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Abstract—Phase-locked loop (PLL) is commonly used to syn-
chronize the phase angle of the injected current of voltage
source grid-connected inverters (GCls) with that of the voltage
at point of common coupling. However, the quadrature-axis
component of the dq impedance model of the GCIs presents
negative resistance characteristics in low-frequency range due to
the usage of the PLL, which may lead to low-frequency instability
phenomena if the GCIs work under weak grid condition. This
paper presents a dq impedance reshaping method of power-
controlled GClIs to eliminate the negative effect of PLL on low-
frequency stability. The dq impedance models of the GCIs under
current and power control modes are first established using
complex vector and complex transfer function theory. On its
basis, the negative effects of PLL on current control loop and
power control loop are theoretically derived. A grid voltage feed-
forward loop is then designed in the control system of the power-
controlled GCls, where the parameters of the feed-forward loop
are calculated. The effectiveness of the proposed dq impedance
reshaping method is validated by frequency scanning results and
time-domain simulation results.

Index Terms—Grid-connected inverter, impedance reshaping,
low-frequency stability, negative resistance, phase-locked loop,
power control loop.

I. INTRODUCTION

Renewable energies, such as wind power and solar power,
have been increasingly penetrating into utility grid in recent
years. Power electronic devices are commonly used as the
grid interface to transmit the generated electricity into the
utility grid, due to their superior controllability and high
efficiency [1]. However, the interactions between multiple-
timescale control loops of the grid-connected inverters (GCls)
with time-varying grid impedance tend to cause instability
phenomena in wide frequency ranges [2], [3]. Specifically,
phase-locked loop (PLL) is commonly used to synchronize the
phase angle of the injected grid current with that of the voltage
at point of common coupling (PCC) [4]. In addition, outer
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power control loop is used to regulate the injected active and
reactive power. It has widely been reported that low-frequency
instability phenomena may occur, if the parameters of the PLL
or outer power control loop are not properly designed under
weak grid conditions [S]-[11].

The dq impedance model has been reshaped in many works
to eliminate the negative resistance characteristics of PLL
[71, [9], [12]-[23]. In [7], [9], [12], [13], PLL bandwidth
is decreased to narrow the non-passive low-frequency range,
which is actually a trade-off between low-frequency stability
and system dynamic performance. A robust vector control
strategy of the GCI is developed in [14] to eliminate the
negative effect of PLL on low-frequency stability under op-
erating point and grid impedance variation, which need not
to change the structure and parameters of the standard vector
controllers, e.g., power controller, dc-link voltage controller,
current controller and PLL. In [15], an improved design of
current controller parameters and capacitor-current-feedback
coefficient to reduce the negative effect of PLL on current
control loop under weak grid condition without additional
control strategy is presented. In [16], a symmetric PLL struc-
ture is proposed to mitigate the frequency coupling between
directional-axis and quadrature-axis impedance components,
which can be depicted as a single-input-single-output (SISO)
impedance model. The SISO impedance reshaping technique
can then be applied for stability enhancement. However, the
well-known synchronous reference frame (SRF)-PLL which
has an asymmetrical structure is still widely used [7]-[9].

In addition, filter-based impedance reshaping method is
presented in [17]-[19]. In [17], notch filter is inserted into
PLL control loop to reshape the quadrature-axis impedance,
resulting in an enlarged positive resistance region. However,
the PLL dynamics tend to be weakened. In [18], band-pass
filter is applied to reshape the output impedance of a nearby
power converter. However, the impedance is only reshaped
at the predetermined frequency points. In [19], the typical
delay-based PLL has been improved by adding a second-order
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Fig. 1. Control structure of the three-phase GCI with outer power control
loop, inner current control loop and PLL.

low-pass filter and a phase correction angle for alleviating the
adverse impact of PLLs. It is found in [20], [21] that the
phase angle of the g-axis component of the dq impedance
model can be boosted by injecting negative reactive power,
thus avoiding the low-frequency instability phenomena under
weak grid conditions. However, a huge amount of negative
reactive power injection may be needed under severely weak
grid conditions, which may challenge the maximum capacity
of the GCIL. In [16], [22]-[24], grid voltage feed-forward
control loop is used to reshape the quadrature-axis impedance
component. However, only inner current control loop and PLL
are investigated in [16], [22], [23], and dc-link voltage control
loop is further considered in [24]. Whether the presented
dq impedance reshaping method is still effective for power-
controlled GCI should further be investigated.

This paper presents a dq impedance reshaping method of
power-controlled GCI to mitigate the negative effects of PLL
and outer power control loop on low-frequency stability. The
dq impedance model of a power-controlled GCI with outer
power control loop, inner current control loop and PLL is first
established based on complex vectors and complex transfer
functions. On its basis, the effects of PLL and outer power
control loop on low-frequency impedance characteristics are
investigated. A feed-forward control loop is then designed to
cancel out the negative effects of PLL and outer power control
loop, where the feed-forward coefficient is calculated.

II. COMPLEX TRANSFER FUNCTION-BASED DQ
IMPEDANCE MODELING OF PLL

In this section, the typical control structure of the three-
phase voltage source GCI is first depicted. On its basis, the
dq impedance models considering different control loops are
established.

Fig. 1(a) shows the one-line diagram of the three-phase
power-controlled GCI. L-type filter L; is used to attenuate
the high-frequency switching harmonics. The grid impedance
is emulate as a series inductor L, and resistor 17, in parallel
with a shunt capacitor C;. SRF-PLL is used to synchronize the
phase angle of the PCC voltage with that of the injected grid
current. In addition, outer power controller and inner current
controller are realized by PI controller in dq reference frame.
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Fig. 2. Block diagram of Fig. 1(a). (a) Based on real space vectors and
transfer matrices [9]. (b) Based on complex space vectors and complex transfer
functions.

A. Block Diagram Representation Based on Complex Space
Vectors and Complex Transfer Functions

The definition of complex space vectors and complex trans-
fer functions can be found in [21], [25], [26]. In addition, how
to transfer the real space vectors into complex space vectors
and transfer 2 x 2 transfer matrices into complex transfer
functions are also explained in [21], [25], [26]. The block
diagram of Fig. 1(a) based on real space vectors and 2 x 2
transfer matrices has been established in [9], which is shown as
the blue part in Fig. 2(a) as a basis to derive the dq impedance
model represented in the form of complex space vectors and
complex transfer functions. The parameters of current control
loop and PLL in Fig. 2(a) can be reformulated as
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where tfprr is the PI transfer function of PLL controller.

Based on (1)-(3), block diagrams of the GCI considering
inner current control loop and PLL are represented using
complex space vectors and complex transfer functions, shown
as the blue part in Fig. 2(b). The red part for outer power
control loop will be investigated in Section III.

B. DQ Impedance Modeling Considering only Current Con-
trol Loop

The closed-loop response of Al 4, when considering only
current control lolop can be derived from Fig. 2(b), shown as

CCL AIref

s _
Al cl,dqg™="g,dq

g.dq™ Y AViec,aq &)

cl,dq

where Ggﬁg and Yggg are the closed-loop gain and output

admittance, respectively, shown as

GS%I(; =Teaq/(1+ Terdq) YS%E =Y./(1+ Tei,aq)(6) — [

where T .dq = GeiGdelVac Y1 is the open-loop gain.
The dq admittance matrix YdicL"m can be obtained by
substituting (2) into (6), shown as

1
YCCL _ -
cldq Lf(S + jwl) + GeiGaertVae

CCL YdCdCL YdCCL
Yoo 7= [ Yq%CL Yq(%CL (7N
_ i LfS+GciGdelVdc wlLf
o A _WlLf LfS + GeiGerVae

where
At = (Lys+ GeiGaeVae)® + W%Lfc ®)

ref _
On the other hand, when AIZ%;, =

equation can be obtained based on (6).

0, the following

- [ AIgidq ] = [ YSS& COCL } [ szﬂcc’dq }
A g,dq 0 Ycl,dq* AVPcc,dq
_ yvCCLm AVincc,dq
= Yidg [ AVEcc,dq 2

Then, the dq impedance matrix ZdC;CL’m can be obtained
as [26], [27]
CCL,m —1CCL,m
2y =A, 72, 4y Az
_ Lfs + GciGdelVdc
o wlLf

—wlLf
Lis+ GeiGaerVae } (10)

where Ay = %[1,;’; 1, —j].
It can be seen from (7) and (10) that the dq impedance
models obtained by the two methods are the same.

C. DQ Impedance Modeling Further Considering PLL

When further considering PLL, two more feed-forward
paths which consist of G p11,_gq and G pr1_qg, respectively,

S

should be considered. The closed-loop response of Al 4, can
then be derived as
s _ CCL ref CCL s
Al qq = Ga,aqAlgdq = Ya,aqAVecc,dg-
PLL s PLL S*
+Y 1 aqAVecec,dq — Yer,aqAVrec,dq (11
Effects of PLL dynamics
where the detailed expression of Y5 is shown as
G
PLL +,PLL_d CCL
Yoaq = (—4& — + G4 prii)Gadg (12)
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based on (11).

= 0, the following equation can be obtained
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Similar with (10), the dq admittance model further consid-
ering PLL dynamics can be derived as

PLL,m YRR YR —1~,PLL,m

Y, =| yPrr yPir | =A7 Yiig Az (14

qd q9
where
YCCL+YCCL*

YqI;LL _ _cldg 5 cldq _YE,IéI:;_YZ,I&I:;* _
YOO — (Ve + I3 4Gei) (Lys + GeiGaelVae)---
—jur Ly (V2 + 15 ,Gei)|GprrGaetVae/ M (15)

It can be seen from (7) and (15) that Y;;LL are affected by
PLL dynamics.

On the other hand, the g-axis impedance component further
considering PLL dynamics can be derived as

Z;?ILL = ZqC:;CL (1= (Vig+1; 4Gei)GprrGaeVae) (16)

It can be seen from (10) and (16) that, the g-axis impedance
component is affected by PLL dynamics.

III. COMPLEX TRANSFER FUNCTION-BASED DQ
IMPEDANCE MODELING OF POWER CONTROL LOOP

In this section, the outer power control loop, i.e., the red part
of Fig. 2(a), is further modeled using complex space vectors
and complex transfer functions.



A. Reformulation of Control Block Diagram of Fig. 2(a) Using
Complex Space Vectors and Complex Transfer Functions

The parameters related with the outer power control loop
can be reformulated as

pref _ pref s pref — pref 4 jgref
PQ — Qref PQ — J
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Note that G5, , and G , are cascaded in Fig. 2(a).
Therefore,
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By combining (3) and (20), the following equation can be
obtained.
GiprqriLy = —GiprLLiVBcoo,.dq

G_pqrrLyv =I5 4q+GrPLLiVBccaq (2D

The following equation can then be obtained from Fig. 2(a).

APES prL = G+ PQ PLL vA V3 aq G- PQPLL v--

A\/vi)*cc,dq = _Iz,quVT:CCAq - G+,PLL_iV;*CC,dq'“
(AVhcc.aq — AVpbcc.dq) (22)

Based on (22), the small-signal model of the outer power
control loop can be represented as the red part in Fig. 2(b),
which is further simplified as Fig. 3 to facilitate the analysis
of dynamics of outer power control loop [21].

AV;:JC.dq—l')é(-L AV;(‘,(t,dq

Fig. 3. Simplified complex space vector and complex transfer function-based
block diagram of Fig. 1(a) further considering outer power control loop.

Similar with (11), the closed-loop response of AIZ , with

further considering outer power control loop can be derived
as

AT

_ PCL ref CCL1 s
g7dq —_— G APPQ _Y AVPCC,dq “en

cl,dq cl,dq

CCL-related

PLL1 s PLL1 Sk
+Yo a0 AVecc,dq — Ye,aqa AVpcc,dq -

PLL—related

PCL1 A /s PCL2 A y/s*
+Y AVpco,dq T Yerdqg AVpceo,dq

cl,dq cl (23)

PCL—related

PCL CCL1 :
where G,y and Y 4, are the closed-loop gain and cur-

rent control loop-related output admittance when considering

outer power control loop, respectively. In addition, Y 54!
is the PLL-related output admittance. YEGh' and YEGu2

are power control loop-related output admittance. The detailed
expressions are shown as
GPCL _ GcrQTeldq

corn _ 1+ Tcl,quCCL

cl.dq — 1 + TPCL cldq 1 + TPCL cldq
cl,dq cl,dq
YPLLl _ 1 + Tcl,quPLL (24)
cldq = 1 TPCL = cldq
cl,dq
YPCL]. _ 2T017dq G 'VS* G
cldq — 1 + TPCL +,PLL_i Y PCC,dq cPQ
cl,dgq
T
PCL2 _ cl,dg s S
Ycl,dq -1 T TPCL( g, dq 2G+7PLL_iVPCC,dq)GCPQ
cl,dg

where TSS? = (1 + GCPQVf:;kccydq)Tcl,dq-
Similar with (13), when APf)e(g = 0, the following equation
can be obtained based on (23).

s s
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S* = X4 Sk =
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CCL1 PLL1 PCL1 PLL1 PCL2
Ycl,dq _Ycl, q __ “cldq Ycl,dq ~— _“*cldg
YPLLl* _ YPCLZ* YCCLl* _ YPLLl* _ YPCLl*
cl,dq cl,dq cl,dq cl,dq cl,dq
s
AVPCC,dq 25
A Sk ( )
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Similar with (10) and (14), the dq admittance model further
considering power control loop can be derived as
[ YECL yPCL

d
PCL Y}gCL
qd qq

YPCL,HL

r ] _ AElYPCL,mAZ (26)

+,dq



where
CCL1 CCL1x
yPCL _ Ycl,dq + Ycl,dq _yPLL1 _ yPLL1x
qq - 2 cl,dq cldq -
PCL1 PCL1x PCL2 PCL2x
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2
By combining (7), (15), (24) and (27), it can be seen that all
of the four elements of YdIZCL '™ are affected by power control
loop dynamics. By substituting (15) and (24) into (27), the
detailed expressions are shown as follows.

por _ L+ Teldayprr Te1,dqGerq P/

99 1+ TG 1+ TS Vicoa
(1=2GpLLVPcc,a) (28)

Similar with (16), the g-axis component of the dq
impedance model when further considering outer power con-
trol loop can be calculated as

GepGeiGaalls/ C + BD
A

where the detailed expressions of A, B,C' and D are shown
as

PCL __
Zhet = - (29)

GepGLG2,(Gepg + Gprr)[(P7)? + (Q7)7)

‘L : ) + ..
(Vece,a)
O.5VchciPTef + ( }gcc d)2 - wlLeref
. - ,
pPrrGael 0.5VacVicoa -
GPLLGCPQGCiGZelPTEf —1
0.5Vdc
GaetVacGei(1+ GepV
B =Lgs+ e ( 2 retiecs
a 1G G Pref
C=wL; D =14 —ccPQtid GO
VPCC,d

IV. PROPOSED DQ IMPEDANCE RESHAPING METHOD FOR
LOW-FREQUENCY STABILITY IMPROVEMENT

In this section, the existing feed-forward control loop-based
dq impedance reshaping method for current-controlled GCI
is first explained, where the selection of the feed-forward
coefficient is also introduced. On its basis, the feed-forward
control loop-based dq impedance reshaping method is further
extended for power-controlled GCI.

A. Low-Frequency Impedance Characteristics of Inner Cur-
rent Control Loop and PLL

Based on (10), low-frequency impedance model of
can be approximated as

Z5ET = ki Ve cos(1.5wTy) + j(Lpw — kpi Ve sin(1.5wT))
~ kpiVae + jLw (31

cCcL
qu

Then, the magnitude and phase angle of in low-
frequency range can be calculated based on (31), shown as

Ze | = \/(’”vpz'Valc)2 + (Lyw)?

Lrw
AZquCL = arctan /
k;pi dc

CCL
qu

€ (0,90°) (32)

It can be seen that ZZ“" belongs to (0°,90°) in low-
frequency range, i.e., low-frequency instability phenomena
will not happen if only inner current control loop is considered.

Then, GZILL is defined as

GqPiJLL =1- (Vi3 +1;4Gei)GprrGaelVae

= real(GEI") + imag(GLF") (33)

where real(GEIY) < 0 and imag(GEFY) ~ 0%, since
Gprr ~ 1/Vi-s>cc,d and G4 ~ 1 in low-frequency range.
Therefore,

|Zad" | = 120"/ |Gag | < 255"

Lrw
AZ(ZLL = ZZ(]C;CL — AGqZLL ~ arctan —J— ...
kpivdc

—180° € (—1807?, —90°) (34)

It can be seen from (32) and (34) that, the PLL tends
to decrease the magnitude of g-axis impedance component
in low-frequency range, and decrease the phase angle into
(—180°,—-90°), which may lead to low-frequency instability
phenomena.

B. Existing Q-Axis Impedance Reshaping Method for Current-
Controlled GCI

The feed-forward control loop-based g-axis impedance re-
shaping method for current-controlled GCI has been well
documented in [16], [22], [23]. The core idea is explained
here based on the derived complex transfer function-based dq
impedance models in Sections II and III.

The feed-forward control loop is implemented as the dashed
brown line in Fig. 2(a) (The red part for outer power con-
trol loop is not considered here.). The effect of K%} =

PLL ; PLL b
(K¢, 0,0, Kyyp] on Y, =" is defined as Y, ¢y which can be
calculated as

YPLL _ KfchiGdelVdC
qqff LfS —+ GCiGdelVdc

(35)

In addition, the effect of PLL dynamics on Y[;;LL has been
derived in (15). For simplification, the coupling effect between
d-axis and g-axis is ignored, which can be satisfied when
I3 , = 0 [23]. Therefore,

Yorir = —Yalaq — Youdg
- (Vea+ 15 4Gei)GrriGae Vie 36)

LfS + GciGdel Vdc

To eliminate the negative effect of PLL dynamics on low-
frequency stability, Y,/ 7 and Y, £}, should be canceled out,
ie. [23],

YPLL YPLL 0

aaff T YqqPLL = (37

Ky can be calculated from (35)-(37), shown as
Vcs 1 ‘/;Ljd

d
Ky = GPLL(GTi +1;4) = Vf;ccli( i

+1I2 ) (38)



C. Proposed Q-Axis Impedance Reshaping Method for Power-
Controlled GCI

When Q"/ = 0, the phase angle of ZL“* can be calculated
as [21]

(T1 + T3P )w

PCL _
Aqu = arctan Tyt T Pl

— 180° (39)

where I'q, I'o, I'3 and I'4 are shown as
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If kypqg > 3=, which is commonly satisfied, (41) holds.
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It can be seen from (34) and (39) that,

(Fl + F3PT€f)UJ
Iy + Ty Pref

wa

> arctan
kpi de
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Similar with (37), to eliminate the negative effects of both
PLL dynamics and outer power control loop on low-frequency

stability, Y,/ ¢ and YOS pop should be canceled out, i.e.,

YPLL

aaff1 Tt Yq];gh_PCL =0 (46)

K g1 can be calculated from (44)-(46), shown as
ko P! (1= 2GpLiVice.d) (L + goips)

s
VPC’C,d

=Kyp -

ref

~ Kypp+ kl;fsQP = Kyp+kpplya (47)
PCC,d
It can be seen from (47) that, the coefficient of the designed
feed-forward control loop Kyp; when further considering
outer power control loop is larger than the coefficient of the
designed feed-forward control loop Ky when only consider-

ing inner current control loop and PLL.

V. SIMULATION VERIFICATION

In this section, the effectiveness of the proposed g-axis
impedance component reshaping method for low-frequency
stability improvement of power-controlled GCI is verified
by frequency scanning and time-domain simulation in Mat-

/ Z’Z LL - , Zqi Clab/Simulink environment.

(420\. Frequency Scanning Results of the Q-Axis Impedance Com-

(42) shows that when further considering outer power con-
trol loop, the phase angle of the g-axis impedance component
is further decreased, which indicates that the designed Ky
for the current-controlled GCI should be ad_]usted

By substituting (15) into (28), and assuming 7 +,}';Zq
in low-frequency range, (28) can be reformulated as

=1

CCL CCLx*
Ycl ,dq + Ycl,dq _ YPLL

YPCL 1 o
cl,dq

1+ GerQVPceo.dq 2
GCPQPref

S
Vicc.a

PLLx
Ycl,dq +

(1-2GprLVicca) (43)
Similar with (36), the effects of PLL dynamics and outer
power control loop on YqI;CL can be defined based on (37)

and (43), shown as

yPCL 1
quLL PCL Sk
1+ Gerq VB dq

GepoPref 1
=P (1-2GpLLVioca) =

PLL PLLx*
<_Ycl,dq - Ycl,dq

Vicca L+ kppVicoa

kaQPref

(- YPLL i ‘
" VPcc,d

aq (1-2GpriVicc.a)) (44)

On the other hand, the effect of the feed-forward control
loop with coefficient K7 = [Kfp1,0;0, Kyp1] in Fig. 2(a)
on g-axis impedance component can be de calculated as (The

red part for outer power control loop is considered here.)

Ki11GeiGaelVae
(1 + kproVice.a)(Lfs + GeiGaclVac)

PLL __
Yoafin =

(45)

ponent

The circuit and controller parameters of the GCI in Fig. 1(a)
are shown in Table I. Fig. 4(a) shows the Bode diagrams of
ZLEE with different Ky when the outer power control loop
is not considered. In addition, I Tedf = 2.0 kA and I}¢/ = 0.
It can be seen that, by increasing Ky, the phase angle in
low-frequency range is boosted, and the non-passive region
is narrowed. Specifically, the non-passive frequency range is
narrowed to (0, 4.5 Hz) when Ky = 1.7391. When Ky is 0
or 0.0435, the phase angle difference at the magnitude inter-
action point A (14.8 Hz) of the g-axis impedance components
of GCI and the weak grid is 84.25 — (—96.36) = 180.61°
and 84.25 — (—96.00) = 180.25°, respectively. Therefore, the
system is unstable, and will oscillate at 14.8 Hz. In addition,
when Kyr is 0.1739 or 0.4348, the phase angle difference
at the magnitude interaction point A (14.8 Hz) of the g-
axis impedance components of GCI and the weak grid is
84.25—(—89.55) = 173.80° and 84.25—(—79.77) = 164.02°,
respectively. Therefore, the system becomes stable at the two
cases. When Ky, is further increased to 0.6957 or 1.7391,
the phase angle difference at the magnitude interaction point
B (14.3 Hz) or C (14 Hz) of the g-axis impedance components
of GCI and the weak grid is 85.75 — (—71.91) = 157.66° and
86.65 — (—50.04) = 136.69°, respectively, which indicates
that the system is stable under the two cases, and the phase
margin is increased with a large Kyy.

On the other hand, Fig. 4(b) shows the Bode diagrams of
Z %L with different K¢y when the outer power control loop
is considered. In addition, P™¢/ = 2.0 MW and Q"¢ = 0.
It can be seen that, by increasing Kyyy, the phase angle in



TABLE I
CIRCUIT AND CONTROLLER PARAMETERS OF THE GCI

Parameter Value
DC-link voltage V4. 1150 V
Grid fundamental frequency f1 50 Hz
Inverter side filter inductance L1 263 puH
Grid side filter inductance L fo 200 pH
Filter capacitance C'y 40 pF
Switching frequency fsuw it 2.5 kHz
Sampling frequency fsamp 2.5 kHz
Grid Vrms (phase-to-phase) Vg 575V
Proportional gain of power controller k,pg  2.7454e-05
Integral gain of power controller k; pg 0.0165
Proportional gain of current controller kp; 5.4908e-04
Integral gain of current controller k;; 0.3295
Proportional gain of PLL kp,;; 20
Integral gain of PLL k;py; 200
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Fig. 4. Bode diagrams of g-axis impedance component. (a) Bode diagrams

of Z,ZLL with different K¢¢. (b) Bode diagrams of Z;CL with different
Kip

low-frequency range is boosted, and the non-passive region
is narrowed. Specifically, the non-passive frequency range is
narrowed to (0, 8.5 Hz) when K¢ = 1.7391. By comparing
the two yellow lines in Figs. 4(a) and (b), it can be seen that,
with the same coefficient of the feed-forward control loop,
the non-passive region of the power-controlled GCI is wider
than that of the current-controlled GCI, which verifies the
correctness of the theoretical analysis in (42).

When Ky is 0, 0.0435, 0.1739 or 0.43438, the phase angle
difference at the magnitude interaction point A (13 Hz) of the
g-axis impedance components of GCI and the weak grid is
87.83 —(—102.90) = 190.73°, 87.83 — (—102.20) = 190.03°,
87.83—(—100.10) = 187.93° or 87.83—(—96.05) = 183.88°,
respectively. Therefore, the system is unstable under the four
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(a) ()

Fig. 5. Time-domain simulation results of current-controlled GCI with dif-
ferent K. (a) Three-phase voltages and currents. (b) FFT of three-phase
currents between 3 s and 4 s.

cases, and will oscillate at 13 Hz. In addition, when Ky
is further increased to 0.6957 or 1.7391, the phase angle
difference at the magnitude interaction point A (13 Hz) or
B (12.2 Hz) of the g-axis impedance components of GCI
and the weak grid is 87.83 — (—92.10) = 179.93° and
87.83 — (=79.91) = 167.74°, respectively, which indicates
that the system is stable under the two cases, and the phase
margin is increased with a large K.

It can be seen from Figs. 4(a) and (b) that, the minimum
coefficient of the feed-forward control loop of the current-
controlled GCI for enforcing low-frequency stability is 0.1739,
whereas the minimum coefficient of the feed-forward control
loop of the power-controlled GCI for enforcing low-frequency
stability is increased to 0.6957, which indicates the required
minimum coefficient of the power-controlled GCI is higher
than that of the current-controlled GCI. The correctness of the
theoretical analysis in (47) is thus validated.

Fig. 5(a) shows the time-domain simulation results of three-
phase voltages and currents of the current-controller GCI with
different K ;. It can be seen that, the system is stable before
3 s when Ky = 0.1739. In addition, the system becomes
unstable between 3 s and 4 s when kyy = 0. When Ky is
increased to 0.6957 at 4 s, the system becomes stable again.
Furthermore, the system becomes unstable again when Ky is
decreased to 0.0435 at 5 s. In addition, the frequency spectrum
of the three-phase currents between 3 s and 4 s is shown in
Fig. 5(b), where the oscillation mainly occurs at 64 Hz and
36 Hz. The time-domain simulation results and FFT analysis
agree with the theoretical analysis results in Fig. 4(a).

Fig. 6(a) shows the time-domain simulation results of three-
phase voltages and currents of the power-controller GCI with
different K. It can be seen that, the system is stable before
2 s when Ky¢p = 0.6957. In addition, the system becomes
unstable between 2 s and 2.4 s when kyy; = 0. When Kypq
is increased to 1.7391 at 2.4 s, the system becomes stable
again. Furthermore, the system becomes unstable again when
Ky is decreased to 0.1739 at 3.4 s. In addition, the frequency
spectrum of the three-phase currents between 5 s and 6 s is
shown in Fig. 6(b), where the oscillation mainly occurs at 65
Hz and 35 Hz. The time-domain simulation results and FFT
analysis agree with the theoretical analysis results in Fig. 4(b).
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Fig. 6. Time-domain simulation results of power-controlled GCI with different
K r1. (a) Three-phase voltages and currents. (b) FFT of three-phase currents
between 5 s and 6 s.

VI. CONCLUSION

The passivity of the GCI in low-frequency range can be
forced based on feed-forward control loop. The theoretical
analysis results in this paper show that the conventional feed-
forward control loop designed for the current-controlled GCI
cannot guarantee the passivity of the power-controlled GCI
in low-frequency range anymore. Based on the conventional
g-axis impedance component reshaping method, this paper
presents a modified feed-forward control loop design method
of power-controlled GCI, where the coefficient is adjusted
based on the power controller parameters. Both frequency
scanning results and time-domain simulation results verify
the effectiveness of the modified g-axis impedance component
reshaping method for low-frequency stability improvement.
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