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Self-synchronized Grid-forming Control Strategy
for DFIG 1n Offshore Wind Farm Connected to
Diode Rectifier Unit-based HVDC System

Han Wu, Tao Wang, Xiang Meng, and Lijian Wu

Abstract—To reduce the cost of offshore wind power genera-
tion systems, the configuration of the offshore wind farm em-
ploying doubly-fed induction generator (DFIG) connected to the
diode rectifier unit-based high-voltage direct current (DRU-
HVDC) system has emerged as an attractive solution. The con-
trol strategy of the DFIG plays a crucial role in ensuring reli-
able operation of the offshore wind power generation system
due to the uncontrollable nature of the diode rectifier unit
(DRU). This paper proposes a self-synchronized grid-forming
control strategy for the DFIG in offshore wind farm connected
to DRU-HVDC system. Considering the unique power charac-
teristics of the DRU, the proposed strategy constructs a novel
power synchronization control loop, which achieves self-synchro-
nization of the DFIGs in offshore wind farm without any com-
munication network. Additionally, the harmonic distortion in-
duced by the natural commutation characteristic of the DRU in-
troduces significant electromagnetic ripples to the DFIG
through the stator windings. To mitigate this, an electromagnet-
ic oscillation reduction method based on harmonic current in-
jection is incorporated into the structure of the proposed strate-
gy. Simulation results based on MATLAB/Simulink validate the
effectiveness of the proposed strategy and the electromagnetic
oscillation reduction method.

Index Terms—Doubly-fed induction generator (DFIG), grid-
forming, diode rectifier unit, high-voltage direct current, off-
shore wind farm.

1. INTRODUCTION

N recent years, offshore wind power has developed rapid-

ly. By 2030, the installed capacity of offshore wind pow-
er is expected to exceed 380 GW [1]. However, as nearshore
areas have been massively developed, the industry is now ex-
panding into deep-sea regions [2].

Currently, the outputs of deep-sea wind projects such as
DolWinl in Germany [3] and Rudong project in China [4]
are primarily transmitted via modular multilevel converter-
based high-voltage direct current (MMC-HVDC) systems,
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which are costly due to their complex power electronics to-
pology and the large-volume offshore platform [5]. Hence,
researchers are seeking cost-effective and reliable alterna-
tives for deep-sea wind projects [6]. To reduce the capacity
and cost of the MMC, several MMC and diode rectifier unit
(DRU) hybrid strategies have been proposed [7]-[11], where
the majority of power is transmitted through the DRU. In
these strategies, the MMC and DRU are connected in paral-
lel or series on both AC and DC sides, each with its own ad-
vantages and disadvantages. However, it is important to note
that the voltage and frequency of the offshore AC system
are still supported by the MMC, and the stable operation de-
pends on the reliability of the MMC [12]. Moreover, the
cost of the MMC remains a concern.

To address the above issues, DRU-based high-voltage di-
rect current (DRU-HVDC), due to its high reliability, com-
pact size, and low cost, is proposed and is attracting increas-
ing attention [13]. Different from the MMC-HVDC system,
the operation of the uncontrollable DRU-HVDC system re-
quires that the wind turbines connected to DRU-HVDC sys-
tem operate in the grid-forming mode [14]. In addition, due
to the special power-voltage (P-V) characteristic of the
DRU, the synchronization mechanism is different from exist-
ing virtual synchronous generator (VSG) or standalone con-
trols [15].

Research in recent years has explored the grid-forming
control of wind turbines connected to DRU-HVDC system,
and the comparison among the different grid-forming control
strategies is listed in Table I. A hybrid centralized and dis-
tributed grid-forming control method is proposed in [16] and
[17]. To obtain the information on the point of common cou-
pling (PCC) and the reference signals for the centralized con-
trol, high-speed communication lines are essential. Alterna-
tively, equipping each wind turbine with a global positioning
system (GPS) is another approach [18], [19]. In addition,
[20] actively regulates the DC-link voltage of the onshore
MMC based on frequency information of the offshore AC
grid via communication, thereby enabling active power con-
trol of the DRU. On this basis, offshore wind turbines can
adopt the classical grid-forming control. However, additional
communication or GPS equipment increases the system
costs, and their potential failures may impact the stable oper-
ation of the offshore wind farm.
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TABLE I
COMPARISON OF DIFFERENT GRID-FORMING CONTROL STRATEGIES

Control strategy Characteristic

Communication For DRU For DFIG

Advantage Disadvantage

Centralized control Centralized AC voltage con-

(161, [17] trol; centralized frequency con- Yes
trol
No AC voltage control; fre-
FixReF [18], [19] quency information obtained Yes
by GPS
Distributed phase- Decentralized AC voltage con-
locked loop (PLL)- - . >
trol; frequency information ob- No
based control [21], tained by PLL
[22] Y
.Decentrahzed reac- No AC voltage control; fre-
tive power synchroni- uency information obtained No
zation based control 9 Y
by O-f control loop
[26]
Decentralized AC voltage con-
trol; voltage/frequency infor-
P-VIQ:f control [27] - én obtained by P-VIO-f No
control loop
Decentralized AC voltage con-
VSG control [33],[34] trol; frequency information ob- No
tained by P-f control loop
Decentralized rotor-current-
The proposed control based air-gap flux linkage con- No

trol; frequency information ob-
tained by O-f control loop

Increased cost and low reli-

Yes No Simple control structure ability due to communica-
tion network
Increased cost and low reli-
Yes Yes Simple control structure  ability due to GPS; unable
to establish AC voltage
Easy to switch between e
. . Stability risk due to dynam-
Yes No off-grid and_ grid-connec- ic of PLL
tion
Yes No Self-synchronization Unable to es;agt:jlsh AC volt-
P/Q coupling due to self-
v N Self-synchronization; able  synchronization mechanism;
s 0 to establish AC voltage complex control structure
(power-voltage-current loops)
Self-synchronization; ca-
No Yes pable of emulating syn- Not applicable to DRU-
chronous generator charac- HVDC system
teristics
Self-synchronization; able . .
o establish AC voltage Actn_/e and reactive power
Yes Yes coupling due to self-synchro-

simplified control struc-

nization mechanism
ture (power-current loops)

To avoid the reliance on communication, a distributed
PLL-based control is applied to the wind turbines in [21]
and [22]. In addition, the g-axis voltage reference is ob-
tained using local PLL and droop-based reactive power loop,
while the d-axis voltage reference is obtained by a propor-
tional-integral (PI)-based active power-voltage control to reg-
ulate the voltage amplitude of the offshore wind farm (i.e.,
P-V control loop). Based on the impedance model estab-
lished in [23], increasing the proportional gain of the P-V
control loop can enhance the system stability. Besides, the
coupling relationship between active and reactive power con-
trol loops is further analyzed in [24], where angle feedfor-
ward control is proposed to enhance the power response ca-
pability of the wind turbines.

The asymmetric control structure of PLL may induce in-
stability of wind turbines in weak grids [25]. A self-synchro-
nizing grid-forming control strategy without PLL is proposed
in [26], where the voltage frequency or angle of the wind
turbine is obtained through droop-based reactive power-fre-
quency control (i.e., O-f control loop). Nevertheless, the am-
plitude of the voltage of wind turbine is uncontrolled but
clamped by the DRU. Based on the strategy in [26], the volt-
age amplitude control is introduced in [27], whose reference
value is generated by the Pl-based active power control.
Moreover, a black-start strategy for offshore wind farms con-
nected to DRU is presented in [28]. In order to decouple ac-
tive and reactive power, a consensus-based reactive power
observer is designed in [29] to adjust the virtual impedance
acting on the voltage control loop. Besides, a O-6 type con-
trol strategy is proposed to achieve adaptive reactive power

allocation among wind turbines in [30]. Similar grid-forming
control strategies are applied to a DRU-based low-frequency
AC (LFAC) transmission system and a medium-frequency
DRU-based HVDC system in [31] and [32], respectively.

In general, the existing research primarily uses permanent
magnet synchronous generators (PMSGs) in the offshore
wind turbines. With the launch of large-capacity offshore
doubly-fed induction generators (DFIGs) by the wind turbine
manufacturers, the application of cost-effective DFIG has be-
come another option to reduce the development cost of off-
shore wind power generation. Hence, the configuration of
the grid-forming DFIG-based wind farm connected to the
DRU-HVDC system has emerged as an attractive and cost-
minimizing solution.

The grid-forming control strategies of DFIGs are exten-
sively investigated in [33], [34]. The grid-support ability and
synchronous dynamics of the existing strategies are deter-
mined by the droop- or VSG-based P-f and Q-V control
loops. However, these grid-forming control strategies cannot
be directly applied to the DFIGs connected to the DRU-
HVDC system, as their synchronization mechanism does not
match the P-V characteristics of the DRU.

Therefore, this paper proposes a self-synchronized grid-
forming control strategy for the DFIG in offshore wind farm
connected to DRU-HVDC system. The specific contributions
can be summarized as follows.

1) Based on the self-synchronization mechanism, a self-
synchronized grid-forming control strategy is constructed,
which achieves self-synchronization of DFIGs.

2) Considering the harmonic distortion caused by the
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DRU, an electromagnetic oscillation reduction method based
on harmonic current injection is incorporated into the struc-
ture of the proposed strategy, which is guided by the sensi-
tivity analysis.

The remainder of this paper is organized as follows. Sec-
tion II presents the mathematical model and self-synchroniza-
tion mechanism. Section III introduces the proposed strategy.
Section IV gives the stability analysis. In Section V, an elec-
tromagnetic oscillation reduction method is developed. The
simulation verifications are presented in Section VI. Section
VII concludes this paper.

II. MATHEMATICAL MODEL AND SELF-SYNCHRONIZATION
MECHANISM

The structure of DFIG in offshore wind farm connected to
DRU-HVDC system is shown in Fig. 1. Since this paper pri-
marily focuses on the control of DFIG in offshore wind farm
connected to DRU-HVDC system, the onshore MMC, which
regulates the onshore DC voltage of HVDC, can be simplified
as a constant DC voltage source [23]. In addition, the self-syn-
chronization mechanism is also described. In Fig. 1, RSC rep-
resents the rotor-side converter; GSC represents the grid-side
converter; Ty, represents the DFIG transformer; and T,
represents the MMC transformer.

Offshore

T, MMC Grid

DRU MMC

Offshore wind farm' = cable
AC filter Onshore

Fig. 1. Structure of DFIG in offshore wind farm connected to DRU-
HVDC system.

A. Mathematical Model of DFIG

The equivalent circuit diagram of the DFIG in the syn-
chronous rotating frame (SRF) is presented in Fig. 2. By em-
ploying the motor convention, the voltage and flux linkage
equations of the DFIG can be given as:

d .
Uvdq = RS deq + a l/’xdq +_]CU 1 l/’sdq

d M
Urdq = RrIrdq + a l/’rdq +Jw.v1i[) Wrdq
l/’sdq:Lstdq+LmIl‘dq (2)
l//rdq:LmIsdq+LrIrdq
Wmdq =Lm1sdq +LmIrdq
Lszl‘m+l‘m (3)
L=L +L,

where U, I, and y are the voltage, current, and flux linkage
vectors, respectively; the subscripts s, , and m represent the
stator, rotor, and air-gap components, respectively; the sub-
scripts d and g represent the d- and g-axis components, re-
spectively; R and L are the resistance and inductance, respec-
tively; L and L are the stator and rotor leakage induc-
tance, respectively; ¢ is the time; and ®, and w,, are the
synchronous and slip angular frequencies, respectively.

-

Jo, .Ilsdq ] a)slip .I’rdq

Fig. 2. Equivalent circuit diagram of DFIG in SRF.

Considering that the DFIG adopts a grid-forming control
strategy, it can be equivalently modeled as a voltage source.
The equivalent model of the DFIG connected to the PCC is
shown in Fig. 3. Hence, the power transmitted from the
DFIG to the PCC can be derived as:

UpricU, .
PDFIG = % Sm(eDFIG - epcc )
L
4)
_ Uppig Worig = Upee €08(Opgig — Opec )
Oprig=

Xy

where U, and 6, are the voltage amplitude and angle of
the equivalent voltage source, respectively; U, and 0, are
the voltage amplitude and angle at the PCC, respectively; X,
is the equivalent reactance from the DFIG to the PCC; and
P and Oy, are the active power and reactive power
transmitted from the DFIG to the PCC, respectively.

UDFIG VA 6DF[G XL UPCC a QPCC
© —

Fig. 3. Equivalent model of DFIG connected to PCC.

Due to the inductive characteristic of X;, Py, primarily
depends on angle difference Oppg—6pcc, While Qpp; mainly
depends on Uy

B. Mathematical Model of DRU
According to the structure of DRU in Fig. 4, taking a 12-

pulse diode rectifier as an example, the DC voltage of DRU
Vv can be obtained as [35]:

R
VRdc: \V U}%d+UI§q _R;l[Rdc (5)

where Uy, and Uy, are the d- and g-axis components of AC
voltage of DRU, respectively; I, is the DC current of
DRU; and R, is the equivalent commutation resistance,
which can be calculated as:

R,=3w Lyi/n 6)
where L, is the leakage inductance of the DRU transformer.
In addition, the DC current of DRU 1, can be derived as:
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1, Rdc de Rdc

x KX &
~ +
Vew VD
. B

Fig. 4. Structure of DRU.
Viie™ Viee =R rac (7

where R, is the resistance of DC cable; and V,, is the DC
voltage of MMC.

Based on (5) and (7), the active and reactive power of
DRU can be obtained as [20]:

PR = VRchRdc =
1 e —— I e——
m ( Rdc Ul%d + Ul%q + R/t Vldc ) ( Ul%d + Ul%q - Vldc)
de "

_ 2u—sin2u
Or= 1—cos2u

®)

R

where P, and Oy are the active and reactive power of DRU,
respectively; and u is the DRU commutation angle, which
can be calculated as:

€

The AC voltage of DRU Uy, can be considered equiva-
lent to the voltage of the PCC. Therefore, the active power
transmitted by the DRU depends on the voltage magnitude
of the PCC, while reactive power increases nonlinearly with
the active power.

,u:arccos(l - 2RﬂIRdL/ Ug,+ Uﬁq)

C. Self-synchronization Mechanism

For grid-forming devices connected to a conventional pow-
er grid, self-synchronization is achieved through P-f and O-V
control loops. This is because the imbalance of active power
caused by load switching leads to frequency deviations.
However, as shown in (8), the active power transmitted by
the DRU depends on the voltage magnitude. Therefore, the
self-synchronization mechanism of grid-forming devices con-
nected to DRU-HVDC system differs significantly from that
in conventional power grids.

Since the self-synchronization mechanism primarily focus-
es on the power balance between the DFIG and the DRU,
the following power flow analysis is based on a quasi-static
network model. In addition, to simplify the analysis, the dy-
namics of the inner control loop is ignored in this subsection
due to its small time scale.

Based on the power characteristics of the DFIG and the
DRU, P-V and Q-f control loops [24] can be designed to
achieve self-synchronized operation of the DFIG in offshore
wind farm connected to DRU-HVDC system. The self-syn-
chronization mechanism of the offshore wind farm is illus-
trated in Fig. 5. If the active power reference of DFIGI in-
creases, its frequency is incrementally adjusted through the
P-V control loop and the Q-f control loop based on the reac-
tive power characteristics of the DFIG. This adjustment al-
lows the active power reference to be tracked through the ac-

481

tive power characteristics of the DFIG. Additionally, the in-
crease in the active power of DFIGI causes the active power
transmitted by the DRU to rise. The power characteristics of
the DRU lead to an increase in the reactive power of the
DRU. According to the reactive power sharing strategy in
[27], the reactive power of the remaining DFIGs may also
increases. Through the Q-f control loop, the frequencies of
the remaining DFIGs may rise accordingly, achieving syn-
chronization of the offshore wind farm.

DFIG1 E
q- (4) PV @D o
DFIGI l Uprici l P DFIGIL P Dmc.ll
0/® J. Eq. (4) QDFICll Fbry l
;> OpEIGI l OpriGi l P DFIGll ' pDRUi
| DFIGn P e 6)
Eq. 4 P-VD o
Obricn l UDFIGnl 12 DFlCmi PDFIG”i QDRUl QDRUl
g Eq. (4 Ooric| DRU
| . DFIGn
O >@DFIGn l HDFIGni @ p DFIGnl
(D Control loop; ---->Frequency synchronization
—> Change of physical quantities of DFIG1
—> Change of physical quantities of DFIGn
Fig. 5. Self-synchronization mechanism of offshore wind farm.

III. PROPOSED STRATEGY

It should be noted that the power of the DFIG is primarily
delivered through the stator. Therefore, the RSC adopts the
grid-forming control strategy, while the GSC employs the
traditional control strategy.

On the basis of the self-synchronization mechanism, the
self-synchronized grid-forming control strategy for DFIG in
offshore wind farm connected to DRU-HVDC system is pro-
posed in this section.

A. Active Power and Amplitude of Air-gap Flux Linkage
Control Loop

The P-V control loop is firstly designed, which specifical-
ly refers to the active power and amplitude of air-gap flux
linkage control loop. A PI controller is selected to track the
reference of the active power, and its output is set as the am-
plitude reference of the air-gap flux linkage. The correspond-
ing expression of the control structure can be written as:

e

=y + (10)

. k,,
lw,, 8

where ‘a//,:| and P, are the amplitude reference of the air-gap
flux linkage and the reference of the active power output by
the stator of the DFIG, respectively; k,, and k,, are the pro-
portional and integral parameters of the PI controller, respec-
tively; and P, is the active power output by the stator of the
DFIG.

To maximize wind energy utilization under varying wind
speeds, P, is typically determined by the maximum power
point tracking (MPPT) [36], which can be derived as:

. P, O.5an2v3Cp 4P

s 1—sl “Lous— 1—s/ _Pcus (11)
where P, is the total input mechanical power; p is the air
density; R is the blade radius; v is the wind speed; C,(4,f)
is the wind energy utilization coefficient; A and f are the tip
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speed ratio and blade pitch angle, respectively; s/ is the slip
of the DFIG; and P, is the copper loss of the stator.

Since the air-gap flux linkage orientation method is adopt-
ed, the d-axis in the virtual synchronous rotating frame (VS-
RF) aligns with the phase of the air-gap flux linkage. There-
fore, the dg-axis references of air-gap flux linkage in the VS-

RF can be expressed as:
Va= W0
Vg =0
where y,, and w;q are the d- and g-axis references of air-
gap flux linkage in the VSREF, respectively.

(12)

B. Reactive Power and Frequency of Air-gap Flux Linkage
Control Loop

To achieve self-synchronization and reactive power sharing
of DFIG in offshore wind farm connected to DRU-HVDC sys-
tem, a droop controller is selected to track the reference of the
reactive power, and its output is set as the angular frequency
reference of the air-gap flux linkage. The corresponding ex-
pression of the control structure can be written as:

. k(@0

0\ =w
e 1 +sky,

(13)

where @] and Q; are the angular frequency reference of the
air-gap flux linkage and the reference of the reactive power
output by the stator of the DFIG, respectively; k,, and k,
are the proportional and time parameters of the droop con-
troller, respectively; Q. is the reactive power output by the
stator of the DFIG; and w, is the initial value of the angular
frequency.

In the steady state, if ng in all DFIGs remain the same,
the reactive power deviations of the DFIGs may be identical,
thus achieving reactive power sharing [27].

Based on the angular frequency reference of the air-gap
flux linkage, the phase of the air-gap flux linkage used for
coordinate transformation 6, can be calculated as:
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*
91 = wlwbase s

(14)

where w,,, is the basic value of the angular frequency.

C. Inner Control Loops

Based on the outer power loops (corresponding to Sec-
tions III-A and III-B) (10)-(14), the reference of the air-gap
flux linkage can be obtained, while the inner control loops
are designed to achieve air-gap flux linkage tracking.

According to (3), the air-gap flux linkage equations of the
DFIG can be given as:

Vona =
l//mq
By substituting (11) into (15) the d- and g-axis references

of the rotor current (/,, and Irq, respectively) can be obtained

L,I1,+L, 1,

m* sd

LI +L,I

m*sq m*rq

(15)

as:
.,
[rd_ Lm _[.vd (16)
=1,

From (16), it can be seen that the air-gap flux linkage con-
trol loop can be converted into rotor current control loop.
Furthermore, the PI controllers are used to implement the
closed-loop control of rotor current, allowing for the acquisi-
tion of the d- and g-axis references for the rotor voltage of
DFIG (U,, and Urq, respectively). The inner control loops
can be expressed as:

k

Iri

k, +

Irp

(]rti_]rd)

17
k]rt ( )

U k, +

Irp

(1,1,
where k,, and k,, are the proportional and integral parame-
ters of the PI controller, respectively.

The overall structure of the proposed strategy for DFIG in
offshore wind farm connected to DRU-HVDC system is
shown in Fig. 6.

U P Topology of DFIG |
sabc Power 5 ; 3
T»calculation — ., L, Uspe ,
sabe Qs : U 7
: gabe R, i
0, : 3
: RSC GSC :
e w Ly, Ly
= ]
1 rabc. L rdq _T : 1 I
i Tgdq gabe
,,,,,,,,,,,,,,,,,,,,,,,,,,,, S T m
Pulse width
modulation PWM
QS (&) Dpase 9r (P\AT/M)
X _ * U,
%—» & I N 1 MM abc 4 gl | 112 Kppp Kpryi & ﬂ Ueave
L+sky, s 9 s Y 0
P Ly Ay uyl lunounl o «

v_ ‘QII | rd rq iq id ]gd Vdc
P ki M’"+ il Kiyi [ T Lo Kyes T Vi
kpyt =5 . ® ® k=4 e ;g' & Koy I;da
sq ~ rq+ k]”. k n ]*

L, ;

Fig. 6. Overall structure of proposed strategy for DFIG in offshore wind farm connected to DRU-HVDC system.
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The GSC employs a cascaded control structure with an
outer control loop for DC-link voltage and an inner control
loop for current, regulating the DC-link voltage of the
DFIG. The RSC utilizes the proposed strategy to achieve
self-synchronization of the DFIG in offshore wind farm con-
nected to DRU-HVDC system. Since the primary characteris-
tics of the DFIG are determined by the RSC, the GSC is ne-
glected in the subsequent analysis.

In Fig. 6, U,,,. and U, are the abc-axis and dg-axis com-
ponents of the GSC voltage respectively; I, and I, are
the abc-axis and dg-axis components of the GSC current, re-
spectively; k,,,, and k,,,, are the proportional and integral pa-
rameters of the Pl-based PLL controller, respectively; k
and k,,

Pl-based DC-link voltage controller, respectively; &, and k,,
are the proportional and integral parameters of the PI based
GSC current controller, respectively; ¥, and V,, are the ref-
erence and actual values of the DC-link voltage, respective-
ly; 1, and I, are the d- and g-aixs reference values of the
GSC current, respectively; U, and U, are the d- and g-aixs
reference values of the GSC control voltage, respectively; o,
and 0, are the angular frequency and degree of the GSC volt-
age, respectively; w, and 6, are the angular frequency and
degree of the DFIG rotor, respectively; R, and L, are the re-
sistance and inductance of the GSC ﬁlter respectlvely,
and I

rabe

Vdcp
are the proportional and integral parameters of the

sabc?

I,., are the abc-axis components of the DFIG sta-
tor voltage, DFIG stator current, and DFIG rotor current, re-
spectively; and S and S are the RSC and GSC switch-
ing signals, respectively.

483

D. Discussion of Fault Ride-through Control

The operation of PMSG in offshore wind farm connected
to DRU-HVDC system under fault condition is extensively
studied in [22], considering the onshore and offshore AC
grid faults, DC cable faults, and internal DRU faults. The
corresponding methods in [22] can be applied to the DFIG
in offshore wind farm connected to DRU-HVDC system.
However, unlike PMSG, DFIG requires additional consider-
ation of transient flux components during fault ride-through.
Interestingly, the proposed strategy in this paper adopts the
air-gap flux linkage as a virtual internal electromotive force,
enabling effective control of transient flux components
through a rotor current-based inner flux loop [37]. Further-
more, the attenuation of the transient flux component can be
further accelerated by incorporating the feedforward based
on the derivative of the current reference [38] or the compen-
sation of the rotor voltage [39].

IV. STABILITY ANALYSIS

A. Study Case

To verify the stability of the proposed strategy, the state-
space model of a 1000 MW DFIG in offshore wind farm
connected to the DRU-HVDC system is built, with its struc-
ture illustrated in Fig. 7. The offshore wind farm consists of
three aggregated DFIGs with capacities of 330, 330, and 340
MW, respectively, whose parameters are shown in Supple-
mentary Material A Table SAIL. Besides, the parameters of
the offshore AC system and DRU-HVDC system are listed
in Supplementary Material A Table SAII.

Fig. 7.

B. State Space Model of DFIG

By combining (SA1)-(SA9) in Supplementary Material A,
the state space model of the DFIGi is given as:

dAX ppiGi
% = ApriiA¥prii + Bprici A pric (18)

Ayprici = CorigiAXpric:

where A denotes the small-signal quantity; the subscript i de-
notes the i" DFIG; Axpp,=[Aw), Ad,, AxP,,Ale,Aqu,,AIrdl,
AL, AL AL TS Aupg=[AU,,. AU, Ao, T', ®,,, is the
angular velocity of the common rotating reference frame; o
is the angle difference between the VSRF of the DFIG and
the common rotating reference frame; x,, and x,, are the

state variables of d- and g-axis rotor current controller, re-

DFIG3
(340 MW)
Z-‘DFIG3 AC cable LHsm LH!IL‘ LHdc
DFIG2 Riyge Ryge
(330 MW)
Toricz AC cable ,k Chde Viei
010 lw
DFIG1 an Lygn Ly Lygae
330 MW
( ) Torict AC cable - IU3 DRU Ryge Ryyge

Structure of 1000 MW DFIG in offshore wind farm connected to DRU-HVDC system.

spectively; x,; is the state variable of P-V controller; Ay =
[Aw|,, Al A, 1" is the output vector of the DFIG state-space
model; and 4 and By, are the state and input matrices of
the state-space model of DFIG, respectively.

Each DFIG is modeled in its own dg reference frame,
with the rotational frequency determined by its power con-
troller. To integrate all DFIGs into one reference frame, the
reference frame of one DFIG is designated as the common
DQ reference frame, and the output variables of the remain-
ing DFIGs are transformed into common reference frame.
The coordinate transformation expression can be derived as:

[NSDI'} _ [COS djy —sin 51‘0:'[A[Sdi:| n [_Isdio sindy—1, cos 51‘0} .
Al sind;, €osdy qut L4 €08 9= 14y SIN I
[AJ;] (19)
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IZAUMJ - [ cosdy, sin 5i0i||:AUxDi:| i
AU, —sind,, cosd,llAU,
|:_UvDi0 sind,+ U, cOS 5;0:| [AS,]

—U,pig €08 93— Ui SN0

5

(20)

where subscripts D and Q denote the d- and g-axis compo-
nents of the common DQ reference frame, respectively; and
the subscript 0 denotes the steady-state quantity. The refer-
ence frame of DFIGI is chosen as the common DQ refer-
ence frame in the following analysis.

C. State-space Model of Offshore AC System

The state-space model of the offshore AC system, which
includes the i" DFIG transformer T, AC cable, and reac-
tive power compensation device, has been established in
[15] and is rewritten as:

dAx
thC =A A+ B \cAu @1

AY pe=CrcAx ¢

where Ax,.=[AU,,, AUy, Alyyrps Alyrgrs AU sciprs AUpcio1
Al yeprs Al ycors AUy, AUy, Alyrpys Alypgs A

UACIDZ’ AUACIQZ’
Al yepos ACQ2° U,ps AU.;Q3» Alyrps. AIWTst AU sc1p3s ACIQ3»

acpzr Macgss AUpcps AUycgs AUpyp, AUpyg, AUssp, AUpsp,
AUryp, AUy ALy, Al gy o, Al Al 15 Iy is the current of
the inductance of DFIG transformer; U,, is the voltage of
the equivalent capacitance of the AC cable; /.. is the current
of the equivalent inductance of the AC cable; U, is the volt-
age of the capacitance C|; U,,, U, and U, are the voltages of
the filter capacitances C,, C,, and C,, respectively; I, and I,
are the currents of the filter inductances L, and L,, respective-
ly;  Auye=[AL, Al 1, AU scp1s AU cor, Al ipy, Al sy, AUy
AUACQZ’ Al py, AU zcps» AUACQ37 Aw,,,, Algp, A]RQ’ Al ycp,
Al o1 I is the AC current of DRU; and Ay,.=[AU,,,

AUSQI > AUsgae Al yepss A[ACQ3’ AU cps AUACQ I

D. State-space Model of DRU
The state-space model of DRU system, which includes the

DRU, transformer 7,;, DC cable, and DC smoothing reac-
tance, has been established in [24] and is rewritten as:

[Alyp, Alpo, AV e I'=4 pru [A® s AUgp, AUrg, Ay, I (22)

dAx
TDC =ApcAxpe+ BpcAupe (23)

Aype=CpcAxpe
where Axp.=[Aly,., Al AVica 15 1, is the DC current on
the MMC side; Aupe=[AVy, T AVpe=[AUsp. AUy, 15 Ay is
the small-signal model matrix of the DRU; and Ay, By,
and Cp, are the state, input, and output matrices of the state-
space model of the DRU, respectively.

E. State-space Model of Whole System
By combining (18) - (23), the state space model of the
whole system is given as:
dAx
dt
Ay = C Ax

= =4 sysAxsys + Bsys Au sys (24)
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_ T. _
where Ax = [AXppiGr» AXprigr> AXprigs AXac, AXpe 1 Au sys —

[Att 61> Ay Al ppigss At g, Al 1% Aysys HAVprigis AVpric
AVpriass AV ac» Ape 1T and Ay, B, and C are the state, in-

put, and output matrices of the state-space model of the
whole system, respectively.

sys?

F. Stability Analysis

By substituting the system parameters listed in Supplemen-
tary Material A Tables SAI and SAII into A, the eigenval-
ues of the rated operating condition are calculated, as pre-
sented in Table II, where 1, represents the m" eigenvalue,
and 4,,, represents the conjugate eigenvalue. It can be seen
that the real parts of all eigenvalues are negative, which
means the investigated system working under the rated oper-
ating condition is proven to be stable. Moreover, the domi-
nant states of these conditions indicate that the control pa-

rameters of the DFIG dominate the system behavior.

TABLE 1T
EIGENVALUES OF RATED OPERATING CONDITION

Eigenvalue Dominant Eigenvalue Dominant
state state
21 =-9962.5 Awy, 7,==-9962.5 Aw’s
234=—0.44+7113.39 AU, c1p3 Jso=—0.44+j113.39 AU, c1p1
Ay s=—0.28£j111.44 AU 105 Ao 10=—0.28£j111.44 AU,c101
A 1,=—0.41+£j87.58 AU, cip2 A13.14=—0.41£85.65 AU 10
Ais16=—9.42+j61.23 AU, Jy715=—10.92+j55.48 AU s
A9.20=—10.92£]55.48 AU, A1 =—0.07£j30.76 AU,y
Ap324=—28.03£j8.46 AU, Aas.06=—28.03£j8.46 AU s
Ay708=—26.47%)7.24 AU, in9.30=—0.24£j20.24 AU,
As13,=—0.24£j20.24 AU, As334=—5.07£j11.97 AL,
A35.36==5.06£j10.06 ALy, Aa735==10.04£j3.69 AU, AU py
A 40=—1.92£j7.5 Axp, Agrap=—1.92%j7.51 Ax py
Ag3.40=—2.56£j6.29 Axp, Ays.46=—0.8£]0.92 Al . AL,
247.45=—0.06 £j1.91 Ax,, A40.50=—0.15%j0.97 AU,,
As1.5,=—0.85£j0.42 AX,, Ass5a=—1.73£j0.47 Ax,.
Ass.56=—1.76£j0.45 Axpp As7.55=—1.72£j0.46 AX
/59=—39.59 AL, Ag=—33.33 ALy,
g =—14.7 AU, A =321 Al
Agy=—0.42 Axp, Aes=—0.45 Axpp
Js=—0.45 Ax 6s=—9962.5 Ao},

To further analyze the system stability, the root locus of
the most-affected poles under different conditions are shown
in Fig. 8. Figure 8(a) presents the root locus with output
power (wind speed) of DFIGs, demonstrating that the whole
system remains stable with output power increasing from 0.1
p.u. to 1.0 p.u.. Besides, the electrical distance among
DFIGs has an impact on the system stability. In this paper,
the impedances of the AC cables and transformers among
DFIGs are used to represent the electrical distances. The ac-
tual impedance values, provided in Supplementary Material
A Table SAII, are used as the base per-unit calculation. As
the electrical distance decreases, the system gradually be-
comes unstable, as illustrated in Fig. 8(b). Moreover, as
shown in Fig. 8(c) and (d), the system stability also deterio-
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rates with the increases of k,,, and k.
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Fig. 8. Root locus of most-affected poles under different conditions. (a)
Output power (wind speed) of DFIGs increasing from 0.1 p.u. to 1.0 p.u..
(b) Electrical distance among DFIGs decreasing from 1.0 p.u. to 0.1 p.u..
(¢) k;,, of DFIGs increasing from 5 to 15. (d) k,, of DFIGs increasing from
0.1 to 5.0.
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V. ELECTROMAGNETIC OSCILLATION REDUCTION METHOD

Due to the natural commutation characteristics of the
DRU, a 12-pulse DRU, for example, generates the signifi-
cant 11" and 13"™-order harmonic currents on the AC side.
This leads to noticeable oscillations in power and torque,
which can affect the stable operation of the DFIG. Addition-
ally, torque oscillations can shorten the lifespan of the DFIG
shaft system. Hence, an electromagnetic oscillation reduction
method is proposed in this section.

A. Mathematical Model of Electromagnetic Oscillation

Assuming that the offshore grid voltage contains the fun-
damental frequency component as well as the 11™- and 13"-
order harmonics, the components of the stator and rotor
sides of the DFIG in the VSRF can be expressed as:

+ _ o+ 11— —jl2w,t 13+ 12wt
Fsdq_Fsdq++Fsdqllfe ‘ +Fsdq13+e I (25)

+ _ + 11— —j12w,t 13+ i12m,t
F"dq_Frdq++Frdq1]—e +Frdq]3+e

where F represents the vector of physical quantities; the su-
perscripts +, 11—, and 13+ represent the rotating reference
frames for the positive fundamental, negative 11"-order, and
positive 13™-order, respectively; and the subscripts +, 11—,
and 13+ represent the positive fundamental, negative 11"-or-
der, and positive 13"-order components, respectively.

Based on (1)-(3) and (25), the expressions for the DFIG
stator current and flux linkage can be derived as:

N Vi N
I.vdq = Lmq -1 rdq
. (26)
+ Y +
Wsdq =Ls L = _LsaIrdq

With the stator resistance neglected, the DFIG stator volt-
age can be calculated as:

./,:r—ldq

"L,

Lod o .
l]sdqz mWsdq+Jw1W5dq:le(L _LSUIqu) (27)

According to (26) and (27), the instantaneous output ac-
tive and reactive power of the stator can be calculated as:

P,=—1.5Re(U;}, 1.;)=

sdq ™ sdq
Px,dc+ z Ps.,cos(i) COS(iCOlt) + 2 Ps,sin(i) Sin(iw]t)
i=12,24 i=12,24
0,=—1.5ImUg,I,)=
Oact z Qs,cos(i) cos(iw,t) + z Qs,sin(i) sin(iw, )
i=12,24 i=12,24
(28)

where the subscripts dc, cos, and sin represent the DC, co-
sine, and sine components, respectively. The expressions are
shown in Supplementary Material A (SA10).

The electromagnetic power of the DFIG can be regarded
as the sum of the active power generated by jo,y_, and
J® 4, W4, Which can be expressed in Supplementary Material
A (SALll) as:

Pe :_l SRe(ley/:qu;'; +jwslip.//;;iq1}g; ): lswr Im(I}tqu;l;q ):
Pe,dc+ z Pe,cos(i) COS(iwll)+ z Pe.sin(i) Sin(iwlt) (29)

i=12,24 i=12,24
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Furthermore, the electromagnetic torque can be obtained as:

r_ PP
w

r

(30)

where p is the pole pair of the DFIG.

As represented in (28)-(30), both the instantaneous active
power and reactive power of the stator and the electromag-
netic torque contain the 12"-order and 24"-order harmonic
components. It is worth nothing that the 24"-order harmonic
components are generated by the interaction between the
12"-order harmonic component of voltage/flux and the 12"-
order harmonic of current. As the fast Fourier transform
(FFT) result shows in Fig. 9, taking the electromagnetic
torque as an example, the 24"-order harmonic component is
relatively small compared with the DC component, which
can be neglected. Hence, the following analysis focuses on
the 12"-order harmonic component.

-0.40

T, (p.u.)

9.4%

N Ao O

Magnitude (%)

0 s 10 15 20 25 30
Harmonic order
(b)

Fig. 9. Oscillation and FFT result of electromagnetic torque. (a) 7.. (b)
FFT result.

B. Effect Law of dq-axis Current on Electromagnetic Oscilla-
tion

To clarify the correlations between the different electro-
magnetic oscillation components and the dg-axis compo-
nents, the variance-based sensitivity analysis, i.e., Sobol indi-
ces [40], is adopted. Taking the dg-axis rotor currents of 12"-
order as inputs, the 1¥-order and total-effect indices of the
sensitivity analysis are obtained based on the expressions of
the electromagnetic oscillations. The results are shown in
Figs. 10 and 11.

It can be seen in Fig. 10 that for the oscillation of active
power, it is highly correlated with the g-axis rotor current,
particularly the 13"-order component. Similarly, the oscilla-
tion of electromagnetic torque is also significantly correlated
with the g-axis rotor current. In contrast, the oscillation of re-
active power is more correlated with the d-axis rotor current.
In addition, similar effect laws can be summarized according
to the total-effect index in Fig. 11.

C. lllustration of Electromagnetic Oscillation Reduction
Method

Since the primary oscillation component is 12"-order, the
transfer function of the resonant controllers used in this pa-
per can be set as:
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Fig. 10. 1™-order index of dg-axis rotor currents on electromagnetic oscilla-
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Fig. 11. Total-effect index of dg-axis rotor currents on electromagnetic os-
cillations.

2k, .S
s 2w, 5 +(12w7 )

G(s)=

€2))

where k_ is the gain of the resonant controller; and w, is the
bandwidth of the resonant controller, which is always de-
signed within the range of 5-20 rad/s.

In addition, the resonant frequency of the resonant control-
ler depends on the output of the O-f control loop of the
DFIG, enabling automatic tracking of the oscillation frequen-
cy.

The electromagnetic torque oscillations may reduce the fa-
tigue strength and lifespan of mechanical components of the
DFIG. Therefore, the electromagnetic torque oscillation con-
trol should be considered a priority. Based on the results of
the sensitivity analysis, the direct torque resonant control
loop should be designed on the g-axis.

Furthermore, reactive power oscillations are more closely
related to the d-axis. Hence, direct reactive power resonant
control can be designed on the d-axis, which does not conflict
with the suppression of electromagnetic torque oscillations.

Consequently, the redesigned inner control loops consider-
ing electromagnetic oscillation reduction are shown in Fig.
12. To ecliminate electromagnetic oscillations, the reference
values of the resonant controllers are set to be zero.
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Fig. 12. Redesigned inner control loops considering electromagnetic oscil-
lation reduction.

VI. SIMULATION VERIFICATIONS

To validate the effectiveness of the proposed strategy and
the electromagnetic oscillation reduction method, the same
system, which is studied in Section IV, is built in MATLAB/
Simulink.

A. Performance of Start-up Process

The simulation results of the start-up process are shown in
Fig. 13. At t=0 s, the DC-link voltage of the DFIG is con-
trolled by the energy storage device to reach 1200 V. At ¢=
1.0 s, the reference of the active power of DFIGI1 is set to
be 0.8 p.u..

It can be observed that the magnitude of the PCC voltage
gradually increases with the reactive power generated by the
reactive compensation device being absorbed by DFIGI. As
the voltage continues to increase, the DRU conducts, begin-
ning to transmit active power and consume reactive power.
At t=1.5 s, DFIGI successfully starts and tracks the refer-
ence of the active power.

At t=2 s, the reference of the active power of DFIG2 is
set to be 0.4 p.u.. DFIG2 tracks the reference quickly and
smoothly, without causing significant power fluctuations
that may impact the stable operation of the offshore
wind farm. As the active power transmitted by the DRU in-
creases, the reactive power consumption also increases. In
addition to the reactive power supplied by the reactive com-
pensation device, both DFIG1 and DFIG2 generate equal re-
active power, achieving reactive power sharing and enabling
synchronized operation. After r=3 s, DFIG3 successfully
starts and generates an active power of 0.6 p.u. as the refer-
ence. Besides, in the whole start-up process, the voltage and
frequency of the offshore wind farm remain within accept-
able ranges.

According to the simulation results, the proposed strategy
enables the DFIG to form the AC grid of offshore wind
farm connected to DRU-HVDC system, achieving self-syn-
chronized operation of the DFIGs.
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Fig. 13.  Simulation results of start-up process.

B. Performance of Power Reference Change

Figure 14 presents the simulation results of power refer-
ence change. At #=5 s, the reference of the active power of
DFIGI gradually decreases from 0.8 p.u. to 0.2 p.u. at a rate of
2 p.u./s. As shown in Fig. 14(a), the output active power of
DFIG1 gradually decreases to 0.2 p.u. and the output active
power of other DFIGs is almost unaffected. During this pro-
cess, the reactive power absorbed by the DRU decreases cor-
respondingly. Due to the reactive power sharing control, the
output reactive power of all DFIGs decreases uniformly,
thereby achieving frequency unification across the offshore
wind farm.

The performance of the offshore wind farm remains simi-
lar when the reference of the active power of DFIG changes.
The simulation results demonstrate that the proposed strate-
gy effectively ensures stable operation of the offshore wind
farm during the variation of the output active power of
DFIG.

C. Performance of Wind Speed Change

Figure 15 presents the simulation results of the wind speed
change. When the wind speed decreases from 10 m/s to 8 m/s
at 10 s, the mechanical input power of DFIG1 drops according-
ly, leading to a reduction in its rotor speed. According to the
MPPT, the active power reference of DFIGI also decreases,
and the system reaches a new equilibrium point.
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Fig. 14. Simulation results of power reference change.

It can be observed that DFIG1 operates effectively across
both super-synchronous and sub-synchronous modes. More-
over, when the wind speed changes the reactive power re-
mains evenly shared among the three DFIGs, maintaining
synchronization of the system.

D. Performance of Electromagnetic Oscillation Reduction
Method

It can be seen from Fig. 16 that during rapid changes of
the operating point of offshore wind farm, taking a sudden
increase in active power as an example, the passive compen-
sation device fails to engage promptly, which leads to notice-
able oscillations in the active and reactive power of DFIG.
Besides, the electromagnetic torque contains a 12"-order os-
cillation, with the amplitude of the oscillation reaching 0.082
p-u..

Figure 17 exhibits the simulation results of the proposed
electromagnetic oscillation reduction method. While the pro-
posed method is enabled, the oscillations of both reactive
power and electromagnetic torque are significantly sup-
pressed. The FFT analysis of the electromagnetic torque re-
veals a reduction in its 12"-order component from 8.73% to
1.73%, with the total harmonic distortion (THD) decreasing
from 8.89% to 3.69%.
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Fig. 15. Simulation results of wind speed change.

E. Verification of Stability Analysis

As shown in Supplementary Material A Fig. SAl(a), when
the electrical distance is reduced to 0.1 p.u., DFIG1 operates
stably.

At 2 s, DFIG2 starts up, leading to system instability,
which is consistent with the theoretical analysis. Besides, at
3's, kp, and k,,,
tion results are shown in Supplementary Material A Fig.
SA1(b) and (c), respectively. It can be seen that, as the con-

are increased, and the corresponding simula-

trol parameters increase, the system transits from a stable
state to an unstable one, which aligns with the theoretical
analysis results.
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Fig. 16. Electromagnetic oscillations caused by DRU.

VII. CONCLUSION

To further reduce the cost on development of deep-sea
wind power generation, this paper proposes a grid-forming
control strategy for DFIG-based offshore wind farm connect-
ed to DRU-HVDC system. The simulation results demon-
strate the effectiveness. The following conclusions can be
summarized.

1) According to the unique voltage-power characteristic of
the DRU, a novel self-synchronized control strategy for
DFIG is put forward. With this strategy, the AC grid of the
offshore wind farm connected to DRU can be established,
and the frequency is regulated by all DFIGs.

2) The sensitivity analysis based on Sobol indices reveals
the correlation between the dg-axis components of DFIG
and electromagnetic oscillation components induced by DRU
characteristic harmonics. It can be found that the g-axis com-
ponents play important roles in the oscillations of the active
power and electromagnetic torque, and the oscillation of the
reactive power shows a stronger correlation with the d-axis
components.

3) According to the results of the stability analysis, an
electromagnetic oscillation reduction method based on the di-
rect torque and power resonance control is designed. While
the method is applied, the oscillations of the electromagnetic
torque and the reactive power can be mitigated effectively.

The active and reactive power decoupling control method
for DFIG-based offshore wind farm connected to DRU-
HVDC system will be investigated in near future.
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Fig. 17. Simulation results of proposed electromagnetic oscillation reduc-
tion method. (a) Waveforms. (b) FFT analysis of electromagnetic torque.
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