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Impact of Different AC Voltage Control Modes of
Wind-farm-side MMC on Stability of MMC-
HVDC with Offshore Wind Farms

Hongfei Lin, Tao Xue, Jing Lyu, and Xu Cai

Abstract—Wind-farm-side modular multilevel converters
(WFMMCs) used in modular multilevel converter based high-
voltage direct current (MMC-HVDC) transmission systems
must be able to control the AC grid voltage in offshore wind
farms. Different AC voltage control strategies can significantly
affect the dynamic characteristics of WFMMCs. However, exist-
ing studies have not provided a general methodology of control-
ler parameter design, and few comparative studies have been
conducted on control performance under varying operating con-
ditions as well as the effects of different AC voltage control
modes (AVCMs) on the stability of MMC-HVDCs with offshore
wind farms. This paper provides a controller parameter design
method for AVCMs, which is tested in various operating scenar-
ios. Sequence impedance models of offshore wind farms and
WFMMCs under different AVCMs are then developed. The ef-
fects of AVCMs on the small-signal stability of the interconnect-
ed system are then analyzed and compared using the imped-
ance-based method. Finally, case studies are conducted on a
practical MMC-HVDC system with offshore wind farms to veri-
fy the theoretical analysis.

Index Terms—Offshore wind farm, modular multilevel con-
verter based high-voltage direct current (MMC-HVDC), AC
voltage control, stability, dynamic response characteristics.

1. INTRODUCTION

IND power, as a major type of renewable energy, has
been exploited worldwide in both onshore and off-
shore wind farms [1], [2]. In recent years, offshore wind
power has become a critical component of wind-energy de-
velopment. Increasingly, offshore wind farms are being built
on a large scale and remote from the shore, where wind pow-
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er must then be collected by cables and transported to on-
shore grids across great distances [3]. Modular multilevel
converter based high-voltage direct current (MMC-HVDC)
has become the prevailed scheme for remote offshore wind
farms [4], [5].

The wind-farm-side MMC (WFMMC) station of an MMC-
HVDC transmission system is the terminal to which offshore
wind farms are connected. Based on [6], a primary responsi-
bility of the WFMMC is to provide an offshore grid voltage
to serve as a reference voltage for the wind turbine. AC volt-
age control modes (AVCMs) significantly affect the dynamic
characteristics of the WFMMC, and the stability risks of
wideband oscillations in the offshore WFMMC interconnect-
ed system are exacerbated when using improper control tech-
niques and parameters [7]. The AVCMs of WFMMCs can
generally be classified into three types: open-loop [8], single-
loop with AC voltage control [9], and double-loop with an
outer AC voltage loop and a current inner loop [10]. Most
studies have investigated the small-signal stability of grid in-
tegration of offshore wind farms with MMC-HVDCs based
on specific types of WFMMC control. Eigenvalue- and im-
pedance-based methods are effective tools for studying these
small-signal stability issues. The eigenvalue-based method re-
quires building the state-space model of the entire system, in-
cluding all components, and obtaining the state matrix,
where the order of the state-space model and computation
burden can be considerably high. In addition, the state-space
model must be updated with system structural modifications,
making it unsuitable for practical analysis. Due to its sim-
plicity and extensibility, the impedance stability analytical
method is widely applicable to address oscillation problems
derived from interactions between power converters.

For open-loop-controlled WFMMCs, sequence impedance
models have been developed using both the harmonic state-
space method [8] and multi-harmonic linearization method
[11]. Internal dynamics in the MMC have been shown to be
the dominant factors of sub-/super-synchronous oscillations
in MMC-HVDC-connected wind farms [2], [12]. The open-
loop-controlled MMC is easy to implement but does not
have auxiliary functions (e.g., grid support and fault ride-
through). Therefore, closed-loop control of the WFMMC is
preferred in practical systems. A proportional-resonant (PR)
controller has been utilized in previous studies [8], [9],
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where the parameters can be adjusted to stabilize the MMC
system. However, the PR controller generates a higher com-
putational burden, and therefore the proportional-integral
(PI) controller has remained the main controller type used in
WFMMC control. Reference [13] compares the effects of
single- and open-loop-controlled WFMMCs on the stability
of interconnected systems. A multi-input multi-output (MI-
MO) impedance model of a double-loop-controlled
WFMMC is built, and the stability of an MMC-HVDC-con-
nected doubly-fed induction generator (DFIG) wind farm is
analyzed in [14]. DC-side stability of double-loop-controlled
WFMMCs for wind farm integration is analyzed in [15]
and [16].

The aforementioned studies did not provide a general pa-
rameter design methodology and did not conduct perfor-
mance comparisons of different AVCMs under varying oper-
ating conditions. In addition, comprehensive comparative
studies on the effects of different AVCMs on the stability of
offshore WFMMC systems have not been conducted. The
following four contributions of this study are noteworthy. (D
A general control system design methodology based on the
bandwidth and turning frequency of the PI controller for a
WFMMC control system is illustrated. 2) Dynamic perfor-
mances of different AVCMs under varying operating condi-
tions are compared. (3 The effects of different AVCMs on
the wideband oscillations of an interconnected system are an-
alyzed and compared. @ The advantages of WFMMC con-
trol are shown as a reference for industrial practice.

The remainder of this paper is organized as follows. Sec-
tion II presents the system configuration and control. Section
IIT describes the controller parameter design of different
AVCMSs. Section IV presents the impedance modeling of
wind farm and WFMMC. Section V describes the impacts of
different AVCMs on the stability of the interconnected sys-
tem. Section VI concludes this paper.

II. SYSTEM CONFIGURATION AND CONTROL

A. System Configuration

Figure 1 shows the structure of an offshore wind farm
with an MMC-HVDC system. Three offshore wind farms
are connected to the onshore AC grid via an MMC-HVDC
transmission system. The WFMMC and grid-side MMC
(GSMMC) comprise the MMC-HVDC system. During nor-
mal operation, the WFMMC uses AC voltage control to
maintain a steady AC voltage reference for the wind farm at
the point of common coupling (PCC). The GSMMC is re-
sponsible for maintaining a constant DC voltage and for sup-
porting the AC grid.

This paper primarily focuses on the interactive stability of
the shaded region shown in Fig. 1. Based on the assumption
that the onshore AC grid is sufficiently strong, the GSMMC
can maintain a constant DC voltage. In this case, the effect
of the GSMMC on the dynamic stability of the offshore AC
grid can be ignored [4]. Alternatively, a constant-voltage DC
source can be used to replace the GSMMC. Finally, each
wind farm is aggregated into an equivalent wind-turbine gen-
erator.
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Fig. 1. Structure of an offshore wind farm with an MMC-HVDC system.

The typical configuration of a WFMMC is illustrated in Fig.
2, where the subscripts a, b, ¢ represent three phases; the sub-
scripts u# and / represent the upper and lower bridge arms, re-
spectively; m, and m, are the modulation functions; u_ and
u,s are the sum voltages of the upper and lower bridge arm
sub-module (SM) capacitors, respectively; i, is the circulat-
ing current; i, and 7, are the corresponding arm currents; U,
and i, are the DC-side voltage and current, respectively; C,
is the capacitance; and u, and i, are the AC-side voltage and
current, respectively. Each phase of the MMC is divided into
upper and lower bridge arms, where each arm contains N SMs,

an inductance L ,,,, and a resistance R .

B. System Control

The control diagrams for different AVCMs of WFMMC
are shown in Fig. 3. Three AVCMs can be used to provide
steady offshore AC voltage: open-loop AVCM (AVCMI),
single-loop AVCM (AVCM2), and double-loop AVCM
(AVCM3). Note that any variable denoted with a superscript
* refers to the reference value. H ,(s), H.(s), and H_(s) are
the PI controllers in the voltage outer loop, current inner
loop, and circulating current suppression control (CCSC), re-
spectively; wu, and u,,, are the differential-mode and com-
mon-mode voltage reference values, respectively; w is the
fundamental angular frequency, which is 2x x50 Hz in this
paper; and L=L /2 represents the inductance of the bridge
arm equivalent to the AC side. Other variables are defined in
Supplementary Material. VCM1 operates by directly setting
a voltage reference wave to control the WFMMC. The main
difference between the AVCM2 and AVCM3 is that AVCM3
contains a current inner loop (as compared with an outer AC
voltage loop) and has a better current response. In addition,
the CCSC is considered to suppress the second-harmonic cir-
culating current within the MMC.

III. CONTROLLER PARAMETER DESIGN OF DIFFERENT
AVCMS

Figure 4 shows the structure diagram of the closed-loop
control system of the WFMMC with AVCM2 and AVCM3,
respectively, where G, is the pulse-width modulation gain;
U;dq is dqg-axis grid voltage; and Z, is the AC-side equivalent
load. Note that the common variables are provided in the
Supplementary Material.
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Fig. 4. Structure diagram of closed-loop control system of WFMMC. (a)
AVCM2. (b) AVCM3.

The controlled object of AVCM3 is correlated with the im-
pedance characteristics of the load (i.e., the wind farm in
this paper), whereas the plant of AVCM?2 is irrelevant to the
load. This is the main difference in the controller parameter
design of the two AVCMs.

A. Parameter Design of AVCM?2

For AVCM2, the closed-loop transfer function of the con-
trol system is expressed as:

KIVS
Hos) = s ]
cl, single - ) - + T + 1
I+ K, + Kis  (@stT)s 1
N
H\m
where K, and K, are the proportional and integral coeffi-

cients of the AC voltage PI controller, respectively. The vari-
ables are defined by:

1
a vs K
K (2)
T “rpvs
Vs K

where 7, is the turning time of the PI controller. A recipro-
cal of 10-20 times the cutoff angular frequency is usually re-
quired.

The closed-loop bandwidth in the control system is de-
fined as the corresponding bandwidth when the amplitude-
frequency characteristic of the closed-loop transfer function
is reduced to —3 dB, when its gain is 1/V/2. Therefore,
when AVCM2 is adopted, the formula for the AC voltage
control-loop transfer function at closed-loop bandwidth w,
can be derived as:

T, s+1 ol

1+jT 0,
H = =
ctonge O = TN T T Thjoy (@t T

V 1+(Tvswb )2 _ L
Vitoi@+1,y V2
When (3) is solved, the relationship between a  and the

closed-loop bandwidth w, can be obtained as:

R @)

Wy

3)

‘ Hcl.single (S) ‘ =

Therefore, the parameters of the outer-loop voltage con-
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troller can be calculated by:
K, = !

-T.+ [2T:+ %
Wy

K,,=K,.T

vs™ vs

®)

B. Parameter Design of AVCM3

1) Inner-loop Current Controller

For AVCM3, the control parameters of the inner-loop cur-
rent controller are first designed. When we ignore the decou-
pling term, the closed-loop transfer function of the inner-
loop current controller can be derived as:

K 2
(Kpil+ s )R +sL
Hc‘l‘ double (S) = arm arm ~
1+ | K+ Kyl 2
pil S R+ SLyn
T
Ko o, 2K
Larm S Larm 6
= 2Kpils+ﬂ (6)
Larm Lal‘)ﬂ

where K, and K, are the proportional and integral coeffi-
cients of the current PI controller, respectively. Equation (6)
can be regarded as a second-order damped system as:

G(s)=

2w, s+’
s*+ 20w, s+w?

(7
where ¢ and w, are the damping ratio and natural frequency,
respectively.
Similar to (3), the current control-loop transfer function at
the closed-loop bandwidth w,, in AVCM3 can be derived as:
2w, s+w?

G(s)= =

s*+ 20w, s +w?

a)nzwb,.\/\/(EC2+ D’+1 -2 +1)

When (6)-(8) are combined, the parameters of the inner-
loop current controller can be calculated by:

Kpil: CLarmwbi\/ Vv (262 + 1)2 + _(2(2 + l)
K= %w[zﬁ\/\/ QO+’ +1 =7 +1)

2) Outer-loop Voltage Controller

Because the closed-loop bandwidth of the inner-loop cur-
rent controller is usually 10-20 times the outer-loop voltage
controller, it can be ignored when designing the parameters
of the outer-loop voltage controller. The closed-loop transfer
function of the outer-loop voltage controller is:

K
Vi Z
s ) L

2 .
a)n +J25wnwbi

2 2 .
W, =Wy, +.]2’Ca)nwbi

®)

)

K, ,+

P

clo, double( S) =

(10)
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Unlike AVCM2, the closed-loop transfer function of
AVCM3 contains Z,. Therefore, the outer-loop control param-
eters are designed using (11).

1

-T.,+ [2T+ 12)
w,,

=K, T

wl+ vs

K

vl =

Z; (11)

K

pvil

C. Dynamic Performance Verification of Control System

A time-domain simulation model of WFMMC has been
constructed in this paper to assess the dynamic performance
of the control system. The main electrical parameters of the
WFMMC are listed in Table I. The outer- and inner-loop
voltage control bandwidths are set to be 15 Hz and 200 Hz,
respectively, and the controller parameters can be calculated
using (5), (9), and (11).

TABLE I
MAIN ELECTRICAL PARAMETERS OF WFMMC

Type Parameter Value
Rated power 1100 MW
Rated AC voltage 416 kV
. Rated DC voltage +400 kV
Electrical system .
SM number in one leg 50
SM capacitor 11 mF
Arm inductance 133 mH
Rated power S, 850 MVA
MMC transformer (2 in Connection type D/Yg
parallel parameters of Ratio 416 kV/230 kV
one device) Tron loss 0.017 p.u.
Copper loss 0.0056 p.u.

The reference value of the d-axis voltage of the control
system is reduced from 1 p.u. to 0.8 p.u. at 1 s, and the dy-
namic responses of the control system are shown in Fig. 5,
where U, and [, represent dg-axis voltages and currents,
respectively. The voltages and currents under both AVCMs
with the designed parameters exhibit good dynamic perfor-
mance. In addition, compared with AVCM2, AVCM3 has a
better dynamic response speed when the load active power
is 100% of the rated power.

According to (5) and (11), the bandwidth of the voltage
outer loop under AVCM3 is affected by Z,, whereas it has lit-
tle influence under AVCM2. However, the controller parame-
ters in an actual system generally cannot be easily changed.
Therefore, studying the dynamic responses of the control sys-
tem when the load changes is essential. Figure 6 illustrates
the impacts of different AVCMs on the dynamic responses
under 20%, 60%, and 100% of the rated power.

Note that the change in U,, reference is the same as previ-
ously. The responses of the g-axis voltage and current per
unit value are similar to those of the d-axis, which are not
shown due to space restrictions. As the load power decreas-
es, the control effects under AVCM3 worsen, whereas they
are less affected under AVCM2.
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Fig. 5. Dynamic responses of control system. (a) dg-axis voltages. (b) dg-

axis currents.

IV. IMPEDANCE MODELING OF WIND FARM AND WFMMC

A. Impedance Modeling of a Wind Farm

An offshore wind farm consists of permanent magnet syn-
chronous generator-based full-power wind turbine systems
(PMSG-based FPWTSs). We use a PMSG-based FPWTS as
an example, where the system structure is consistent with
that in [17], and the main parameters in Fig. 7 are listed in
the Supplementary Material. The key modeling processes are
as follows.

As Fig. 7 shows, the PMSG-based FPWTS is divided into
four SMs (SM1-SM4) with multi-port characteristics for
modeling, and the SMs are then connected according to the
electrical connection between the ports to obtain the wind
farm AC-side load Z,,.

First, SM1 includes a wind turbine and generator. Based
on the electromagnetic transient time scale considered in this
paper, the aerodynamic and mechanical characteristics of
wind turbines can be ignored. Under the assumption that the
wind speed is constant, SM1 needs to consider only genera-
tor dynamics. The small-signal linearization equation of syn-
chronous generator can be given as:

v I
[ ~Id:| :Zldq|: ~Id:|
Vi 1,

where V,, V,, and [, I, are the generator output voltages
and currents in the dg axes, respectively; and Z,, is the dg-
axis impedance of the generator, where the details related to
its form are provided in the Supplementary Material. Note that
the variables indicated by tildes represent small-signal forms.

(12)
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Fig. 6. Impacts of different AVCMs on dynamic responses under 20%,
60%, and 100% of rated power. (a) d-axis voltages. (b) d-axis currents.

SM2 represents the machine-side converter (MSC), which
is connected to the generator and DC bus, and its voltage-
current relationship can be described by a two-port model as:

-1 2d - V2d

-, |= Yoy Yol v, (13)
L Y b Y 2dc L

I 2de Yoiom 2dc

where V,,, V,, and I, I, are the MSC AC-side voltages and
currents in the dg axes, respectively; and V,, and 1, are the
MSC DC-side voltage and current, respectively. The details
of Y,,.,, are provided in the Supplementary Material.

SM3 is the DC-bus capacitor of the full-power wind tur-
bine, which is connected to the MSC and grid-side converter
(GSC). The relationship between the small-signal voltage

and current can be described by the KCL equation:
i2dc+[~4dp+scdcl;3dczo (14)
where C, is the DC-side capacitance; [, is the GSC DC-
side current; and V,,, is the DC-bus voltage.
Similarly, SM4 represents the GSC and its filter, which is

connected to the AC grid and DC bus, and its voltage-cur-
rent relationship can be described by a two-port model as:

L3 y Vi
N I AL . 7 (15)
M Y, Yyl .
1 4dc szng 4dc
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Fig. 7. Topology and control of a PMSG-based FPWTS.

where V,,, V,,, and [, 1,, are the AC-side voltages and cur-
rents of the GSC in the dg domain, respectively; and V. is
the GSC DC-side voltage. Note that the variables denoted
with a superscript s represent their forms in the electrical co-
ordinate system, and the details of Y, are provided in the
Supplementary Material.
1) DC-side Admittance Modeling

After the multiport model of each SM is established, the
second step is to connect SM1 and SM2 and convert them
into a DC-side admittance. Because the AC ports of SM1
and SM2 are common points, the voltage and current satisfy:

B
Vil L7,
e
i 1q i 2q
When (16) is substituted into (13), the coupling relationship
between the MSC AC and DC voltages can be obtained as:

(16)

NNz >
_(Zldq+Y2dlq)|: ~2d:| :YuVch (17)
2q
The DC-side admittance Y,,, can then be calculated by

substituting (17) into (13).

IRz -
_(Zldq + delq ) |: I;Zd] = Ya V2dc
i o (18)
1240: [YZ(JC_ Yb (Zldq + YZ;lq )7 Yu ] V2dc
YA/(M

2) AC-side Impedance Modeling

After the equivalent DC-side admittance of the machine-
side system is established, the next step is to connect SM3
and SM4 equivalently to the AC-side observation point. Be-

Via |
V[q Park(F)) Via/}r :
5jmmmg%(

[q :

P <
q 0«

ro |7

iabc

calculation [~ ,

Measurement and calculation

*

cause the DC-bus capacitance is the common point of SM2-
SM4, the following voltage equation is established:

I;ch = V}dc = I74dc (19)

When (18) and (19) are substituted into (14), the updated
formula is:

IN4dc + (chM + SCdc )I74dc =0 (20)

Then, when (20) is substituted into (15), the coupling rela-
tionship between the GSC AC and DC voltages can be ob-
tained as:

@n

s
4iq

Vst Yaers+5C )I;4dc =Y d|: I?id]
Finally, the AC-side impedance Z,,, can be calculated by
substituting (21) into (15):
Vi ol
|: 174:‘1] == [Y4dq_ Y. (sChpt Y+ Yia) le ] [i;j (22)

4iq VA

W

This AC-side impedance is dg impedance, which is an MI-
MO impedance. It can be transformed into a single-input sin-
gle-output sequence impedance, which is consistent with the
literature and is thus not repeated here.

The three wind farms considered in the actual project
have 100, 67, and 100 PMSG-based wind turbine generators,
respectively, and each wind farm is then aggregated using
one equivalent wind turbine generator.

B. Impedance Modeling of WFMMC

1) Impedance Modeling of WFMMC Under AVCM]1

The harmonic state space based (HHS-based) impedance
modeling of WFMMC is previously elaborated in [8], and
therefore the derivation is omitted here. Based on the aver-
age value model, with i, u,,, ., and i, used as state vari-
ables, the state-space equation of the WFMMC is derived as:
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x* (=A% [)x” )+ B* (tu* (¢) (23)
where x* (¢) is the derivative of x"(f). The details of the ma-
trices x*(f), A%(¢), B*(f), and u*(¢) are provided in the Sup-
plementary Material.

The form of modulation ratios m, and m, can be ex-
pressed as:

_ ucom - ud[[f’
mu = Vi
de
Lo (24)
_ ucom + ud[ff
m;= 7[/
de

Then, linearizing the equation yields the small-signal mod-
el:

Ax':xs (t):ASSAxss (t)+ AASS (t)XW +BSSAuSS (t) (25)

where A represents the small-signal form of the variable.
The details of X* is provided in the Supplementary Material.
Uy, is constant under AVCMI, and u,,, is 0.5U,,. Therefore,
the small-signal linearization forms of m, and m, are 0.
Then, (25) under AVCMI can be revised to:

A (6)=A* Ax* 1)+ B* Au* (1) (26)

The injected perturbation frequency ,,, results in a suc-
cession of small-signal harmonic components with frequen-
cies w,,,,tkw,, and k=1,2,....n is critical. Based on the fact
that the harmonics to £4 orders can ensure impedance model
accuracy [8], the state variables can be calculated by (27) us-
ing the Fourier series expansion of the state equations in the
small-signal form.

hss hss hss \—1 phss hss
A =(AN/% — A" ) B" Au

ert = pert pert (2 7)
where A" and B" are the Toeplitz matrices. The details of
matrices AN, and Aul are provided in the Supplementary

Material. The matrix A™ is:

A, A A,
Ah.ys A.l A:O A*} (28)
A, A, A4,

The small-signal impedance is obtained by dividing the
+1 and —1 order harmonic currents by the perturbation volt-
age as:

Z[mS — Vs+ 1 (CL) pert )
[s+1(wpert) (29)
7 = va 1 (wn )
L (o,)

where the subscripts pos and neg indicate positive and nega-
tive sequences, respectively; and w,,, is the positive-se-
quence angular frequency.
2) Impedance Modeling of WFMMC Under AVCM?2

When AVCM2 is adopted, the influence of the small dis-
turbance component introduced by the AC voltage closed
loop on the upper- and lower-arm modulation indices must
be considered. When the effects of the CCSC and control de-
lay are considered, the transfer functions of the control sys-
tem are expanded into harmonic transfer functions (HTFs),
which are:

pert
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v1+

2

H = diag[

K I<.ivl
P s —jko, oro

: Kiccl
Hcc_dlag|:(KPccl+ S_jkwl)}g \

G,=diag [e*s’jk’”' )T”}

(30)

9x9
where k=-4, -3, ...,4 represents harmonic orders; H, and
H_ are the harmonic transfer functions of the voltage loop
and CCSC, respectively; and G, is the transfer function ma-
trix of time delay. Au;ﬁ can be expressed as:

. G H, .
Audif]':_Tinv|: ¢ Gd:”: Hv:' TPZLAlgabc -

G H
Tinvl: ¢ Gd][ H j'TPA”gabc (31)
Then, the transfer function from Ai,,,, to Au, is:
G H

TF,=-T, | ¢ “: Y :|TZ 2
ve mv|: Gd Hv p—L (3 )

The transfer function from Au,,,, to Au,, is:

G H

TF =-T, d :H: Y ]T

v mv|: Gd HV P (33)

Similarly, the transfer function from Ai to Au, can

be obtained as:

TF(r(rsc == Tinv2n|: Gd G :| |:HC€SC
d

H(‘,CSC}
where T, T,,, T,, and T, are consistent with the defini-

tions given in [17] and, therefore, their explanations are
omitted here.

The small-signal impedance model of the WFMMC under
AVCM2 can be obtained by calculating (27) and (29).
3) Impedance Modeling of WFMMC Under AVCM3

The HTF of the inner-loop current controller is expressed as:

: Kic
Hp—dlagli(KpC+ S—jka)l):'gxg

Based on the derivations in (31), Au ;.[/ can be updated as:

* G H(,’
w5 I 0

G H, H, .
T"””[ ' Gj[ H ][ H }T”ZL}A’W -
G H, H,
Tinv|: ¢ Gdi| l: H :H: H ] TpAugabc (36)

TF,. and TF, are updated to:

G H
TF,=-T, a ][ ! JT -
ve mv|: Gd HV P

G H, H
Tinv|: ¢ G{J}': ‘ H :H: ' H :|T}’ZL (37)

v

AL L
G, H, H,]"

Similarly, the impedance model of the WFMMC under
AVCM3 can be obtained.

C. Validation of Impedance Models
To validate the previous derivation, simulation models of

comabc

T p2n (3 4)

(35)




1694

the PMSG-based FPWT and WFMMC under three AVCMs
are constructed using MATLAB/Simulink. We use a positive
sequence as an example and adopt the frequency scanning
method to measure the AC-side small-signal impedances of
the PMSG-based FPWT. In addition, the WFMMC is mea-
sured by injecting perturbations at the PCC [18].

As shown in Fig. 8, the measured impedances of the two
systems match well with the analytical results over the entire
frequency range, confirming the accuracy of the impedance
models.
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Fig. 8. Impedance model validations. (a) AC-side admittance of PMSG-
based FPWT. (b) WFMMC under AVCMI. (¢) WFMMC under AVCM?2. (d)
WFMMC under AVCM3.
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V. IMPACTS OF DIFFERENT AVCMS ON STABILITY OF
INTERCONNECTED SYSTEM

The impacts of different AVCMs of the WFMMC on the
small-signal stability of the offshore WFMMC system are an-
alyzed and compared using the impedance-based method.

A. Comparison of Sub-/super-synchronous Stability

Figure 9 shows the impacts of different AVCMs of
WFMMC on sub-/super-synchronous stability of intercon-
nected system under different power-level conditions, where
the control delay of the WFMMC is set to be 300 ps. The
non-passive regions refer to the parts of the impedance
phase curve that are greater than 90° but less than 180° and
greater than —180° but less than —90°. Figure 9 shows that
the risk of sub-/super-synchronous oscillation mainly in-
cludes two frequency bands. (D The blue area, which ap-
pears symmetrical to the fundamental frequency by 10 Hz
and 80 Hz, mainly derives from WFMMC internal dynam-
ics; this area is more prone to intersect with the wind farm
impedance amplitude frequency curve, resulting in the risk
of sub-/super-synchronous oscillation. (2) The yellow area,
which appears symmetrical to the fundamental frequency by
30 Hz and 60 Hz, mainly derives from the WFMMC current
inner loop under AVCM3; this area is more prone to inter-
sect with the wind farm impedance amplitude frequency
curve, resulting in the risk of sub-/super-synchronous oscilla-
tion.

150
m
Z 100
Y
B 50
5 0
= -50
2 0
£
SR ) et N e |
-180 . . . . . . .
1 10 20 30 40 50 90 100
Frequency (Hz)
— 35% rated power; - 70% rated power; --- 100% rated power
— MMC open-loop; — MMC single-loop; — MMC double-loop
Fig. 9. Impacts of different AVCMs of WFMMC on sub-/super-synchro-

nous stability of interconnected system.

The WFMMC impedance characteristics of AVCM1 and
AVCM2 are clearly similar, whereas the WFMMC imped-
ance magnitude curve of AVCM3 is higher than those of the
other two strategies, and two resonance peaks exist around
the fundamental frequency. Both the wind farm and
WFMMC impedances have nonpassive regions, whereby har-
monic instability is more likely to occur. Based on the fre-
quency-domain passivity theory [19], the system is unstable
when it has a phase margin of less than zero at which the
two impedance magnitudes intersect. In addition, the magni-
tude of the wind farm impedance decreases, corresponding
to an increase in wind farm output active power. Here, the
WFMMC impedance magnitude of AVCM3 is more prone to
intersect with that of the offshore wind farms under the
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same power level conditions in the sub-/super-synchronous
frequency range.
B. Comparison of Mid-/high-frequency Stability

The main reason for mid-/high-frequency oscillations in
the WFMMC system is the control delay of the WFMMC
[20]. Figure 10 compares the impacts of different WFMMC
AVCMs on the mid-/high-frequency stability of the intercon-
nected system, where the control delay of the WFMMC is
set to be 600 ps and the wind farm output active power is
10% of the rated power. Note that the horizontal axis (fre-
quency) of Fig. 10 adopts logarithmic coordinates.
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Fig. 10. Impact of different WFMMC AVCMs on mid-/high-frequency sta-

bility of interconnected system. (a) Global view. (b) Enlarged view of im-
pedance intersection area.

Because no time delay occurs under AVCMI, its phase
margin is the largest of the three AVCMs. Compared with
the double-loop-controlled MMC, single- and open-loop-con-
trolled MMCs help mitigate the risks of mid-/high-frequency
oscillations.

The control methods, network, HVDC interface transform-
er, and controller interaction pathways are responsible for
mid-/high-frequency stability. We use the WFMMC under
AVCMS3 as an example. Figure 11 shows the impact of con-
trol modes of WFMMC and interaction on mid-/high-fre-
quency stability of the interconnected system, where the con-
trol delay of the WFMMC is set to be 400 us and the wind
farm output active power is 10% of the rated power. Figure
11 shows that when the current inner-loop bandwidth of the
MMC is set to be 300 Hz, the magnitude-frequency curve of
the wind farm intersects with that of the WFMMC at 490

1695

Hz, where the phase margin of the interconnected system is
less than zero, indicating that the system will undergo mid-/
high-frequency oscillation. In addition, the system stability
margin is clearly greater than zero when WFMMC adopts
AVCM?2, indicating that the system is stable.
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Fig. 11. Impact of control modes of WFMMC and interaction on mid-/
high-frequency stability of interconnected system. (a) Global view. (b) En-
larged view of impedance intersection area.

C. Impacts of Control Interaction on Stability of Intercon-
nected System

We next use the WFMMC under AVCM3 as an example.
Figure 12 shows the impact of the current controller band-
width of the WFMMC on the sub-/super-synchronous stabili-
ty of the interconnected system. As the current bandwidth in-
creases, the Nyquist curve changes from a stable to an unsta-
ble state that encloses point (—1, jO). In other words, the larg-
er the current inner-loop bandwidth of the WFMMC, the
greater is the risk of sub-/super-synchronous oscillation in
the interconnected system.

7 — Bandwidth is 100 Hz

*v —— Bandwidth is 200 Hz
" — Bandwidth is 300 Hz
-~ - Unit circle

Fig. 12. Impact of current controller bandwidth of WEMMC on sub-/super-
synchronous stability of interconnected system.
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VI. CASES STUDIES

Case studies based on practical Rudong MMC-HVDC-con-
nected offshore wind farms in China are conducted to vali-
date the theoretical analysis.

A. Case 1: Change of Operation Points

Case | compares the dynamic response performances of
the three AVCMs of the WFMMC when the output active
power of the wind farm exhibits a step change from 0.4 p.u.
to 0.6 p.u. at 1.5 s.

In Fig. 13, the simulation results of the voltage root mean
square (RMS) value ¥ and current RMS value / at the
PCC are presented when the output active power of the
wind farm changes. Figure 13 shows that the response speed
of the WFMMC under AVCM1 and AVCM?2 is better than
that of AVCM3. In terms of control accuracy, the voltage
and current of the WFMMC under AVCM1 are not as accu-
rate as those under AVCM2 and AVCM3. When the output
active power of the wind farm changes, the current over-
shoots at the PCC are the highest and smallest under
AVCM2 and AVCM3, whereas the voltage overshoots at the
PCC are the highest and smallest under AVCM3 and
AVCM2. The results indicate that the WFMMC under
AVCM3 has a worse voltage control effect but better current
control performance under varying operating conditions.

138
E 136
= 134t 8

£ -

Fi32f

130 : : : -

0.5 1.0 1.5 2.0 2.5
Time (s)
(a)
Y
1.7 a0
~ 16+ . i
} 1.6{ % O

:é: 14+ ! ;/
Fiol 15161718 1920;

1.0 N N . 4

0.5 1.0 1.5 2.0 2.5
Time (s)
(b)
— Open-loop; — Single-loop; — Double-loop
Fig. 13. Time-domain simulation results of dynamic response of tested sys-
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B. Case 2: Sub-/super-synchronous Stability

Case 2 is conducted to validate the theoretical analysis of
the impact of three AVCMs of the WFMMC on the sub-/su-
per-synchronous stability of the tested system, where the
wind farm output active power is 70% of the rated power.

Based on the frequency-domain passivity theory, the sys-
tem is unstable when it has a phase margin of less than zero
at the location where two impedance magnitudes intersect in
the non-passive region. Figure 9 shows that the impedance
magnitudes of the wind farm and WFMMC under AVCM3
intersect at 65 Hz when the impedance of the wind farm
falls in the non-passive region, indicating that the system
will be unstable at 65 Hz. Nevertheless, the impedance mag-
nitudes of the WFMMC under the other two AVCMs do not

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 5, September 2023

intersect with that of the wind farm under the same operat-
ing conditions, indicating that the system is stable.

The simulation results for Case 2 are conducted with a
power output of 70%, as shown in Fig. 14, which shows
that the tested system is stable under AVCM1 and AVCM?2
of the WFMMC, whereas the system oscillates under
AVCM3. Note that THD in Fig. 14 stands for total harmonic
distortion. The dominant oscillation frequency of the PCC cur-
rent is approximately 65 Hz, as observed from the frequency
analysis, which is consistent with the theoretical analysis pre-
sented in Fig. 9. In addition, because of the mirror frequency-
coupling effect, a frequency component at 35 Hz is pro-
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Fig. 14. Simulation results for Case 2. (a) Three-phase voltages and cur-
rents at PCC under AVCMI. (b) Three-phase voltages and currents at PCC
under AVCM2. (c) Three-phase voltages and currents at PCC under
AVCM3. (d) Frequency analysis of PCC current.
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C. Case 3: Mid-/high-frequency Stability
1) Case 3.1: Impact of WFMMC Control Delay

Case 3.1 is conducted to validate the theoretical analysis
of the impact of the WFMMC control delay under three
AVCMs on the mid-/high-frequency stability of the intercon-
nected system. The operating conditions are the same as
those shown in Fig. 10. Figure 10 shows that under AVCM3,
the phase margin of the tested system at the intersection
(464 Hz) of the impedance magnitude curves is —1.4°, indi-
cating that the system will be unstable. By contrast, the
phase margins of the system under AVCMI1 and AVCM2 are
greater than zero, indicating that the system will be stable.

The simulation results for Case 3.1 are shown in Fig. 15.
As the WFMMC control delay increases to 600 us at 1 s,
the system under AVCM2 remains stable, whereas the sys-
tem under AVCM3 oscillates at 464 Hz, which is in agree-
ment with the theoretical analysis presented in Fig. 10.
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Fig. 15. Simulation results for Case 3.1. (a) Three-phase voltages and cur-
rents at PCC under AVCM2. (b) Three-phase voltages and currents at PCC
under AVCM3. (c) Frequency analysis of PCC current.

2) Case 3.2: Impact of WFMMC Control Modes
Case 3.2 is conducted to compare the impact of different
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WFMMC control modes on the mid-/high-frequency stability
of the interconnected system. The theoretical analysis is pre-
sented in Fig. 11. The WFMMC initially operates under
AVCM3 with a 300 Hz current inner-loop bandwidth. The
time-domain simulation results in Fig. 16 show that when the
WFMMC is switched to the AVCM2 at 0.8 s, the mid-/high-
oscillation phenomenon of the interconnected system gradual-
ly disappears and the system returns to normal operation,
which is consistent with the theoretical analysis presented in
Fig. 11.
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Fig. 16. Simulation results in different control modes for Case 3.2, show-
ing three-phase voltages and currents at PCC.

D. Case 4: Control Interaction Between Wind Farm and
WFEMMC

1) Case 4.1: Sub-/super-synchronous Stability

Case 4.1 is conducted to validate the analysis of control
interaction on the sub-/super-synchronous stability of the in-
terconnected system. Figure 12 shows that when the
WFMMC current inner-loop bandwidth is set to be 200 Hz,
the Nyquist curve encloses (—1, jO), indicating an unstable
state. When the current inner-loop bandwidth is reduced to
100 Hz, the Nyquist curve changes from an unstable to a sta-
ble state.

The simulation results in different control modes for Case
3.2 are shown in Fig. 17. When the current inner-loop band-
width is reduced from 200 Hz to 100 Hz, the system be-
comes stable, verifying the previous theoretical analysis.
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Fig. 17.  Simulation results in different control modes for Case 3.2.

2) Case 4.2: Mid-/high-stability

Case 4.2 is conducted to validate the theoretical analysis
of control interaction on the mid-/high-stability of the inter-
connected system. The simulation results under different cur-
rent inner-loop bandwidths for Case 4.2 are shown in Fig.
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18. Figure 18 shows that when the current inner-loop band-
width is increased to 1 s, the system becomes unstable. In
addition, the dominant oscillation frequency of the PCC cur-
rent is approximately 490 Hz, as observed from the frequen-
cy analysis, which is consistent with the theoretical analysis
presented in Fig. 11.

400 Change the current inner-loop bandwidth

200

0 A
-200
-400 - : ' : : . '

20

Voltage
(kV)

Wy kv Y
N N NN OO
5 ‘ , ‘ , farhnnnas
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Time (s)
Phase b; — Phase ¢
(a)
300 - Fundamental (50 Hz) is 409.8 A, THD is 280.78%

490 Hz, 277.804%

—~
<
o2
=2

S

Current

— Phase a;

393

4

(=]
T

200 -

100 +

Magnitude
(% of fundamental)
I
S

W
(=}
T

A L L L - L n L L '
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

(b)
Fig. 18. Simulation results under different current inner-loop bandwidths

for Case 4.2. (a) Three-phase voltages and currents at PCC under AVCM3.
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VI. CONCLUSION

This paper presents a comparative study of different AVC-
Ms of a WFMMC in terms of control performance and
small-signal stability of MMC-HVDC-connected offshore
wind farms. The main conclusions of this paper are summa-
rized as follows.

1) Single- and double-loop AC voltage controls are shown
to have better control accuracy and more auxiliary functions
as compared with the open-loop control. The double-loop-
controlled WFMMC is affected to a greater extent by the
wind farm output active power, whereas the single-loop con-
trolled MMC is less affected.

2) In both sub-/super-synchronous and mid-/high-frequen-
cy ranges, the double-loop AC-voltage-controlled WFMMC
is shown to have a higher risk of oscillation as compared
with the open- and single-loop AC-voltage-controlled
WFMMCs.

3) In terms of small-signal stability, the single-loop con-
trolled MMC is shown to be the best choice for reducing the
oscillation risk of MMC-HVDC systems.
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