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Abstract High-voltage direct-current (HVDC) grids may provide fast frequensupport to ac grids with the aid of
supplementary control algorithms and synthetic inertia contributiondm offshore wind farmsHowever, when all converters
within the HVDC grid are fitted with these supplementary controlletsydesirable power flows and reduced power transfers
may occur during a power imbalance. This is due to simultangdrequency oscillations on the different ac systems
connected to the HVDC grid arising during the support operation.pfevent this adverse effect, an auxiliary dead-band
controller (ADC) is proposed in this paper. The ADC modifies #mddband set-point of the fast frequency controllers using
measurements of rate of change of frequency and frequency deviatiBrfour-terminal HVDC integrated with an offshore
wind farm is modelled to analyse and study the effectiveness of thréiéferent supplementary fast frequency control
algorithms. Results show that the proposed ADC scheme improves thitopaance of fast frequency control algorithms. For
completeness, a small-signal stability analysis is carried out to confinat 1 stable system operation is maintained.

1. Introduction frequency and therefore, an imbalance in the power system
Offshore wind generation will provide a major shaf cannot be detected [7TTo address this, synthetic inertia
the world{ Kiture energy generation mik.is expécted that schemes from OWFs and coordination of fast frequency
the total offshore wind capacity in Europe will be 23 GW by zuppobrt from ac sysdtegns connecteﬁ t_o \./SC.'H.VDC sysltems

2020 and it is projected to rise to 66 GW by 2030 Prjwer  2ve been proposed [8]. In WEynthetic inertia is possible
generated from this renewable source will be mainly using supplementary ct_)ntrol loops which release stored
transmitted using high-voltage ~direct-current (HVDC) klngtlc energy in the turbine to support the system frequency
systems. In Great Britain the wind resource is very high anddurggvzrr‘allmb:&%ﬁeengz]ntary control  schemes for the
it is expected that 9 GW of HVDC interconnection &1 A
oW ofpoffshore wind capacity will replace 13 GW of coordination of fast frgquency support from VSC-MT_DC
conventional generation capacity by 2020 [2] have_ been_ proposed in the open literature. They aim to
HVDC converters, wind turbines (WTs) and other power provide quick power transfer frc_Jm OWFs or from oth_er ac
electronics based low carbon generators do not contribute o gfgls iggngﬁteﬁeﬁéﬁaﬁc gszge&::gsthfa\rfst?eCilpazcslig‘?erz. !:s
the system inertial herefore, changes in the generation mix gither ’commur?i?:ation—bas?/ed or  communications-free
of power systems with high penetration of renewables will Communication-based frequency support  control use.s
lead to a major reduction in the total inertia [3]. This reduction communication channels st?ch asyopticgrl) fibre and SCADA
translates into higher frequency deviations afaster rate of .
change of frequgncﬁ@goﬂ W)r/1en the grid experiences a [10], [11] to transmit frequency measurements between the
disturbance [3] different converter stations in the dc grid [11], [12]. These
 Given the projected changes in the power generation mix;iti/PEE (O E KR TEEECT B LS T
itis important to ensure the stability and security of the powerg,[her onshore grids as in [13]
system. For this, the transmission system operators set Gri o )
C%)des For instance, th&uropean Net)\lNork ofF')rransmission Communications-free schemes use local S|gna|s, such as
System Operators for Electricity (ENTSO-E) requires voltage de voltage, to reflect the changes in the ac grid frequency.

source converters (VSCs) to provide ancillary services to theW'th these methods, response times during frequency support

; ) . . are minimised and potential issues arising from long distance
interconnected ac grids. Some of these services include faunfransmission are eliminated [14h addition, the need for a
ride through and f_ast frequency support from multi-terminal large investment in communication links is removed, together
HVDC (MTDC) grids [4], [5]

- . with risks associated to communication delays and signal
Conventional synchronous generators automatically

. . L interruptions 15]. Moreover, § has been shown in [11] that
respond to system imbalance by releasing kinetic ENeT8Y. smmunication-free schemes can achieve a quite similar

stored ir_l their rotating shafts to maintain equilibl_'ium_ betweenfrequency support performance as communication-based
generat|qn and d_emand. Th? ar_nount of k|n_et|c ENerYY methods. Due to these attributes, the scope of this work is
released is proportional to the inertia of th_e rotating maChmerestricted to communication-free frequency support schemes.
Ech]>hﬂ?ggﬁlz\zgmi@c\iﬁ;ﬁﬂevcat?igkgg-s:;égcrv\x?'gaggsegpmz?d Among these, the main schemes are based on proportional
ther power electronics based grid side converter (GSC)vdrOOp controllers: frequency-active-powef-R) _droop,

decouples WKH JHQHUDWR UG R P | UMK H Q8§ Ink-voltage -Vao) droop and dual loop (which
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combines frequency vs dc-voltage vs active povissti£P) consists of a cascaded control loop structure basedgon
characteristics) [5], [7], [16] transformations to achieve an independent control of active

A derivative based supplementary control has been als@and reactive power. A fast-inner control loop regulatesithe
proposed in the literature; howevér,does not provide as and g-axis currents.DC voltage, power, ac voltage and
much support as the proportional droop control methods [17]reactive power are controlled with outer loops [4], [203
[18]. Although these schemes have been tested and shown this end, constant power, constant dc voltage or dc voltage-
be effective on MTDC grids, it has been assumed that notactive power droop control can be used.
every ac system connected to the MTDC grid requires  Droop control is employed in this paper for dc voltagg)(
frequency support. Thus, only the onshore VSCs connecte@and power ) control. The onshore GSCs empl¥y-P
to theacsystem requiring the fast frequency support service control on thed-axis and reactive powe®j or ac voltage\()
have been fitted with the auxiliary loops [5], [7], [16] all control on the g-axis. A power- dc voltage droop creates a
the onshore VSCs are upgraded with the supplementanproportional relationship between voltage and power. Since
controllers, those converters connected to the main ac grildc voltage control in a dc grid is analogous to frequency
experiencing a disturbance would be the first to activate theircontrol in ac gridsthe dc voltage will change in response to
frequency sensitive mode. However, the other ac grids mayvariations in dc current. This change in dc voltage can be used
begin to experience a drop in frequency when they provideas an indicator for converters to share the power imbalance.
support in response to the disturbance and, in turn, this woulDroop control also allows for redundancy in comparison to
activate the frequency sensitive mode of those VSCsmaster-slave control [17]n a master-slave contrecheme,
connected to them. This would ultimately cause their dca single converter regulates the dc voltage of the MTDC grid.
voltage droop control to deactivate. Such operation couldlf this slack converter is lost, then the operation of the dc grid
result in undesirable power flows and reduced powerwill be compromised. However, the responsibility of
transfers through the MTDC grid, limiting the overall ability controlling the dc voltage can be distributed over a number of
to provide frequency support due to potential adverseconverters if droop control is employed. Thus, losing one
interactions between the different VSC supplementaryconverter will not lead to the outage of the dc grid [21].
control schemes [16] The offshore wind farm converter (WFC) creates an ac

To address the aforementioned shortcoming, thevoltage with fixed magnitude, frequency and phase angle.
operation of an MTDC system upgraded with the main fastThe WFCs gather all the power generated from OWFs and
frequency control schemes reported in literature istransfer it into the dc grid [20]. Fig. 1(a) shows the control
investigated. All onshore VSCs are fitted with the structures in a three-terminal scheme, with onshore VSCs 1
supplementary controllerdAn auxiliary dead-band control and 2 operating iWy-P droop.

(ADC) scheme is proposed to work alongside the fast . . .

frequency control algorithms. As it will be observed, the 3- Wind Turbines Temporary Overproduction

ADC scheme improves the frequency support capability of  In this paper, the OWF is made of 150 aggregated fully
the conventional methods and ensures system stability duringated converter WT units of 5 MVA each based on permanent
multiple ac system frequency oscillations. To demonstrate themagnet synchronous generators (PMSGs). The OWF has a
performance of the proposed ADC scheme, a four-terminaltotal rated capacity 6f'50 MVA. It is assumed that the OWF
VSC-HVDC system with one OWF connected to three operates at wind speed of 10.5 m/s and maximum power point
separate ac systems is modelled in MATLAB/Simulink. The tracking (MPPT) is used to regulate the rotational speed of
OWF is suitably controlled to provide frequency support via the generator to obtain the maximum power.

synthetic inertia during these studies. Given that the Fig. 1(b) shows the PMSG-WT control scheme. The rotor
penetration of power electronics connected renewableside converter (RSC) regulates the torque (or power) from the
sources is increasing and if supplementary controllers and®MSG while the network side converter (NSC) regulates the
synthetic inertia are added, it is important to investigate theirdc voltage. More information on the detailed modelling of the
impact on system stability. Therefore, the effects of these fasPMSG-WT can be found in [22]. The OWF also contributes
frequency support schemes and of the ADC on the entiredo support the frequency of the ac systems by inertia
power system operation was investigated using small-signaemulation. Inertial contribution from WTs for frequgnc
stability analysis support is well discussed in the literature [12], [23], [24]

This paper builds on the initial results presented in.[19] Temporary overproduction is the inertia emulation
The inertial contribution of OWF is considered here in strategy considered in this paper and it is shown in Fig. 1(c)
coordination with the frequency support and it changes thelt involves a temporary step increase in the power/torque
system behaviour. The main contributions of the paper aregenerated from the&/T [23], [24], [19]. When the WTs detect
(1) the coordination of fast frequency algorithms in MTDC a decline in system frequency, they reduce their speed to
grids and synthetic inertia from OWFs under single andrelease 5-10% extra power from the stored kinetic energy in
multiple imbalances; (2) the stability of the system is their rotating shafts. This temporary overproduction of power
guantified to demonstrate an improved system operationis held for some seconds and then the WT speed begins to
during imbalances when supplementary frequency controllersncrease to resume its original operating condition
are fitted to all converters in the dc grid; (3) a small-signal ~ For frequency support provision, the offshore WFC must
stability study of the MTDC system (including the OWF and be fitted with a supplementadc voltage-frequencyMc-f)

ac grids) is carried out to demonstrate system stability droop controller [7], [12]. This varies the frequency of the
) offshore ac system based on changes to the dc voltage
2. Control of DC Grid Converters according to
Onshore converter control in an MTDC grid ensures a Buok Buudz Suo&adF &s 1)

correct power balance among converters. The architecture
2
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Figure 1: Frequency support from OWFs. (a) Outer-loop controllers of i@®@sving droop control (inner current loops not

shown) (b) PMSG-WT control scheme. (c) WT temporary
frequency support

where G ¢ ds the dc voltage-frequency droop gaBy ds
the offshore ac grid frequepcand B ks the reference
frequency. Th&/yf droop scheme is shown in Fig. 1(d)

4. MTDC Fast Frequency Support Schemes

In this section, the frequency control schemes are

classified as switching and non-switching based schdmes

the switching-based schemes, there is a switch between on
droop to the other. Conversely, droops are used together or

communications are employed for frequency control in the
non-switching based schemes.

4.1. Switching-based Frequency Control Schemes

4.1.1 Coordinated Control SchemeShown in Fig. 2(a), the
coordinated control (CC) scheme useB-&qyc droop during
normal operation B s 4F Bs O ¢.8) but then switches to a
supplementar§-Vqc droop following a frequency disturbance
(BasF Ba R ¢ B [5] This can be expressed as follows:
\]BxUpL 8.adF Gek2adF 20 & kdBasF Bs0 O &B (2)
8L 8 E Gk Bud Ba0& kBas Bio R 4B

where G;¢is the active power-dc voltage droop gain a®g
is the frequency-dc voltage droop gain. Th¥g. droop

overproductiems§25]. (d) Droop control of WFC for fast

4.1.2Alternative Coordinated Control Scheme Shown in
Fig. 2(b), the alternative coordinated control (ACC) scheme
uses &yc-P droop during normal operation and switches to
anf-P droop during a disturbance [7his can be expressed
as:

206l 2adF Gak8adF 80 & kBadF Bso O 4B (3)

206l 2a4E GakBudF Ba0 & ks BO R 4B

ith
¢ Gal 2 G,L—>

4T pyg CT s
where G jzis the dc voltage-active power droop gain (defined
as the inverse ofz sfor an active power-dc droop gain, see
CC scheme) andg sis the frequency-active power droop
gain (defined in terms of the droop gains of the CC scheme)
After the disturbance event is over, the system will return to
the original VaeP droop when kBsxsF Bso O By A
sample and hold block is employed to hold the pre-
disturbance value of the active power when switching to the
f-P droop occurs.

It should be highlighted that the ACC scheme enables the
TSO to have direct contradf the required power to be
delivered bya converter by adjusting the droop ga® 5
However, the droop gainsg cand G swould need to be
modified for a CC scheme so that an equivalent amount of

transforms the ac frequency deviation into a proportional dCpower delivery is achieved.

voltage signal which, in turn, modifies the reference value of
the dc voltage at the VSC terminal. After recovery from the
disturbance, the system will return to the origira¥sc droop
when k B sF Bs0 O & Bwhere B gis the dead-band set-

4.2 Non-Switching Frequency Control Schemes

4.2.1 Dual-loop Control Scheme The dual-loop control

point_ of the frequency support loop. To preventladverse(DLc) scheme is similar to the CC scheme. However, it
transients from occurring, a sample and hold block is used taombines the frequency and voltage droop control techniques

hold the pre-disturbance value of the dc voltage when
switching tof-Vgc droop occurs [5].

unlike the CC scheme, where tReVyc droop is deactivated

when thef-Vgcdroop is in use. It is shown in Fig. 2(c). The

DLC scheme is mathematically expressed below:

2018/06/25 16:42:45
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Figure 2: Fast frequency control schemes: (a) CC; (b) ACC; (c) DLC; (dppsed ADC. Comparators output either 0 or

It should be borne in mind that a future MTDC grid may
encompass different control methodologigscluding those
presented in this paper. It would be possible that the described
drawback is not applicable if a converter within the dc grid is
always controlling dc voltage. However, the presence of a dc
voltage controlling converter on its own would undermine the

B4aO Bo, the Vi droop is activated and works distributed control principle of droop control [10].

simultaneously with th®-Vq. droop [16]. Therefore, there is
no switching between the droops.

4.2.2 Weighted Frequency Scheme This scheme was

originally proposed as an alternative to the CC scheme.

5 Auxiliary Dead-Band Controller
To coordinate the provision of fast frequency support in an
MTDC grid and to eliminate the aforementioned drawbacks,
lan ADC is proposed. This is shown in Fig. 2(d). It

requires fast communications of onshore frequency variationgjiscriminates between those VSCs connected to disturbed ac
to the offshore converters. A weighted sum of the onshore agyrigs from those connected to responding ac grids during fast

frequency deviations is calculated, which is in turn used
control the OWF frequency [9].

4.2.3 Other frequency control schemesReference [12]
proposes the use of joiftP and VP droop controllers in
the onshore converters without the use of a dead-band.

Communications-based schense out of the scope of
this paper and hence are not discussed.

4.3 Drawback of Fast Frequency Control Schemes

t frequency support.

The ADC is connected at each converter station and is used
LQ FROQOMXQFWLRQ ZLWK WKH FRQYHUW
controller discussed in Section 4. The ADC operates as
follows: it uses the local frequency measurement of the ac grid
it is connected to and uses this measurement to calculate
frequency deviationO land theRoCoF The value of( lis
passed through a comparator block and if it is greater than a
threshold value of 0.02 Hz, an output of 1 is produced
(otherwise the output is 0). The frequency deviation threshold

When an ac system connected to an MTDC grid of 0.02 Hz is selected as established by ENES(26].
experiences a power disturbance, other ac grids connected t@imilarly, theRoCoFmeasurement is compared to a threshold
the dc grid will respond to provide support to the disturbed of 0.1 Hz/s. If its value is greater than the threshold, an output
grid if droop control is used. While providing support, the of 1 is produced (otherwise an output of 0 is obtained). It
responding grids will experience frequency variations which should be highlighted that tHeoCoFthreshold value of 0.1
could exceed the dead-band set on their VSC terminal and, inz/s is less than the current set-point of 0.25 Hz/s, which is
turn, activate the fast frequency support schemes of the VSCsmployed to trigger protection devices [42B].

connected to them (if fitted with supplementapntrollers).

The outputs from thel | D Q G 5dBr§parptors are then

As aresult, their voltage-power droop would be automatically sent to an XNOR gate, which produces a true (1) output when
disabled. Under this circumstance, no VSC in the MTDC grid all its inputs are either false (0) or true (1). Its logic isvah

will regulate the dc voltage and instability may arise. Thus,

itin Table 1. This way, the XNOR gate can produce an output

is important to coordinate the dead-band set-point of thewhich enables the modification of the dead-band set-point of
frequency control algorithms fitted to the different converters the supplementary frequency controllers. For instance, when
so that stable power flows and power transfer capability canthe XNOR output is 0, the dead-band set-point will be 0.1 Hz;

be restored during multiple ac frequency variations.

conversely, when it is 1, the dead-band will be set to 0.02 Hz.

2018/06/25 16:42:45
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During normal ac grid operation, the ADC allows all the ™, Onshore AC Grid |
supplementary controllers dead-band set-points to be 0.02 Hz. Offshore
This occurs as theifi tndRoCoFare less than 0.02 Hz and

ES
{@

<l

0.1 Hz/s; thus, the XNOR gate produces a true (1) output. ol "'1‘
During a frequency disturbance, tReCoFand Bbegin to AC “
change. If their values exceed 0.02 Hz and 0.1 Hz/s,
respectively, a true output (1) is still produced on both Puf GSC2  Pg
comparators (see Fig. 2(d)), which leads to a true (1ubutp AC Grid 3
from the XNOR gate (see Table 1). This implies that a dead- @ N\
band value of B.g L r&t Hz is kept. For converters Witid Fatim. b e 7

connected to the responding grid may become higher ‘
than 0.02 Hz due to the active power they are transferring td=igure 3: Four-terminal VSC-HVDC test system.
the disturbed grid for frequency support; however, their

measuredRoCoF may be less than 0.1 Hz/s. Under these Table 2 Parameters of VSCs and droop coefficients.

circumstances, an XNOR output of 0 is produced, which the Converter Parameters

NOT gate inverts to 1. This in turn changes the deaq-band Power Rating 1000 MW
from Big L rét odo B.g L ré&Bz in the responding AC Voltage 380 KV
converters.

It is important to note that the ADC only uses the local DC Voltage £320 kv
frequency measurement of its own grid. The ADC will allow DC Capacitor 223.26 pF
for stable operation of the dc grid during fast frequency AC Inductor 11.35 mH
support and prevents the need for communications in Supplementary Frequency Control Parameters
determining which grid requires support. e 505 KV
Table 1 ADC XNOR Logic. Gsl s Ge 20 MW/KV

RoCoF(Hz/s)  (f (Hz) XNOR gate Dead-band value (Hz Ge 65 kV/Hz
. . 1 0.02 Gal Ge Ge 1300 MW/Hz
: 0 o Goo 0.025 Hzlkv
; 1 0.02

6.1.1 Case 1 - Single Imbalance: Fig. 4 shows the

6 Simulations and Results results due to a generation loss of 1800 MW in Grid P at

ws. With NC, there is no frequency support from the MTDC
rid and the frequency in Grid 2 falls to 49.49 Hle.(the
equency deviation is 0.51 Hz). When the ACC is in
peration only, the responding ac systems (Grids 1 and 3)
ansferring additional power to the disturbed Grid 2
experience a drop of frequency (see Fig. 4). When the
frequency drop exceeds B.s L r&t Hz, the VSCs

The four-terminal VSC-HVDC test system shown in Fig.
3 is used to compare the effectiveness of the fast frequencﬁ
control schemes presented in Sectiofl#& converters of the
test system are modelled as averaged two-level VSCs anar
have been implemented in MATLAB/Simulinkhe MTDC
system interconnects three separate ac grids to an ON¢F.

OWF and ac grid 3 (i.e. GSCS) export power into the dc ngCI'connected to Grids 1 and 3 enter the frequency sensitive mode.

The OWF will also contribute to the fast frequency support The dc voltage droop on all onshore converters is disabled
via temporary overproduction (as discussed in Section 3). The d the d gd It p b tablPat  ( id
parameters of the four-terminal system and the control gainsand i € .Cg.” XO ?ﬁ? Iecomes unsla fd SI see sol

of the frequency support schemes are summarised in Table ﬁe Cl)r\]/(\alllinaclt?v.e )6we;rsacs)svs\/elﬂ Egzgl?sg of (t:h\(/eo t?egsillrggecl)?tshe
The ac grids are represented using simplified models with av £ drooo. It sﬁould be hiahlighted that th([e) issues here
base load capacity of 40 GW [29], [30]. The reader is referredh.“hl. ht g Sl t g'thg t OWF ding fast
to [7] for the complete parameters of the ac systems. Ightighted are stilt present without an providing fas

O frequency support [19].
It should be highlighted that averaged models are -
employed instead of switching models since the studiesth W'tz thr(te E)ropons:d tAlg(t: p(r}er‘s;ntl(digoéeglA(ri_gfrnAli)C%H
performed in this paper do not require a detailed € converters connected 1o Lrids 1 a iscriminate the

representation of the fast switching dynamics of poWerfrequency drop due to the provision of fast frequency support

electronic converters. The adoption of averaged models als§"d change the set point fronB g L ratHz to Big L
reduces the computational requirements [21]. ra$iz. This operation prevents the VSCs connected to

responding Grids 1 and 3 from entering the frequency
6.1 Comparison of ACC, CC and DLC upgraded sensitive mode. With the ADC fitteq, the qc voltage remains
stable while fast frequency support is provided (see solid blue
line in dc voltage graph in Fig.)4Also, unlike the case
To demonstrate the performance of the proposed ADCwithout ADC, the frequencies of Grids 1 and 3 return to their
scheme, two case studies are carried D¢ fast frequency  nominal values. This is a result of an increase in the powers
controllers are fitted with the proposed ADC scheme and withof Grids 1 and 3 to their original values prior to the generation
simulation results the effectiveness of the controls areloss. As it can be observed, the frequency drop has been
compared with the ADC, without the ADC scheme and whenreduced to 0.39 Hz when the ACC scheme is used.
no frequency control (NC) is considered. Fig. 5 shows the simulation results when the CC is
employed, when the CC is upgraded with the ADC (denoted

5

with the proposed ADC scheme

2018/06/25 16:42:45 IET Review Copy Only 6



ReView by River Valley Technologies IET Renewable Power Generation

3
&

CC+ADC) and when no corrective actions are taken (NC).
When the CC is employed only, the VSCs connected to 3
responding Grids 1 and 3 activate their frequency support
mode and disable the active power-dc voltage droop. This &
results in a rapid drop of power injected into Grid 2 (see solid
red line in GSC2 power in Fig. 5) and a further frequency
drop on the disturbed grid & Lsrs (see solid red line). 8
With CC operating alone, there are unexpected power flows

because of a maloperation or lack of coordination betweer
the converters. For the case of CC+ADC, the sudden drop o
power transferred to the disturbed Grid 2 is avoided by §_ |
modifying the set-point of the dead bands on GSCs 1 and { € | wrca(owr)

AC Grid1and 3

Frequency (Hz)
T
1]

28
8

Power (MW)
a
8

o
8o

°

Power (MW)

Gsci:ands
from Big L rét Hz to Big L raslz. As it can be 0 s wm m % s w15 m %

Time (s)

observed, there is an additional frequency drof® ats s
but this is due to the recovery period of the wind turbine. ~ Figure 5. Case 1, CC scheme. System response after a
A comparison is also made when all converters use thegeneration loss of 1800 MW in Grid 2.

DLC scheme only, when DLC is used with the proposed ADC _ socerremrrreees
(denoted DLC+ADC) and without a supplementary %j:: s

frequency control (NC). Fig. 6 shows the simulation results. g
It can be observed that the DLC scheme employed on its ow! §z:
still maintains system stability and steady power flows. This %
occurs as the system has both power-voltage and frequency L —
voltage droops active in the disturbed operation. Given that £**

3
5

AC Grid 1 and 3

the ADC delays the converters from switching to their §* =T [ ocene
frequency sensitive mode where the voltage droop is disable sz =
the ADC-upgraded DLC gives the same results as when the £, i Fg:g,m
DLC is employed only. In other words, the ADC does not % L_._./_\/"“,,
provide any benefits as with the DLC a voltage droop is E”" ' ‘

'WFC3 (OWF)
o 5 10 15 20 25 [ 5 10 15 20 25
Time (s) Time (s)

always active both in normal and disturbed operation. 400

Table 3 Frequency control schemes during single imbalance.
Figure 6: Case 1, DLC scheme. System response after a
generation loss of 1800 MW in Grid 2.

NC ACC cCC DLC ACC+ CC+ DLC
ADC ADC +ADC

0(Hz) g-fgl 8-3]596 8'fg g-fslg 3-13596 g-fg g-‘l‘gg 6.1.2 Case 2 - Opposing Frequency Trends: The
ﬁ_‘l’Z?S")F : : : : : : : performance of the control schemes is demonstrated in this
Stable? Yes No Yes Yes Yes Yes  Yes section during opposing frequency events (i.e. simultaneous

A comparison of the performance of the different loss of demand_ and generation). Simulatior_ls are perfo_rmed
frequency control schemes upon the single imbalance"‘{hen a generation loss of 1800 MW occurs |n_Gr|d_2 while a
scenario is provided in Table 3. simultaneous demand loss of 900 MW occurs in Grid B &t
ws. The probability of these events occurring simultaneously
in reality is low and, in any case, they may occur a few
e seconds after each other. However, having them occur
. simultaneously in simulations helps to stress the system and,
this way, assess the capabilities of the proposed ADC scheme.

A comparison is made when all onshore converters use
the ACC scheme only, when the ACC is upgraded with an
ADC (ACC+ADC) and when no action is taken (NC), with

2
g

AC Grid 1 and 3

DC Voltage (kV)
a:
g S
@ |
@
8
~
i
3Rl |-
ag
3
3
Po {
g
[0}
@
o
8

600 results shown in Fig. 7. When the ACC is used on its own, the

B 0 dc voltage droop on the onshore converters is disabled when
g | hce ave the frequency deviation exceedsBg L r &t Hz. A sudden
%““2; AAAAA /% drop of dc voltage occurs arourfdl Ls rs (see blue line on
§4°°‘7 S —— : Fig. 7) due to only théP droop operating on GSCs 1, 2 and

| wrcs (owr) . p
o T eeRe——— 3 and no converter controlling the dc voltagkis is also seen
Time (s) Time (s) to affect the power from the OWF. When the ADC scheme is

Figure 4 Case 1, ACC scheme. System response after dncluded, GSC1 modifies its set-point fromBg L r &t Hz
generation loss of 1800 MW in Grid 2. to ABg L réaHlz. Therefore, GSC1 retains control of the dc

voltage using &q-P droop and restores the dc grid operation
during the provision of fast frequency support (see red line on
Fig. 7).

Fig. 8 shows simulation results when the CC is used on its
own, when the CC is upgraded with an ADC (CC+ADC) and
with no frequency control (NC). When CC is used only, all

6
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VSCs initiate the fast frequency controls, disable tRelif;c
droop and enable thefVy. droops. Therefore, no converter

regulates active power in the MTDC grid. There are
frequency oscillations in the ac grids as a result of power
oscillations from the GSCs (see blue lines in Fig. 8). Also, as
a result of these frequency oscillations, the OWF temporary g

overproduction translates the dc voltage change &t \%
as a command to provide extra power again. For the case

CC+ADC, the ADC scheme allows the GSC1 to modify its

set-point from B.g L rédt Hz to B.g L raslz. As a

g
) !
result, operation of the power-voltage droop in GSCL1 is gmé_"/—\/

maintained. This enables continuous stable dc voltage contrc =

active power flow and frequency stability to the MTDC
system (see solid red line in Fig. 8).

503
—obLc

g

g 50|~y - Lo |--oe § |AcGrd3 - - DLC +ADC
i -NC : :
§ L \ i 2 55&2 NC
N oA ‘
g o) A ¥ { E.SD.! / e
£ acend2 £ /
494 4
645 -
i E 600 i
| | g | .
| e < 400 S
H I R -
a i |==DLC+ADC
c® | esc2 ZE
ass
[ ] —Bie | ] [
| - bic+aoe ! ! !
, B : -
% 400 i [—oe
1 1 i i = = DLC + ADC|
| WFC3(0WF) | % | escs 2
-800
o0 5 10 15 20 25 0 5 10 15 20 25

Time (s) Time (s)

Fig. 9 shows the simulation results when DLC is used onFigure 9: Case 2. DLC scheme. System response after a

its own, when used with the ADC (DLC+ADC) and with no

generation loss of 1800 MW in Grid 2 and 900 MW demand

frequency control (NC). As in Case 1, the DLC gives the loss at Grid 3.

same frequency response with and without the ADC, with

power flow and dc voltage remaining stable.
A comparison of the performance of the different

frequency control schemes upon the opposing frequency

events is provided in Table 4.
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15
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Table 4 Comparison of support schemes during multiple

imbalance

ACC CC DLC NC ACC+ CC+ DLC

ADC ADC +ADC

Multiple Imbalance (Opposing Frequency Trend)
0(Hz) 0.39 035 0.41 0.51 0.39 0.33 0.41
RoCoF 0.156 0.143 0.159 0.18 0.156 0.141 0.159
(Hz/s)
Stable? No Yes Yes Yes Yes Yes Yes

6.2 Fast Frequency Controllers with Proposed
ADC Scheme

In this section, all schemes (CC, ACC and DLC) are
upgraded with the proposed ADC and their effectiveness is
compared when multiple grid disturbances occur (a
generation loss of 1800 MW in Grid 2 and a demand loss of
900 MW in Grid 3 atP L 6). Simulation results are shown
in Fig. 10 for the case of DLC+ADC, CC+ADC, ACC+ADC
and when no corrective action is taken (NC).

An improved ac grid frequency deviation aRdCoFare
achieved in all three schemes. The CC+ADC scheme (solid

Figure 7: Case 2, ACC scheme. System response after Hblue line) provides the most _frequen(;y support followed by
generation loss of 1800 MW in Grid 2 and 900 MW demandthe ACC+ADC scheme (solid red line). The DLC+ADC

loss at Grid 3.
ASD.Z 503 T
AC Grid 3
i 50 §502
P g
F g
E3 501
i1 2
w w {
494 50 ~
_660 : : 1500
: |——cC
= —ccanc
S'm O 8 S - | §1mu
1 = 50
2o i 5,
8 |escz2 i =
600 -500
TDﬁ‘ 1000
g 500
ESDBI g
= 1k 4T 0
% 50— £
o | O -500
L3 WFC3 (OWF) a
400 -1000

B

5 10 15

Time (s)

20

]

10 15
Time (s)

scheme provides the least frequency support because of its
power-voltage and frequency-voltage droops operate
simultaneously. However, this combined voltage and
frequency droop operation in the DLC scheme allows for the
continuous control of dc voltage during the provision of
frequency support, therefore the DLC does not need the ADC
to ensure stability. A droop correction factor has been
suggested to overcome the limited support capability of the
DLC, but this requires fast communications [16]

Figure 8 Case 2, CC scheme. System response after a

generation loss of 1800 MW in Grid 2 and 900 MW demand
loss at Grid 3.
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