
of interiors and their mechanism. More specifically, connections
between terms of GTIT’s impedance matrix and its physical parts
are clearly revealed, where FVC, CC, PLL, filter, digital control
(sampling delay, calculation delay), and power points (14, I,) are
emphasized as shown in Table II. As transition band between
low-frequency and high-frequency, vague connections around
medium-frequency band were not included in the table followed.

According to derived expressionin (17), the impedance curves
of Z 44 are mainly shaped by PWM coefficient, current sampling
coefficient, CC and equivalent filter of SOGI introduced by FVC.
It is outstandingly displayed by Fig. 1 that VFC leads to drastic
change in the bode curves of Z;4, which can be explained by
the proposed simplified model as comparison performed in the
following.

In the case of GTI controlled without FVC, Y5 44 of (13) is
replaced by zero due to the disappearance of Gv PLL [referring
to (11)] in matrix operation. After that, equations of Z; 44 and
Z1 44 can be rewritten as follows:

Zldd = Zqu ~ kPWMtfcckig~ (26)

By comparison of (17) and (26), the denominator of Z; 44 is
redefined to (1-gsogi) due to existence of VFC, which is also the
denominator of Z;4. Since that the denominator of impedance
equation is approximately redefined from one to zero in the
frequency range under cutoff frequency of gyugi, outstanding
improvement of Z;,’s amplitude-frequency curve is inevitable.
Simultaneously, the positive phase-frequency characteristic of
(1-gs0gi) introduces decreasing of Z;4’s phase-frequency curve.

Likewise, assuming that interesting frequency band is still
focused onto low-frequency range, individual expression of Z;,
is obtained as

. Fpwmt feckig Iy

Zgg ~ 27
da 1fgsogi Id ( )

which indicated that there is close relation between Z ;4 and Z 4.
As consequence of FVC, the higher amplitude of Z;, also brings
out the improvement of Z,,. Additionally, power points play an
important role in the curve-shaping of Z,,. If GTIs operates in
unity-power-factor case, the amplitude of Z 4, is negligible com-
pared with Z ;4. On the contrary, the nonnegligible amplitude of
Z 4, will be increased with an improved reactive-power-current
value.

As the further derivation of (20), a simplified expression of
Z4q1s obtained as shown in (28), which reveals that Z, is mainly
determined by power points, CC and gog; introduced by PLL.
More specifically, its amplitude has a negative interrelation to
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the value of active-power-current but independent to reactive-
power-current. It is worthwhile to point out that /; is negative
during inverter operation mode, but positive in rectifier operation
mode, so negative resistor behavior is only found in inverter
operation mode

Vpdkigt.fcc
(V:sdkvp + Idkigtfcc + kvprd) * Gsogi .

The investigations of previous pieces of literature show that
the frequency range of negative resistor in Z,, was determined
by gprr as shown in (29), where t#fpy, is the PI controller of
PLL [21]-[23]. To provide the bedrock for performing analysis
of negative resistor behavior, bode curves of gg.si and gpr, are
plotted in Fig. 12. It can be noticed that features of low-pass
filter are presented with different cutoff frequencies in those
curves, where larger PLL parameter cases correspond to the
larger cutoff frequency. A further look into the bode plots reveals
that the cutoff frequency of gsoi is the smallest compared with
all groups of gprr,, and thus, the frequency range of negative
resistor is finally determined by gsogi- As a new conclusion
drawn from reduced-order model, PLL parameters may not
affect the frequency range of negative resistance behavior in
the case that PLL is applied with SOGI filter to realize sequence
separation

Zgq = (28)

tfpLL
s+ Vpd . kvp . tfPLL '

In the impedance analysis of high-frequency band, symmet-
rical impedance curves are shaped by the L filter and digital
control referring to (22) and (23). The bode curves of ggel
and gg.n introduced by digital control are shown in Fig. 13,
the amplitude—frequency characteristics will not affect inverter
impedance while the phase-shift effect can significantly shape
the impedance in high-frequency band. Since they are con-
nected in series with the CC, the proportional coefficient of CC
(kpcee) provides a positive resistor component for the inverter
impedance in low-frequency band. However, in high-frequency
band, ky.. will produce negative resistor component under
the effect of digital control, which deteriorates the stability of
inverter-grid connected system.

For example, impedance of GTI with different power points,
different CC parameters and different PLL parameters are plot-
ted in Figs. 14-16, respectively. The drastic variation of Z;q4

gpLL = (29)
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curves only happens in case that CC parameters are changed,
which matches the conclusion drawn from (20). Curves of Zy,
are reshaped when power points and CC parameters are changed,
but nonreshaped with varying PLL parameters, which is in
consistent with the conclusion drawn from (27). As expected
results associated with (28), the amplitudes of Z,, are decreased
with the increasing active-power currents, and bandwidth of
negative resistor behavior was not lengthened or shortened by
changed PLL parameters.
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In addition to Zq, it is ignorable referring to the simplified
impedance expression. Furthermore, impedance curves of Z,4
in Figs. 14-16 reveal that its amplitudes are lowest and nearly
independent with power points, CC and PLL, which supports
the negligibility derived from theorical analysis.

Based on black-box model, the influence of control loops
on impedance is analyzed qualitatively by comparing the
impedance curves with different parameters [22]. Differently,
the influence is quantitatively revealed by derived formulas of
reduced-order model, and thus, the provided white-box prop-
erty advantages the design-oriented analysis and reshaping of
inverter impedance.

VI. CONCLUSION

A full-order dg impedance model of GTIs controlled with
FVC and DSOGI-PLL has been first established and verified
by experimental measurement in this article. Furthermore, a
reduced-order small-signal impedance modeling method for
GTIs was proposed, where individual expressions of elements
in the impedance matrix was derived by reducing matrix op-
erations and simplified coupling terms after focusing on cer-
tain frequency band. Specially, it is found that the impact of
feedforward voltage lies in impedances Z ;4 and Z, featured as
increased amplitude and decreased phase. In the research about
PLL and CC, the increase of PLL bandwidth has no influence on
negative resistor characteristic due to the existence of sequence-
separation, but CC introduces negative resistor component in
high-frequency band under the effect of digital control. Finally,
the improved impedance model with white-box property has
been provided for further research about oriented reshaping of
MIMO impedance and stability improvement of inverter-grid
connected system.
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