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Grid-forming Control Based on Adaptive
Reactive Power Allocation for Offshore Wind
Farms Connected to Diode-rectifier-based
HVDC System

Ganghua Zhang, Wang Xiang, Xia Chen, Rui Tu, Xuebo Qiao, and Jinyu Wen

Abstract—Diode-rectifier-based high-voltage direct current
(DR-HVDC) systems are considered an attractive solution for
integrating offshore wind farms (OWFs). Grid-forming (GFM)
control with a rational reactive power allocation capability is
crucial for the safe operation of numerous wind turbines
(WTs). Most typical GFM controls aim to share surplus reac-
tive power of the system equally among WTs, easily rendering
capacity overloads for WTs that are outputting high levels of ac-
tive power. In this paper, a novel GFM control for OWFs is pro-
posed, allowing for adaptively allocating the reactive power ac-
cording to the actual active power output of WTs. Firstly, the
reactive power characteristics of the AC collection networks
and WTs are analyzed across a wide wind power range. Then,
combining the positive correlation of WT active power with the
output AC voltage, a 0-0 type GFM control for WTs is present-
ed. The adaptive reactive power allocation mechanism and the
parameter design of the Q-0 based reactive power controller
are elucidated, ensuring that WTs with lower active power out-
put contribute more reactive power to the system than WTs
with higher active power output. The AC impedance models of
WTs under various GFM controls are established to evaluate
the impact of different reactive power controllers. Finally, the
feasibility of the proposed control is validated in PSCAD/EMT-
DC, accompanied by stability analysis.

Index Terms—Offshore wind farm, diode-rectifier, high-volt-
age direct current (HVDC), grid-forming control, reactive pow-
er allocation, stability analysis.

1. INTRODUCTION

OFF SHORE wind power has been widely recognized for
its abundant resource potential [1]. As the grid-connect-
ed scale expands, there is a notable shift towards far-sea lo-
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cations. The capacitive effects of transmitting wind power
over extended distances diminish the advantages of high-volt-
age alternating current technology [2]. In this regard, high-
voltage direct current (HVDC) transmission systems are in-
creasingly favored for integrating offshore wind farms
(OWFs) over medium- and long-distances [3]. The modular
multilevel converter (MMC) based HVDC systems exhibit
high control flexibility and are prevalently adopted in exist-
ing OWF projects. Nonetheless, their deployment necessi-
tates expensive and heavy offshore platforms with notable
operational losses, posing substantial barriers to widespread
adoption [4].

Recently, diode-rectifier-based HVDC (DR-HVDC) sys-
tems have garnered considerable attention with the superiori-
ty of light-duty and cost-effective converters [5], [6]. And
these systems hold promising prospects for OWF integra-
tion. However, their uncontrolled diode characteristics limit
their grid-forming (GFM) capability in the AC collection net-
works [7]. To address this limitation, additional active equip-
ment such as auxiliary MMC can be employed [8], albeit at
the expense of diminishing the economic benefits of diode
rectifiers (DRs). Notably, the grid-side converters (GSCs) of
wind turbines (WTs) inherently possess excellent control ca-
pabilities. As an alternative to the conventional grid-follow-
ing (GFL) control scheme, WTs can play a pivotal role in
forming the AC voltage of the AC collection networks.
Thus, it can compensate for the lack of voltage support and
reactive power balance in GFL type WTs, contributing to im-
proved system stability [9]. For DR-HVDC systems, GFM
controls for WTs typically involve centralized GFM control
[10]-[12], distributed phase-locked loop (PLL) type GFM
control [13], [14], self-synchronizing type GFM control [15],
[16] and similar variants.

In [10], a centralized GFM control for WTs is proposed,
achieving voltage and frequency regulation through active
and reactive power control loops. But this approach relies on
rapid communication among WTs for grid connection and
AC voltage control at the point of common coupling (PCC).
In [11], a Q-0 and P-V based GFM control structure employ-
ing proportional-integral (PI) controllers is developed with
fixed reference frequencies of each WT. Hence, synchroniza-
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tion during startup of WTs can be facilitated by an internal
global positioning system, yet it remains reliant on communi-
cation to allocate reactive power [12]. To minimize the reli-
ance on communication links, distributed PLL type GFM
controls are introduced in [13] and [14], enabling smooth
startup of WTs. The reactive power in the AC collection net-
works is evenly allocated through O-f droop control.

Given the potential destabilizing effects of additional
PLLs on OWFs, a Q-f based self-synchronizing type GFM
control (i.e., O-f type GFM control) is explored in [15]. The
operational mechanism of GFM-controlled WTs is elaborated
in [16] through the sensitivity analysis. The reactive power
allocation result is identical to that under the PLL type GFM
control. However, since some WTs frequently reach full pow-
er [17], while their reactive power output remains the same
as that of the WTs with lower active power output, there is a
risk of capacity overload for WTs with higher active power
output and underutilization for WTs with lower active power
output [18]. Moreover, since DRs and their AC transformers
need to absorb a substantial amount of reactive power (up to
0.4 p.u.), it is necessary to configure and switch AC filter
banks (AFBs) in groups to meet the reactive power demand
at the varying wind power levels [19]. Therefore, with the
switching or even maloperation of AFBs, the above-men-
tioned overload issues of WTs will be potentially exacerbat-
ed by the large fluctuations in the reactive power of the sys-
tem [20]. As a result, the rated capacity of WT GSCs must
be increased under the above GFM controls, raising the
equipment cost. In addition, the stability of DR-HVDC sys-
tems under various GFM controls with different reactive
power controllers remains inadequately studied, particularly
the instability mechanism of distributed PLL type GFM con-
trol. To tackle these challenges, this paper presents a novel
GFM control for OWFs connected to the DR-HVDC system,
which improves the reactive power allocation. The major
contributions are as follows.

1) A Q-6 type GFM control of WTs is proposed to opti-
mally and adaptively allocate reactive power according to
their actual active power, effectively precluding the overload
of the WT GSC without increasing the rated capacity under
varying conditions.

2) The impact of different reactive power controllers un-
der different GFM controls on the stability of DR-HVDC
systems is revealed, which recommends the conservative re-
active power control parameter settings to mitigate negative
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damping.

3) The potential risk of high-frequency oscillations in the
distributed PLL type GFM control, which results from the
additional control delay introduced by a PLL-based AC volt-
age controller, is highlighted.

The remainder of the paper is outlined as follows. Section
I illustrates the system configuration and operating charac-
teristics of the DR-HVDC based OWF integration system. In
Section III, a Q-6 type GFM control of WTs based on adap-
tive reactive power allocation is presented, and the mecha-
nism of reactive power allocation among WTs is analyzed.
Moreover, Section IV presents the sequence impedance mod-
eling of wind farms under different GFM controls. The feasi-
bility of the proposed control and system stability are validat-
ed by simulations in Section V. Finally, Section VI provides
the conclusion.

II. SYSTEM CONFIGURATION AND OPERATING
CHARACTERISTICS OF DR-HVDC BASED OWF
INTEGRATION SYSTEM

A. Topology Structure

Figure 1 illustrates the topology of the DR-HVDC based
OWF integration system, consisting of OWFs, an offshore
platform, and an onshore station. The OWFs are composed
of ten WT strings connected in parallel to PCC via AC col-
lection cables. Each string comprises ten WTs with a rated
capacity of 10 MW. The permanent magnet synchronous gen-
erator based WT is adapted to operate in GFM mode to pro-
vide voltage and frequency for AC collection networks. Two
diode-based 12-pulse DRs rectify the wind power output and
transmit it to onshore MMC through DC cables. The DC
voltage of the DR-HVDC link is regulated by the onshore
MMC using a fixed DC voltage control.

In light of the fact that the reactive power compensation
of DRs is implemented by WTs, the rated capacity of WT
GSCs and AC transformers must be increased by approxi-
mately 6.5% [19], which increases the equipment cost. Con-
sequently, bank-controlled AC filters are configured at the
PCC to meet the full compensation and filtering require-
ments of reactive power of DRs. This is also advantageous
for providing a portion of wind power under AC collection
network faults on the WT side. Hence, WTs in this paper do
not require additional capacity.

v Yo PCC e DC cable
WT string 1 T
fffffffffffffffffffffffffffffffff
: DR
i — MMC
WT string 10 EE fshore
E AC collection cable e Offshore  Onshore
OWFs '
AC filters
= AC breaker

Fig. 1. Topology of DR-HVDC based OWF integration system.
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Considering the impact of the leakage inductance of the
AC transformer 7,, on the DR commutation process, the
voltage relationship between the AC and DC sides of DRs is
expressed in (1) with reference to [15].

6 \/ngRVPCC _ 6kL2)Rw1LTDRidc
T T

()

where v, ,, and i, are the DC voltage and DC current of
DRs, respectively; V. is the root mean square (RMS) value
of PCC phase voltage v,.; o, is the rated angular frequen-
cy; k,; is the AC transformer ratio of 7),,; and L, is the
leakage inductance of T,

Based on (1), the transmitted active power P,, of DRs
can be written in (2), ignoring the loss of the rectifier and
the HVDC link [15]. It is evident that there is a tight posi-
tive correlation between V.. and P,, when v, .. is fixed.
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where v, ., is the DC voltage of onshore MMC.

According to the characteristics of DRs in [21], the reac-
tive power Q,, absorbed by 7,, and commutation is ob-
tained as:

2
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where u and ¢ are the DR commutation angle and power fac-
tor angle, respectively.

B. Reactive Power Characteristics of AC Collection Net-
works

Figure 2 depicts the diagram of the reactive power distri-
bution within the AC collection networks. The AC collection
cables are modeled as equivalent @ circuits [22].

QW'I'I 1 QWTIZ QLVY'I 10 PCC

o, 40,1, b Qo Q”'

I T1 1T T T Opr Qme
e Oy Owrino
Q;Qfl Vi QM: TlQuz | O.ito %’.’ T IQ,

3 {PF - ‘. ' Poosy filters

E. in Ly Ly lel l leo l

A2 LCen L L€l | wAC breaker
Fig. 2. Diagram of reactive power distribution within AC collection net-

In Fig. 2, it is assumed that the AC collection cables from
WTil (i=1,2,...,10) to WTi9 at WT string i have the same
length of x. Considering the demands of the DR platform
and OWF spacing, the length of AC collection cables be-
tween WTil0 and PCC bus is y,. The equivalent inductance
and capacitance of AC collection cable j (j=1,2,...,10) at
WT string i are LU/ and C,, respectively, while the equiva-
lent resistance R, is not drawn in Fig. 2.

Denote the reactlve power generated by OWFs and AC fil-
ters as O, and Q.. respectively. The balance of reactive
power on the PCC side is satisfied in (5)-(7). As derived in
(6), the reactive power components O, in OWFs originate in
each series of WT string i.
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Ot Q/ilzers =0z (5)
EQM, ZZ(QWT,ﬁQU,) (6)
Qﬁlters = nQbank (7)

where O, is the reactive power generated by WT j at WT
string i; O, is the reactive power generated by AC collec-
tion cable j at WT string i; n is the number of AFBs in oper-
ation; and Q,,, is the reactive power capacity per bank.

Take WTij at WT string i as an example. Regardless of the
effect of capacitor reactive current on the voltage drop of a se-
ries branch, Q) and O, in (6) can be further expressed as:

Oyry=Qgy+30,C¥ =30, (L+L)IG,

2
3o, Lcu‘( EIG@/)
7

where Qg is the reactive power generated in the GSC of
WT j at WT string i; V;; and [, are the RMS values of
phase voltage v, and current igy 1n the GSC of WT j at WT
string i, respectively; L and C, are the inductance and capaci-
tance of LC filters in WTs respectlvely, and L, is the leak-
age inductance of AC step-up transformer.

As analyzed in (8) and (9), the reactive power generated

in the AC collection networks Q. can be defined as:
1010

22[35" o

i=1j=

®)

Qm/ 660 Cct/ Vfi (9)

3w1(Lf+LT)Iéij+Qcij] (10)

Based on (3) and (10), Fig. 3 displays the reactive power
characteristics of DRs and the AC collection networks in var-
ious wind power scenarios. The parameters of the DR-
HVDC based OWF integration system are listed in Table I,
where R, , L,,, and C,, are the resistance, inductance, and ca-
pacitance of the high-pass filter in an AFB, respectively; L
and C, are the inductance and capacitance of the double-
tuned filter connected in series in an AFB, respectively; and
R,, L,, and C, are the resistance, inductance, and capacitance
of the double-tuned filter connected in parallel in an AFB,
respectively.
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Fig. 3. Reactive power characteristics of DRs and AC collection networks
in various wind power scenarios.

It is shown that the reactive power Q,, and Q,. calculated
in (3) and (10) are basically consistent with the simulation
results in PSCAD. The AC collection networks exhibit a ca-
pacitive characteristic that is enhanced as the wind power
P, decreases [22]. Under rated power operating conditions,
the demand for reactive power of DRs reaches a maximum
value of approximately 0.4 p.u.. Q,, decreases rapidly as
P, decreases. Even if P, drops to 0.48 p.u., the system
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will generate excess reactive power without accounting for
the reactive power compensation effect of AFBs.

TABLE I
PARAMETERS OF DR-HVDC BASED OWF INTEGRATION SYSTEM

Quantity Value Quantity Value
Rated wind power 1000 MW L, 0.15 p.u.
Rated frequency f, 50 Hz G 0.08 p.u.
Rated PCC voltage 66 kV Lo Lo 0.001 H, 0.01 H
kpp 3.92 C.o Cio 0.33 uF, 3.3 puF
L, 0.18 p.u. R, R, 0.038 Q, 0.38 Q
L, 0.07 p.u. X, ¥, 2 km, 20 km
R L. C 5.1 Q, 0.96 L,C,R, 2mH,36.5 pF, 200 Q,
> S Sip mH, 36.5 uF L, C, 0.05 mH, 1405 uF

C. Issues with Q-f Type GFM Control

According to (5)-(10), denote O, as the sum of O,
which can be written in (11). It can be observed that the varia-
tion of O, contains the variation of Q.. O,. and Q.
which is predominantly attributable to wind power fluctua-

tions and AFB switching.
10 10

QGtot = ZZQGU = QDR - QAC_ Qﬁlters (11)
i=1j=

Under the O-f type GFM control and distributed PLL type
GFM control, the total reactive power demand is balanced
equally by each WT based on its rated capacity. Since the
frequency f; of v, is a common feature for all WTs, the
equal reactive power allocation of WTs can be achieved by a
O-f droop controller with the same reactive power reference
and droop coefficient, shown as:

(QGij_ QGref)kQ =2n(fs—f1) (12)
where O, is the reference of Q,; and k,, is the proportion-
al gain.

Figure 4 illustrates the reactive power characteristics of Q-
f droop based GFM-type WTs considering abnormal condi-
tions of AFBs. Given that the ratio of AFBs in filter is great-
er than 20% [18], the maximum number of AFBs is designed
to be 4 to avoid the frequent switching of AFBs. The switch-
ing thresholds of 3 AFBs are set to be 0.86 p.u., 0.73 p.u., 0.58
p.u., while the switching logic of the remaining one is not set,
which is always in operation to ensure PCC voltage quality.

0.4 - —Normal condition

02l AFB maloperation e
’;- ' Number of AFBs in operation. .-~ 1
\9.,: 02 1/\;2/1/3/1/4
S G 1

04r . 10.58 10.73:0.86

-0.6 . : z L :

0 0.2 0.4 0.6 0.8 1.0

Py (p-u.)

Fig. 4. Reactive power characteristics of Q-f droop based GFM-type WTs
considering abnormal conditions of AFBs.

It can be observed that WT GSCs are required to absorb
the surplus reactive power under normal operation. When
the aggregated wind power output of OWFs is less than 0.4
p.u., O, equally balanced by each WT falls below —0.15 p.u..

When a conventional Q-f droop controller is used, even WTs
operating at the rated wind power are forced to share the re-
active power equally. It poses a risk of overloading the WT.
In particular, as shown by red dotted lines in Fig. 4, the erro-
neous switching of 3 AFBs either on or off aggravates the is-
sue, necessitating WTs to absorb or generate more reactive
power.

1. Q-8 TYPE GFM CONTROL OF WTS BASED ON ADAPTIVE
REACTIVE POWER ALLOCATION AND MECHANISM OF
REACTIVE POWER ALLOCATION AMONG WTS

A. Q-0 Type GFM Control of WIs Based on Adaptive Reac-
tive Power Allocation

In general, WTs need to achieve the maximum power
point tracking (MPPT) of wind power generation and control
the DC voltage inside.

Due to the uncontrollable nature of DRs, WTs also need
to generate AC voltage and frequency and regulate the bal-
ance of reactive power in the AC collection network. Given
that the DC voltage of WT is maintained by its machine-side
converter (MSC), the voltage of WT DC link can be decou-
pled from the grid side, minimizing the interaction effects
[23]. The DC voltage control of WT MSC adopted in this
paper refers to [12]. Consequently, it is crucial for WT GSC
to control the active power and reactive power in the GFM
mode.

As evaluated in Fig. 4, WTs with higher active power out-
put are susceptible to capacity overloads, which are more se-
vere under AFB maloperation conditions. Hence, an ap-
proach is proposed in this paper that adaptively allocates re-
active power based on the actual active power output of
WTs. Concretely, WTs with lower active power output con-
tribute more reactive power, while WTs with higher active
wind power output contribute less reactive power.

Figure 5 depicts the diagram of a novel Q-0 type GFM
control based on adaptive reactive power allocation for WT
GSCs. It consists of a dual-loop PI controller, a P-V PI con-
troller, a Q-6 based reactive power controller, and an en-
abling controller for capacity limitation. The dual-loop PI
controller is responsible for voltage formation in the AC col-
lection network and overcurrent protection during system
faults. In view of the short-term overcurrent capability of
GSCs, the maximum value /. of /. is set to be 1.3 p.u. in
the current limiting. The P-V PI controller is designed to
achieve the MPPT value P, and generate the AC voltage
amplitude v, . V,, is the rated value of v, which is added
to improve the start-up speed.

The Q-6 based reactive power controller contains two op-
erating modes, activated by an enabling signal £, based on
the capacity limit criterion, as shown in (13) and (14). Equa-
tion (13) is designated as a primary operating mode. Based
on 6, which is positively correlated with the active power
output, O, of each WT is allocated adaptively using Q-6
droop control. A rational design of droop coefficient k,, is
essential, which is discussed in the subsequent subsection.
The first-order inertial loop is added to enhance dynamics
and stability with time constant k,=0.05. When E, changes
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from 0 to 1, the reactive power of WTs is set to be the limi-
tation Q,, .. Concurrently, the integral loop with gain k,, in
(14) is used to ensure the accurate control of reactive power

+ > + Vidref
P Gi/l‘q/"—’m O s—O—— =
— + H
QO H o)

o]
Gij v, fdN

S Gupo—> SO/HIZE 0/1] Ty E,
' O—> | Q
CSGlow
D alowoT Comparator ~ Delay
controller

Enabling controller for capacity limitation

Fig. 5.

ka
(QGij_QGref) 1+SkT :HGij_eN (13)

l+sk, "=

k ko
(QGi/_EnQIimit)( R ) =061]'_6N (14)

where 6, is the voltage angle of WT j at WT string i; and
0, is the reference voltage angle of each WT generated by a
voltage-controlled oscillator. Since @, is adjusted via the
change of 6, O, in O-6 droop control can be set to be 0.

The activation logic of the enabling controller is concisely
outlined as follows. When S, reaches its upper limit S,
the enabling controller is activated and the output of the
comparator in Fig. 5 becomes 1, otherwise, it becomes 0. To
mitigate maloperation due to transient power disturbances, a
delayed judgment is introduced. Combined with the require-
ment of reactive power support and the overcurrent duration
of GSC under AC fault, the delay time is set to be 0.1 s. On-
ly if S, is greater than S, during the continuous detection
time 7, the delay controller outputs the enabling signal E,
as 1. Moreover, when E, is 1, S, will be switched to the
lower limit S, of S,,, functioning as a hysteresis compara-
tor to prevent unnecessary control toggles. Conversely, the
enabling controller is deactivated (i.e., £,=0) when S, falls
below S, resulting in the reset of S, to S, for subse-
quent capacity limitation assessments.

In Fig. 5, v, and v, are the dg transformation components
of v,; dg,, dg,, and d,;, are the three-phase modulation indi-
ces of the GSC in WTij; P, is the active power generated
in WTij; S, Pg;» and Qg are calculated based on the termi-
nal voltage v, and current i, of WTij; Hy[s] is the PI trans-
fer function of the active power controller; and Hp,[s] and
H},[s] are the PI transfer functions of the dual-loop voltage
and current controllers, respectively. For consistency, all elec-
trical variables in Fig. 5 are expressed in per-unit values.

low

B. Mechanism of Reactive Power Allocation Among WTs

Take the reactive power allocation among WT strings as
an example. For simplicity of analysis, WTil-WTil0 of WT

a dq
05O

so that the apparent power of WTij S, does not exceed its
threshold. Besides, f; under the proposed control can be

maintained at its rated value f, if necessary.

Current limiting

I Gmax i
dq/
xy/

(-6 based reactive power controller

Diagram of Q-6 type GFM control based on adaptive reactive power allocation for WT GSCs.

string i are aggregated as an equivalent WT i. Referring to
[24], the inductance of AC collection cables within WT
string / is equivalent to L, based on the reservation of reac-
tive power capacity. Consequently, the power flow dynam-
ics between equivalent WT i and PCC bus can be formu-
lated as:

V.,V vy
Pﬂ_: si” PCC sin exi_e ~ si” PCC 95,'_9 15
® Ly, ( pec) CU|Lceqi ( pec) (15)
_ 3V V=V cosOy=0pcc))  3VyVi=Vpee)
siT w. L = w. L (16)
1 Ceqi 1 Ceqi

where P, and O, are the transmitted active and reactive pow-
er of equivalent WT i, respectively; 6, is the voltage angle
of v,.c; and V; and 6, are the RMS values of the phase voltage
and angle at the terminal of equivalent WT i, respectively.

Similar to (13), the reactive power output characteristics
of equivalent WT i can be written as:

gsi:ka(Qsi_QGref)+9N:kaQsi+0N (17)

Combining (15)-(17), a key relationship between V; and
P is derived as:

_ 3ViVpee

si Op
& 1 LCeqi

3 Vsi (Vsi —

Vree)
a)lL Fee +HN_9PCC

Ceqi

P

(18)

Figure 6 illustrates the relationship between V,, and P in
(18), taking into account the impact of AC collection cable
length (i.e., L,,).

Notably, P, is positively correlated with ¥, indicating
that equivalent WT i with lower active power output P will
experience smaller terminal voltage V. Thus, based on (16),
these WTs will absorb more reactive power compared to
their counterparts with higher P Within a reasonable varia-
tion range of L., , the impact on V; is minimal, suggesting
that the reactive power outputs of WTs with the same active
power level are basically equal.

As shown in Fig. 4, WT GSCs act to absorb reactive pow-
er over a wide active power range during normal operation.
This naturally aligns with the Q-6 droop control, which adap-
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tively assigns higher reactive power absorption responsibili-
ties to WTs with lower active power output. In abnormal sce-
narios where AFBs cannot be switched off, the increased sur-
plus reactive power within the AC collection network can al-
so be largely absorbed by WTs with lower active power out-
put. The overload risk of WTs with higher active power out-
put is mitigated.

68/\

66 r

V3V, (kV)

60 - Z

58 L.

0.017 "'100

50
P G\A\N)

0.016

0.015
0.014
LQ‘W (H)

0.0130

Fig. 6. Relationship between V and P in (18).

si s

Under abnormal conditions where AFBs are not available,
WTs with higher active power output are forced to provide
the reactive power for DRs, as evident from Fig. 4. To pre-
vent the overload risk of WTs with higher active power out-
put, a switch from reactive power droop control to PI con-
trol is adopted for WTs when E, is activated. The upper lim-
it S, is set to be 1.01 p.u., taking into account the small
spare capacity retained by WTs. Hence, to maximize the uti-
lization of the capacity margin, O, in (14) can be set to be
0.1 p.u. or =0.1 p.u. depending on whether O, is greater or
less than O at the previous sampling time. When the wind
power of WTs is reduced to S, , £, becomes 0, and the re-
active power PI control is disabled. Since the maximum reac-
tive power output of WTs is about 0.3 p.u., the lower limit
Sge I the hysteresis comparator can be selected as 0.96
p.u.. In this way, frequent triggering of the enabling control-
ler can be prevented.

C. Design of Droop Coefficient k,

Combined with (15), the voltage angle difference between
equivalent WTs 1 and 2 is further written in (19), where the
length of AC collection cables is nearly the same.

wlLCeql P,V
0= 0pcc)-(0,-0 )=(Ps -—, ] A9
1 PCC 2 PCC 3 Vsl VPCC 1 sz ( )
Based on (17), the relationship between the voltage angle
and reactive power of equivalent WTs 1 and 2 is expressed
as:

651 - 0s2 = ka (Qsl - Qs2 ) (20)
As shown in (19), the voltage angle difference between
equivalent WTs 1 and 2 is mainly determined by their active

power output, ignoring the slight effect of voltage magni-
tude. When the active power output of WTs is determined,

the voltage angle difference between 6, and 6, can be con-
stant. Hence, their reactive power difference in (20) will be
inversely proportional to the droop coefficient k. Thus, k,,
is the key factor in the reactive power allocation among
WTs. Substituting (19) into (20), the relationship between ac-
tive and reactive power of equivalent WTs 1 and 2 can be

obtained as:
@, Lcy, PV,
kQP (Qs] - QSZ ): 3 I/s1 . (Psl - ;'Sz ! ) (21)

As kg, in (21) is less than @, L, ,/(3VVpcc), the reactive
power difference will be greater than the active power differ-
ence, ignoring the slight dissimilarities of ¥, and V,,. This
will cause the WTs with higher active power output to gener-
ate excess reactive power during normal operation, imposing
WTs with lower active power output to absorb additional re-
active power. Hence, k,, cannot be selected too small. The
objective of the lower limit of k,, is to maintain the reactive
power output of WTs operating at the rated active power out-
put essentially unchanged under wind power fluctuations of
OWFs.

Assume that all equivalent WTs are operating at their rat-
ed capacity. At a given time, the active power output of
equivalent WT 1 is slightly reduced by AP . Based on (21),
the reactive power fluctuations of equivalent WTs 1 and 2
can be expressed in (22) regardless of the slight variation of
voltage variables.

VPCC

o, L

Ceql
ko, (AQ,, —AQ, )= #AP

s1
K VPCC

where AQ,; and AP, are the variation of transmitted reactive
power and active power of equivalent WT i, respectively.
Based on (3), the variation of Q,, is written as:

10
AQDR = APS] tan p= AQ.Y] + EAQS‘i
i=2

(22)

(23)

To determine the lower limit k,, . of k,, AQ,-AQ,, are
ideally set to be 0. Thus, combining (22) with (23), &, ;.
can be obtained as:
a)lLCeql 1
B — ~0.2
ka’mm 3I/slVPCC tan ? max 025

24

where ¢, is the maximum power factor angle of DRs oper-
ating at rated active power output (tan ¢, =~ 0.4).

Additionally, it is not advisable to set k,, too large. For ex-
ample, assume that k,, in (21) is 50 times @, L, ,/3VVpco),
i.e., ky,~5. When the difference of active power output be-
tween WTs is at its maximum of 1 p.u., the reactive power
deviation is only about 0.02 p.u.. This will not only impede
WTs with lower active power output from contributing more
reactive power, but also result in poor dynamic response.
Hence, k, is set to be 0.75 in this paper.

IV. SEQUENCE IMPEDANCE MODELING OF WIND FARMS
UNDER DIFFERENT GFM CONTROLS

The sequence impedance models of the DR-HVDC sys-
tem for OWF integration comprise two parts: DR-HVDC
and wind farms. The impedance model of DRs Z/ has been
established in [25]. Therefore, this section mainly focuses on
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the modeling of wind farms under different GFM controls.

A. Modeling of Wind Farms Under Proposed Q-6 Type
GFM Control

The equivalent circuit of WT string i is established in Fig.
SA1 of Supplementary Material A. Referring to [25], A is a
small-signal form. The variables in bold represent their vec-
tor forms in the frequency domain within a +3-order harmon-
ic frequency range. As depicted in Fig. 2, the dynamic equa-
tion of GSC in WTil is derived via a small-signal representa-
tion:

Av; =0.5V 6Ad g, = Z[Ai (25)

where Avg,, Adg,, and Aig, are the small-signal vector
forms of phase voltage v,, modulation index d,, and cur-
rent i, in the GSC of WTil, respectively; V, . is the rated
DC voltage of GSC; and Z7, is the harmonic impedance ma-
trix of L,

Based on the architecture of the proposed Q-6 type GFM
control in Fig. 5, Ad,, is written in (26), considering the fre-

quency coupling caused by asymmetric control in dg axis.
AdGn :(I_ GHv )Avﬁl - GH[AiG[l - GHPAPGi] + GHHAHGII (26)

where AP, and A, are the small-signal vector forms of
P, and 6, respectively; I is the unit matrix; G, G, and
G, are the transfer function matrices decided by the dual-
loop PI controller, the current PI controller, and the active
power PI controller, respectively [26]; and the transfer func-
tion matrix G,, reflects the disturbance of 6, to dg transfor-
mation.

AP, and Af, can be expressed as follows. Considering
that E, is basically not activated under normal operation, it
has been omitted from subsequent equations.

AP G =3(T[vgy JAiGy + Tligy JAve, ) (27)

AG, = ko, +@E AQg: s=j2n(f,—f1) (28)
Gil 1+Sk7- s n Gil P 1

Avg, = Avﬁl ""foAiGil (29)

AQ =3(T[v, e 1Aig, +Tig, e 1Ave,) (30)

where T[] is the Toeplitz matrix defined for convolution op-
erations in the frequency domain; Avg, is the small-signal
vector form of terminal voltage v, in WTil; AQ, is the
small-signal vector form of Q.,; and f is the frequency of
the additional positive-sequence small-signal voltage.

Substituting (27) - (30) into (26), the analytical model of
the proposed Q-6 type GFM control can be expressed as:

Ad g, =H Av, +H A, (€29)

H =1-G,,—3G,;;T[ig, ]+3G, T[iGilejm] (32)

Op
1+ sk,
H,=-G;;—3G,;,(T[vg, 1+ Tlig, ]ZZ')+

3G (TTvgne ™ 1+ Tligye™*121;)  (33)

op
0 v sk,
In conclusion, combining (25) with (31), the relationship
between the AC current and voltage of GSC in WTil can be
derived in (34). Thus, the sequence impedance model of
WTil Z})] containing the impedance of its AC step-up trans-
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former is derived in (35). Moreover, according to the series
and parallel structure of WTij and WT string i in Fig. 2, the
sequence impedance model of wind farms Z,; can be de-
rived.
Avy = (I-0.5V,cH,)" (-0.5V,cH +Z},) (~Aig; ) (34)
Zl/
G G
v |: ZIZ/T] _ Z°4.4) Z°4.2)
w ZM] | Z°% Z9Q.2)
where Z)" and Z, are the positive- and negative-sequence
impedances, respectively, while their frequency-coupling
terms are Z,," and Z)'; Z}), and Zj} are the sequence imped-

np >
ances of C, and L, respectively; and // represents the rela-

tionship of impedances connected in parallel.

wr
ZP/?

wr
Z

}//ZPC{,#Z% (35)

B. Modeling of W1s Under Q-f Type GFM Control and Dis-
tributed PLL Type GFM Control

As proposed in [16], the small-signal model of the QO-f
type GFM control can be expressed in (36). Similarly, replac-
ing (36) with (28), the sequence impedance model of wind
farms under O-f type GFM control can be obtained.

Al = kQAQGiI% (36)
It is observed that the difference between (28) and (36) is
mainly attributed to an extra term 1/s in the O-f type GFM
control. Thus, the effects of AQ,;, at medium- and high-fre-
quency bands will be weakened. Conversely, the impedance
characteristics at the rated frequency range are amplified.

In comparison to the above two GFM controls, the distrib-
uted PLL type GFM control in [14] contains additional ef-
fects resulting from the PLL-based frequency controller and
PLL disturbance. Figure 7 presents the structure of the PLL-
based frequency controller, where v, . and 6;, are the refer-
ence value of the g-axis voltage v, and the angle tracked by
PLL of v,, respectively; wg, is the angular frequency of

i
Voees @y 18 the reference angular frequency of wg,; &, is
the droop coefficient of the frequency controller; and ,, and
k, are the proportional and integral parameters of the PI con-

troller of PLL, respectively.

Fig. 7. PLL-based frequency controller of distributed PLL type GFM con-

trol.

The added small-signal model Ad;, ,,, can be written as:
Ad Gil,PLL = Gy, Avjqref+ Gy Aaﬁl (37

where Av, . and A, are the small-signal vector forms of
Vi and 0, respectively; and G, is the transfer function
matrix decided by the disturbance of PLL in dg transforma-
tion.

The small-signal models for A@,, and Av,,, can be further
expressed in (38) and (39). It is noted that the disturbance of
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PLL in (38) tends to diminish the damping characteristics of
the GSC near f, [27]. Furthermore, the PLL-based frequency
controller in Fig. 7 is employed to obtain v, . by controlling
v, Consequently, an additional control delay 7, in (39) is in-
troduced, which may result in an elevated risk of high-fre-

quency oscillations.

Aaﬁl =Hp, [S]Aqu =Hp, [S]T\rztAvﬁl (38)
Avy, =k, (Aw g+ A ﬁlT) =
k, (kQAQGil +se " Hpy, [S]Avjq) (39)

where Hp [s] is the transfer function of PLL; Av, is the
small-signal vector form of v,; T,, is the conversion gain ma-
trix from Av, to Av,, which can be referred to [25]; and
Awg,, is the small-signal vector form of wg,,. Substituting
(37) into (25), the sequence impedance model of wind farms
under distributed PLL type GFM control can be obtained.

V. SIMULATION VERIFICATION

To verify the feasibility of the proposed control, a £320
kV/1000 MW DR-HVDC system shown in Fig. 1 is estab-
lished in PSCAD/EMTDC. The WT string 1 comprises 10 x
10 MW WTs connected in parallel. To enhance simulation ef-
ficiency, WT strings 2-5 and 6-10 are aggregated into the
400 MW WT 2 and 500 MW WT 3, respectively [15]. The
electrical parameters of the system are presented in Table I,
and the control parameters of WTs under different GFM con-
trols are listed in Table II.

TABLE II
PARAMETERS OF WTS UNDER DIFFERENT GFM CONTROLS

Component Parameter Value
Proportional and integral parameters _ _
of AC current controller kyi=0.3, k=30
Proportional and integral parameters B B
GFM control of AC voltage controller kp =1, k=100
Proportional and integral parameters B _
of active power controller kpp=3, kip=100
Proposed Q-6 Proportional and integral parameters  j Qp:0_75, k 0=
type GFM control of reactive power controller 20
O-f type GFM Proportional parameter of reactive k=5
control power controller o
Proportional parameters of reactive
Lo power controller and frequency ko=5,k,=02
Distributed PLL controller
type GFM control . .
Proportional and integral parameters k=01 k=04
of PI controller of PLL Ip e T

A. Validation of Proposed Q-0 Type GFM Control

1) Scenario 1: Normal Conditions

To test the adaptive capability of the proposed control
across a wide power range, the wind power is adjusted as
follows. OWFs operate in grid-connected mode at 2 s, where
the active power of WT11-WT110 at WT string 1 is 1 p.u..
WT 2 and WT 3 are in the initial stages of power genera-
tion. During 2-16 s, P -P;s remain unchanged, and P,-
P, decrease by 0.05 p.u. at 8 s. WT11-WT110 are used to
simulate some WTs with higher active power output in
OWFs. The wind power of WT 2 and WT _3 fluctuates dis-

orderly, representing the majority of WTs. Figure 8 presents
the simulation results of wind power fluctuations in OWFs
under the proposed control, while the simulation results un-
der the conventional GFM control are basically the same as
those in Fig. 8 and will not be given again.

hz)- WTI1-WT15  WT16-WT110
;:82 ’/,_/r_\\\\—-\ WT 2 e
s04f 5T R
& 02f s N AWT3
0 A N L L — L n
2 4 6 8 10 12 14 16
Time (s)
(a)
?:10
a 1.
=08 Ppr
306
A04 QI)R
=
= 02
< 0 : L
& 2 4 6 8 10 12 14 16
a Time (s)
(b)

S oo

Reactive power (p.u.)

Fig. 8. Simulation results of wind power fluctuations in OWFs under pro-
posed control. (a) Active power of WTs. (b) Active and reactive power of
DRs. (c) Reactive power response characteristics of DRs, AFBs, AC collec-
tion networks, and WTs.

It can be observed in Fig. 8(a) that WTs can smoothly
transmit wind power. As shown in Fig. 8(b), the absorbed re-
active power of DRs Q,, correlates positively with its trans-
mitted active power P,,. The reactive power response charac-
teristics of DRs, AFBs, AC collection networks, and WTs
are depicted in Fig. 8(c). Based on the reactive power de-
mand of DRs, the AFB can be switched on or off to regulate
its output reactive power Q.. The AC collection networks
present reactive capacitance characteristics within a wide
power range. In this case, WTs are required to absorb the
surplus reactive power of O, and Q..

Figure 9 illustrates the comparisons of simulation results
of wind power fluctuations under the proposed control and
the conventional GFM control (considering that the results
of O-f type GFM and distributed PLL type GFM controls
are similar, the O-f type GFM control is taken as an exam-
ple).

It is indicated in Fig. 9(a) that the reactive power ab-
sorbed by WTI1-WT110, WT 2, and WT 3 is positively
correlated with their active power output. The reactive pow-
er of WT11-WTI110 exhibits minimal variations even under
the large wind power fluctuations of OWFs, which effective-
ly mitigates the overload risk of WTs. Besides, the reactive
power allocated to WT11-WT15 at the end of WT string 1 is
slightly less than that of WT16-WTI110 at the head end.
Hence, the reactive power can be allocated adaptively based
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on the actual active power output of WTs, which is consis-
tent with the analysis in Section III.

Og; (p-u)

1.2
1.0
S 0.8¢
£ 0.6F N
~ — (U U A
i 0.4} ,/ / \\ /
0.2+ /) 7/
0 = : : P : :
2 4 6 8 10 12 14 16
Time (s)
(a)

ocivhranxoiv

2 4 6 8 10 12 14 16
Time (s)
(®)
—WTI16-WT110; —WTI11-WTI15
-=-WT_2;---WT_3; " Overload region: Sg;>1.01

Fig. 9. Comparisons of simulation results of wind power fluctuations un-
der different GFM controls. (a) Reactive and apparent power of WTs under
proposed control. (b) Reactive and apparent power of WTs under O-f type
GFM control.

However, in Fig. 9(b), O, is allocated evenly among
WTs, which introduces an overload risk of WT11-WT110 in
numerous operating cases, particularly during low active
power output periods of OWFs, such as during the start-up
phase. As shown in Fig. SA2(a) and (b) of Supplementary
Material A, the AC currents of WT GSCs under the pro-
posed control can also be maintained in a reasonable range,
while those under the O-f type GFM control are susceptible
to the risk of overcurrent. DC voltages of WTs under the
above two GFM controls can be maintained at a stable level.
2) Scenario 2: AFB Maloperation Conditions

The simulation setup for wind power fluctuations under
AFB maloperation conditions is the same as that in Fig. 8(a).
As depicted in Fig. 10, with the increase of wind power dur-
ing 2-8 s, it is not possible for AC filters to increase the
number of AFBs to meet the reactive power demand of

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 1, January 2025

DRs. It was not until 8 s that three AFBs responded and
were put into operation; however, they subsequently could
not be switched off in accordance with the required reactive
power demand. Thus, it can be observed that WTs passively
absorb or generate more reactive power (, than that
shown in Fig. 8(c).

5 0.6° One AFB Four AFBs

£ 04} 10)

g OQyc =DR

23 02}

z2&8 0

% -0.2¢ OQror

~ -0.4 . . i . . .
4 6 8 10 12 14 16

Time (s)

Fig. 10. Reactive power response characteristics of DRs, AFBs, AC collec-
tion networks, and WTs under AFB maloperation conditions.

Figure 11 shows the simulation results of reactive power
allocation of WTs under AFB maloperation conditions. As
Fig. 11(a) indicates, the reactive power of WTs is positively
correlated with their active power output. WT 2 and WT 3
can adaptively bear more reactive power. When the apparent
power S, of WT11-WT110 reaches the threshold S, after
about 6.5-6.6 s, E is automatically activated, as shown in
Fig. SA3 of Supplementary Material A. The reactive power
Oy of WT11-WTI10 can be accurately controlled as O,
Besides, when the wind power of WT16-WT110 decreases
after 8 s, £, can be deactivated when S, is lower than S, ,
allowing WT 2 and WT 3 to participate in reactive power
allocation again. As shown in Fig. 11(c), AC currents of WT
GSCs are maintained in a reasonable range. Consequently,
even under AFB maloperation conditions, each WT can oper-
ate normally without overloading. However, compared with
Fig. 9(b), Fig. 11(b) indicates that the risk of exceeding the
capacity limit S, increases for WTs with higher active pow-
er output under the Q-f type GFM control. Besides, the AC
currents of WT GSCs significantly exceed the limit under
the O-f'type GFM control, as shown in Fig. 11(d).

Thus, the proposed Q-8 type GFM control based on adap-
tive reactive power allocation is an effective scheme for en-
suring the safe operation of OWFs.

B. Simulation of an AC Fault Occurring on WT Side

Since the fault ride-through capability of DR-HVDC sys-
tems is fully evaluated under an offshore fault at the PCC
bus and an onshore fault [12], [16], this paper focuses on
the analysis of an AC fault occurring on the WT side.

When an AC fault occurs on the WT110 side shown in
Fig. 2, V... drops and a large amount of reactive power
needs to be absorbed at the fault point, resulting in a notable
reduction in the active power of the functional WT strings.
To maximize the wind power transmission, an AC fault con-
trol mode of AFBs is designed for full operation during the
above AC fault, where all AFBs do not follow the conven-
tional active power threshold based switching logic.

Figure 12 depicts the simulation results of a three-phase
solid short-circuit fault occurring at the head end of WTI110
at 7 s.
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2 4 6 8 10 12 14 16
Time (s)
(d)
—WT16-WT110; —WT11-WT15
---WT _2;---WT_3; Overload region: Sg;>1.01

Fig. 11.  Comparisons of simulation results under AFB maloperation condi-
tions. (a) Reactive and apparent power of WTs under proposed control. (b)
Reactive and apparent power of WTs under O-f type GFM control. (¢c) AC
currents of WTs under proposed control. (d) AC currents of WTs under Q-f
type GEM control.

After 0.1 s, the AC breaker is triggered to disconnect WT
string 1. The wind power fluctuations are the same as those
in Fig. 8(a). In this case, the DC voltages and AC currents
of WTs are similar under Q-f type GFM control and pro-
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posed control. For space-saving, the proposed control is tak-
en as an example, and the results are shown in Fig. 12(a). It
can be observed that the DC voltages of WT11-WT110 in-
crease rapidly to the upper limits as the AC fault occurs.
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Fig. 12.  Simulation results of a three-phase solid short-circuit fault occur-

ring at head end of WT110. (a) DC voltages and AC currents of WTs under
proposed control. (b) AC voltage at PCC under different GFM controls. (c)
Active power of WTs under different GFM controls. (d) Reactive power of
AC filters under different GFM controls.

The AC currents of WTI11-WT110 will rise temporarily,
which can be suppressed quickly by the fault ride-through
control of the WTs. While WT 2 and WT 3 can maintain
the DC voltages and AC currents within the normal range af-
ter a transient shock. As Fig. 12(b) and (c) shows, AC volt-
age V.. and active power of WT 2 and WT _3 drop sharply
due to the clamping of the fault point voltage, while the ac-
tive power of WT11-WT110 in the event of the AC fault is
reduced to 0. In Fig. 12(d), following the conventional
switching logic of AFBs under O-f'type GFM control will re-
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sult in a reduction in Q,,,. However, by activating the AC
fault control mode under the proposed control, 4 AFBs can
be activated to compensate for the reactive power at the
fault point. Thus, V.. can be effectively increased by about
0.03 p.u., as illustrated in Fig. 12(b). The active power out-
put of WT 2 and WT 3 is enhanced by about 0.25 p.u., en-
suring the maximized sustained active power transmission of
the DR-HVDC system.

C. Stability Analysis of DR-HVDC System Under Different
GFM Controls

The validation of the sequence impedance model Z,; un-
der the proposed control is shown in Fig. SA4 of Supple-
mentary Material A. It can be observed that the simulation
results of Z, in the red circles match well with their analyt-
ical results in the blue line, validating the correctness of es-
tablished models. It is noted that the frequency-coupling
terms Z," and Z," have negligible impedance amplitudes in
the high-frequency bands above 1.5 kHz, so there is an al-
lowable measurement error.

Considering that dual-loop and active power PI controllers
are common components in the proposed control, O-f type
GFM control and distributed PLL type GFM control, this pa-
per mainly analyzes the impacts of various reactive power
controllers on system stability. Referring to [25], equivalent
positive-sequence impedances of DR-HVDC and OWFs are
denoted as Zp5 s, and Zp, . Figure 13 presents Zpjs,
and Zp; s under the proposed control with varying kg,
where the WTs operate under rated power operating condi-
tions. It can be observed that the reactive power controller
primarily affects Z,y g, at around 50 Hz. As k,, increases,
the negative damping will be introduced, resulting in a re-
duction of phase margin. Notwithstanding, the system exhib-
its robust stability characteristics within the range of k,, de-
signed in Section III. Since the impact of integral gain &, on
Z ¥ aso 18 negligible, it is no longer described.
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W

Fig. 13. Equivalent sequence impedances of DR-HVDC and OWFs under
proposed control with different k.

Figure 14 depicts Z,5 g5, and Zpp g, under the O-f type
GFM control with varying k,. Compared with the proposed
control, a phase jump is more likely to occur at around 50
Hz. Increasing k, by a large amount will introduce negative
damping, similar to that under the proposed control. Thus, it
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is advisable to maintain a relatively low k, while ensuring
that the dynamic response requirements of the reactive pow-
er are met. The impact of k, under distributed PLL type
GFM control on Z,. s, is similar to that of the other two
GFM controls, and the system can remain stable across a
wide range of k.
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Fig. 14. Equivalent sequence impedances of DR-HVDC and OWFs under
O-f'type GFM control with different k.

Figure 15 illustrates Zp5 s, and Zp. s, under distributed
PLL type GFM control with different &k, when the control
delay 7 is set to be 50 us. It is evident that the PLL-based
frequency controller has a notable impact on various frequen-
cy bands of Z; s, Especially, as k, increases to 0.46, a
high-frequency oscillation emerges at about 1130 Hz, attrib-
utable to negative damping caused by the additional control
delay in Fig. 7. Besides, as shown in (39), both the integral
coefficient k,, of PI controller of PLL and 7, directly affect
the above resonant risk through the PLL-based frequency
controller. Hence, k, should be relatively small to mitigate
the impact of the PLL-based frequency controller.
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Fig. 15. Equivalent sequence impedances of DR-HVDC and OWFs under

distributed PLL type GFM control with different k.

Figure 16 presents the time-domain simulation results
when £k, is increased from 0.2 to 0.46 at 7 s. It can be ob-
served in Fig. 16(a) that v,.. becomes unstable after 7 s.
Combined with the fast Fourier transform (FFT) analysis,
the resonance frequency of v,.. with its coupling frequency
can be consistent with the analytical results in Fig. 15.
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Fig. 16. Time-domain simulation results when & is increased from 0.2 to
0.46 at 7 s. (a) Waveforms of v (b) FFT of v,.. when k =0.46 (funda-
mental is 10 Hz).
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VI. CONCLUSION

This paper proposes a Q-0 type GFM control based on
adaptive reactive power allocation for OWFs connected to a
DR-HVDC system. The active power controller of WTs coor-
dinates the AC voltage amplitude at the PCC bus, while the
reactive power controller automatically allocates reactive
power according to the voltage angle difference among WTs.
The capacity of WTs with lower active power output can be
optimally utilized, thereby allowing WTs with higher active
power output to absorb less reactive power.

Together with the enabling controller for capacity limita-
tion, the proposed control prevents the overload risk of WT
GSCs without increasing their rated capacity, and even re-
serves capacity for other critical needs such as frequency
support for the onshore grid.

The effectiveness of the proposed control is demonstrated
under normal conditions and AFB maloperation conditions
by comparing it with QO-f type GFM controls. In addition,
the DR-HVDC system can continue to transmit most of the
active power under an AC fault on the WT side by adopting
the AC fault control scheme for AFBs. Based on the estab-
lished impedance models under three GFM controls, it is in-
dicated that the corresponding three types of reactive power
controllers are not conducive to improving system stability,
due to the potential introduction of negative damping around
50 Hz. Therefore, it is recommended to select a relatively
small reactive power droop coefficient. Nevertheless, the DR-
HVDC systems still show favorable stability characteristics.
Furthermore, the stability analysis suggests that the distribut-
ed PLL-type GFM control may introduce high-frequency os-
cillations due to the additional control delay in the PLL-
based frequency controller.
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