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1 | INTRODUCTION

| Xuemei Zheng1

| HaoyuLi' | Josep M. Guerrero’ | Ali Akhavan®

Abstract

In grid-connected inverters (GCls), the phase-locked loop (PLL) behaves as a negative
admittance at the point of common coupling (PCC), composed of both the PLL controller
and current controller terms. Therefore, not only the PLL dynamics, but also dynamical
interactions between the PLL controller and current controller might trigger instabilities
in weak grids, which complicates the controller parameters regulation. The smaller PLL
bandwidth could help to mitigate the instabilities, but at the expense of sacrificing the
system dynamic response. In view of this, a coordinated control composed of the g-axis
voltage and PCC-voltage feedforward based on sequence-admittance models is proposed
here. The g-axis voltage feedforward is designed with a simple proportional feedforward
coefficient to make the PLL-induced negative admittance insensitive to the PLL controller
parameters. In other words, the PLL bandwidth would not be limited by the stability
requitements and the dynamic response speed could be ensured. Furthermore, the PCC-
voltage feedforward is developed to coordinate the g-axis voltage feedforward by phase
compensation, thus to achieve stability improvement. Finally, simulations and hardware-
in-the-loop tests are carried out to verify the enhanced stability and dynamic response of
the modified GCI with the proposed coordinated control in weak grid.

the dynamic response performance simultaneously in weak

grid.

The phase-locked loop (PLL) is a commonly used unit of grid-
connected inverters (GCIs) to achieve synchronization with
the power grid [1-4]. Ideally, the PLL should be designed to
extract the amplitude and phase of the grid voltage, regard-
less of grid conditions and behaviours of the GCIs [1]. While,
in weak grid, the large grid impedance would affect the per-
formance of the PLL [2] and cause interactions between the
PLL and current control [3, 4]. According to the existing
researches, the interactions are easier to trigger instabilities
of GClIs ranging from several Hz to several hundred Hz [5,
0]. Reducing the PLL bandwidth would contribute to miti-
gate the instabilities of GClIs in weak grid, but at the expense
of sacrificing the system dynamic response. Therefore, it is
required to attenuate the PLL-related instabilities considering

The impedance or admittance models are widely developed
to characterize and analyse the PLL-related instabilities [7—14].
It has been pointed out the PLL can be modelled as a paralleled
impedance at the point of common coupling (PCC) that shows
negative resistance property within its control bandwidth [8,
9, 11], which would result in low-frequency resonances. Based
on the developed impedance models, common recognitions
towards the PLL can be concluded that: (1) The weak grid and
the large penetration level of the power generating units could
strengthen the PLL’s negative dynamic effect [2]; (2) Decteasing
the PLL bandwidth contributes to attenuate the negative resis-
tance, but it sacrifices the system dynamical performance [11];
(3) If not designed propetly, the PLL controller could further
interact with the current controller because of the control band
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ovetlap effect, which could result in harmonic resonance [3, 4,
15, 16]; (4) The asymmetrical structure of the PLL could results
in frequency-couplings, so sub- and near-synchronous oscilla-
tions might be triggered together, which can propagate in the
power system [12-14]. In view of the above problems, some
stability improvement methods towards the PLL have also been
proposed.

Representatively, considering the interactions between the
PLL controller and current controller, an improved design of
the current controller and an improved design of the PLL
controller were proposed in [3] and [4], based on the g-axis
impedance, respectively. That reduces the negative effect of PLL
on current control and enhances the stability in weak grids, but
the controller parameters are confined by the stability regions
that need to be redrawn towards different GCls. Based on the
online grid impedance estimation, [11] proposed a PLL band-
width adaptive control method to retain the dynamic perfor-
mance maximumly based on sequence-impedances to cope with
the variation of grid impedance. Besides the controller offline or
online regulation methods, additional feedforward or feedback
control loops wete also designed to attenuate the negative effect
of the PLL. Accordingly, [9] developed an impedance controller
based on the g-axis voltage feedforward for turning the ¢-axis
impedance into a positive resistance in the low-frequency band.
Zhang et al. [17] modified the grid voltage feedforward con-
trol to compensate for the PLL perturbations and revised the
dg-domain output impedance. Chen et al. [18] come up with
a novel impedance-phased compensation control strategy to
increase the system phase margin. Recently, some symmetri-
cal control methods were proposed to address the frequency-
coupling problem. In [19], a symmetrical PLL was designed
according to the concept of complex phase angle vector. It elim-
inates the frequency-coupling terms, but the PLL bandwidth
is still limited by the weak grid. In [20], a g-axis feedforward
and d-axis compensation control methods were proposed to
decrease the asymmetric influence caused by the PLL. More-
over, [21] designed a voltage-modulated direct power control,
which removed the PLL, totally. However, without extra filters,
the PLL-eliminate methods are not applicable to the weak and
distorted grids [22].

To sum up, it is difficult to achieve decoupling design of
the PLL controller and current controller and suppress the
PLL-induced resonances without sacrificing system dynamic
response. Most existing works develop the improvement meth-
ods based on the dg-domain impedances and take the stability
as a prerequisite to reshape the output impedance. Addition-
ally, the existing feedforward methods aiming at maximumly
compensating the PLL-induced negative resistance are usually
designed with complex coefficients. Although some control
schemes are proposed with the PLL-less structures, it is not
easy for them to adapt to complex grid environments. In order
to solve the above-mentioned issues resulting from the PLL,
considering the advantages of sequence-impedance models,
this paper proposes a coordinated control method composed
of a g-axis voltage and PCC-voltage feedforward control loop
to reshape the sequence-admittances. The former modifies the
sequence-admittances insensitive to the PLL controller param-

L, k=abc

G&

FIGURE 1
coordinated control

Topology and control scheme of the GCI with the proposed

eters and gains decoupling design between the PLL and current
controller, thus the PLL design procedure is independent and
its dynamic response can be enhanced; the latter is developed
to compensate for the phase lag of the GCI with the designed
g-axis voltage feedforward, thus ensures the overall stability of
the modified GCI in weak grids.

This paper is organized as follows. Section 2 introduces
the modified GCI with the proposed coordinated control and
corresponding sequence-domain admittance models are built.
Section 3 designs feedforward coefficients of the coordinated
control to reshape sequence-admittances of the GCI according
to the stability and dynamic performance. Furthermore, Section
4 reveals the stability of the modified GCI in weak grid by com-
parison with that of the traditional GCI based on the developed
sequence-admittance models. Section 5 carties out simulations
based on the Plecs and RT-Box to validate the effectiveness of
the proposed coordinated control method. Section 6 concludes
the paper.

2 | MODELLING OF THE MODIFIED
GCI WITH THE PROPOSED
COORDINATED CONTROL

2.1 | Structure of the modified GCI with the
proposed coordinated control

Figure 1 shows the topology and control scheme of the mod-
ified GCI with the proposed coordinated control, composed
of a g-axis voltage and PCC-voltage feedforward control loop,
where K, is the g-axis voltage feedforward coefficient and X, is
the PCC-voltage feedforward coefficient.

In Figure 1, 17, is the dc-side voltage; #z, #,, vp and vy
(£ = aby) represent the output voltage of the three- phase
bridge, voltage across the capacitance branch, voltage at the
PCC, and the grid voltage, respectively. 7, is the grid-connected
current and also the controlled current. Ry is the damping
tesistance added to the 21-C}-L, filter; L, represents the grid
inductance. The GCl is controlled in af3- domaln and the classi-
cal synchronous-reference-frame controlled PLL is the studied



YU ET AL.

| 341

object. In the control loop, G,(s) and G;(s) describe the voltage
and current sampling transfer functions, respectively; /; and 7,
denote the given active and reactive power current, where 7, is
set to zero to ensure the unit power factor; /;, and 7, are the
dg-axis current references; 7, and 73, are the aff-axis current ref-
erences generated from /7, and 7, by dg-to-aff transformation
with the PLL locked phase 6,; i, and g are the sampled af-axis
currents; /7,(s) denotes the proportional resonant (PR) current
controller that is presented as Equation (1), where K, and K,
are the proportional and resonant coefficient, respectively; 7z,
represents the PWM modulation wave; #,,, is the switch signal.

H,(s) = K, + ——

x2+cof

)

In the PLL control loop, only the g-axis voltage is used to
derive the synchronization phase 6,, which expresses the asym-
metrical feature of the PLL. w, is the given angular frequency;
@, is the output angular frequency; /7,(s) is the proportional-
integral (PI) controller for the PLL that is presented as Equation
(2), where K, and K; denote the proportional and integral coeffi-
cients, respectively. With the introduced ¢-axis voltage feedfor-
ward control, it can be seen that dynamics of the g-axis voltage
are introduced to /.

K;
Hyy(s) =K+ — @)

2.2 | Sequence-admittance modelling of the
modified GCI

According to the harmonic linearization method [11], it is
required to superimpose a small voltage perturbation on the
fundamental voltage at PCC. Taking phase A as an example, the
perturbed voltage #, can be written as:

v,(t) = V] cos(2m f11) + 1, cos 2T fyt + @)+

€)
V5 cosT fu! + @)

where 1] and f; are the amplitude and frequency of the fun-
damental voltage; 1, f;, and @, are the amplitude, frequency,
and phase of the positive-sequence voltage perturbation; 17, £,
and ¢, are the amplitude, frequency, and phase of the negative-
sequence voltage perturbation. By rewriting Equation (3) in
frequency-domain, », can be written as:

vy =11/2, JS=xh
V1=V = (15/26%0, f==/, O]
Vo= (1/2)%n, [ ==/,

where the bold capital letters represent the frequency-
amplitude and the
signal  at

domain descriptions, including the
phase information of the
cies. The perturbed voltage », and », can be described

certain  frequen-
similatly.

For the PLL, the PCC voltage under perturbation is sam-
pled for synchronization. Thus, the output phase 6, is not
equal to the fundamental voltage phase 8, = 27f# it con-

tains the small-signal response A8, which can be derived
as [11]:

F/ L Vp Gy (s £ jwr), [ = x(f, = /)
AB[f] = ©)
2/ )V G F jwr), [ = £(f, + f1)

where £,(s) = [H,(5)//[14+ V1 Hy(5) /9], @1 = 27tf,.
Consideting that cos8,[fJrcosO; []—AO[f]*sinb; []], where

denotes the convolution operation, it can be obtained that:

(0.5, f =+ 1

0.5, (s F j)Gy()Vp, [ = £ f,
—0.5F (s + jw1) G, (s £ j2w)Vy,
cos6,[f] =1 f = +(f, = 2/1) ©)
0.5F (s + jw1)G,()Va, [ =%,

—0.575 (s F jw1)G, (s F j2w01)Vy,

/== +2h)

Additionally, sin@,[] = ZFscosb,[]. Substituting cosb,[]]
and sinB,[] to the abrto-dg transformation, the follow-
ing equation for

g in the frequency-domain could be
obtained.

0, de

Vi ={F/G6 £ jonVy [L = Vi 0], f = £, = fi)

/G F o)V [ = Vil ©] . f = £+ f1)
™

Then, the g-axis current reference 7, is modified as
L, = VK, According to the dg-to-af transformation with
6., the a-axis current reference 7, can be calculated from
L[l = Ii*cosB [l—1,*sinb,[f], which is written as Equation
(8). It can be seen that the disturbed voltage results in cut-

rent response not only at corresponding frequency f, and £,
but also at coupled frequency (f,—2f;) and (f,+2/)). That is the
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frequency-coupling phenomena.

(0.5, f = + 4

05 [(5 = VIK)Eyy (s F joor) + K] -
GV f =%,

05 [(ViK, = h)Fy(s & joor) = K, -

L 1= 1 G £ j200)Vy,, f = £(f, = 21) ®)
05 [(5 = ViK)Fyy (s  joor) + K] -

G (Vo f =%,

0.5 [(K, = 1)y (s F jwy) = K]

|Go6F 201 Vi, f = £/, +20)

Supposing the frequency-domain current response of phase
A at PCC is described as Equation (9), where /; and ¢;; are
the amplitude and phase of the fundamental current response;
1, and @, are the amplitude and phase of the current response
at the perturbed positive-sequence frequency f; 7, and @,
are the amplitude and phase of the current response at the
perturbed negative-sequence frequency f,; /,, and @, are the
amplitude and phase of the current response at the coupled
negative-sequence frequency (,—2£); /,, and @, are the
amplitude and phase of the current response at the coupled
positive-sequence frequency (f,42f). After the abeto-af3
transformation, Z,[f] = Z,[].

-

I = (1, /2)%, f =+ f,
I, = (L,/2e%r, f =+,

p = U/, f=x(f,=2f) (9
I, = ([,/2)é%, f = +f,

Ipn = (]pﬂ/z)eijqom’f ==x(/, +2/)

LIf1=141,

According to the current control scheme as depicted in
Figure 1, it can be acquired that:

({1 = LA} - Hi () = KGo(©)0a(9)) Ga@)=me(s)  (10)
where G(s) = ¢ 1>
pling period.

From the main circuit of the GCI in Figure 1, the relationship

represents the time delay. 7 is the sam-

among #;, v; and Z; in frequency-domain can be deduced as:

= 2 s| g (s
”/«(f)—[[ﬂ]af R1+1/(;C1)+(]‘1+LZ)] ¢ (5)

) (11)
+ [le- —R1 100, + l] <0 (8)

For simplicity, P;(s) = Li1,¢/ [Ry+1/(sC)]+s(Ly+L,) and
Py(s) = Lis/[Ri+1/(sC))]+1 are defined as the LCL-related
coefficients.

By substituting Equations (8), (9), and (11) into Equation
(10), sequence-admittances of the modified GCI with the coor-
dinated control can be obtained as follows:

By(s) + K,Gy(5)Gy (5) + G () Gy (), (5)-

Y,,(s) = b (054K, = 1) Epr g (s F jwy) — 0.5K)]
PN v, - G, () H,(5)Gi(s) + P (5) )
f=%f

(12)

G (s £ j201)H, (5) Gy (s)-

]O__ELJMM—W@ﬁMﬁimQ+M@]
A COHOCHERE
f==x(=2/h)

(13)

By() + K6y ()G () + Gy (9) G () H, (5)-

L, [05(ViK, = 0)Epp (s % jwr) = 0.5K)]
Yo =—g- = :

n Gy () H, () Gi(s) + P (5)
=%/
(14)
G, (s F j2w1)H,(5) Gy (5)-
(V_ELJMM—%@%A@ﬂm+%M
S0 ==y, = COHOGH+ e

S=xU+2h)

(15)
where ¥,(s) and Y,(s) are the positive-sequence and negative-
sequence self-admittances (SAs) of the modified GCI, respec-
tively; /,,(s) and /,,(s) are the coupled-admittances (CAs) of the
modified GCI resulting from positive-sequence and negative-
sequence voltage perturbations, respectively.

As for the traditional GCI, namely K,=K,=0, correspond-
ing SA and CA under the positive-sequence voltage perturba-
tion can be written as:

B) = GG () H, () - 0.5 Fp (s F jwy)

Y, (s) = s
o) GO 0G0 + A0 16
f=%/

_ Gl % /201)Gy(5)H,(5) - 0.50 Ly (s £ jwy)
1) =

CiOH, OG ) + @) "
f=%(f,=24)
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If the PLL dynamics are neglected, Y (s) and /;(s) would be
simplified as Y,(s) = P5(5)/[G () () Gi(9)+P1 (s)] and /(s) = 0.
That indicates the PLL introduces not only a negative admit-
tance term, but also the frequency-coupling term, which could
result in resonances. Additionally, it should be mentioned that
the added negative admittance contains dynamical interactions
between the PLL controller and current controller, which would
deteriorate the PLL-induced resonances.

While, if the coordinated control is introduced, the influences
of the PLL dynamics via /7(s) could be modified by the g-axis
voltage feedforward coefficient K, and the overall frequency
characteristics of SAs could be adjusted by the PCC-voltage
feedforward coefficient K,

3 | FEEDFORWARD COEFFICIENTS
DESIGN OF THE COORDINATED
CONTROL

The above analyses show that control dynamics of the PLL
need to be fully considered. According to previous researches,
the higher PLL bandwidth would increase the interactions
between the PLL control and current control and result in
more severe resonances. While, the lower PLL bandwidth would
influence the dynamic response speed. To balance the stability
and dynamic performance of the GCI, feedforward coefficients
of the coordinated control are designed as follows.

3.1 | Design of the g-axis voltage feedforward
coefficient K,

Firstly, the g-axis voltage feedforward coefficient K, is designed.
From Equation (12) to Equation (15), it can be clearly seen
that if K is chosen to be /; /17, the coefficients of £, (stj01)
and £(s¥jw) would be zero, which means that the modified
sequence-admittances have no relationships with the PLL con-
trol dynamics. The PLL controller can be designed indepen-
dently with satisfied dynamical performance. Additionally, the
coupling terms between the PLL controller and current con-
troller are removed from sequence-admittance models.

If only the g-axis voltage feedforward with K, = 7;/1/
is added to the GCI, with the system parameters shown in
Table 1, the Bode-plotted sequence admittances and corre-
sponding measurement results are shown in Figure 2. Where,
the PLL controller parameters are designed according to the
typical second-order system [15], whose bandwidth and damp-
ing ratio is 200 Hz and 0.707, respectively.

In Figure 2, the measured dots are consistent with cot-
responding solid lines, which validates the correctness of
the built sequence-admittance models. Additionally, sequence-
admittances of the GCI without the g-axis voltage feedforward
(K, = 0) are depicted as dotted lines to recognize the frequency
characteristics of the modified sequence-admittances better. By
comparison, it could be concluded that: (1) For the magnitude-
frequency plots, the major difference of sequence-admittances
between K, = /;/ 1] and K, = O locates at the frequencies which

343
TABLE 1  Main system parameters of the studied GCI
Parameters Value Parameters Value
L, 2.2 mH I, 22 mH
G 10 uF R 350
Vy 700 V 1 311V
JA 10 kHz 7. 1x107*s
A 50 Hz Hy: (K,,, K,) (15, 15,000)
5/1, 20 A/0 A Hy: (K, K)) (2.775, 1198)
)N 314 rad/s K, 0.0643
~ 0
m
=
< -50
2
gﬂ .
< AOX = T k=0 | el
= cszz:/) ;‘-’EY lfl’;‘-’z‘]lfﬂ \""
10 100 1x10° 1x10°*
Frequency(H
200 9 wency( Z)xg w“
— ! | H %
o100 === - i 8
See - g‘ oo [ X
Q"-IOO’\ e ) e \
-200, i * k
10 100 1x10° 1x10°*
Frequency(Hz)
(@)
m 0
= o
3 -50
2
'50_100 K=V, K,~0
§ Sl en==Jen .-"-YC";‘-X-‘]C" ~~~~~
10 100 1x10° 1x10°*
Frequency(H
200 — quency(Hz)
<100 SO
2 0 frewma
Z_100™ :
-100 -~.,‘~.~- \
-200
10 100 1x10° 1x10*
Frequency(Hz)
(b)
FIGURE 2  Sequence-admittances validation and comparison of the

modified GCI with different K. (2) Sequence-admittances under the
positive-sequence perturbation, (b) sequence-admittances under the
negative-sequence perturbation

are above 200 Hz, especially for the CAs. Additionally, magni-
tudes of SAs and CAs with K, = /; /1] are close to each other
within 1000 Hz, while magnitudes of SAs and CAs with Kq =0
only show closeness within 200 Hz. That indicates the added
g-axis voltage feedforward would exaggerate the frequency-
coupling phenomenon in a wider frequency range. (2) For the
phase-frequency plots, the phase of SAs with K, = /;/17 is
higher than that of SAs with K, = 0 from 50 to 1000 Hz. That
indicates the negative damping regions are enlarged by setting
K, =1,/ as circled by green rectangles.
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Therefore, the designed g¢-axis voltage feedforward with
K,= 1,/ eliminates the stability requirements for the PLL
bandwidth and the PLL dynamic response speed could be
ensured, but the PLL-induced resonance might be worse with
the enlarged frequency-coupling and negative damping char-
acteristics. That is because the PLL still introduces a negative
admittance term written as Equation (18) when K, = 7,/17.
It is known for the traditional GCI that the negative admit-
tance is shown as Equation (19). The £7(s) in Equation (19) can
be simplified as 1/17 within its control bandwidth. That is to
say, if the PLL bandwidth is large enough, Equation (19) would
be equal to Equation (18), which indicates the decreased sta-
bility of the GCI with the designed g-axis voltage feedforward
coefficient.

0.5 (1h/T4) G, () H ()G, (5

1 — —
WO T enacevae T O
s OSh G F ) GOH 0G|
WOS T emwce+ ARG T ij%w)

Additionally, it should be mentioned that the designed g-axis
voltage feedforward would change with /; or/and 1] varying,
As the stability of the PLL-CCI is closely connected with /;[2,
11], the term /; in K, = 11/ 1] keeps consistent with the value
of the active current that given directly or calculated from the
generated active power. Considering the fluctuation of the grid
voltage amplitude ] is mostly controlled within 10%, the term
11 in K, = 1;/17 is set to the rated grid voltage. Influences
of the grid voltage fluctuation would be given in the following
stability analyses.

With the same control scheme, in [9], the g-axis voltage feed-
forward control is designed with a negative feedforward coeffi-
cient, which is written as K (3) = —£7(3)[11/H,(3)+11] to can-
cel out the PLL-induced negative impedance term of the g-axis
impedance completely. Comparatively, the g-axis voltage feed-
forward control utilized in this paper is designed via sequence-
admittance models to just eliminate the influence of the PLL
controller parameters with a much simpler feedforward coeffi-
cient.

3.2 | Design of the PCC-voltage feedforward
coefficient K,

In order to preserve the advantages of the modified GCI with
K,= 1;/1 and attenuate the decreased stability, the PCC-
voltage feedforward depicted in Figure 1 is introduced. The
PCC-voltage feedforward coefficient K, is chosen as a low-
pass filter to achieve phase-compensation without sacrificing
the enhanced dynamic response of the GCI with K, = 7, /17,
which is written as:

1

&= s/ fr) + 1 (20)

T
40 AN

=Y., =), Yeponly with K=11/V

0 100 1x10° 1x10°
Frequency(Hz)
200 —=F ==
£100 S N N
Z o == AN \
= 00l RRL N
Lol V‘ N
-200 >
10 100 1x10 1x10
Frequency(Hz)
(a)
0
~-20:
3 40
5 ]
Z-60 \
&-80 :
= =Y., =J,, - Yenonly with K,=1,/V;
<100 < .
10 100 1x10 1x10
Frequency(Hz)
200 —====5
| S | \
5-100 b Bl o i T \
Q iy
Zo .
R R ) e
oo I N N N\
-200 R >
10 100 1x10 1x10
Frequency(Hz)
(b)
FIGURE 3  Sequence-admittances validation and comparison of the

modified GCI with the proposed coordinated control. (a)
Sequence-admittances under the positive-sequence perturbation, (b)

Sequence-admittances under the negative-sequence perturbation

where f; denotes the cut-off frequency of the low-pass filter.

With the parameters in Table 1, Figure 3 shows the
built sequence-admittances and their measurement results of
the GCI with the designed PCC-voltage feedforward con-
trol coordinating the g-axis voltage feedforward control, where
f1.= 200 Hz. From Figure 3, it can be seen the measured points
validate the solid-line-represented sequence-admittance mod-
els well. Additionally, ¥,(s) and Y,,(s) only with K, = 7, /17 is
depicted as red dotted lines for comparison. It can be clearly
seen that the phase of Y, (s) and Y,,(s) with the coordinated
control are much smaller than that of Y,,(s) and Y, (s) with only
K,= 1/}, which verifies the phase-compensation effect of
the added PCC-voltage feedforward. Therefore, the designed X,
suppresses the PLL-related negative damping effectively.

In Figure 3, the cut-off frequency f; is 200 Hz. If the
/7. is designed to be other values, corresponding frequency-
characteristics of Y(s) are shown in Figure 4. With f; increased
from 100 to 300 Hz, the phase of Y, (s) is almost the same
and it can be observed the magnitude of ¥, (s) becomes larger
between 100 and 500 Hz and becomes smaller between 500 and
1000 Hz. As the coupled admittance /,,(s) is not influenced by
the PCC-voltage feedforward, the coupling of Y ,(s) and /()
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GClIs to increase the dynamical performances, attenuate the grid ~ different Z,,

harmonics, suppress the inrush current, and even improve the
interactive stability [9]. The application in this paper mainly aims
at cooperating with the designed g-axis voltage feedforward to
ensure the stability and dynamic response performance of the
GClIs. Moreover, the designed coefficients are much easier to
be implemented.

4 | STABILITY ANALYSIS OF THE
MODIFIED GCI WITH THE PROPOSED
COORDINATED CONTROL

Because of the frequency-coupling phenomenon, according
to [22], the equivalent sequence-admittance models should
be applied to analyse the coupling-related interactive stability
between the GCI and the grid, which are written as follows:

T 65 F j2000) 2, (s F j201)
T+ Y, (7 200)2,( F 20,)

Yip(s) = Yp(o) — 1)

Jor()op(s £ j2001) Z (5 £ j2001)
L+ Y, (s £ j2w1)Z,,(s + j201)

Yo (9) = Yo (9) =

where Y,,(s) and Y, (s) are the equivalent positive-sequence and
negative-sequence admittances, respectively; 2, (s) and 2, (s) are
the positive-sequence and negative-sequence impedances of the
grid, respectively.

With the developed equivalent sequence-admittance mod-
els, stability conclusions can be drawn by analysis of the SISO
models Y,,(5)Z,,(5) and Y,,(5)Z,,(s), if they don’t encircle the

point (—1, /0), stability of the GCI could be satisfied [7]. Tak-
ing the positive-sequence as an example, corresponding unsta-
ble conclusions could be derived based on Bode plots if: (1)
The magnitude-frequency plot of Y,,(s) and that of Y,(s) have
intersections, where Y,,(s5) = 1/7,,(s); (2) the phase difference
between Y,,(s) and Y,,(s) at the intersection exceeds 180°. In
this paper, we will analyse the system stability through the
positive-sequence stability analysis model Y,,(s)/Y,,(s) [11].

4.1 | Stability analysis of the traditional GCI

When K, = K,= 0, substitute corresponding sequence-
admlttance models described by Equations (12)—(15) into the
equivalent sequence-admittance in Equation (21), we can derive
the equivalent positive-sequence admittance of the traditional
GCI, denoted as Y, (). The relationships of Y, eP(.r) and Y, ()
at different L, are presented in Figure 5, where /; is 15A and
the other parameters are kept consistent with that in Table 1.
It can be concluded that the GCI can run stably with , = 14
mH. While, when Z, is increased to 16 and 18 mH, the phase of
Y, () at intersection A and B is larger than 90°. As the phase of
Yy, () is -90°, the phase difference between Y (s) and Y,(s) at
the intersections exceeds 180°, which indicates the GCI would
be unstable.

If the PLL bandwidth is adjusted, Figure 6 depicts the rela-
tionships of Y, ,,(s) and Y,,(s) of the traditional GCI equipped
with different PLL bandwldths when 7, = 20mH, where fp7;,
represents the PLL bandwidth. It can be found that reducing
Jfprr. to 100 Hz, the traditional GCI can run stably even when
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different fp; 7 when 2, = 20mH

L, = 20mH. However, the response speed would be affected if
the PLL bandwidth is decreased [3, 4].

4.2 | Stability analysis of the modified GCI
only withK, =1,/V,

When K, = /;/1] and K,= 0, substitute corresponding
sequence-admittance models described by Equations (12), (13),
(14) and (15) into Equation (21), we can derive the equivalent
positive-sequence admittance of the modified GCI only with
the g-axis voltage feedforward control, denoted as Y, (). The
relationships of Y, ,,(s) and Y, (s) at different /., are presented
in Figure 7, where /; is 15A and other parameters are the same
as that in Table 1.

From Figure 7, it can be noted that new negative damping
regions in middle-frequency range are generated besides the
low-frequency ones, and the resonant points are located at the
new negative damping regions. That is because of the stronger
couplings between Y,,(5) and /,(s) of the modified GCI with
K, =1,/ as depicted in Figure 2. Additionally, it can be seen
that the increased grid inductance not only enlarges the newly
triggered negative damping region, but also shifts the negative
damping region towards a lower frequency range. In Figure 7,
the modified GCI with the designed g-axis voltage feedforward
only run stably if 7, is 8 mH, with the short circuit ratio (SCR)
calculated to be 8.3; when Z, is increased to 10mH, the GCI
would resonate at about 220 and 320 Hz; the resonance occurs
at lower frequencies with the larger Z,. Therefore, compared

K, =1;/1/; under different Z,

with the stability results in Figure 5, the stability of the modified
GCIwith K, =7, /17 is worse and needs to be further improved
to adapt to the weaker grid.

4.3 | Stability analysis of the modified GCI
with the proposed coordinated control

Substitute sequence-admittance models described by Equations
(12), (13), (14) and (15) into Equation (21), we can derive the
equivalent positive-sequence admittance of the modified GCI
with the proposed coordinated control, denoted as Y, ,(5). As
shown in Figure 8, if /; is 15A and fp; ; is 400 Hz, the relation-
ships of Y, ,,(5) and Y, (s) at different Z, are presented. Other
parameters are kept consistent with that in Table 1. It can be
observed that the GCI with the developed coordinated control
is still stable when L, grows to 25 mH. While, as shown in
Figure 7, the GCI only with the designed g-axis voltage feedfor-
ward is not stable when Z, is 10 mH. It demonstrates that the
stability is greatly improved with the developed PCC-voltage
feedforward. Additionally, compare the stability results with
that of the traditional GCI, it demonstrates that the GCI with
the coordinated control is more applicable to the weak grid.
Furthermore, it should be pointed out that only when K, is
exactly equal to be /;/17, influences of the PLL bandwidth
on stability would be offset. It is easy for the K, to be adjusted
following the variation of the active current /;. While, the 11
term in the ](l] is designed to be constant. Therefore, further
analysis is carried out to recognize the stability of GCIs with the
proposed coordinated control when the grid voltage fluctuates.
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proposed coordinated control when the grid voltage has fluctuations

Figure 9 depicts the relationships of Y, ,,(5) and Y,,(s) with
L,= 20 mH and fp;; = 300 Hz. Additionally, I} is chosen
to be 311 V, (311X1.1) V and (311X0.9) V, respectively, other
parameters are the same as that of GCls in Figure 8. It can be
seen that there is sufficient damping at intersections of Y, ,,(s)
and Y,,(s) under different 1, so the modified GCI with the
proposed coordinated control still exhibits good stability in
weak grid when the grid voltage has fluctuations.

5 | SIMULATION VERIFICATION
5.1 | Software-only simulation results

By means of the Plecs software, Figure 10 shows the simula-
tion results of the traditional GCI with no extra feedforward

H H 14y
................... 1 S A

Currents(A)

“%o 02 04 0.6 08 “10
Time(s)
(b)
FIGURE 10 Time-domain waveforms of the traditional GCI under

different PLL bandwidths (a) /p;; = 100 Hz, (b) fp; ; = 200 Hz

improvement method, where /; is 15 A, and the PLL band-
width fp7 7 is chosen to be 100 and 200 Hz, respectively. It can
be seen from Figure 10 when fp;; = 100 Hz, the traditional
GClI loses its stability when Z,, is increased to 23 mH; while
when fpr; = 200 Hz, the GCI oscillates with 7, increased to
16mH. It could be concluded that the weak grid would limit the
PLL bandwidth of the traditional GCI, which verifies the stabil-
ity analyses in Figures 5 and 6.

Figure 11 shows the time-domain simulation results of the
modified GCI only with K, = /; /1] under different PLL band-
widths. The GCI is running with /; = 15 A. It can be drawn
that the GCI with K, = /;/1/] becomes unstable when Z, is
increased to 10 mH despite the PLL bandwidth, which verifies
that the stability of the GCI with the designed g-axis voltage
feedforwatrd is insensitive to the bandwidth of the PLL. Addi-
tionally, as shown in Figure 11d, the resonant frequencies are
200 and 300 Hz, the simulation results validate the stability anal-
ysis in Figure 7. Additionally, resonant frequencies in Figure 11
are much larger than those in Figure 10, which verifies the newly
generated middle-frequency negative damping because of the
designed g¢-axis voltage feedforward control.

Figure 12 shows the grid-connected voltages and currents of
the modified GCI with the proposed coordinated control under
varied grid inductance Z,. The GCl is running with /; = 15 A,
and fp; ;, = 400 Hz. It can be found that the proposed coordi-
nated control has a great contribution to ensure the stability of
the GCI in weak grids. With the designed parameters, the GCI
with the proposed coordinated control starts oscillating at 110
and 210 Hz until Z, is increased to 26 mH.
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modified GCI with the proposed coordinated control

Furthermore, when 7, = 20 mH and fp;; = 300 Hz, Fig-
ure 13 shows the grid-connected voltages and currents of the
modified GCI with the proposed coordinated control under
varied 1/}, which keep sinusoidal when the grid voltage has
fluctuations.

Summatily, the modified GCI with the proposed coordinated
control can run more stably and shows more robustness in weak
grids, which is consistent with the sequence-admittance-based
stability analyses in Figures 8 and 9.

Additionally, in order to compare the dynamic response of
the GCls, , = 14 mH, /; = 15 A, K, = 15, and K, = 15,000
are selected. Flgure 14 shows the step response, where the PLL
bandwidth of the traditional GCI is chosen to be 200 Hz to
ensure its stable operation under /, = 14 mH. While, for the
modified GCI with the proposed coordinated control, the PLL
bandwidth has no stability limitations. Here, the PLL bandwidth
is chosen to be 400 Hz for the sake of the gtid harmonics atten-
uation. When the switch signal is sent to the GCI at 0.05 s, it
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can be observed from Figure 14a that for the case of the tra-
ditional GCI, it takes 0.08 s to reach the steady-state condi-
tion. While, as shown in Figure 14b, the modified GCI with the
developed coordinated control can converge to the steady-state
within 0.018 s. Therefore, the good dynamical performance of
the GCI with the proposed coordinated control is proved by
simulations.

5.2 | Hardware-in-the-loop simulation results

As shown in Figure 15, the platform based on hardware-in-
the-loop (HIL) is applied to validate the effectiveness of the
developed coordinated control with the real DSP chip, where
the main circuit depicted in Figure 1 runs in the RT-Box (the
deadband and time delay are simulated according to the real
main circuit hardware as circled in Figure 15) and the control
scheme is realized by the TMS320F28069. The maximum power
of the GCI is 10 kW. The sampling period of the main circuit is
10 us; the sampling frequency of the control loop is the same
as the switching frequency, which is 10 kHz. Other parameters
are consistent with those in Table 1. Corresponding waveforms
are obtained by a scope (7PS 2024) and the THD analysis is
acquired only from the current in Phase A by the power quality
analyser (Fluke 435).

Firstly, a test is carried out for the case of the traditional GCI,
which is running with 15 A. Other parameters could be found
in Table 1. Figure 16 shows the relationships of the PLL band-
width fp7; and grid inductance Z,. As the grid inductance 7,
cannot be changed during the test, Z, is increased by 1mH at
a time. The HIL simulation results show that when the fp; ; is

K, =1;/17; under different PLL bandwidths. (a) /o 7. = 200 Hz, (b)
fors. = 300 Hz, () fpr;, = 400 Hz

200 Hz, the instability occurs with 7., = 17 mH; when the fp; ;.
is decteased to 100 Hz, the instability occurs with 7, = 23 mH.
The HIL simulation results also verify the stability analysis in
Figures 5 and 6.

In theory, the stability of the GCls with K, = 1;/17 is
designed to remove the influence of PLL control parameters on
the interactive stability. To verify this, the GCIs with K, = 7, /11
under test are designed with different PLL control bandwidths,
which are fp;; = 200 Hz, fp;; = 300 Hz, fp;; = 400 Hz,
respectively. Corresponding HIL simulation results are shown
in Figure 17, where /; = 15A. It can be seen when Z, is increased
to 12 mH, the GCI begins to oscillate at about 150 and 250 Hz
no matter what value the PLL bandwidth is set. That verifies
the stability of the GCI with K, = 7, /1 is irrespective of the
PLL controller parameters. It should be noted that there are
some differences in the resonant grid inductance compared
with Figure 11, which is owing to the different delay between
the software-only simulation and HIL platform. The difference
would not influence the stability conclusions in this paper.

When the developed PCC-voltage feedforward is introduced
to the modified GCI with K, = /;/17, cotresponding HIL
simulation results are depicted in Figure 18. Figure 18a shows
the waveforms of the GCI with the control scheme changes
from the proposed coordinated control to the designed g-axis
feedforward control when 7, = 20 mH. The grid-connected
currents change from the stable mode to unstable mode,
which confirms the effectiveness of the added PCC-voltage
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feedforward. Furthermore, by increasing the L, the GCI with
the proposed coordinated control becomes unstable when Z,
rises to 25 mH (SCR = 2.6). The resonant currents are shown
in Figure 18b, whose resonant frequencies are about 100 and
200 Hz. Compared with Figure 16, it is clear that the modified
GCI with the developed coordinated control is more robust to
the weak grids.

To test the dynamic response, Figure 19 collects the wave-
forms of the GCI with and without the developed coordinated
control when 7, = 14 mH. The PLL bandwidth of the tradi-
tional GCI is set to be 200 Hz to ensure the stability. As shown
in Figure 19, it takes the traditional GCI about 75 ms to reach
the steady-state, while, it only takes the GCI with the developed
coordinated control about 10 ms to converge to the steady-
state. The HIL simulation results also verify that the dynamic
response speed of the GCI is greatly enhanced by the proposed
cootdinated control.

6 | CONCLUSIONS

For the weak-grid-connected GCI, an important concern is
about the interactive stability issues resulting from the PLL.

Commonly, the dynamic tesponse and the stability relating to
the PLL are difficult to balance. To tackle the contradictions,
this paper proposes a coordinated control that is composed
of the designed g-axis voltage feedforward and the developed
PCC-voltage feedforward. Specifically, the designed ¢-axis volt-
age feedforward reshapes the sequence-admittances of the GCI
and the dynamics of the PLL are removed from the modified
admittances. Therefore, the stability of the modified GCI is ver-
ified to have no interaction with the bandwidth of the PLL
and the PLL controller parameters can be regulated without the
limitation from the stability concerns. However, the modified
admittances show worse phase characteristics and correspond-
ing negative damping is deteriorated. Then the PCC-voltage
feedforward is developed to cooperate with the designed g-axis
voltage feedforward by phase compensation, thus gain stabil-
ity and dynamic performance improvement of GCls in weak
grids.

Although the pure g-axis voltage feedforward, the pure PCC-
voltage feedforward or PLL-removement control schemes have
been previously proposed to improve the PLL-related stability,
feedforward coefficients of the designed coordinated control in
this paper are much simpler to be applied and the PLL dynamics
can be eliminated without changing the widely used current con-
trol scheme. Additionally, the designed feedforward coefficients
are not connected with the GCI control and grid impedance.
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