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Impedance Adaptive Dual-Mode Control of
Grid-Connected Inverters With Large Fluctuation
of SCR and Its Stability Analysis Based
on D-Partition Method

Ming Li"¥Y, Member, IEEE, Xing Zhang

Hailong Pan, Mingyao Ma

Abstract—The stable operation of grid-connected inverters
(GClIs) with traditional current source mode (CSM) control is
affected by the large fluctuations of short-circuit ratio (SCR) under
weak grids. Improved CSM control enhances the stability of GCIs
under weak grids but remains unstable for very weak grids, while
the stability of GCIs with voltage source mode (VSM) is just the
opposite. Therefore, previous research works have proposed the
impedance adaptive dual-mode control strategy: when the SCR
is large, the GCI is controlled by CSM, and when the SCR is
small, it is controlled by VSM. However, the existing literature
still lacks the analysis of the parameter stability region and mode
switching boundary of GCI in different modes. Therefore, based on
the D-partition method, this article derives the parameter stability
region of GCI in different modes under the constraints of multiple
performance indexes such as phase and gain margin, current-loop
bandwidth and phase-locked loop bandwidth, and the switching
boundaries of CSM and VSM are also proposed. Finally, based on
the grid impedance identification algorithm, the impedance adap-
tive dual-mode control is realized, which effectively improves the
stability of GCI when SCR fluctuates greatly, and the experimental
results verify the correctness of the above analysis.

Index Terms—Dual mode, grid-connected inverter, grid
impedance, short-circuit ratio (SCR), stability analysis, weak grid.

I. INTRODUCTION

ITH the increasing penetration and the decentralized lo-
cation of distributed power generation system (DPGS),
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long-distance transmission lines and multiple transformers are
used to connect the DPGS to the public grid. As a result,
the public grid presents weak grid characteristics with low
short-circuit ratio (SCR) (the ratio of short-circuit level to the
rated capacity of the system) due to the nonignorance of grid
impedance [1]-[3]. In addition, the volatility and intermittency
of new energy generation will also lead to significant SCR
fluctuations, which poses a serious challenge to the stable and
efficient operation of grid-connected inverters (GCIs).

In order to achieve stable DPGS, the control design of GClIs
should be adequately addressed. There are two basic control
modes for GCIs: current source mode (CSM) and voltage source
mode (VSM) [4]-[6]. For CSM-controlled GClI, it is based on
the typical vector control with phase-locked loop (PLL) synchro-
nization technique [7]. The CSM-controlled GCI is widely used
because of its good dynamic response and disturbance rejection
capability [8]. However, it has been reported that the dynamics
of the CSM-controlled GCI becomes more complicated when
connected to a weak grid and undesirable oscillations or sta-
bility issues arise [1], [9], [10]. Some related stability control
strategies have been published, such as adjusting PI controller
parameters or structure [11], adding active damping control [1],
[4], modifying grid voltage feedforward control [12], reducing
the PLL bandwidth [13], etc., these strategies can improve the
stability of CSM-controlled GCI in weak grids to some extent.
However, by constructing a static power transfer model of the
CSM-controlled GCI in the dg-axis coordinate system, Li et
al. [6] found that the output active power of the CSM-controlled
GCI will no longer be monotonic with the grid current command
value if the grid impedance is very large. Therefore, in order to
ensure the stability and sufficient dynamic performance of the
GCI when the grid impedance is very high, an alternative control
mode is required.

As another control mode, a VSM-controlled GCI [6], [14]-
[16] has been proposed. The GCI in this mode controls the output
power of the GCI directly by adjusting the amplitude and phase
of the output voltage without using a PLL system. Its synchro-
nization process with grid frequency and phase is achieved by a
droop-controlled power self-synchronization loop. For example,
Zhang et al. [14] proposed the so-called power synchronization
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Fig. 1. Schematic diagram of impedance adaptive dual-mode control under
large SCR fluctuations.

control that enables the GCI output voltage to be synchronized
with grid phase, and the method has been shown to be a superior
solution for high-voltage dc (HVdc) transmission connected to
very weak ac systems. Yuan et al. [15] investigated the dc-side
voltage stabilization control strategy of a permanent magnet
wind turbine with full-power VSM-controlled GCI under weak
grid conditions. Wu et al. [16] studied the VSM-controlled GCI
based on virtual synchronous generator control and pointed out
that the VSM-controlled GCI exhibited better stability compared
with the CSM-controlled GCI when the grid impedance was
large. Moreover, Li et al. [6] found that if the grid impedance
is small, the damping ratio of the droop-controlled power self-
synchronization loop will decrease, which will lead to its output
active power being prone to oscillation and thus no longer stable.

In summary, the CSM-controlled GCI and the VSM-

controlled GCI have exactly opposite stability characteristics
under different grid strengths. Based on this conclusion, Li et
al. [6] proposed a dual-mode control strategy: in the strong grid,
the GCI operates in the CSM, while in the weak grid, it operates
in the VSM. The schematic diagram of the impedance adaptive
dual-mode control strategy is given in Fig. 1. The strategy uses
a grid impedance identification algorithm to obtain SCR, and
then the GCI adaptively determines whether to operate in CSM
or VSM to improve the system stability under large fluctuations
in SCR. It can be seen that the key of this control strategy lies
in the switching boundary of CSM and VSM. However, [6]
only qualitatively considered the switching boundary of the two
grid-connected modes as SCR=2 according to IEEE Standard
1204-1997, and did not quantitatively analyze the switching
boundary of the two grid-connected modes, nor does it propose a
method to achieve perturbation-free switching between the two
grid-connected modes.

Therefore, the contributions of this article are as follows.

1) A stability control method based on grid impedance adap-
tive dual-mode control of GCI is proposed. The method
effectively improves the stability of GCI under large SCR
fluctuations by perturbation-free adaptive switching of
GCI between CSM control and VSM control.

2) The mode switching boundaries of the proposed dual-
mode control method are obtained quantitatively. In this
article, the D-partition method [17]-[22] is used to obtain
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the parameter stability region of CSM-controlled GCI and
VSM-controlled GCI under the constraints of multiple
performance indexes such as gain margin, phase margin
and control bandwidth, respectively, so as to determine
the stability boundaries between two modes. Compared
with the traditional Routh criterion [23], Bode plot [24],
Nyquist plot [25], and other methods, the analysis results
do not require repeated trial and error, and the parameter
stability region under the constraints of multiple perfor-
mance indexes can be obtained.

The rest of this article is organized as follows. In Sections II
and III, the CSM-controlled GCI and the VSM-controlled GCI
are modeled and their stability are analyzed based on the D-
partition method, respectively, and the switching boundaries
between the two modes under constraints of multiple perfor-
mance index are given. Section IV introduces the grid impedance
identification method and the principle of proposed dual-mode
seamless switching algorithm. The validity of the above analysis
is verified by the 100-kW experimental platform in Section V.
Finally, Section VI gives the conclusion of this article.

II. MODELING AND STABILITY ANALYSIS OF
CSM-CONTROLLED GCI BASED ON D-PARTITION METHOD

A. Modeling of CSM-Controlled GCI

To obtain the small-signal model of the GCI, Sun et al. [26],
[27] proposed the harmonic linearization method to establish
its positive- and negative-sequence impedance models, and the
stability of the typical GCI connected to the grid was studied by
the impedance-based stability criterion.

Fig. 2 shows the main circuit of the GCI in this article. Where
Ve stands for the dc voltage, L1, Ct constitute the LC filter, L
is the inverter-side inductance, and C¥ is the filter capacitance.
Ryq is the passive damping resistance. Lo is the equivalent small
inductance, which represents the line impedance of the ac cable
connecting the inverter to the point of common coupling (PCC).
L, represents the grid impedance. toan. 1s the voltage of PCC.
UCahc 1S the total voltage on Cf and Rq. igabc and iy,apc are the
grid current and inverter-side current, respectively.

The control structure and control block diagram of the CSM-
controlled GCI are shown in Figs. 3 and 4, respectively. In
Fig. 3, ipgrer and irqrer are the d-axis and g-axis components
of the reference current 7y,,¢ in the current loop, csy is the
phase obtained by the PLL according to uoapc. The GCI will
be controlled with the characteristics of a current source, as it
is phase-synchronized to the grid voltage based on the PLL,
and then adjusts the grid current command value to regulate
the power injected into the grid. From Fig. 4, the expression of
transfer function of the output current is

—Uo(8)/Zo_csm(s) (1)

where Gj_csm(s) and Z, csm(s) are the closed-loop transfer
function and the output impedance of the CSM-controlled GCI,
respectively. According to the harmonic linearization method,
G _csm(s) can be divided into positive-sequence closed-loop
transfer function Go_csm p(s) and negative-sequence closed-
loop transfer function G¢1_csm n($), Zo_csm($) can be divided

ig(s) = Gel_csm(8)igret(s)
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Fig. 4. Control block diagram of the CSM-controlled GCI.

into positive-sequence impedance Z, csm p(s) and negative-
sequence impedance Z, csm n(s) [13]. Their expressions are

Ge_csm p(s) = Ge (s — jwo) Ga(s)/Ki

SSL]_LQC + S2L20/KiiGC (S — jWQ)
/ -Ga(s)+s(Ly + Lo)
+Ge (s = jwo) Ga(s)/ Ki

2
Gcl_CSM_n(s) - CTvc (S + jw()) Gd(S)/Kii
§°L1 LyC + s* LyC/KiiGe (s + juwo)
/ ‘Ga(s) + s (L1 + L2)
+Ge (S + ij) Gd(s)/Kii
3

In (2)—(5), Kj; is the sampling coefficient of the current sensor.
C = sCt¢/(sCtRq + 1) represents the equivalent capacitance
of Ry and Cf in series. G.(s)=K, csm + Ki csm/s repre-
sents the PI current regulator. G4(s)=e 5T (1 — e=T) /(sTy)
presents digital control delays [28], where T is the sampling
period of inverter. V; and I; are the amplitude of grid voltage and
grid current, respectively. wy is the rated fundamental angular
frequency. ¢, is the angle between dg-axis modulation voltage.

TprL(s) = \/ng [KppLL + Kipr1/s]/s stands for the transfer
function of three-phase synchronous reference frame PLL (SRF-
PLL), where K,pr1, and Kipr,, represent the PI coefficients of
the PLL regulator, respectively.

The main parameters of the GCI are shown in Table 1.

B. Principle of D-Partition Method

The D-partition (or D-decomposition) method was originally
proposed by Lanzkron and Higgins in 1959 [17]. Shenton and
Shafiei [19], [20] developed the D-partition method in 1994
based on the open-loop frequency response, called the open-
loop D-partition method. As a frequency domain method, the
D-partition method can easily depict the stability boundaries
of the controller parameters without considering the form of
the characteristic polynomial, and thus, can deal with stable
and unstable systems with time delays, which it is difficult
to discuss the roots of the characteristic equations. Also, the
D-partition method can deal with stable regions with certain
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TABLE I
MAIN PARAMETERS OF GCI

Symbol Name Value

P, rated capacity 100 kW

FEn rated grid voltage 220V

wo rated fundamental angular frequency 1007 rad/s

fow switching frequency 16 kHz

fs sampling frequency 16 kHz

LA inverter-side inductance 0.9 mH

Cy filter capacitance 20 pF

Lo grid-side inductance of the AC cable 50 pH

Ry passive damping resistance 0.6

K sampling coefficient of the current sensor 29 p.u.

Kyv sampling coefficient of the voltage sensor 400 p.u.

K gain of inner current-loop P regulator 200 ©

Kypry  integration coefficient of PI regulator of SRF-PLL ~ 0.0012 (rad/s) /V
Kiprr,  proportion coefficient of PI regulator of SRF-PLL  0.0007 (rad/s) /V
Vi amplitude of rated grid voltage 311V

Iy amplitude of rated grid current 212 A

relative stability margins and be used to analyze the stability of
control systems [21], [22].

A typical closed-loop characteristic polynomial of the control
system can be expressed as follows [18]:

p(s;k) = ao(k) + ar(k)s + -+ ai(k)s' + - + an(k)s™.
(6)

Equation (6) is an n-dimensional characteristic polynomial
with s as the variable, the coefficient a;(k) is a r-dimensional
parameter function of k = {k1, ko, ..., k, }, and the parameter
domain is denoted as K. Since the roots of the polynomial are
continuous function of the coefficients [18], the corresponding
relationship between the roots of the characteristic polynomial
and the parameter domain K can be established.

The D-partition boundary is composed of points k£ € K, and
these points satisfy the characteristic polynomial and have at
least one root on the imaginary axis of the s-plane. There-
fore, the D-partition boundary can be composed of p(0; k) = 0,
p(oos k) = 0, p(£jw; k) = 0 [18]

Dy ={keK:p(0;k) =0}
Do ={k € K: p(o0;k) =0} (7
D, ={keK:p(tjw;k)=0,Yw € (0,00)}.

Based on (7), Dy, D+ canbe obtained as ag (k) = 0, a,, (k) =
0, and D,, can be equivalent to
ao(k) — az(k)w? + ag(k)w* — -+ = @)
a1 (k) — az(k)w? + as(k)w* — -+ =

For example, for a unit negative feedback system as shown
in Fig. 5(a), if Go(5)|s=jw = [Kp + Ki/(jw)][a(w) + jb(w)],
then (8) is derived as

w

14 Kpa (w) + Zib(w) =0
{Kpb () — Ka (@) =0. ©
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Fig.5.  Unitnegative feedback system. (a) Without phase tester e~ 7% (b) With
phase tester e 7%

By solving the expressions of K, and K; with respect to w,
it is shown as follows:

a(w)
Ko— —
P a? (w) + b2 (w) (10)
Ki— wb (w)

where w € (0,00), and the boundary of D-partition method
consists of ag(k) = 0, a, (k) = 0, and (10).

In addition, by adding a phase tester e 7% in Fig. 5(a), the
D-partition boundary satisfying phase margin P, can be flexibly
obtained, as shown in Fig. 5(b). For example, if ¢ = P,,, the
D-partition boundary satisfying P, is obtained.

C. Stability Analysis of CSM-Controlled GCI Based on
D-Partition Method

According to the principle of the D-partition method men-
tioned above, the stability region of CSM-controlled GCI meets
desired multiperformance-index constraints can be obtained ac-
cording to the following steps.

Step 1: Obtain the closed-loop characteristic equation of
Gl csm(s), then calculate and plot the values of K, cgwv and
K; csm in K, csm-Ki csm plane when w changes from O to
oo. Finally, plot the curves corresponding to different bandwidth
B,, of current-control loop in K,csm-Kicsm plane.

It will obtain the stability region meeting the requirements of
gain margin G,, > 5 dB, phase margin 30° < P,, < 45° and
control bandwidth 500 Hz < B,, < 750Hz, as shown in the
shaded area in Fig. 6. The PI gains selected in this shaded
area will guarantee the dynamic and steady-state performance
of the CSM-controlled GCI under the ideal grids without grid
impedance. An arbitrary point on the curve, for example (217,
440 000) in Fig. 6, can be selected to plot the Bode diagram
of the open-loop transfer function of the CSM-controlled GCI,
as shown in Fig. 7. It can be found that the P, and G,,, are 3°
and 5 dB, respectively, at this time, which is consistent with the
results of the D-partition method shown in Fig. 6.

Step 2: Obtain stability boundaries under large SCR fluctua-
tions. By selecting the PI parameter points in the shaded area,
the requirements of multiple performance indexes mentioned
above will be satisfied simultaneously. Moreover, the selected
PI parameters will not be changed anymore and will then be
used to analyze the stability of the GCI under different SCR.
According to the impedance-based stability criterion [27], if
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partition method.
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Fig.7. Bode diagram of the open-loop transfer function with PI gains of (217,
440 000) in Fig. 6.

sLgy/Zocsm(s) meets enough phase margin P,,z,, then the
CSM-controlled GCI will be stable. It is worth mentioning that
P,,z, represents the phase margin of the cascaded system of
the CSM-controlled GCI tied to a weak grid with a certain grid
impedance.

It will obtain the values of K}, csm and K;_csm in Ky csm-
K csm plane under different SCRs when w changes from 0
to oo, as shown in Fig. 8. From Fig. 8, the decrease in SCR
causes the curve of P,,,z, = 30° to gradually shrink and the area
satisfying P,,,z, = 30° to become smaller. The 3-D graph of the
curve of P, = 30° under large fluctuations of SCR is shown in
Fig. 9. It is more clearly seen that these contour lines gradually
shrink as the SCR decreases. Moreover, since ignoring negative-
sequence impedance results in a nonconservative approach [29],
Fig. 9 also shows the corresponding curves in the positive and
negative sequences, and it can be seen that the area enclosed
by the corresponding curves of the positive sequence is smaller
than that of the negative sequence, which proves that the positive
sequence system determines the stability of the GCI.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

----- P,.2~30° SCR=2

——— P,;~30% SCR=3

T P,2~30°: SCR=4

G,>5dB
30°<P,<45°
500Hz<B,,<750Hz

I

Ki csw/10°(Q)
3

2r (50, 100000) As SCR decreases,
’ the stability region
o » Shrinks
1 '_,," %
0 Z= " . ‘.‘. .
0 25 50 75 100 125 150
KprSM(Q)

Fig. 8. Corresponding parameter stability region changes when SCR is 2, 3,
and 4, respectively.

20

3 157 44 s¢ T —

a s SCR decreases) \ ——

" 10 - the stability region % —

g shrinks n A i
s4— Positive Sequence | 37:;’ 7300

—— Negative Sequence \ . 200 @
10 ; 100 &
Y
Kicou/10%@) o 0o ¥

Fig.9. Three-dimensional graph of the stability region of the CSM-controlled
GCI as SCR changes from 1 to 20 based on the D-partition method.

In summary, if the PI gains of the CSM-controlled GCI are
(50, 100 000) and P,,z, = 30° under the weak grid, it can
be seen from Fig. 8 that the D-partition curve just intersects
(50, 100 000) when SCR=3. This indicates that SCR=3 is
the critical stability boundary for the CSM-controlled GCI un-
der the multiperformance-index constraints, i.e., G, > 5 dB,
30° < P, <45°,500 Hz < B,, < 750Hz, and P,,z, = 30°.

D. Effect of PLL Bandwidth on the Stability of
CSM-Controlled GCI

Fig. 10 shows the Bode diagram of Z, yvsm p(s) with dif-
ferent PLL bandwidth wpry,. From Fig. 10, the phase margin
P70 = 30° for the CSM-controlled GCI when wpr, = 1 p.u.,
which is consistent with the analytical results of the D-partition
method in Fig. 8. The simulation model corresponding to Fig. 3
is built in MATLAB/Simulink and the output impedance charac-
teristics are swept. The simulation results are shown in the dotted
line in Fig. 10 when wpyr, = 1 p.u. The simulation results are in
good agreement with the model results.

Moreover, the effect of PLL bandwidth wpr,, on the above
obtained stability boundary will be analyzed below. It can
be seen from Fig. 10 that a high PLL bandwidth will cause
Zocsm(s) to be less than —90° within 100 Hz, and P, z, <0 at
this time will directly cause additional low-frequency resonance
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within 100 Hz. This resonance is different from the middle
and high frequency oscillations caused by the PI gains of the
current loop. Therefore, once the effect of high PLL bandwidth
is taken into account, in order to avoid low-frequency resonances
up to 100 Hz, the SCR range of the GCI under CSM control
must be appropriately increased, i.e., the stability boundary of
SCR must be greater than 3. However, in practice, when the
grid changes from strong to weak, the CSM-controlled GCI
often adopts some improved control without switching to VSM
directly, for example, adaptively adjusting the PLL bandwidth
control to attenuate the effect of PLL [13]. Thus the stability
boundary obtained from the previous analysis (i.e., SCR=3)
is the maximum range over which the grid impedance of the
CSM-controlled GCI can operate stably. Once SCR<3, even
with improvement strategies such as reducing PLL bandwidth,
the CSM-controlled GCI will not be able to meet the above
constraints on multiple performance indexes and must switch to
VSM control.

E. Effect of Frequency-Coupling Terms on the Stability of
CSM-Controlled GCI

For the three-phase GCI after considering the frequency-
coupling characteristics, a voltage excitation will not only pro-
duce a current response of the same frequency, but also a cur-
rent response of other frequencies, i.e., the frequency-coupling
phenomenon. This phenomenon has the characteristics of single
input and multiple outputs (SIMO), the output positive sequence
and negative sequence are no longer decoupled, and the tradi-
tional single-input—single-output (SISO) stability criterion is no
longer applicable [30], [31]. In this case, the output impedance
model will be a multi-input-multi-output (MIMO) system, as
shown as follows:

Zon (S — 2jw0)
Zy csM_n (8 — 2jwy)

Zo_csM_p(s)

ZO_CSM (3) = an(S)

Y
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Fig. 11. Bode diagram of the equivalent output impedance at different band-
widths of the dc voltage loop when considering the frequency-coupling term.

where the subdiagonal elements Z,, (s — 2jwp) and Zy,p(s) are
the frequency-coupling terms.

Because of the existence of the frequency coupling, the sta-
bility analysis of the impedance model should usually use the
generalized Nyquist criterion, but this method will not be able to
determine the potential resonance points. Therefore, considering
that the stability of a MIMO system is an inherent property of
the system, independent of the number and value of its input
and output signals, Vieto and Sun [30] reconstructs a MIMO
system to several decoupled SISO systems, pointing out that
the frequency-coupling terms can be regarded as an additional
parallel impedance added to the output impedance impedance,
and the stability can be determined using the traditional Nyquist
criterion.

The detailed output impedance model of the CSM-controlled
GCI is derived in [30], and it pointed out that in the lower
frequency band, the frequency-coupling term and the impedance
on the main diagonal are comparable in magnitude. Therefore,
the effect of frequency-coupling effect is not negligible, and the
degree of influence is related to the control bandwidth of the
dc voltage loop. Fig. 11 shows the Bode diagram of the equiv-
alent output impedance Z,(s) at different bandwidths of the
dc voltage loop wq. when considering the frequency-coupling
terms. From Fig. 11, the larger wq., the greater the effect of
frequency-coupling on the impedance of the low-frequency
band, while it does not affect the impedance of middle and high
frequency bands. When SCR=3 and wqy.=1 p.u., the impedance
effect of frequency-coupling on the low-frequency band does
not intersect with the amplitude curve of the grid impedance,
and the phase margin P, z, = 30°, which is consistent with the
analysis results when the frequency-coupling term is ignored
in the Section II-C. The reason is the above obtained stability
boundary of the CSM-controlled GCI is under the constraints
of multiple performance indexes such as gain margin, phase
margin and control bandwidth, which are directly related to the
current-loop PI parameters of the CSM control. The bandwidth
of the current loop is usually much larger than the control
bandwidth of the dc voltage loop, so as long as the control
bandwidth of the dc voltage loop is not too large (e.g., wg.<1
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Fig. 12.  Schematic diagram of the network structure of the impedance-

coupling model.

Equivalent positive sequence impedance

Fig. 13.  Decoupled positive-sequence impedance model.
Vi(s) ,L L(s)
> > 1/Z, csm_n(s-2jcwo) Zgn(s-2jo) ——>
1/Zn(s-2jw0)
1/Zy csm p(8)]
Equivalent negative sequence impedance
Fig. 14.  Decoupled negative-sequence impedance model.

p-u.), the frequency-coupling term will not affect the validity
of the analysis results in this article. Moreover, once a larger
control bandwidth of the dc voltage loop is adopted, to avoid
the low-frequency resonance due to the frequency coupling, the
stability boundary of the CSM-controlled GCI obtained from
the previous analysis in Section II-C also needs to be increased
appropriately, i.e., the SCR must be greater than 3, and then the
GCI must be switched from CSM control to VSM control. In
addition, according to the conclusions in [30], the D-partition
method can be applied to the MIMO system, and the reasons are
described as follows:

From (11), the schematic diagram of the network structure
of the impedance-coupling model can be obtained as shown in
Fig. 12. A decomposition of the loops in Fig. 12 can transform
this impedance-coupling model into the decoupled positive- and
negative-sequence impedance models, respectively. As shown
in Figs. 13 and 14, the equivalent positive-sequence impedance
and negative-sequence impedance can be obtained. Therefore,
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Fig. 16.  Control block diagram of the VSM-controlled GCI.

the stability of the MIMO system (i.e., the impedance-coupling
system) can be determined directly by the impedance-based
stability criterion [27]. According to the implementation steps
of the D-partition method introduced in the Section II-C, the
expression between the controller parameters and the frequency
w will be obtained by solving the characteristic equation of the
impedance-ratio transfer function. Finally, the stability bound-
aries as w increases from 0 to oo will be plotted, and the area
enclosed by these boundaries and the coordinate axes will be the
stability region of the MIMO system.

III. MODELING AND STABILITY ANALYSIS OF
VSM-CONTROLLED GCI BASED ON D-PARTITION METHOD

Similar to Section II, a mathematical model of the typical
control topology of the VSM-controlled GCI in a weak grid will
be constructed, and its stability boundary with the constraints
of multiperformance index under large SCR fluctuations will be
obtained based on the D-partition method.

A. Modeling of VSM-Controlled GCI

According to [6], [32], the control structure and control block
diagram of the voltage-controlled GCI are illustrated in Figs. 15
and 16, respectively. In Fig. 15, the main circuit of the GCI
is same as Fig. 2. ucgrer, Ucqref are the d-axis and g-axis
components of the reference voltage ucaberer in the voltage
loop. fysn is the phase obtained by the droop-controlled power
synchronization loop according to Ugabe and igane, and the
output power of the VSM-controlled GCI is changed by shifting
the droop curve. From Fig. 16, the expression of the transfer
function the output voltage is as follows:

Uo(s) = Gervsm(8)ucrer(5) — ig(s)Zo_vsm(s)  (12)
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where G vem(s) and Z, yvsm(s) are the closed-loop trans-
fer function and the output impedance of the VSM-controlled
GClI, respectively. G vsm(s) can be divided into positive-
sequence closed-loop transfer function G vsm p(s) and
negative-sequence closed-loop transfer function G vsm n($),
Zo vsm(s) can be divided into positive-sequence impedance
Z, vsM_p(s) and negative-sequence impedance Z, yvsm n(S).
They are expressed as follows:

GeovsM_p(s) = Gy (s = jwo) KcGa(s)/ Ky
cl_VSM_p $2L1C + sCK.Gq(s)/ Ky + 1
+Gy (s — jwo) KcGa(s)/ Ky
Gy (s + jwo) KcGa(s)/ Ky
(14)
s2L,C + SCKch(S)/Kﬁ +1
G (5 + ) KeGa(9)) Ko
Zo_vsM_p(s) = sLa+
sLi + Kch(S)/Kii

13)

Ge_vsma(s) = {

(15)
s2L1C + sCK.Gq(s)/ Ky
+Gy (s — jwo) KcGa(s)/Kyy + 1
ZofVSM?n(S) - 3L2+
sLi+ K.Ga(s)/ Ky (16)

L0+ sCK.Gq(s)/ Ky .
+G, (S + jw()) Kch(S)/va +1

In (13)-(16), K is the sampling coefficient of the voltage
sensor, K is the gain of inner current-loop proportional (P)
regulator. Gy (s)=K, vsm + K vsm/s represents the outer
voltage-loop PI regulator.

B. Stability Analysis of VSM-Controlled GCI Based on
D-Partition Method

Similar to CSM-controlled GCI, the stability region meet-
ing the requirements of gain margin GG,, > 5 dB, phase mar-
gin 30° < P,,, < 45° and control bandwidth 2500 Hz < B,, <
2550 Hz will be obtained, as shown in the shaded area in Fig. 17.
It is worth mentioning that the VSM control shown in Fig. 16
uses direct voltage command feedforward control, which can
effectively increase the control bandwidth of the voltage loop.
An arbitrary point on the curve, for example (0.05, 3223) in
Fig. 17, can be selected to plot the Bode diagram of the open-
loop transfer function of the VSM-controlled GCI, as shown in
Fig. 18. From the Bode plot, it can be found that the P,,, and G,
are 30° and 5 dB, respectively, at this time, which is consistent
with the results of the D-partition method shown in Fig. 17.

Different from the CSM-controlled GCI, it can be seen in
Fig. 19 that the decrease in SCR causes the curve of P,,z, =
30° to gradually expands and the area satisfying P,,z, = 30°
to become larger. The 3-D graph of the curve of P,,z, = 30°
under large fluctuations of SCR is shown in Fig. 20. It is more
clearly seen that these contour lines gradually expand as the
SCR decreases. Fig. 20 also shows the area enclosed by the
corresponding curves of the positive sequence is smaller than
that of the negative sequence, which also proves that the positive
sequence system determines the stability of the GCIL.
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Fig. 17.  Stability region of VSM-controlled GCI meeting the requirements of
G, > 5dB, 30° < P, <45°, and 2500 Hz < B,, < 2550 Hz based on the
D-partition method.
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Fig. 21.  Bode diagram of Z, vsm_p(s) when PI gains are (0.05, 3223).

To verify the correctness of Fig. 19, when the PI gains are
(0.05, 3223), the Bode diagram of Z, vsm p(s) is obtained
as shown in Fig. 21. It can be seen that the amplitude curves
of the output impedance and the grid impedance at SCR =
11.9 intersect in the middle and high frequency bands, corre-
sponding to a phase margin of P,, 7, = 30°, which is consistent
with the analysis results of the D-partition method described
above. The simulation model corresponding to Fig. 15 is built
in MATLAB/Simulink and the output impedance characteristics
are swept, and the results obtained are represented by the dotted
lines in Fig. 21. The simulation results agree well with the results
of the mathematical model, which verifies the correct modeling
of the VSM-controlled GCIL.

In summary, if the PI gains of the VSM-controlled GCI are
(0.05, 3223) and P,,z, = 30° under the weak grid, it can be
seen from Fig. 19 that the D-partition curve just intersects (0.05,
3223) when SCR is 11.9. This indicates that SCR=11.9 is the
critical stability boundary for the VSM-controlled GCI under
the multiperformance-index constraints, i.e., G,,, > 5 dB, 30° <
P,, <45° 2500 Hz < B,, < 2550 Hz, and P,, 7, = 30°.
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Fig. 22.  Schematic diagram of poles of the droop-controlled power synchro-

nization loop gradually moves away from the real-axis as SCR increases.

C. Effect of the Droop-Controlled Power Synchronization
Loop on the Stability of VSM-Controlled GCI

Different from the CSM-controlled GCI, the VSM-controlled
GCT uses a droop-controlled power self-synchronization loop
to achieve synchronization with the grid voltage phase [6].
Moreover, an additional low-pass filter (LPF) with a lower
cutoff frequency is usually required for the harmonic compo-
nent of the instantaneous electromagnetic power in the power
self-synchronization loop. This LPF weakens the dynamic re-
sponse speed of the power synchronous loop, resulting in a
large difference between the bandwidth of this power loop and
the bandwidth of the voltage and current inner loop. In other
words, when analyzing the stability boundary of GCI controlled
by VSM, it can be considered that the power loop and the
voltage and current inner loop are mutually decoupled: the influ-
ence of the power self-synchronization control on the stability
boundary of the VSM-controlled GCI is in the low-frequency
band, while the voltage and current inner loop is in the middle-
and high-frequency band. Therefore, the ratio of the output
impedance based on the voltage and current inner loop to the grid
impedance determines the stability of the VSM-controlled GCI
in the middle and high frequency bands, while the stability in the
low-frequency band can be determined by establishing a small-
signal model between the power loop and the grid impedance.
According to [6], the trend of the poles of the closed-loop
characteristic equation of the power loop with increasing SCR
can be obtained as shown in Fig. 22. It shows that as the SCR
increases, the poles gradually move away from the real axis
and their damping ratio ¢ gradually decreases. For example,
when SCR=19, ( is only 0.1. Due to the insufficient damping
ratio, the VSM-controlled GCI will have power underdamped
oscillations when the power is disturbed. And, if the current
protection threshold is too small, overcurrent protection will
occur easily. The experimental results in Fig. 37 will verify this
conclusion.
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Fig. 23. Three-dimensional graph of the stability region of the VSM-
controlled GCI as SCR changes from 1 to 20 based on the D-partition method
for different K.
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Schematic diagram of the proposed dual-mode seamless switching

D. Effect of Inner Current-Loop Gain on the Stability of
VSM-Controlled GCI

In the following, the effect of the inner current-loop gain K.
on the stability of the VSM-controlled GCI will be analyzed.
The 3-D graph of the stability region of the VSM-controlled
GCI as SCR changes from 1 to 20 based on the D-partition
method for different K. is shown in Fig. 23. As can be seen, the
smaller the K ., the smaller the stability boundary value obtained,
for example, when K.=1.25 p.u., the stability boundary value
SCR=13.5 is obtained; when K =1 p.u., it drops to SCR=11.9;
when K.=0.75 p.u., it further drops to SCR=9.1.

i =
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IV. DUAL-MODE SEAMLESS SWITCHING ALGORITHM
BASED ON FUNDAMENTAL-FREQUENCY
GRID-IMPEDANCE IDENTIFICATION

A. Fundamental-Frequency Grid-Impedance Identification

According to [33], it is known that the grid impedance L,
at the fundamental frequency can be used to reflect the value
of SCR. As the grid impedance at the fundamental frequency



14430

Grid
Simulator

| Relay Cabinet

Grid-Connected
Inverter

1

|-

Grid-Co
Inverters

d

i

—+ DC Sources |-

Inductors (Grid
Impedance)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

Zoomed-in View of t-t; 10ms/div
7N N y
NEVA VA URVA U VA SRVA
g \ ;/ \ ’// \ / \\ / '\ /
N/ N/ \ / / \ /
% \\/ \\,,/ \ \v/
Fig. 33.  Zoomed-in view of period to — t3 of the experimental waveforms

shown in Fig. 31.

10ms/div

Fig. 34.

Zoomed-in view of period t3 — t4 of the experimental waveforms

Fig. 30. Photograph of the 100-kW experimental platform.
Grid Impedance L, ﬁ 5s/div
(@A.6mH/div) | ~~a i
Control Mode Flag(0:CSM; 1:VSM)
et i
Capacitor Voltage ucap (5;00V/div)
Grid Current iy, (200A/div)
t 1 t‘z 1;3 t.4 l;s iﬁ t7
Fig.31.  Experimental waveforms of the dual-mode combined control strategy

when SCR fluctuates greatly.

Zoomed-in View of #-1, 10ms/div

Fig. 32.

Zoomed-in view of period ¢1 — t2 of the experimental waveforms

shown in Fig. 31.

shown in Fig. 31.

10ms/div|

Zoomed-in View of #4-t5

Fig. 35.
shown in Fig. 31.

Grid Current iz, (100A/div)
N

Zoomed-in view of period t4 — t5 of the experimental waveforms

2s/div

Fig. 36.
high PLL bandwidth when SCR is reduced from 23 to 5.

Experimental waveform of GCI with traditional CSM control with




LI et al.: IMPEDANCE ADAPTIVE DUAL-MODE CONTROL OF GRID-CONNECTED INVERTERS

0.4s/div

Output Power | // ) SCR=3
P(75kW/div) Ty
GridCurrent_ v H. ||”§ |||\§ ||||E ||\|? i
i2(200A/div) | i !

L 04s/div

Output Power
P(75kW/div)

Grid Current |
ia(200A/div) T ]

SCR=108

0.4s/div
Output Power |
P(75kW/div)

Grid Current
iga(200A/div)

Fig. 37.  Experimental waveforms of power step response damping of VSM-
controlled GCIs under different SCR.

increases, the sensitivity of the voltage amplitude of the ac
system to power variations will become more and more sensitive,
and the corresponding SCR will be smaller [14]. Therefore, the
fundamental-frequency grid impedance Z;,(s) and its expres-
sion for the corresponding SCR can be defined as

Zgn(s)=sLyp1, SCR = S,./S1 17)

where S, is the short-circuit capacity of the ac grid, S is the
power generation capacity of the single GCI, and p; is the ratio
of the power generation capacity of the single GCI to its rated
capacity [33]. Therefore, the equivalent fundamental-frequency
grid impedance from the perspective of the single GCI in a NV
multi-inverter system will be Z, oq(s)= vazl (sLgpi), and the
SCR of this multi-inverter system is

SCR:ZZQ‘)((SS)),\bSCR:N‘SLW1 e 1)
2 (sLaps) ™

For the method of identifying the grid impedance at the funda-
mental frequency, this article uses the steady-state technique of
injecting an inter-harmonic voltage of 75 Hz at a frequency close
to the fundamental frequency [34]. The response of the corre-
sponding harmonic current and voltage to the grid impedance
is measured by a novel algorithm proposed in this article, as
shown in Fig. 24. Then, the CPU unit executes both CSM and
VSM control algorithms and gives the grid impedance value.

The reason why interharmonic injection is used is as follows:
since the existing harmonics on the grid do not coincide at the
frequency of the interharmonic voltage injection, the effect is
minimal, and it has the advantage of using a low signal level for
the measurement.

The harmonic extraction method shown in Fig. 24 is described
in detail: to eliminate the effects of the fundamental component
of the grid voltage and multiple high-frequency background
harmonics on the accuracy of the 75 Hz interharmonic voltage
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and current response, a scheme based on the multiple complex
coefficient filters (MCCF) [35] combined with the recursive dis-
crete Fourier transform (RDFT) [36] is proposed in this article,
as shown in Fig. 24. The algorithm can ensure the processing
speed of high-frequency harmonics through the MCCF control
and achieve the suppression of the background harmonics of the
grid voltage. While the RDFT updates the sampling in real time
to ensure the identification accuracy and dynamic performance
of the grid impedance at the fundamental frequency.

It is worth stating that obtaining grid impedance charac-
teristics other than the fundamental frequency is undoubtedly
useful for GCI control [37], but since the fundamental grid
impedance determines the SCR, accurately determining the grid
impedance over a wide frequency range will provide too much
data than is actually needed. This determination of fundamental
grid impedance does not require any special hardware, and the
measurement process can be controlled, it is very convenient to
determine the SCR values used in this article.

B. Dual-Mode Seamless Switching Scheme

In this article, a seamless dual-mode switching scheme be-
tween CSM and VSM is proposed, as shown in Fig. 25. The
scheme takes into account that both modes have an internal
current loop and can be switched without interference as long as
the amplitude and phase of the current loop reference values are
the same at the moment of mode switching. The specific process
of switching implementation is as follows.

1) When all selector switches in Fig. 25 are switched from 1
to 2, GCI will switch from CSM to VSM.

a) Current Phase Synchronization: The VSM-controlled GCI
adjusts its own output voltage amplitude U,4 and phase fvem
through a presynchronization control link to track the amplitude
and phase of the grid voltage in real time to achieve synchro-
nization of the reference current phase between the CSM and
VSM.

The expressions of the control algorithm for amplitude and
phase synchronization are shown as follows:

{Awsyn = (fcsm — Ovsm) - Ko, /s

19
AUsyn = (UCd - Uod) : KU/S (19

where Awgy,, is the phase synchronization increment super-
imposed on the grid frequency wgy, AUy, is the amplitude
synchronization increment superimposed on the grid voltage
amplitude, and K, and Ky are the integral coefficients of the
phase and amplitude synchronization control loop, respectively.
b) Current Amplitude Synchronization: Since there may be a
difference between irgrer csm and ip4rer vy at the moment
of switching, in order to prevent sudden changes in the current
command when switching from CSM to VSM, the GCI obtains
the mode switching command by first using irgrer csm and
ILdref_vsM as the initial and final values of the numerical slow
starter, respectively, and after the adjustment of the numerical
slow starter. The mathematical expression of this process is

T
ILdref_VSM = TLdref_CSM + / Ay, qdt (20)
0
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TABLE II
COMPARATIVE STABILITY OF CSM-CONTROLLED GCI AND VSM-CONTROLLED GCI

Control mode of the GCI CSM VSM
SCR range with different | P,,z, > 30° SCR > 3 1 <SCR <11.9
phase margin P70 > 45° SCR > 3.4 1<SCR<9
Variation trend of stability region Stability region shrinks as SCR Stability region expands as SCR
under SCR variation decreases decreases

Influence of phase synchronization control
on the stability of the GCI

High PLL bandwidth will cause
the low-frequency resonance in
weak grids

Droop-controlled power synchronization
loop will cause the low-damping ratio
in strong grids

where T is the slow start time from the initial value
to the final value, Aipg is the step size, and Aipg =
(iLdref vSM — iLdrer_csm)/T. Make ipgrer csm  gradually
change to ir4ref_vsm, then the slow start is over, at this time
TLdref CSM='Ldref vSM, the switch will be switched from 1 to 2,
to ensure smooth switching from CSM to VSM. The equivalent
block diagram after switching from CSM to VSM is shown in
Fig. 26.

2) When all selector switches are switched from 2 to 1, GCI
will switch from VSM to CSM.

a) Current Phase Synchronization: The output voltage phase
Ovsm of GClis clamped by the phase angle of the grid when GCI
is under the VSM control, therefore, the phase in the process of
switching from VSM to CSM is seamless.

b) Current Amplitude Synchronization: Compared with CSM
control, VSM control has an extra voltage outer loop. In order
to avoid the continuous integration of the voltage outer loop
after VSM is switched to CSM, freeze the output of the voltage
outer-loop PI regulator by setting the input of the voltage outer-
loop PI regulator equal to 0, i.e., Upq = Ugrer. At this time, the
output of the voltage outer-loop PI regulator is kept as the value
at the moment of mode switching, which is used as the current
synchronization reference value when switching from CSM to
VSM next time, thus avoiding the disturbance at the time of
mode switching. The equivalent block diagram of PI regulator
output latching after VSM switching to CSM is shown in Fig. 27.

C. Switching Flow Chart of Impedance Adaptive Dual-Mode
Control

According to Sections Il and III, the results shows the comple-
mentary stability region variation trend of the CSM-controlled
GCI and VSM-controlled GCI under the SCR variation. In
addition, by increasing the requirements of phase margin P, z,,
the stability range of the GCI under the control of these two
modes will be decreased. Table II compares the stability of the
GClTs in the two control modes in detail.

Based on the stability boundaries of the CSM and VSM shown
in Table II, the mode switching process shown in Fig. 28 can be
obtained. From Fig. 28, it is clear that the dual-mode switching
process constitutes a hysteresis loop, which ensures that the
CSM and VSM switching process will be jitter-free.

Fig. 29 shows the switching flow chart of impedance adaptive
dual-mode control. The CSM-controlled GCI has the following
two control cases.

1) Traditional CSM control refers to the absence of improved
strategies such as active damping control, modified grid
voltage feedforward control, and reduced PLL bandwidth,
etc. This control strategy enables efficient and stable op-
eration of GCI in strong grids.

2) PLL bandwidth adaptive control is an improved control
of CSM. According to Fig. 10, the adaptive adjustment
of PLL bandwidth is used to suppress the low-order reso-
nance up to 100 Hz.

According to IEEE Standard 1547-2003, SCR>20 is often
defined as a strong grid [38]. Therefore, the switching boundary
for traditional CSM control and PLL bandwidth adaptive control
is defined as SCR=20 in Fig. 29. It is worth mentioning that the
choice of the actual mode switching boundary is more flexible
and can often be conservative. For example, the critical boundary
of CSM switching to VSM is set to SCR=3, which can ensure
that the system has a phase margin of 30°, but the margin
requirement can also be reduced appropriately, and the switching
boundary can then be set to SCR=2 or even lower.

V. EXPERIMENTAL RESULTS

To verify the above analysis and the validity of the proposed
method, an 100-kW experimental platform was established as
shown in Fig. 30. The parameters of the GCI are listed in Table I.
Different grid impedance values are realized by actual reactors
in the grid impedance cabinet, and the removal and cut-in of
these reactors are controlled by relays in the relay cabinet, thus
simulating a large fluctuation scenario of the SCR.

A. Experimental Results of the Impedance Dual-Mode Control
Strategy

Fig. 31 shows the experimental waveforms of the impedance
adaptive dual-mode control strategy under large SCR fluctua-
tions. It can be seen that the adaptive process includes a total of
seven time points from ¢1-t7. The specific experimental process
is described as follows.

1) t1-t2: The 0.2 mH inductor is put into the system at
t1, which makes the system SCR=23, thus simulating a
strong grid situation. The GCI is operated at full power
under traditional CSM control, during which the grid
impedance identification algorithm is not enabled. The
grid current 74, and capacitor voltage uc,p, are running
steadily, the grid impedance output value is 0, and the
GCI operation mode flag is 0, indicating that the GCI is
operating under CSM.
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2) to-t3: The grid impedance identification algorithm is en-
abled at t5. Since SCR=23>20, the GCI remains in
traditional CSM control according to the control mode
flag in Fig. 31. It can be seen that after enabling the
grid impedance identification algorithm, the correspond-
ing SCR=23 is accurately obtained. Moreover, there is
a 75 Hz harmonic response in the ig, and uca,yp affected
by the 75 Hz harmonics injected by the grid impedance
identification algorithm.

3) ts-t4: Continue to put into 0.7 mH inductor at t3, which
reduces SCR from 23 to 5 and simulates weak grid sce-
nario. According to Section III, since 3<SCR=5<20,
the GCI operates under PLL bandwidth adaptive control.
Similar time period t2-t3, the grid impedance algorithm
is able to track the change of grid impedance in real time
and obtain the SCR=5 at this time. Although the grid
becomes weaker, the iz, and ucap still operate stably
because the PLL bandwidth of the CSM-controlled GCI
can be reduced adaptively.

4) t4-ts: Atty, the SCRisreduced from 5 to 2.6 by continuing
to put into 1.1 mH inductor and simulating much weaker
grid condition. Since SCR=2.6<3, the GCI switches from
PLL bandwidth adaptive control to VSM. It can be seen
that the grid impedance algorithm is still able to accurately
identify the grid impedance and obtain the SCR=2.6 at this
time. Similarly, although the grid becomes further weaker,
the stability margin of the VSM-controlled GCI is still
enough according to the previous analysis, so the ig, and
Ucahb can still operate stably.

5) ts-tg: Cut off 1.1 mH inductor at ¢5, the experimental
waveforms during this period are consistent with ¢3-4.

6) tg-t7: Cut off 0.7mH inductor at tg, the experimental
waveforms during this period are consistent with ¢o-t3.

Figs. 32-35 show the zoomed-in view of t1-tq, to-ts, t3-ty,
and ?4-t5 and in Fig. 31, respectively. It can be seen that 74, and
Uucapb are operating stably during these period. Therefore, the
experimental waveforms in Fig. 31 are fully consistent with the
flow chart shown in Fig. 29, verifying the effectiveness of the
proposed impedance adaptive dual-mode control during large
SCR fluctuations.

As a comparative experimental verification of the effective-
ness of the proposed control strategy, Fig. 36 shows the exper-
imental waveform without the impedance adaptive dual-mode
control strategy. In Fig. 36, the GCI is running in the traditional
CSM control with high PLL bandwidth, and the SCR is reduced
from 23 to 5. The ig, undergoes low-frequency oscillations
within 100 Hz and gradually diverges until overcurrent protec-
tion. According to Fig. 10, it can be seen that the phase margin of
the GCI within 100 Hz is less than 0 with high PLL bandwidth,
and the system will be unstable at this time. This experimental
result verifies the conclusion.

B. Experimental Results of the Effect of the Droop-Controlled
Power Synchronization Loop on the Stability of
VSM-Controlled GCI

Fig. 37 shows the waveforms when the output active power
command of the VSM controlled-GCI steps from O to the rated
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Experimental waveforms of the dual-mode seamless switching

value when the SCRis 3, 10.8, and 19, respectively. It can be seen
that the overshoot of the output active power gradually increases
as the SCR gradually decreases, indicating that the damping
ratio of the power loop is decreasing, which is consistent with
the analysis results in Fig. 22. If the SCR is too large, for
example, when SCR=19, the GCI will be shut down due to
overcurrent protection. This experimental result verifies that the
VSM-controlled GCI will be unstable in a strong grid.

C. Experimental Results of the Proposed Fundamental
Frequency Grid Impedance Identification

The experimental waveforms of the proposed fundamental
frequency grid impedance identification is shown in Fig. 38.
It can be seen that the algorithm accurately tracks the changes
of the fundamental frequency grid impedance and the dynamic
process time is less than 40 ms. In addition, the total harmonic
distortion (THD) of the grid current is about 2.81% after inject-
ing the 75 Hz interharmonic voltage with an amplitude of 5% of
the rated voltage. Therefore, the proposed grid impedance iden-
tification scheme has a small impact on the control performance
of GCI and meets the requirements of relevant grid-connected
quality standards.

D. Experimental Results of the Proposed Dual-Mode
Seamless Switching Scheme

Fig. 39 shows the experimental waveforms of the pro-
posed dual-mode seamless switching. The switching principle
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is shown in Fig. 25. The specific experimental progress are
described as follows. The SCR of the grid is set to 2.6. Before %,
the GCI operates under the traditional CSM control, and the 74,
and uc,p show significant low-order harmonic amplification.
At tg, the GCI is switched from CSM to VSM by the command
sent from the host computer, at which time the harmonic am-
plification disappears. This verifies that VSM control is more
stable in very weak grids than CSM control. Moreover, it can be
seen from the zoomed-in view of the experimental waveforms
that the phase and amplitude of the grid current are switched
seamlessly at ty. Similarly, the experimental waveforms for
seamless switching from VSM to CSM is also similar.

VI. CONCLUSION

Based on the D-partition method, the stabilization re-
gion of impedance adaptive dual-mode control under
multiperformance-index constraints is derived, and the switch-
ing boundary problem of the dual-mode control is solved. In
addition, the real-time fluctuation of SCR is accurately detected
by the proposed grid impedance identification algorithm on
the 100-kW experimental platform, and the flexible adaptive
seamless switching between CSM and VSM is realized, which
effectively improves the stability of GCI when the SCR fluctu-
ates significantly.

It is also worth mentioning that only the parameter stability
region of single GCI under dual-mode control is analyzed, and
the multi-GCI systems should be considered in future work.
Once extended to a power electronics-based multi-inverter sys-
tem, the grid impedance may consist of inductors and converters,
and its stability analysis will be more complicated. This is one
of the main research aspects of the proposed dual-mode control
strategy in the future.
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