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Abstract: This paper aims at validating the simultaneous operation of grid following and grid forming wind power plants when
connected to a common Diode Rectifier based HVDC link. The controllers for both grid forming and grid following wind turbines
include fault-ride-through capability with soft restoration of the off-shore ac-grid. Current and voltage controllers are developed in
the stationary af reference frame. The presented control and soft restoration strategies are based on local measurements only
and do not require communication between wind turbine generators. The small signal stability analysis of the mixed system in
multiple d-q axis using detailed string models is carried out in order to show the sensitivity to grid following PLL gains and to grid
forming droop gains. Interoperability between grid forming and grid following wind turbines during transients is shown by means of
detailed simulation during symmetric faults in different locations of the off-shore grid.

1 Introduction includes the small signal stability and fault-ride-through perfor-
mance of the proposed system. The study of such a system has been

The use of HVDC DiodeRectifier (DR) stations has been pro- carried out by means of detailed PSCAD simulations.

posed by the authors as a technical solution for a significant cost The proposed control strategy for both grid forming and grid

reduction for the grid connection of distant off-shore wind farms following WTGs does not require communication for normal and

(OWFs), while increasing the efficiency and robustness of the over-fault operation. Moreover, the presented strategy shows an excellent

all system [1-5]. It is claimed by Siemens that the use of HVYDC behaviour of the complete system during off-shore ac-grid short-

diode rectifier stations can lead to up to a 30% cost reduction circuits, again, without requiring communication between WTGs.

for the electrical connection of large off-shore wind power plants  This paper is organized in four sections and includes the descrip-

(WPP) [6, 7]. tion of the system to be analysed, a description of both grid forming
However, as the DR station is a passive converter, wind turbine and grid following control strategies, the stability analysis of the

generators (WTGSs) are required to create the off-shore ac-grid, andletailed system, a fault-ride-through study and the corresponding

control the power delivered through the HVDC link. Several control discussion and conclusions.

strategies have been proposed to such avail [1-3, 6-12]. These grid

forming control strategies for DR connected WTGs are based on

the fact that off-shore ac-grid voltage is effectively capped by the L

HVDC-link voltage when the diode rectifiers are conductingandalso 2~ System Description

on the fact that off-shore ac-grid frequency has a strong dependency ) )

on the reactive power delivered by the WTGs due to the large systemFig. 1 shows the diagram of the complete system, based on the dis-

capacitance from cables and capacitor banks [1]. tributed Diode Rectifier Station proposed in [6]. Therefore, three
Current industrial standard WTGs are grid following and hence 400 MW off-shore wind power plants have been considered, con-

cannot be used directly for diode rectifier (DR) connection. Solu- Nected via a diode-based HVDC link to a full-bridge on-shore

tions allowing operation of standard WTGs with a diode rectifier Modular Multi-level Converter (MMC). Each OWF consists of fifty

connection are of particular industrial importance, as it would allow Type-4 8 MW rated WTGs. Each OWF is modeled by considering

the DR connection of existing certified grid following WTGs from  one detailed string of 9 WTGs, whereas the rest of the strings are

different manufacturers. In [8], a series connection of the Diode Rec- modeled by using an aggregated wind turbine for each string, as

tifier and a voltage source converter for the HVDC-link has been Shown in Fig. 1. WTGs have been aggregated as per [14]. Therefore,

proposed which allows the use of standard WTGs, at the expense othe considered system shows a great level of granularity, so results

needing additional equipment. The connection of standard grid fol- can be obtained at the wind turbine and string levels, at a reason-

lowing WTGs to Line Commutated Converters (LCC) is also shown able cqmputatlonal cost. Wind turbine transformer models consider

in [13], however this solution required an additional STATCOM and saturation.

a controlled LCC rectifier. The DR converter consists of six 12-pulse diode rectifier units

None of the previous published work addressed the issue of joint(DRU) of 200 MW each, parallel connected on the ac-side, series
connection of grid forming and grid following wind turbine gen- connected on the dc-side and distributed in three platforms [6], albeit
erators (WTGs) to HVDC Diode Rectifier stations. To validate the the installation in a single platform is also possible. _
technical feasibility and interoperability of the HYDC DC connec-  In this topology, each off-shore wind farm OWRé#i= 1, 2, 3) is

tion of mixed grid forming and grid following OWFs, this paper ~connected to the corresponding DRU platfoirn ac-ring bus con-
nects the ac-side collector buses of the three DRU platforms. Each

platform includes the corresponding ac and dc filters. The ac-grid is
modelled using lumped-parameters.
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Fig. 1: OWFs connected to the on-shore ac-grid via a diode-based HVDC link. Grid forming WTGs; @WtFfollowing WTGs: OWF, and
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In the considered system, OWIEonsists of DR-capable grid reactive power (@ 7) [15]. A PLL is used to provide grid synchro-
forming WTGs, whereas OWFand OWH; consist of standard grid  nization. Additionally, the control strategy includes a fault detection
following WTGs. algorithm for fault-ride-through operation using the grid admittance

The HVDC submarine cable connects the dc-side of the DRU Y7 seen by the WTG. A more detailed description of the controllers
platforms to the on-shore MMC converter, which exports the energy is included as follows.
to the on-shore ac-grid. The HVDC cable is modelled using a
distributed model with frequency dependent parameters. The grid
forming WTGs could be used for black-starting the complete sys-
tem provided that the WTG has an energy storage system that allow:
the WTG to yaw to the wind and that there is enough wind to
compensate system losses. Wap = Bwlwag + Lw

System parameter values are shown in the Appendix 1.

3.11 Current Control: Standard P+R( stationary frame cur-
rent controllers have been used for both grid following and grid
Jorming controllers (Figs. 2 and 3):

dlyag
dt

where Ly, and Ry, are theparameters of the choke in Fig. By,
is the voltage applied by the WTG inverter, ahg is the current
3 Control Strategy through the choke. _
From (1), the grid side converter curreli; 5 is controlled by
This section presents the proposed control strategies for DR-enabledneans of stationary frame proportional-resonant controllers (PR)
grid forming and traditional grid following WTGs. Both control ~ With a weighed feed-forward voltage term. The weighted voltage
strategies are implemented as decentralised controllers using onlyeed-forward term improves controller performance, particularly
local signals for feedback. Therefore, communications betweenduring faults [15, 16]. The output of the regulatdj, 5 is:
WTGs are not required (other than general wind farm controller
communications). Moreover, both control strategies include fault-  Vivas(s) = Gpr,1(s)(Iiwvas(s) — Iwap(s)) + Ky Veas(s)
ride-through capability. )
The on-shore MMC controls the dc-voltage of the HVDC link and WhereKy is theVy, feedforward gain and pr, 1 is the current PR
the reactive power injected to the on-shore ac-grid, albeit the MMC controller [17, 18]:
responses are not analyzed in this paper.

+Veas 1)

Control parameter values are shown in Appendix 1. Gpri(s)=Kp+ KQRJ 28 ©)
’ ’ §° + wy
3.1 Grid Following Wind Turbines whereK p ; andK g ; are the proportional and resonant parameters

of the PR controller.
Fig. 2 shows the control strategy used for the grid following WTGs  The PR controller has been designed by stationary frame transfor-
(blocks labeled (1) and (2) are part of the fault-ride-through strategy mation of an equivalent d-q PI controller based on the synchronous
and are described in section 5.1). The grid following control con- plant equivalent of (1) [15, 19]. The controller is designed in order
sists of standard cascaded control loops, the inner loop controllingto achieve a bandwidth of 180 Hz. Clearly, this bandwidth is com-
active and reactive currentsy{d,, Iy, ), whereas the outer loop con-  patible with the considered 4 kHz grid-side converter switching
trols the back-to-back converter DC-link voltageg) and the WTG frequency.
2
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Fig. 2: Control strategies for grid following WTGs.

3.1.2 DC voltage control: The DC voltage of the back-to-back 3.2.2 Voltage Control: The wind turbine ac-filter capacitor
converter of the WTG is controlled by the front-end converter. This voltage V- dynamics can be expressed, in the stationafyref-
controller calculates the direct current refered@e Neglecting erence frame, as

Ry losses, dc-link voltage dynamics can be expressed as:

dVCaﬁ
d 3 Cw—7"=1wap —Ir ®)
Cp—FEp = Ty — I 4 afB o8
55 EB 2\/§(mc:sc w, —mumscla,) (4) dt
where C is the DC-link capacitance anthgsc and massc Therefore, the voltage controller also is based on a PR regula-

are the PWM modulation indexes for grid-side and machine-side t©F [15, 23]. The output of the regulatdjy, is
converters, respectively.
The voltage controller is based on a PI regulator. The output of
the regulator. is J P Livap(s) = Grryv (8)(Vias(s) = Veas(s))  (9)

* * m i
Tivals) = Gp1ps (5)(Ep(s) = Bp(s) + 7 M50 0g,  (5)  WhereGrry(s)is
whereG (s)is Kry s
PI,Ep Gpryv(s)=Kpy + 212 (10)
0
K Eg

GprEs(s) = Kppy + (6)

The parameters of the voltage regulator have been obtained by
designing a synchronous frame PI controller, aiming at a 40 Hz
closed loop bandwidth, and transforming the parameters to obtain

313 PLL: The grid following controller includes a PLL in 4o equivalent stationary frame PR controller [15, 19].

order to allow the synchronization of the WTGs to the ac-grid.
Additionally, the PLL helps the WTGs to be synchronized dur-
ing faults. The implemented PLL is based on the well-known
SRF-PLL [9, 20, 21]. So, the phase anglélgf is calculated as

3.23 Power Control: When the diode rectifier is conducting,
the active power transmitted by the DRUs depends on the voltage
levels of both off-shore ac-grid @) and HVDC grid (1&4.) and

on the equivalent impedance between these points, [24],

Oc(s) = ((KP,PLL + KI’;“) (0= Veg(s) +WO) % (7

3 dl
VRdco — VRde = *BWOLTRIRdc +2BLtR jde (11)

3.2 Grid Forming Controllers here Viggeo = %EBNVM, V4 is the off-shore ac-grid voltage

magnitude B is the number of rectifier bridged] and L1 are the

Fig. 3 shows the control strategy used for the grid forming WTGs. diod tifier t ¢ i d leak ¢ tivel
The control strategy consists of cascaded controls for the wind tur- lode rectier transiormer ratio an 3 eakage reactance, respectively.
In practice, the resistive terile; = < Bwo L7 is relatively large,

in rrent] -filter itor vol n ive an . - :
bine current/y, acfilter capacitor voltagd/c, and active and as the diode rectifier leakage reactance is around 0.18 pu.

reactive powersy  and Q. Additionally, the control strategy Therefore, the active power sent by the OWF through the DRUs

includes a fault detection algorithm for fault-ride-through operation X
using the grid admittanc; geen by the WTG. The degcripﬁ)ion of degends on the voltage levels of the off-shore ac-grid and the HVYDC
gri

the grid forming wind turbine controllers is included below.

(VRaco — VRde) VRd
3.21 Current Control Loops: The current control loops for the Prac = . Req : < (12)

grid forming WTGs are exactly the same as the ones used for the
grid following WTGs, i.e. PR controllers designed for a 180 Hz A similar behaviour is shown in [25, 26] for a mostly resistive line
bandwidth including a weightel, 3 feedforward term [15, 22]. impedance.

pp. 1-10
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Fig. 3: Control strategies for grid forming WTGs.

Thereforea decentralize®/V Pl control and? /6 droop control where one or moreS state variables are transformed to eagh
is proposed: frame. Therefore:
p Ky p " S g _ 0B af
Ve (s) = <KP,Pm + m) (Pwr(s) — Pwr(s)) (13) i = 0z + 61" (21)
0% = ;91 _ §xoP (22)
* * I~ 1
0c(s) = Kpom(@wr(s) = Qwr(s)) + ~wo  (14) Transforming (15) to the new coordinates:
The parameters of the active and the reactive power control are
designed in order to achieve a bandwidth of 8 Hz. Active and reactive 0i*" = ©0A4z°° + 0By’ (23)
powers measurements are first order filtered, with a cut-off frequency J )
of 314.16 rad/s Py andQyy - in Fig. 3). #% = (@A + @) % L oBu? (24)
#% = (@A@‘l + 6@—1) 2% 4 eBe; u® (25)

4  Decentralised Control Analysis

The controllers have been tuned assuming aggregated convertersyhere© BO;, ' = B if all inputs are local an®0 ! = —jQ;.
therefore, this section includes the analysis of the complete systens a diagonal matrix with its elements being the angular speed of
dynamic model, including local synchronouos frames of reference gach statelg-reference frame (o= %gi):

and local controllers. The model is developed considering complex

variables and includes the stationary frame model of the electric

system and the-$3 part of the controllers: O = diag (91 61,69, 6, ... 9m) (26)
% = Az*? + Bu®? (15)
Therefore:
The control inputuj‘[j is not calculated in fixed coordinates, but
rather in local synchronous coordinates alined to afigle % = (9A8_1 — le) 291 4 By 27)
dq _ ,aB _—j0;, C
W = Uy € ’ i=1l..m (16) The localdgi synchronous frame control for each converter will be:

wheref; is the angle of thé—th frame of reference ana is the ) . ) ) )
number of inputs. 0; = fo; (xf;”, gat gdai :rjlgl) (28)
The following rotation matrices are defined:

.dqi dqi _dgi _dqi dqi _ dqi
IC;” = f; (Gi, xcgl, xlql, qul, cee mngz, urg}i) (29)
. —j6 _—36 —jom
@u:dzag{ejlej2~-ej } 17) dai dgi _dqi _dqi dqi _ dqi
’ ’ ' u; = g (Qi,chz,xlqz,xfl, e ,xngl,urg}i) (30)
ul = @uuaﬂ%uaﬁz@gludq (28)
and: where 0; is the angle of thei-th dq reference framceszi are
the local controller state&,cfg;i are the local input references
© = diag {e*j&’e*jfh’efj%’ e 902 L o mi0m }(19) and (:c‘f‘”,xgqi, e x‘i‘f) are the local feedback state variables,
J J which, as previously mentioned, are all expressed in the local
2 = @z P =9 1% (20) dgqi-frame.

pp. 1-10
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the dynamic response of the detailed system. Nevertheless, discrep-
ancies do exist and a distributed control design should be used if the
aggregated tuning does not lead to the expected performance.

where thei, j subscripts refer to grid following and grid forming
WTGs, respectivelyy, andw, are the voltage and power filter cut-
oAff frequencieszo;, x3; are auxiliary variables and.q;, Pyy7; and
Qw; are the corresponding filtered variables.

4.2.2 Sensitivity to PLL and droop gains: Clearly, the grid
forming Q-w droop and the grid following PLL show a very similar
structure [27], as their main purpose is grid synchronisation.

A small signal analysis is carried out to find up to which extent the _ Therefore, figs. 5 to 7 show the sensitivity of the detailed grid
design of local controllers is valid for the complete system and the forming and grid following system to changes in the corresponding
sensitivity to PLL and droop gains. Due to the size of the system, PLL and droop gaing(; p, Kp,gm andKy prr.

a detailed grid forming string and a detailed grid following string, . Fi9- 5 shows how the position of the dominant poles whane.,

with 9 WTGs each, have been considered. This approach allows forincreases from 105 to 630 (keepittgp, g, and Ky pyz, at their

the model to keep both intra-string and inter-string dynamics. The nominal values). The system shows oscillations around 150 rad/s

considered system has 370 states and has been linearised accordify'en the value oK’y p,,, exceeds 598. .
to Appendix 2. Fig. 6 shows how the position of the dominant poles when

Kpgm increases from 1 to 1.375 (with constahi; p,, and

421 Response of aggregated and detailed systems: Fig. 4 K1 pr1). The system becomes unstable fop ,,, > 1.19.
shows the frequency response of the aggregated and detailed sys- Similarly, fig. 7 shows how the position of dominant poles when
tems. The graph shows the frequency response from the active and<; py,;, increases from 40 to 120, while keepihQ pr,;, constant.
reactive power references {RQ™) to the diode rectifier busbar volt- Wh'enKLpLL exceeds 100.2 the WPP becomes unstable, showing
age (14). In order to allow the comparison superposition principle a sub-synchronous oscillation of approx. 26 rad/s.
has been applied to show the frequency response of the detailed From these figures, it is clear that changeshin pr;, affect
string. mainly the poles ats = —1.8 & j17, changes inK; p,, affect

The frequency response shows that both the aggregated andnainly the poles at = —30 + 570 ands = —38 4+ j150 whereas
detailed system have almost an identical response up to 1.2 kHzchanges inK i (,,, mainly influence the pole at = —14. There-
The overall behaviour of both detailed and aggregated WTGs is veryfore, it is possible to tune these three parameters almost indepen-
similar in the frequency range of interest, hence, a controller tuning dently in order to modify the damping ratio of the corresponding
based on aggregated WTGs will give a reasonable approximation topoles.

4.2  Small Signal Analysis

pp. 1-10
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Fault behaviour and recovery is paramount for the correct co- 05 : : : : ‘ :
ordination of HYDC-Diode Rectifier connected grid forming and 0 0+ 02 03 04 05 06 07
grid following WTGs. This section includes the detailed faul-ride- time(s
through study to faults in a grid forming WTG string and also in the Fig. 9: WTG active and reactive powers during a string short-circuit:
off-shore ring-bus. OWF; (blue), OWF; (red), OWF; (yellow).
5.1 Fault-ride-through Strategy
1
Both the grid forming and the grid following WTGs make use of the = o5t f/; |
control blocks (1) and (2) shown in Fig. 2 and Fig. 3. These control = ol ]
blocks are proposed to improve the system response to off-shore ac- & | |
. 3 -0.5
grid faults. &, | |
In addition, both types of WTGs implement a short-circuit detec- t | | | | | |
tion functionY,,,;; using the admittanc&r which is calculated s 01 02 03 04 05 06 07
using local measurements
0.5
ITZQIT ~ 0.25 3
YTZW = Vclac (39) :t [ |
£-025f \ &W :
Whenthe magnitude of the admittance exceeds a threshold, the o 05 .
WTG considers that a fault has occurred, Fig. 8. The fault signal is -0.75 ‘ ‘ ‘ ‘ ‘ ‘ 1
used in the control blocks (1), and (2)which are explained as follows. 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

e Block-(1): Vyj, dynamic saturation: During the short-circuit
(Ytquit = 1), the limit of V43 is reduced td/> + 0.05 pu, where

V¢ is the filtered voltagéd/- with a time constant of 100 ms. When
the fault is cleared, thé&7j;, limit increases to 1.1 pu following a
10 pu/s ramp. This ramp is used to improve the transient voltage . . . .
recovery, as WTGs might detect the fault clearance at different times,f"’tlu.It'”de'through response to a cable fault in one of the grid forming
depending on the distance to the fault. strngs. .

o Block-(2): I3} dynamic saturation: During the short-circuit, the In all three scenarios, the breakers at both ends of the short-
limit of I3; is 1.1 pu to provide correct relay protection. At short- circuited cable clear the fault in 200 ms.

circuit clearance (},,,;; negative edge) the limit dfjy, is reduced to

0.05 pu during 25 ms to allow WTGs resynchronization with limited 52  Grid Forming OWF String Cable Fault

currents. Thenitis increased to 1.1 pu at a rate of 10 pu/s.

Fig. 10: OWFs active and reactive powers during a string short-
circuit: OWF; (blue), OWR, (red), OWF; (yellow).

Figs. 9 to 12 show the behaviour of both grid forming and grid fol-

The fault-ride-through control strategies described previously lowing WTGs during a grid forming OWF string short-circuit. The
have been validated using detailed PSCAD simulations. Both grid short-circuit occurs at = 50 ms and is cleared at= 250 ms.
forming and grid following control strategies have been imple- Fig. 9 shows the instantaneous active and reactive powers of each
mented as digital controllers with a sampling time of 250 For the of the grid forming and grid following WTGs. As seen in Fig. 9,
following tests, the 400 MW OWfconsists of grid forming WTGs,  at the short-circuit onset, the instantaneous active power peak is
whereas the two remaining OWFs of 400 MW each, consist of grid higher in WTGs that have the short-circuit nearer. This is because
following WTGs. As described previously, each OWF is modeled by the impedance of the grid, as seen from WTGs, decreases when the
a total of 14 WTGs (9 individual WTGs in a single string and fur- short-circuit is closer. Moreover, during the short-circuit, the injected
ther 5 aggregated WTGs for each remaining string in the OWF, seeactive power is lower for WTGs nearer to the fault as their voltage is
Fig.1). smaller while current limits are the same for all WTGs.

Several scenarios have been considered to check the integration Note that, since there is no active power transmitted through the
of grid forming and grid following WTGs during off-shore short- HVDC link and because of the solid fault, most part of the short-
circuits (Fig. 1). The first scenario is a short-circuit at a string of the circuit current is, effectively reactive, as shown in fig. 9.
grid forming wind farm (OWF). This scenario is important in order When the fault is cleared, the system remains controlled and sta-
to validate that system remains stable if it loses a sizeable amount oble with reduced grid forming power. After approximatély ms,
grid forming power. active power injection is resumed, hence the DRUs are conducting.

The second scenario is a short-circuit in one of the ring bus cables,Full power transmission is resumed at apprti) ms after the fault
as a worst case scenario. is cleared.

A third scenario is considered in order to check adequate steady At the same time, the WTGs in the isolated string also power
state and fault-ride-through operation without active power gener- and bring-up the now islanded string. Note the active power deliv-
ation from grid forming WTGs. The third scenario includes the ered by the islanded WTGs is very small and their reactive power

pp. 1-10
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shaws spikes caused by the in-rush current due to the wind turbine 075 F B}
transformer saturation, [28]. '

During recovery, the off-shore ac-grid is over compensated < 05T ‘ |
because of the DRU-filters are connected and the active power being < 0251 N 1
transmitted by the DRUs is still zero or very small. Therefore, the Q% 0 ==y !
WTGs will absorb the reactive power over-compensation until nom- -0.25 1
inal active power transmission is resumed. As DRU filters are rated 05 ‘ ‘ ‘ w w w
around0.4 pu, the grid forming WTGs (one third of installed power) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
cannot absorb enough reactive power, therefore, the grid following Time (s)

WTGs help restoring the system by absorbing reactive power durlng,:Ig 13: WTG active and reactive powers during ac-ring-bus short-

the recovery. circuit: OWF; (blue), OWF, (red), OWF; (yellow).
Fig. 10 shows the total instantaneous active and reactive powers

from each OWF (Fig. 1). The initial power peak is higher in OWF
than in the other WPPs, as the short-circuit is at one string of QWF . .
The —1 pu active power surge corresponds to the discharge of cable™. ms.t[z\%hNOtﬁq aIIle'[(_Bs (?ellvecrtl.lop2115curr?}f‘1t during theltshort-
and DRU filter capacitance and |asts less thans. However, most frlt":l%léliéntdlfg to t?]eilljjdtlisér? i?]?[gasiin‘s sfg'm irﬁreetlisar?cc\eloMao%gover
of that active power is fed to the short-circuit and the grid forming fin rox50 ms. the WTG It nyhr ni pAt: 0 33' m ’
WTGs do not have to withstand such a large power surge (as seen ig.- J @8PProxol ms, the S sefi-synchronize. 00 MS,
i9.9) oo e o 1 U
During the short-circuit, clearly OWfand OWF; contribute to . ' P ;
the short-circuit active and reactive currents. DRU filters absorb the ffaullt has been cIeared.fThe flnal O%/\lﬁlrrent |s.smaller than |ts|
around0.35 pu reactive power, therefore reactive power contribu- pre-fault current, as one of its strings has been disconnected to clear
tion from all OWFs is required. During fault recovery, grid following the fault (see fig. 12).
WTGs inject maximum allowed reactive current, until the DRU Fig. 12_shows the_voltage atDRL_J P'?‘tform'l and the current from
starts conducting. From that point onwards, the WTG reactive powergl\/\ifl (F'lg 1%]'. Dhurlnt% thethshortl-turcug the \;O\I/tlé}lgg drop aé.DRllJl
set-point is reduced to its pre-fault value with a 10 pu/s ramp rate atiorm-.. 1S higher than the voltage drop at s (see Fig. 11),
(Fig. 10). because the |mpedance. from the short-cwgwt to the WTGs (cable
Fig. 10 also shows system restoration after the fault is cleared plus WTG transformer) is higher than the |mpedance_to the DRU
OWF; active power is lower after the fault is cleared as one of its Platiorm-1 (on[y the cable). Morgover, the short-cwpwt.current IS
72 MW (0.18 pu) strings has been disconnected. Therefore totalabove2 pu during the short-circuit, due to the contribution of the
transmitted power is reduced by 72 MW and additional reactive other two wind farms.
power from the grid-forming WTGs is needed to offset the DRU
filter reactive power over-compensation. 5.3  Short-Circuit at Off-shore ac-Ring bus
Fig. 11 shows the instantaneous voltdge and the currenfy;
of grid forming and grid following WTGs. The voltage of the grid Figs. 13 to 16 show the response of the system to a fault in the off-
forming and grid following WTGs are similar, so only the voltage of shore ac-grid ring bus (see Fig. 1).
the grid forming is shown. Figs. 13 and 14 show active and reactive powers response in
The voltage distortion after the short-circuit clearance is causedWTGs and offshore wind farms, respectively, whereas figs. 15
by the breaker arc of each pole being extinguished at the zeroand 16 show instantaneous currents and voltages in WTGs and
crossings of the pole fault current. off-shore wind farms.
The current surge at the beginning of the fault is lower than  The results are very similar to those shown for the string short-
1.3 pu during 2 ms, which compares favourably to commercial circuit, with a much smaller WPP voltage at the DRU platform
IGBTs which can withstand peak collector current up to 2 pu during connection point as the fault is now electrically closer.
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Fig. 14: OWFs active and reactive powers during ac-ring-bus short- Fig. 17: WTG active and reactive powers during a string fault:
circuit: OWF,; (blue), OWF, (red), OWF; (yellow). OWF; (blue), OWF, (red), OWF; (yellow)

In addition, the cable that connects OWF1 and OWF2 has been

1 I I I I T I disconnected to clear the short-circuit. So, after the short-circuit, the
”“ I I ﬂ ﬂ ﬂ \ A A grid forming WTGs produce more reactive power to compensate the
B /)Q \ “ I ‘\‘ I “ i ‘\‘ contribution of the disconnected cable (see fig. 13).
0 \“wamwmwu (\MM‘\‘u‘\mmw\“\‘
g | ‘\‘J w‘ il T )u‘ AT 54  Grid Forming WPP String Fault when it is Generating
At i o U PRy Zero Active Power
° A As the grid forming WPP is responsible to keep the DRU opera-
15 ‘ ‘ ‘ ‘ ‘ ‘ tional, an important concern is both steady state and fault operation
£ 1 piy A W\ A A whlen the grid fcarming WPP is not generating any active power due
S 0.5 ittt [ to low wind conditions.
S o0 (M |l M{M “ q\ \ H WWWJUWW\ H MM MHM” Figs. 17 and 18 show the response to a grid forming WPP string
2 05 f ‘J it | ‘ }J TSt ‘J J i J AR fault (fault-1 in fig. 1) when grid forming WTGs are not generating
RS L AR AL active power.
-15 : : : : ‘ : Fig. 17 shows grid forming and grid following WTG active and
0 1 0z 03 04 05 06 07 reactive powers response, whereas fig. 18 shows WTG instantaneous
15 : : : : : : currents and voltages.
51 ol W e i T The results show adequate steady state and fault operation. The
€ 05 ;\‘ ‘ \‘ il ! {x ‘ i W i \ i “ ! behaviour in this scenario is similar to the short-circuit when the
111 W“}WVM M\H‘m‘\mw ‘HW(‘H I \ grid forming WTGs are generating the maximum active power
% 05 i ‘ tRHdaaAn MU it i AN i (Figs. 9 to 12). In this scenario one third of the DRU capacitor
S o H A VAR J A and filter banks have been disconnected to prevent reactive power

-1.5 : ‘ ‘ : : ‘ over-compensation.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 Therefore, it has been shown that adequate fault-rid-through oper-
Time (s) ation is possible with the grid forming WTGs generating only a peak

Fig. 15: WTG voltages and currents during ac-ring-bus short- ©f 100 MW (0.08 pu of rated 1.2 GW) and 40 MVAr (0.03 pu) dur-
circuit. ing voltage recovery.

\
B il M ‘ ‘ ‘ ‘ ‘ H‘\ ‘\ Il \ | 6  Discussion and Conclusions
< Lw“mmmmmﬂ (iR e u H \“H u
z U ‘ ‘ “‘ ‘ This paper has presented the interoperability of grid forming and grid
= \ U ‘ U\ following WTGs when connected to a diode rectifier based HVYDC
link.

0 0.1 0.2 0.3 4 5 : 0.7 The considered control for the grid forming WTGs does not
require communication for proper operation and does not require

12 L ) the use of phase-locked-loops or frequency-locked-loops for their
= 1 i . operation.
5‘\ 05 \'M\ WM(\MM M&MMMMMWMWMM The small signal stability analysis of the mixed system, con-
£ _0_2 M }HMUV \Hi“/ HM” JLMM JVMWJM} sidering detailed strings, has been carried out. The comparison of
~ 1 AN ! VAL the frequency response of the aggregated and the distributed plants
12 | | | | | | ] has been carried out, with good agreement in a wide range of
0 0.1 0.2 0.3 0.4 05 0.6 0.7 frequencies.

Time (s) It has been shown that an increase in either PLL or droop gains
would lead to worse dominant pole damping and even to instability.
It has been found that dominant poles are affected independently by
either PLL or droop gains.

Fig. 16: DRU Platform-1 AC voltages and currents during ac-ring-
bus short-circuit.
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Fig. 18: WTG voltages and currents during a string fault

Particular attention has been paid to adequate joint response
during transients. The same fault-ride-through strategy has been

implemented in both grid forming and grid following WTGs. Fault | Active power controlG p p;: Kp p; = 0.5, K1 p; = 64.0
onset and fault clearance detection is carried out by the individual | Reactive power controld p; o;: Kp.gi = 0.5,K1 o = 64.0
WTGs.
The proposed control strategies has been shown to keep wind tur- ' 4 4 ' 4
bine active, reactive, current and voltage magnitudes within their % = §, (9 0 pdgi odgi o dai u‘?‘”) (42)
. . ci ci P71 22 g 0 g
operational levels during faults.
It has been shown that the system can operate 32ihMW grid R (9, plai g dai o dai dgi  dqi ) 43)
forming WTGs and300 MW grid following WTGs, which repre- N T e R
sent a percentage @H% wind forming WTGs with respect to total The following vectors are definedd = (61, 0s, . .., em)T,
delivered power. dgl dg2 dgm\ T dg dql_, dq2 ydam T
Furthermore, it has been shown that grid forming WTGs are zd = (wc 1 Te ey Te Upop = \Upepr Upepre s Upey )
capable of controlling the off-shore grid even when they are not  Also, the following functional vectors are defined:
generating active power, while showing adequate fault response and
fault recovery. This is particularly important as it shows that the grid Q = (for, for, foz foos - fom) L (44)
following WPP can operate with very low or no power production in
the grid forming WPP. G = (91,92, 93, - 7gm)T (45)
T
F= e 46
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Appendix 1 . .0 (Qde) W0 (deQ) .
Az = @A - oo | A I =g At
X
Table 1 shows the parameters values of the system components. Ozc
Table 2 shows the parameters values of the control strategies. P (Qxdq) P (@A@_lxdq)
Appendix 2. Linearization
. 8F9 d 8F0 d 8F9
This section includes the linearization procedure being carried out 20 = o aq A 4 = Axc + WA9 (50)
for the small signal analysis of the complete system: Te
4 4 4 P AGM = 85 Az 8F or oF ——Au(51)
i =040 2% — jQ2% + Bu™ (40) oz o0 dutd
dq _ 0G Az oG dg , 0G oG
) ) . = + Aze? + —A0 + Au (52
6i = foi (200", 219 257, .. ,x;‘gl) (41) Oz ozda =7 " 00 1 452)
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Table 1 System Parameters

Wind Turbines

Grid-side converter: 8 MW, 1.2 kVcc, 690 Vac, 50 Hz

Grid-side filter: Ry = 476.1 uQ), L = 18.94 uH, C' = 2674 uF
Transformer: 9.2 MVA, 0.69/66 k\f2y, = 0.004 pu, Xy = 0.1 pu,
Saturable

Off-shore ac-grid

WTG to WTG distance: 2 km

WTG to ring-bus distance: 4 km

Distance between platforms: 10 km

String cable sections: C = 150 nipB = 185 mnt, A = 400 mn?
String with 8 WTGs: C-C-B-B-B-B-B-A

String with 9 WTGs: C-C-B-B-B-B-B-A-A

DRU Platform

Filter and compensation filter bank according to [30]
Transformer: 215 MVA, 66/43/43 K\R1r = 0.004 pu, X7 r = 0.27 pu
dc-smoothing reactor: 66.67 mH

On-shorefull-bridge MMC

MMC: 1400 MW, +320kVcc, 370 kVac, 50 Hz
MMC arm reactor: 50 mH

MMC reactor: 1.25 mH, 1)

Transformer: 1400 MVA, 370/230 k\Xy, = 0.1 pu

Table 2 System Control Parameters

Common Controls

Current controlGpr ;- Kp 1 =1.75Kg 1 = 360.0,Ky = 0.843

Grid Forming Controls

Voltage controlGpgr v: Kpy =0.28,Kgr v = 360.0
Active power controlG'pr pp,: Kp pm, = 1.95,K1 py, = 105.0
Reactive power controls'p gum: Kp,gm =1.0
Grid Following Controls
PLL: GPI,PLL: KP,PLL = 1-01KI,PLL =40.0




where%—i is theJacobian of vector field with respect to vectar
evaluated at the steady state operating point.
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