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Stability Comparison Between Grid-forming and
Grid-following Based Wind Farms Integrated
MMC-HVDC
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Abstract—Grid-forming (GFM) control based high-voltage
DC (HVDC) systems and renewable energy sources (RESs) pro-
vide support for enhancing the stability of power systems. How-
ever, the interaction and coordination of frequency support be-
tween the GFM-based modular multilevel converter based
HVDC (MMC-HVDC) and grid-following (GFL) based RESs or
GFM-based RESs have not been fully investigated, which are
examined in this study. First, the detailed AC- and DC-side im-
pedances of GFM-based MMC-HVDC are analyzed. The imped-
ance characteristics of GFL- and GFM-based wind turbines are
next analyzed. Then, the influences of GFL- and GFM-based
wind farms (WFs) on the DC- and AC-side stabilities of WF-in-
tegrated MMC-HVDC systems are compared and evaluated.
The results show that the GFM-based wind turbine performs
better than the GFL-based wind turbine. Accordingly, to sup-
port a receiving-end AC system, the corresponding frequency
supporting strategies are proposed based on the GFM control
for WF-integrated MMC-HVDC systems. The GFM-based WF
outperforms the GFL-based WF in terms of stability and re-
sponse time. Simulations in PSCAD/EMTDC demonstrate the
DC- and AC-side stability issues and seamless grid support
from the RESs, i.e., WFs, to the receiving-end AC system.

Index Terms—Renewable energy source (RES), modular mul-
tilevel converter (MMC), wind farm, grid-forming (GFM), high-
voltage direct current.

I. INTRODUCTION

THE penetration of power electronics based renewable
energy sources (RESs) into power systems is rapidly in-
creasing. Simultaneously, the voltage source converter based
high-voltage direct current (VSC-HVDC) transmission tech-
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nology, particularly the modular multilevel converter based
HVDC (MMC-HVDC) [1], is being used in an increasing
number of applications for the integration of large-scale cen-
tralized RESs such as BorWin2 and Dolwin3 projects for
wind farm (WF) integration in Europe and the Zhangbei DC
grid in China. Grid-following (GFL) control, which is wide-
ly used for RESs and VSC-HVDCs, is prone to instability
caused by phase-locked loops (PLLs) in weak grids with
high penetration of RESs [2]. In addition, power systems
with high penetration of RESs may lack inertia and damping
to suppress the high rate of change of frequency [2], [3].
Some accidents associated with decrease in inertia are report-
ed, such as the event of August 9, 2019 in England [4].

To provide support for the power system without PLL [2],
various GFM control methods for RESs and VSC-HVDCs
have been proposed, including droop control, power synchro-
nization control (PSC) [5], virtual synchronous machines/vir-
tual synchronous generators (VSMs/VSGs) [3], [6], match-
ing control [7], [8], and virtual oscillation control [9]. These
methods are fully evaluated and discussed in [2]-[7]. In [6],
the dynamic power decoupling for VSMs is analyzed to en-
hance the stability. A reference feedforward PSC is proposed
in [10] for pole-zero cancellation to eliminate the step-re-
sponse ringing and overshoot of the PSC. In [11] and [12],
the low-frequency oscillations of a VSM-controlled VSC-
HVDC are analyzed using the complex torque method and
dg impedance method. The phase feedforward method [13]
and virtual impedance [5], [10], [14] are proposed to damp
the oscillation of the PSC and VSM, respectively. A unified
VSM tuned with the transfer function method is proposed to
coordinate a multi-terminal DC grid in [15]. In [16], the u-
analysis is performed to investigate how the robust stability
of a VSM converter is affected by another converter operat-
ing in parallel. However, these methods usually adopt an ide-
al DC voltage without considering RESs when analyzing
GFM control.

Considering the GFM-based RESs, the photovoltaic VSG
control and adaptive VSG control are proposed for photovol-
taic systems with additional supercapacitors and battery ener-
gy storage [17], [18], and different modes are also proposed
in [17] to satisfy different situations. In [19], the GFM con-
trol under different solar conditions with power reserves are
devised for photovoltaic systems when considering DC-DC
converters. The GFM control with short-term energy storage
is proposed in [20] for Type-IV wind turbines, and a GFM-
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based battery energy storage system is proposed for WFs in
[21]. However, these studies focus only on RESs directly
connected to AC systems. Whether these methods are suit-
able for RESs connected to MMC-HVDCs is not effectively
determined.

These previous studies mostly focus on stability improve-
ment of GFM-based VSC-HVDCs or GFM controller design
for RESs, and thus pay less attention to GFM control interac-
tion and coordination for frequency support between RESs
and MMC-HVDCs. In addition, an engineering requirement
exists for GFM-based MMC-HVDCs; for example, a WF-in-
tegrated MMC-HVDC of the Borwin6 project is required to
adopt GFM control. Therefore, the stability interaction evalu-
ation and coordination between the GFL-/GFM-based WFs
and GFM-based MMC-HVDCs are vital to guarantee stable
frequency support.

As shown Table I, in the effects of GFL-based WFs on
MMC-HVDCs are studied in [26] and [27], and it is found
that a GFL-based WF may cause instability between the WF
and MMC. Neglecting the multi-harmonic frequency charac-
teristics of MMC, the effects of GFM-based WFs on MMC-
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HVDCs are discussed in [28]. In these studies, the MMC-
HVDC adopts conventional control method, i.e., applying
the DC voltage and voltage-frequency (VF) control for the
receiving and sending ends, respectively, which cannot pro-
vide frequency support to the AC grid. When the frequency
support to the receiving end by the MMC-HVDC is consid-
ered, many of the proposed coordination methods are en-
hanced based on conventional GFL control [22]-[25]. Only a
few studies have considered GFM control for MMC-HVDCs
to achieve frequency support, including the coordination
strategy proposed in [29] for WF-integrated MMC-HVDCs.
The MMC-HVDC adopts the GFM control while the WF
adopts GFL control for grid supporting with PLLs. In addi-
tion, these studies also overlook the multi-harmonic charac-
teristics of MMCs and GFL-based WFs, which may malfunc-
tion in weak grids with a slow frequency response. Consider-
ing the multi-harmonic characteristic and coordination con-
trol for frequency support, a systematic study of the effects
of GFM- and GFL-based WF integration on GFM-based
MMC-HVDC s is required, as summarized in Table 1.

TABLE I
COMPARISON OF METHODS IN DIFFERENT REFERENCES

Reference Advantage Disadvantage
[5]’[53]_’1 [61]0]’ Performance analysis and enhancement of GFM Ideal DC voltage without considering RESs

[17]-[21] Grid support from RESs Grid support feasibility after integration with MMC-HVDC
[22]-[25] Grid support with RESs and MMC-HVDC Conventional GFL control for MMC-HVDC and RESs
[26], [27] MMC-HVDC connected to RESs with multi-harmonic dynamic Conventional MMC-HVDC and RESs without grid support

. . Conventional GFL control for RESs or MMC-HVDC with neglecting
[28], [29] Grid support with GFM-based RESs or MMC-HVDC multi-harmonic dynamic of MMC

Grid support stability evaluation of GFM- and GFL-based RESs . . o .

Proposed and MMC-HVDC with multi-harmonic dynamic and RES dynamic is partially neglected and feasibility for large transient

coordination strategy

stability is not discussed

This study focuses on the GFM-based MMC-HVDC in a
weak grid. Accordingly, the effects of the GFM- and GFL-
based WFs on the GFM-based MMC-HVDC are evaluated
using impedance modeling. Following a stability analysis,
the GFM-based coordination control methods for WF-inte-
grated MMC-HVDC systems are proposed to optimize the
grid support function of the WF to support the receiving-end
AC system. WFs and MMC-HVDCs both adopt GFM con-
trol in the proposed coordination control, which differs from
the method proposed in [29]. The main contributions of this
paper are as follows.

1) The impedance modeling of GFM-based MMC-HVDC
is presented in a unified model using the harmonic transfer
function [27]. The detailed impedance modeling for wind tur-
bines with GFM and GFL control is presented. It is found
that the coupling terms are non-negligible for AC-side stabili-
ty.
2) The effects of GFM- and GFL-based WFs on the DC-
and AC-side stabilities are compared, and this study deter-
mines that the effects of the inner parameters of the WF un-
der different control modes have opposite effects on the DC-
side stability. Although DC dynamics have practically no in-
fluence on the AC-side stability in a weak grid, the GFM-

based WF is preferable and can be used to enhance WF sta-
bility.

3) Accordingly, the revised coordination strategies are pro-
posed for frequency support. In addition, a comparison with
a traditional GFL-based WF with ancillary frequency sup-
port control is presented, while the proposed method outper-
forms a GFL-based WF, exhibiting a faster response and bet-
ter stability.

As explained later in this paper, the machine-side dynam-
ics of the WF are neglected, and therefore, the large tran-
sient stability is not discussed. The remainder of this paper
is organized as follows. Section II establishes the impedance
modeling of GFM-based MMC-HVDCs. Then, the imped-
ance modeling of WFs with GFM and GFL controls are pre-
sented in Section III. The impedance verifications are de-
scribed in Section IV for both MMCs and WFs. Case studies
and the corresponding coordination strategies are given in
Section V, and Section VI concludes this paper.

II. IMPEDANCE MODELING OF GFM-BASED MMC-HVDCs

Figure 1 shows the diagram of a typical WF-integrated
MMC-HVDC system. Each phase of the MMC consists of
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upper and lower arms, which are composed of N submod-
ules (SMs) as well as arm inductor L, and resistance R .
Each SM has a half-bridge structure with a capacitor C,,.
The sum of each SM capacitor voltage for each arm is denot-
ed as ufk, x=a,b,c denotes the three phase, and k=u,/ de-
notes the upper and lower arms, respectively; u, my, iy, iy,
and u, are the equivalent arm voltage, arm modulation in-
dex, arm current, grid current, and point of common connec-
tion (PCC) voltage, respectively; u,. is the DC voltage; and
v, is the voltage from the DC midpoint to the neutral point.
The offshore WF-side MMC (WFMMC) and onshore grid-
side MMC (GSMMC) are connected to the WF sending-end
AC grid and receiving-end AC grid with offshore and on-
shore AC transmission line L ; and L,,, respectively. The DC
outlets of the GSMMC and WFMMC are generally connect-
ed through DC cable Z,, which is not considered in this
study, i.e., Z,, =0, because our main focus is the effects of
WF on the AC- and DC-side stabilities of the WF-integrated
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MMC-HVDC system. Here, Type-IV WF is an aggregation
of homogeneous wind turbines with current and voltage as
i and u), respectively, as shown in Fig. 1. The number of
wind turbines is denoted as N, , where the controlled current
source is used to accurately represent the output impedance
characteristics. This assumption for WF is valid in many
small-signal stability studies, where the influence of the ma-
chine side is not significant and can thus be neglected, and
the DC voltage is assumed to be constant with the allowable
power output [26], [27], [30]. The sending-end AC grid is
connected to the WFMMC via a step-up transformer whose
ratio is K,. Here, the leakage of the transformer is termed in-
to the offshore AC line as part of L. The DC voltage of the
wind turbine is denoted as u!j. The variables of the wind tur-
bine are given by the superscript “wt” to distinguish them
from those of the MMC, but in the following, the super-
script is often omitted for simplification and to avoid confu-
sion.

L ]
| ]
AC voltage control mode: DC voltage control mode:
offshore WFMMC (SW=1) onshore GSMMC (SW=2)
+ o—H—3
. P Z,
Type-IV WF with neglected de
machine-side dynamics 5
l{X'll = mXNlt,\'M
R , . Uge
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Fig. 1. Diagram of typical WF-integrated MMC-HVDC system.

A. Power Stage of MMC

According to the averaged model of the MMC and Kirch-
hoft’s law, the power stage equation can be derived as:

di,,
arm dt

di,
arm dt

Uuy,=m

Uge

2

armbxu™=

L +R —U,—U,+V,

Cou,
+R =t

armtx1= 2

L

—UytU,—V,

uZ

xXu U Xu
b 1
= MyUy ( )

C, dik

N ‘(u=m l
C

dt xXu”xu
w4

N dt
In fact, the third-order harmonic (£3f,, +2f], £f,,0) mod-

eling is sufficient to capture the steady-state characteristics

of MMC accurately. When the perturbation voltage or cur-

u

=myly

rent is injected at the DC side or AC side, the main perturba-
tion response also contains frequencies of less than third-or-
der harmonics (f,+3f,.f,£2f.f,£/.f,)- Note that the nota-
tions with phase are omitted because of the sequence rela-
tion given in [31]. The complex vectors for steady-state and
small-signal upper-arm currents i’ and i, are expressed in (2)
with each element as the corresponding Fourier coefficient.
e U A A R S

i=[[ [ et et e e 2
where the superscripts +3, 2, =1, and 0 represent the vari-
ables corresponding to +3f), £2f,, £f;, and 0, respectively;
and superscripts p+3, p£2, and p* 1 represent the variables
corresponding to f,+3f, f +2f, and f, £ f, respectively.

Other related variables can also be described in this man-
ner. For the symmetrical three-phase circuit of the MMC,
the small-signal model can be expressed by one phase using
common mode-differential mode (CM-DM) notations for cur-
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rents, the modulation index, and voltages as follows:
Vie=Wp+yu)2
V=W —=Yu)2

where the subscripts ¢ and d represent the CM and DM, re-
spectively; and y could be the vectors of modulation index,
current, and voltage, respectively, i.e., y=m, i, or u.

Therefore, with the index of the upper/lower arm omitted,
the small-signal model of (1) can be transformed into the fre-
quency domain as:

3)

= ”2‘10 -u,

Z,i,=v,~u,~u,
u=Mu+Mu+Um,+U m,
u,=Mu +Mu>+Um,;+U;m,
Yu-=Mi +I.m,+M,i,+I,m,
Yui=Mi +I.m,;+M.i,+I,m,
where v,=G u, with G,(6,6)=1; M, M, U>, U}, I, and I,
are the Toeplitz matrices of the steady-state complex vectors
m, m, u-, u, i, and i, respectively; and Z, and Y, are de-
fined as [32]:

Z

“)

er =j2nLarm dlag(f;) + n](l + Rarm )

. Co (5)
YC:JZanlag(fp +nf))

B. Small-signal Modeling Under AC-side Perturbation

The GFM control structure of both MMC is presented in
Fig. 2, where P, O, @, Uy p Ugp Uyep and |u,,| are
the references of active power, reactive power, angular fre-
quency, DC voltage, d-axis voltage, g-axis voltage, and the
magnitude of PCC voltage u,, respectively; p, ¢, U,., and |u|
are the output active power, reactive power, DC voltage, and
the magnitude of the PCC voltage, respectively; and i,, and
i.4, are the dg components of the PCC current and circulat-
ing current 7, respectively. The outer loop includes active
power control (APC), AC voltage control (AVC), DC volt-
age control (DVC), and reactive power control (RPC). The
inner control structure is the same as that in [31] and it is not
shown here for simplicity. The inner control structure includes
circulating current suppression control (CCSC), as well as AC-
and DC-side virtual impedance control for stability enhance-
ment and modulation, respectively. Typically, a WFMMC un-
der GFC-based power control maintains the frequency and AC
voltage magnitude of WF (SW=1), whereas the GSMMC
adopts GFC-based DC voltage control for DC voltage and re-
active power regulation (SW=2), as shown in Fig. 2.

The proportional integral (PI) controller for CCSC should
first be tuned to ensure the inner stability of MMC [33],
[34]. Harmonic transfer functions can then be used to tune
the PI parameters for CCSC. The inertia J and damping coef-
ficients D, of GFM control are then determined according to
the frequency support function. Then, for the GSMMC, the
additional PI controller P/, for DC voltage control can be
approximately tuned according to the power loop of the
GFM control for the two-level voltage source converter
(TLVSC) with the equivalent DC-side capacitance of 3C,, /N
like the method in [15], as the inner stability is satisfied.
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Fig. 2. GFC control structure of MMC. (a) APC. (b) RPC and inner control.

The effects of different DC voltage regulators on the
VSM are discussed as in [34], and the impedance method in
this study can be used for PI controller tuning of DC volt-
age. Similarly, £, for the RPC and virtual impedance can be
tuned. The complex vectors of CM modulation m, and DM
modulation m, can be expressed as:

m,=m,+m,=Q0.i,

my'=mgy, +m, +m;+m,;=Q,+0 ), +Q,+G u, 6)

mjc:mdpv+mdp‘,[+mdqv+mdi+mdc=

Q,i+Q,+Q,)iy+(Q,,+ 0, Ju,+ 0yt
where the superscripts pw and dc represent the power con-
trol (SW=1) and DC voltage control (SW=2), respectively;
Q. corresponds to CCSC and virtual impedance; Q,, and Q,,
correspond to APC; @, corresponds to DVC; Q,, and Q,,
correspond to RPC; G, corresponds to AVC; and @, corre-
sponds to AC-side virtual impedance. In the of reference
frame, the active and reactive power (p and ¢) calculated by
the PCC voltages (u,, u,) and currents (i, is) are expressed as:

p=1.5G,u,+izu,)

q=1.50u,—iu,)

The PCC currents are twice the arm current in DM. There-
fore, with current perturbation at the AC side, the active and

reactive power (mainly of the frequency f, ,=f,—f)) in the
small-signal complex vectors can be further expressed as:

p=Pi,+Pu,+P,u,
q=Ri,+R u,
Pi(3,2)=P; (3,4):3US1
P.(3.2)=P" (3, 4)=15I
P, (3. 3)=—k* ks,
Ri(3,2)=R; (3,4)=—j3US1
R, (3,2)=R;:(3,4)= 1.j5[_y1

(7

®)

where k,f’" and k are proportional and integral coefficients,
respectively; superscript * denotes the conjugate operator,
and s,=s—j2nf,. Other elements of the matrices P, P, P,,
R, and R, that are not in (8) are 0. Furthermore, considering
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the APC and DVC in Fig. 2, the phase-angle reference per-
turbation can be expressed as:
1

HZGp(Sl)PZ—;m

(Pi+Pu+Pu,) (9
1) APC and DVC

The effects of APC and DVC on the impedance have two
aspects: the first is the park transformation (PT) effect on
the reference voltage and the second is the effect of APC
and DVC on the AC-side virtual impedance shaping. The ref-
erence voltage in the dq frame is [U, j’,ef, 0]". After being trans-
formed back to the abc frame, the perturbation in modula-
tion m,,, caused by phase angle can be expressed by inverse
park transformation (IPT) with phase-shift w2 as:

uuref UO i
Uy | = T;q(zmzm/z)ep,l[ 8”/} (10)
Ucery
U(o?ref .
My, = U Hp_]sm(an,t) (11)

dc

where 7, is the PT matrix; and 6, , is the phase angle of
the frequency f, , in the time domain. Therefore, the pertur-
bation caused by the phase-angle expressed in the complex
vector form with G, is expressed as:

mdpv= Gp (Sl )Gpv (Piid+Puus+szfudc)

G, (2.3)=G,473)= 20,

The second effect concerns the APC and DVC on the AC-
side virtual impedance control [34]. Here, the virtual induc-
tance is analyzed, and the virtual resistance will be analyzed
in a similar manner. The virtual inductance is implemented
as:

K, ;s . .
Vi (@)=~ 1 :Tds lq(w):_Ghd (S)lqa ()
d
(13)
K, ,t,;S . .
qui (CO): ] ':Tds ld (w):Ghd (S)ldH (CU)
d

where i,(w) and i, (w) are the d- and g-axis small-signal per-
turbation currents in the frequency domain, respectively; K,
and 7, are the gain and time constant of AC-side virtual im-
pedance controller, respectively; and v, (w) and v ,(w) are
the voltage drop caused by i, (w) and i,(w), respectively. The
d- and g-axis current perturbations i,, and 7, caused by the
PT with phase shift n/2 are expressed as:

i

. I P
[’fﬂ’] = [ ‘ }Hp_lszq(anlt+n/2) N
lqé) _Id i
Therefore, (13) can be further simplified as:
Vg (@) [1 ]
=G 10
{vqw_ (a))] 5 (81) [q p—1 () (15)

After the IPT, the modulation perturbation m,,,, of the vir-
tual impedance caused by the APC and DVC can be ob-
tained as:

mg,,;= G(s, )Gp (s))G

pvi(Piid+PuuS+Pdcudc)

(16)
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= ug+ug =(UT+2|UJ| U} lcos(2nf, 1+ 07)+

1
21U U2 [cos(2nf,,_ 1+ 0772 ) = U] +
|U?|cos2af,_t+07)+|U?|cos2nf, t+67%) (17)
where G,,(4,3)=G,,(2.3)=1'/U,; 6”=angU?)—angU,' ),

and 072 Z ang(Ur? §— ang(U]).
2) AVC for WFMMC

Similarly, for voltage control, the AC voltage perturba-
tions are mainly of frequency f, and f, ,. Therefore, u, only
contains perturbation of frequency f,—f,, which can be fur-
ther expressed as (17) with U/, U?, and U?~* as the Fourier
coefficients of f, fp, and fp—z- In addition, after the IPT, the
modulation perturbations caused by the voltage control can
be expressed as:

ud)'e;f: - Tq |u3|
1

-1
mg,= deccos(z”fl Dl ey
mdv:Gv(sl)uS (18)
KU,
G,2.29=6,42)=——
2|U3 |Udcsl
KU,
G,24)=G,(4 4=
2|Uy ‘Udcsl

where K, is the integral coefficient of RPC.
3) RPC for GSMMC

When SW=2, the reactive power is controlled and the cor-
responding modulation complex vector can be expressed as:

K
udrq/':_ qu: Gq (Sl )(Rild+Ruus)

(19)

—1 _
mdqv = U74 Cos(znﬁ t)U:;'efl

where U] is the d-axis small-signal perturbation of the
voltage reference of frequency f, , in the time domain. The
modulation perturbations caused by RPC m,, can be ex-
pressed as:
mdqv: Gq (Sl )qu (Riid+Ruux) (20)
where G, (2,3)=G,,(4,3)=-1/2U,,.).
4) Virtual Impedance and CCSC
The harmonic transfer matrix of AC-side virtual induc-
tance can be expressed as [34]:
m;=G,(s,)G i,

where G,(2,2)=G,(4,4)=j0.5/U,,.

The DC-side virtual impedance can also be adopted, as in
[34]. The DC-side virtual impedance for the CM current can
be expressed as:

ey

K, 1.5
l+z,.s

Ve (@) =— i (0)=G.(w) (22)

The modulation perturbation caused by the DC-side virtu-
al impedance m_,; can be obtained as:

vi T chi (S)ic
where G_,(1,1)= G, (s —j2n x 3 )/U,; G

m, (23)

(3.3)= G (s —

cvi
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JZTEJFI )/Udcﬂ chi (57 5) = th (S + Jznf‘l )/Udz‘ﬂ
G,.(s+j2n x3f,)/U,.

The modulation perturbation caused by CCSC m, with
the PI controller can be expressed as:

mci = Gci (S)ic (24)

where G, is the circulating current controller, G, (1, 1)=
G, 5=k, +ki/(s=2nf )I/U,, and G, (7.7)=[k, +k/(s+
2n x 5 U,,.

C. AC- and DC-side Coupling

Considering the AC- and DC-side coupling, the DC- and
AC-side perturbations u, and u, can be expressed with the
CM and DM currents, respectively, as:

and G_,(7,7) =

cvi

udc:chGdclc
u=2,G,i,

ac ™" ac

(25)

where Z,. and Z,, are the DC- and AC-side impedance matri-
ces in the frequency domain, respectively; G, (3,3)=-3; and
G,.2,2)=G,.(4.4=2.
D. Sequence Impedance
Equation (4) can be further simplified as:
. u c
erlc: ; _uc
Z,i,=v,—u,~u,
u,=B.i +B,i,+Cm+Cm,
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Next, based on the deduction of the modulation perturba-
tion complex vector, the harmonic transfer matrices in DC
voltage control mode can be summarized as:

Qid: Qpi + qu +0,
0,=0,+0,
G.,=052,6,-Z,-B,-C,0.-C.Q,
0.=G,(9)+G,,(s)
0,=G;G,,(s))
0,=G, (5P Z,.G, (Gpv +Gy,(s, )Gpvi )
Qp[: Gp (s, )Pi (Gpv +Gyy (s )Gpvi)
va = Gp (s,)P, (Gpv +G(s, )Gpvi )
0,=G,(5,)G,R;
0,=G,(5)G,R,

Note that in the power control mode, Q,, and Q, in (27)
are expressed in Q= 0,+0, and Q, = 0,+G, Then, with
(6), (26), and (27) and with the modulation vectors eliminat-

ed, a detailed expression of the AC-side impedance can be
expressed as [34]:

@7

Z =_05 er_(GD_E)(Bd+Cind)_
e (G,—EXB +C.0,+C,0,)G,,C.0,+
<« (Gu _E)(BL+ CCQC + Cdec )G;LII'(BC + C(:Qid)
G,-E)X,Q,~-E

The impedance shaping coupling effects of GFC are sum-

(28)

u,=Bi.+Bi,+Cim +Cm, (26) marized in Table II [31]. For the DC voltage control and
B=MY'M,+M)Y'M, power control modes, the difference is reflected by Q,, and
B,=MY'M+MJY'M, Q, as well as Q,, in (27).
C=MY'I,+MY 'I.+U;
C,=MY 'I.+MY 'I,+U*

TABLE II

IMPEDANCE SHAPING COUPLING EFFECTS OF GFC

Impedance Control strategy Perturbation feedback Detailed expression Modulation perturbations
RPC u,i, quu.v + quid
AVC ug G.u,
APC and DVC (voltage reference) L. . . m
AC-side o . Wiy, 0,1, + Qi+ 0y, !
. APC and DVC (AC-side virtual impedance coupling)
impedance ;
AC-side virtual impedance i, 0.,
DC-side virtual impedance . .
i 0.i, m,
CCsC
RPC X 0.,
i
AVC ! G,Z,i,
APC and DVC (voltage reference) . X . m
DC-side . . . . i, u,,i Qs+ Quly ¢
. APC and DVC (AC-side virtual impedance coupling)
impedance ;
AC-side virtual impedance i 0.,
DC-side virtual impedance . .
i, 0., m

CCSC

E. Small-signal Modeling for DC-side Impedance

According to Table II, the DC-side impedance is simpler
because it consists of fewer elements caused by perturba-
tions. For the DC-side impedance, (6) can be rewritten as:

m, :mci+mcvi: clc

c

ml;" = mdpv + mdpvi + mdv + mdi (Qpi + Qvi + GvZac )Qidid

29)

de .
mdc = mdpv + mdpvi + mdqv + mdi + mdc (Qpi + qu + Qvi )ld+
Q4= Qigly+ Qe+ Uy,
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Because AC voltage perturbations are dependent on the
AC-side impedance and DM current, only the DM current is
required for power calculations. The corresponding expres-
sions of Q., 0,, 0,, Q,, and Q, for DC-side impedance
can be expressed as:

Qz: = G(:i + szvi

0,=G6,G,,(s)

Qdc = Gp (S)Pdc (Gpv + GpviGhd (S))

Qpi = Gp (S)(Pz + Pu Zac )(Gpv + Ghd (S)Gpvi )
qu = Gq (S)qu (Rl + RuZaC )

These definitions for DC-side impedance are similar to
those for AC-side impedance, with some modifications. The
DC-side impedance can be calculated as:

(0.5E-C.0,)-(B.+C.0,)G..(G,—EX,Q,

icc

(30)

Ypedo=
" " Z,+B,+C,0.+(B,+C.0,)G..(G,~EXB.+C0,)
€1y

Gicc:ZIr+ZacGac_(Go_E)(Bd+ Cind) (32)

The DC-side impedance of an MMC with APC and DVC
is obtained.

III. VSC MODELING

The impedances of wind turbines with the GFM and GFL
controls are presented to evaluate the interaction between the
WF and MMC. The GFM and GFL control strategies of a
wind turbine inverter are shown in Fig. 3. The grid-side con-
verter of a wind turbine is considered here to evaluate the
impedances, and the DC voltage can be constant because the
DC side of the Type-IV wind turbine is equipped with rela-
tively large capacitors [26], [27], [30].

7 L |
J L ? | ; N [
T g o Loy

Fig. 3.

GFL and GFM control strategies of wind turbine inverter.

The power stage of the two-level converter is simple as:
sLi=K (33)
where m is the modulation signal, which is the output of the
current controller; and K, is the gain of the converter. Inject-
ing a positive-sequence voltage disturbance at the frequency
/f, into the grid-tied converter system generates positive- and
negative-sequence current/modulation responses at frequen-

Udcm - us

m
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cies f,(i,,m,) and f,—2f (i,,m,). Regardless of the GFM- or
GFL-based control, the modulation signal can be influenced
by current and voltage perturbations through the outer power/
voltage and current controller as well as the synchronization
unit. Therefore, the expression in the frequency domain can
be summarized as:

m,=~(A,u,

mn =_(Anup

+B,i,+C,i,)

+B,i,+C,i,) (34)

where m, and m, are the positive- and negative-sequence
small-signal modulation signals, respectively; u,, i, and i,
are the voltage and current perturbations in the frequency do-
main; and A, A, B, B, Cp, and C, are the coefficients of
the current and voltage perturbations.

According to (33) and (34), the admittances of wind tur-
bine with the GFL and GFM controls can be expressed as

(35) in a uniform manner.
Y :_li‘p — KriUdzﬂAnCp_(KmUchp-'_ l)(SLf+KmUdccn)
g uP KrftUdchnCp_(SL_/—i_K Uchp )(SZLf+KmUchn)
,_] :_l.iy[ _ KmUchn_KmUchan
s,L+K,U,C,

p
ul’

m

(35)

A. Impedance of Wind Turbine with GFM Control

For GFM control, the coefficients 4,, 4,, B,, B,, C,, and
C, include three parts. The first part is directly from the volt-
age/current control; the second one is from the coupling be-
tween the synchronization unit and voltage/current control;
and the third one derives from RPC. The first part of coeffi-
cients derived from the voltage/current control can be ex-
pressed as:

{A[JIZHV(S] VH, (s, )val =H,(s)), Cpl:()

4,=0.B,,=0.C, =H,(s,) (36)

where H, and H, are the voltage and current controllers, re-
spectively. Next, the second part of coefficients is related to
the equilibrium points of voltage, current, and modulation in
the frequency domain and perturbation of the system phase
0 caused by voltage and current perturbations derived from
the APC and DVC.

0=

1
—WP—GP(SJP

p=31"u,+U"i,+Ui,)

(37

Thus, the second part of coefficients derived from APC
and DVC synchronization can be expressed as:

Ay ==j1.5]'G, (s ) + U H, (s, DH, (s, )+ M "]
B, =—j1.5U;'G, (s U+ U H,(s, DH,(s, )+ M "]
Cpo==jl.5UG, (s U, + U H, (s, )H,(s, )+ M "]
A =jL510 G, (s U + U H (s, DH (s)+M ']
B, =j1.5U;'G, (s MU'+ U H, (s, DH,(s,)+M ']
CnZ:jl'SUrle(Sl )[(I;1+U;le(Sl))Hi(sl)+M71]

The third part of coefficients derived from RPC can be
similarly obtained as:

(39%)
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u,,=H,q=3H, (—j[;lup"'jU{lip_jUsl i
Ay=A,,==i1.5,'G, (s ) H, (s, )H,(s,)
B,,=B,=j1.5U'G, (s )H, (s, )H,(s,)
C=C,=—j1.5U'G, (s )H, (s, )H,(s,)

(39

The modulation perturbations can be obtained by adding
the three parts of coefficients as:

(40)
k=1 k=1
3 3
Cp: ;Cpk’ an ];an

B. Impedance of Wind Turbine with GFL Control

The impedance of wind turbine with the GFL control can
also be classified into three categories: current control effect,
PLL effect, and power control effect. The first effect derived
from the current control can be expressed as:

Apl=O7Bp1=Hi(sl)7 Cplzo

41
Arzl:()?Bnl:O’Cnl:Hi(Sl) ( )
The PLL effect can be expressed as:
—iH,(s1) .
= f” : u,==jG,, (s u,
s +|U; |le[(sl)
ApZZ_O’SGpH(Sl )[(IAI + USIHV(SI ))Hz (sl )+1‘41 ] (42)

A,,=0.5G,, (s (1 + U, H, (s, DH,(s)+ M ]
BpZZCp2:BnZ:Cn2:O
where H (s, ) corresponds to the PI controller of PLL for
wind turbine.
The third effect can be expressed as follows. According to

(37) and (39), the perturbations caused by the power can be
rearranged as:

1 1 1
P =[A_l[.}up+ Usl[ }ip+ U;[ . }in
—-q J - J

Therefore, the perturbation after PT can be expressed as:
A4,=C,=B,=0.B,=U"H,H,
A,=I'HH.C,=U'H,H,

Finally, according to (40), the admittance can be obtained

as in (35). Therefore, the impedance and admittance of the

GFM- and GFL-controlled WF-based TLVSC are obtained
as:

(43)

(44)

(45)

wt— T owt

I ACREAC/ERIN
) {Jp () ¥, (2f1—s)]

where Y, is the positive admittance; and J, is the coupling

P
term.

IV. IMPEDANCE VERIFICATION

The detailed parameters of MMC-HVDC and WF are pre-
sented in Table III. In this section, the impedance of MMC
without considering the WF is presented to verify the accura-

cy of the MMC. In addition, the impedances of the GFL-
and GFM-based wind turbine inverter are also provided.

TABLE III

DETAILED PARAMETERS OF MMC-HVDC AND WF

System Quantity Value
AC voltage U,=320kV
DC rated voltage U, =640kV
Rated active power P, =800 MW
Submodule capacitance C,,=7000 pF
Arm inductance L,, =40 mH
Number of SMs N=288
Circulating current controller k, =20, k;=2000
DC voltage controller k=20, k{*=50
MMC- Frequency response controller ky.=20, k=5, T,=0.005s
HVDC Reactive power controller k,=4
Active power controller D,=20,J=0
DC voltage control D,=20,J=0
AC—mde(;f(;ztl(lil g;I)r}}))edance k=10, 7,=0.1s
DC-side virtual impedance k,.=10,7,=0.1's
Grid-side line impedance L,,=0.15H
WEF-side line impedance L,;=0.12H
Arm equivalent resistance R,,=1Q
AC voltage U,=0.69kV
DC rated voltage U,=15kV
Rated active power P,,=5MW
Number of wind turbines N,,=160
Filter inductance L,=200 uH
Converter gain K,=0.5
WF Current controller (GFL) ki=1, k/=50
Current controller (GFM) k,=1, ki=10
Voltage controller ky=1, k=10
PLL k£"=1000, k"' =5000
Power controller (GFL) k=1, kI=10
Reactive power controller ki=0.5, k=1
Active power controller D,=5

A. GSMMC and WFMMC

The GSMMC and WFMMC based on DVC and APC are
presented, respectively. As shown in Fig. 4(a), the sequence
impedances of GSMMC and WFMMC including AC-side
virtual impedance are nearly the same, with trivial differenc-
es derived from the DC voltage controller. The DC-side im-
pedances of GSMMC (with AC-side virtual impedance of
70°) and WFMMC (with AC-side virtual impedance of 90°)
are shown in Fig. 4(b). Overall, the analytical result matches
the measurements well. The main influence range of GFM
control is within 200 Hz. The coupling terms should be con-
sidered using the generalized Nyquist criterion (GNC). In ad-
dition, as shown in Fig. 4(c), with the DC- or AC-side virtu-
al impedance (90°) in Table III, the DC-side impedance of
the WFMMC is damped to a certain degree as compared
with that without virtual impedance. The damping effect of
the AC-side virtual impedance is significant, as the negative-
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resistance region is minimized with the AC-side virtual im-
pedance (90°). Furthermore, if the AC-side virtual imped-
ance (70°), where the gains of high-pass filters of virtual in-
ductance and resistance are k ,sin(70°) and k,,cos(70°), re-
spectively, is implemented as in the GSMMC, the negative-
resistance region can be eliminated as compared with the
pure virtual inductance (90°) for the GSMMC [34].

B. GFL-/GFM-based Wind Turbine

The GFL and GFM control strategies shown in Fig. 3 for
the Type-IV wind turbine can be implemented with the ad-
mittance shown in Fig. 5. The admittance of the Type-IV
wind turbine has a resonant peak at approximately 50 Hz,
and the coupling terms are apparent and cannot be over-
looked with GFL. In addition, the GFM control features a
low magnitude of approximately 50 Hz for the positive se-
quence, whereas the coupling terms are at their highest mag-
nitude at approximately 50 Hz, as shown in Fig. 5(b). The
coupling terms of the GFM and GFL control both feature a
high magnitude, and the GNC should be used for stability
analysis. Overall, the impedance model corresponds with the
impedance measurements.

V. CASE STUDIES

This section presents three case studies to demonstrate the
stability effects of different WF control strategies on the AC-
and DC-side stabilities and describes the grid-supporting
function provided to the receiving-end grid by the GFM-
based WF with the modified GFM control for the MMC. It
is noteworthy that the main focus of this study is on a rela-
tively weak grid situation with a larger line impedance.

A. Effects of WF on DC-side Impedance of WFMMC

The DC-side impedance of the WFMMC can be obtained
using (31), with the impedance of the WF from (45), i.e.,
K’Z,,/N,,. In addition, to better show the effects of WF on
the DC-side impedance of WFMMC, (26) can be simplified
as:

Ei,+Fi=Gu,+H.u,
Eji,+Fi=Gu+Hu,
Ed:er_(Go_E)(BL‘—i—Cchd)
E=B,+C,0,
Fd:(E_Go)(Bd+CdQc+Cche)
Fc:er+Bc+Cch+Cinc
Gc:_ dQv
Gd:(Go_E)CCQV_E
H.=05E-C,0,
Hd:(Gn_E)CCQdc

(46)

lc = Ydaus + chxudc
L= Yacxus+ Yadudc

Y,=(F.-EE,F,) (G.—-EE;G,)
Y, =(F.-EE,F,) (H.-E.E,'H,)
Yacs:E;lGd_EgleYda
Yad:E;Hd_Et;leYd

cs

(47
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Fig. 4. Impedances of GFM-based MMC. (a) Sequence impedances. (b)

DC-side impedances. (¢) DC-side impedance of WFMMC with or without
virtual impedance.

Note that ¥, and Y, are the admittances of MMC when
connected to the ideal DC and AC voltages, respectively,
without AC- and DC-side coupling. Therefore, (46) and (47)

are simplified as compared with (28) and (31), respectively.
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Fig. 5.  Admittance of wind turbine with GFL and GFM controls. (a) GFL
control. (b) GFM control.

However, they are suitable for analyzing the coupling be-
tween the AC and DC sides under non-ideal AC and DC
grids. Y,, and Y, are the coupling terms from DC to AC
and from AC to DC sides, respectively. According to (47),
when u =Z,.G i, is considered, (48) can be obtained.

Y,z .G.Y,

da*ac™ ac” ad

E - Yaw‘ Za(J Gac udc

From (48), it can be observed that the DC-side admittance
consists of two parts: self-admittance and the coupling term
from the AC to the DC sides. In addition, when the AC-side
impedance is considered with Z,.=Z2, ,=joL,, (48) is
equivalent to (31). Furthermore, when the WF is integrated,
the equivalent grid impedance changes to Z,=Z, ,+
Z,,K}/IN,, Therefore, it is possible to effectively shape the
DC-side impedance of the WFMMC with WF integration
owing to its impedance Z,,. Thus, it is natural that it can
shape the DC-side impedance of the MMC by mapping the
admittance as 3Y,Z7Z, .G Y, /(E-Y,Z,G,). WF could
have a positive damping effect on the DC-side impedance of
the WFMMC because of mapping impedance.

When the GFL-based WF is connected to the WFMMC,
the DC-side impedance is better damped as compared when
it is not connected, as shown by the blue curve with AC-

side virtual impedance in Fig. 4(b). The negative resistance

idc =3 chx + (48)
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is well suppressed even without the virtual impedance, as in-
dicated by the yellow curve in Fig. 6(a), which shows the
stability improvement of the GFL-based WF-integrated sys-
tem. The impedance of the WF, as well as the large feeder
line, plays a critical role in the DC-side impedance of the
WFMMC, with weak shaping effects of GFM on MMC. As
shown in Fig. 6(a), a change in the number of GFL-based
wind turbines NS from 120 to 160 has a minor effect on
the DC-side impedance, whereas the current WF controller
has an apparent effect on the impedance of MMC. For exam-
ple, as shown in Fig. 6(a), when the proportional coefficient
of the current controller drops from 1.0 to 0.1, the DC-side
impedance changes. The DC-side stability is better when k;=
0.1. In addition, the main oscillation modes are approximate-
ly 10 Hz and 70 Hz at the intersection frequencies of the
GSMMC and WFMMC impedance curves, respectively. The
phase margin of the GFL-based WF-integrated MMC-HVDC
is shown in Fig. 6(a), and the phase differences of the main
oscillation mode at approximately 70 Hz when two curves
intersect are given in the legend according to the correspond-
ing stability margin.

Regarding the GFM-based WF-integrated MMC-HVDC,
the WF has a major effect on the DC-side impedance of the
GFM-based MMC. However, slightly different from the
GFL-based WF, the GFM-based WF has a relatively better
damping effect on the DC-side stability with a larger propor-
tional coefficient current controller, as shown by the purple
curve with k,=1 in Fig. 6(b). For example, with k,=1, the
DC-side impedance of the WFMMC is better suppressed
with a better stability margin as compared with the GFL con-
trol strategy. By contrast, it is reversed with kpi:O.l, as
shown in Fig. 6(b).

To show the different effects of the GFM- and GFL-based
WF on the DC-side stability of the MMC-HVDC, the param-
eters listed in Table III are adopted. Prior to /=3 s, the num-
ber of wind turbines is 120, the power is approximately 600
MW, and the DC current is approximately 0.95 kA. When ¢=
3 s, the number of wind turbines increases to 160, and the
total active power is approximately 800 MW, with a DC cur-
rent of 1.25 kA. As can been observed in Fig. 6(c) and (d),
the GFM-based WF outperforms the GFL-based WF with
k,=1, whereas the GFL-based WF performs better with ,=
0.1. This corresponds to the impedance-shaping effects of
the WE. As shown in Fig. 6(c) and (d), the DC-side virtual
impedance stabilizes the system.

B. AC-side Impedance and Stability of WFMMC

The AC-side impedance of the WFMMC can be obtained
by substituting the DC-side impedance of the GSMMC from
(31) to (28). The AC-side impedance of GSMMC can also
be obtained by substituting the DC-side impedance of
WFMMC. In addition, the coupling from DC to AC side can
be analyzed using the same method as the AC to DC-cou-
pling analysis presented in the previous section and it is not
repeated. As the grid-side stability of the GFM-based MMC
has been thoroughly evaluated in our related work, the AC-
side stability of WFMMC is the main focus here. Figure 7(a)
shows the AC-side impedance of the WFMMC (with AC
feeder line impedance) with the ideal and actual GSMMC:s.
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The effect of GSMMC on the AC-side impedance of
WFMMC including the feeder line is trivial, with only a
slight decrease in the coupling terms. Considering the large
coupling terms of WF shown in Fig. 5, the WF and
WFMMC interactions should be studied using the GNC. The
WF is the subsystem, whereas the line impedance together
with the WFEMMC represents the other subsystem. There-
fore, the stability can be evaluated by the ratio between
these two subsystems, i.e., (Z,,..+Z Loﬁ»)YW,Nwt/Kf. Here,
the transformer and DC cable can be included using T and =
equivalent circuits [35]. However, they are not the main fo-
cus of this study and thus are ignored.

The GFL-based WF is known to have poor performances
in weak grids because of the PLL. Here, with WF integra-
tion, a different line impedance is used. As can be observed
in Fig. 7(b), with the increase in line impedance, the allow-
able number of wind turbines is reduced or the bandwidth of
the PLL is decreased to integrate all wind turbines with a rel-
atively large line impedance. This shortage can be effective-
ly attenuated using a GFM-based WF.

Using the GFM control, the wind turbine integration can
always be stably maintained, as shown in the right portion
of Fig. 7(b), with L,,=0.17 H and k"=1500. The system be-
gins to stabilize with 10 GFM-based wind turbines imple-
mented of the total 160 wind turbines. Figure 7(b) shows
that the combinations of GFM and GFL control strategies
can ease the system stability. The stability can be accessed
by the ratio [K(Z,,,...+Z,;)" + Yo "N TV NG In
addition, with the increasing PLL bandwidth, the minimum
number of GFM-based wind turbines should increase. Al-
though it is a simple demonstration without considering right
half plane poles, it reveals the benefits of GFM control for
WFs in weak grids [36].

Figure 7(c) presents the power response of a GFL-based
WEF-integrated MMC-HVDC system with L,,=0.17 H. When
the proportional coefficient of PLL kj,’” increases from 1000
to 1200 at t=3 s, the system power begins to oscillate at ap-
proximately 180 Hz. After t=3.1 s, 15 wind turbines switch
to GFM control, and the system is stable again. This simula-
tion corresponds to the analysis.
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Fig. 7. AC-side stability of WFMMC and WF. (a) AC-side impedance of
WFMMC with ideal and actual GSMMCs (L,;=0.17H, L,,=0.2 H). (b) Ny-
quist plots. (c) Active power.

C. Grid Supporting with GFM-based WF-integrated MMC-
HVDC

The previous analysis shows that both WFs and MMC-
HVDCs should adopt GFM control in weak grids. However,
the GSMMC using DVC with a PI controller cannot effec-
tively respond to the grid-side frequency excursion. Current-
ly, the proposed coordination strategies for MMC-HVDCs
and WFs for receiving-end AC system support can be classi-
fied into communication-based and communication-free strat-
egies. In a communication-based strategy, the frequency in-
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formation is transmitted to the WF by communication to pro-
vide the necessary support. However, the commutation-free
strategies are preferable. With a communication-free strate-
gy, the core problem is frequency transmission from the on-
shore grid to the offshore WF. As shown in Fig. 8(a), the on-
shore GSMMC adopts the frequency DC voltage droop con-
trol, and the offshore WFMMC adopts DC voltage frequen-
cy or AC voltage magnitude droop control. The WF can
sense the frequency change of the onshore grid through the
DC voltage and provide the necessary frequency support.
Conventionally, both the GSMMC and WF use the PLL-
based GFL control, whereas the WFMMC adopts voltage-fre-
quency (VF) control. The GFL control may suffer from insta-
bility and a slow response due to the stability requirements
of the PLL. In this section, a GFM-based coordination of the
MMC-HVDC and WF is proposed for receiving-end grid fre-
quency support.

To make the MMC-HVDC system respond to the AC
grid, the GSMMC and WFMMC control strategies are re-
vised according to Fig. 8(a), which is known as the Type-I
control and is similar to the frequency response, as shown in
Fig. 8(b). The GSMMC responds to the system frequency
and exhibits a DC voltage deviation. This deviation is
sensed and transformed into the system frequency deviation
of the WFMMC. Then, the GFM-based WF can output more
or less power based on the frequency deviation of the
WFMMC. The DC voltage droop can be adjusted using K,
and the frequency droop can be adjusted using K. A low-
pass filter with 7,=0.005 s is used to filter the noise in fre-
quency. A similar control is presented in [29]; however, it is
a DC voltage droop with an outer loop power feedback. In
addition, instead of the GFM-based WF with a frequency re-
sponse, the WF in [29] is based on GFL, as shown in
Fig. 8(c).

If the WF is connected to a weak AC sending-end system,
the WFMMC and GSMMC control can be switched (the
sending end controls the DC voltage, and the receiving end
controls the power) without modification, as shown in Fig.
1, to ensure the frequency support for the receiving-end sys-
tem. This is known as Type-II control for frequency re-
sponse. However, if the WF is islanded, using Type-I control
is preferred when the WF cannot provide sufficient power to
maintain the DC voltage.

Figure 8(d) shows the response of a WF-integrated MMC-
HVDC system to grid-side frequency changes. After t=5 s,
the frequency drops to 49.85 Hz. After t=7 s, the system fre-
quency steps further to 49.7 Hz. Both Type-I and Type-II
control strategies can respond well to grid frequency excur-
sions. However, to a certain degree, the first strategy induces
a DC voltage deviation of less than 5%, which is proportion-
al to the grid frequency deviation that is usually within 1%.
The second strategy features no DC voltage deviation within
the WF power capacity and a shortage of voltage collapse if
it is outside the WF power capabilities.

We conduct a further comparison with the coordination of
conventional PLL-based GFL control strategy. For simplici-
ty, the MMC-HVDC still uses the GFM control in a manner
similar to the Type-I control, whereas the WF can adopt the
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GFL-based control shown in Fig. 3 with the frequency sup-
port shown in Fig. 8(c).
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Fig. 8. Frequency support of WF-integrated MMC-HVDC. (a) Principle of
communication-free coordination of WF-integrated MMC-HVDC. (b) Type-I
control. (c) Ancillary frequency support for conventional GFL-based WF.
(d) Response of WF-integrated MMC-HVDC system to grid-side frequency
change. (¢) Comparison of GFM- and GFL-based WFs.

To provide the same amount of active power with frequen-
cy excursion, the droop of GFL-based WF K, is 5, while
the time constant 7,,>0.0025 s of the low-pass filter is nec-
essary for noise filtering due to the stability requirement.
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Three cases at 7,=0.05 s, 7,=0.025 s, and 7,,=0.0025 s
are tested under Type-I control for a detailed comparison.
Figure 8(e) shows the comparisons of the GFL- and GFM-
based WFs, which uses PLL control and Type-I control, re-
spectively. Overall, the GFL- and GFM-based WFs could
both provide the necessary frequency support. However, the
response time of the GFM-based WF is shorter than that of
the GFL-based WF, as shown in Fig. 8(e). Moreover, due to
the slow response of the GFL-based WF when 7,,=0.25 s,
the DC voltage fluctuates and reaches a nadir, acting as an
energy storage buffer to provide active power to the onshore
GSMMC for grid support. Reducing the time constant of the
low-pass filter can improve the response time and suppress
the DC voltage fluctuation. However, the effect is limited by
the risk of instability. Thus, the two proposed coordination
strategies for the WF-integrated MMC-HVDC outperform
the conventional GFL-based coordination method when con-
sidering fast frequency support and stability in a weak grid.

D. Comparison and Remarks

Table IV presents a better comparison of the GFL- and
GFM-based WFs on the AC- and DC-side stabilities and the
frequency support response. As previously analyzed, the
GFL-based WF is preferable for the DC-side stability of a
GFM-based MMC-HVDC with a smaller k,j, whereas a
GFM-based WF is preferable with a larger k,. Regarding the
AC-side stability between the GSMMC and onshore grid,
the GFM-based MMC-HVDC is thought to be suitable at
SCR<3. The AC-side stability between the WF and
WFMMC also exhibit a similar phenomenon. When SCR <3
or L,;>0.33 p.u., using the GFM control for the WF is rec-
ommended. In addition, a GFM-based wind turbine can be
used to enhance the overall WF stability. Considering the
output impedance of the offshore WFMMC, SCR<3 or L ;>
0.33 p.u. is approximate, and accurate stability analysis should
employ the Nyquist criterion. Finally, for the frequency sup-
port function, the GFM-based WF outperforms the GFL-
based WF.

TABLE IV
COMPARISON OF GFL- AND GFM-BASED WFS ON AC- AND DC-SIDE
STABILITIES AND FREQUENCY SUPPORT RESPONSE

DC-side AC-side AC-side Frequenc
Type stability of  stability of stability of S:‘ ) rty
MMC-HVDC ~ GSMMC ~ WFMMC PP
GFL- Damping ‘ - SIOW response
based WF increase with Instability ~ Instability with worse
decrease of &, stability
GFM- ~ Damping N 3 Fast response
based WF  nerease with Stability Stability with better
increase of k, stability

VI. CONCLUSION

This study investigates the interaction and coordination of
a GFM-based MMC-HVDC integrated with GFM-/GFL-
based WFs. First, the impedances of a GFM-based MMC
and a WF with GFM and GFL control are derived. The influ-
ences of GFM- and GFL-based WFs on the DC- and AC-
side stabilities of the GFM-based MMC-HVDC system is
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then investigated by comparing the GFM- and GFL-based
WFs in a weak grid integration. The GFM-based grid fre-
quency support strategies are then proposed to support the re-
ceiving-end AC system in a weak grid.

The WF has a positive damping effect on the DC-side sta-
bility of the GFM-based MMC-HVDC system such that the
virtual impedance is no longer important, and the effects are
different under GFM and GFL control when considering the
proportional coefficient. A larger and smaller proportional co-
efficient is better for the GFM- and GFL-based WF for the
DC-side stability of the MMC-HVDC system, respectively.

Regarding the AC-side stability, the main causes of insta-
bility under WF integration in a weak grid are the interac-
tions between the WFMMC- and GFL-based WFs by the
PLL bandwidth. The GFM-based WF has no such instability
and could thus be adopted in a WF to stabilize the system.

Finally, a GFM-based WF-integrated MMC-HVDC WF
for receiving-end grid frequency support is proposed and ver-
ified through simulations. A comparison shows that the
GFM-based WF outperforms the GFL-based WF in terms of
stability and response speed. As a future research direction,
network-based system stability with a GFM-based WF-inte-
grated MMC-HVDC is worth exploring.
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