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Criterion for the Electrical Resonance Stability of
Offshore Wind Power Plants Connected through
HVDC Links
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Nick Jenkins,Fellow, IEEE,and Carlos E. Ugalde-Lodember, IEEE

Abstract—Electrical resonances may compromise the stability  Electrical resonance instability has been studied with an
of HVDC-connected Offshore Wind Power Plants (OWPPs). In  impedance-based representation by several authors. In [8], [9]
particular, an offshore HVDC converter can reduce the damping \oltage Source Converters (VSCs) are modeled as Thévenin or

of an OWPP at low frequency series resonances, leading to systemN " valents with a f d dant ch teristi
instability. The interaction between offshore HVDC converter orton equivalents with a frequency-aependant characteristic.

control and electrical resonances of offshore grids is analyzed Nyquist and Bode criteria are used to analyze electrical
in this paper. An impedance-based representation of an OWPP resonance stability [2], [10]. In [9], a clear relationship be-

is used to analyze the effect that offshore converters have ontween electrical resonances and the phase margin condition is
the resonant frequency of the offshore grid and on system ggiaplished, but the complexity of the loop transfer function

stability. The positive-net-damping criterion, originally proposed . . . . -
for subsynchronous analysis, has been adapted to determine liMits further analysis of the elements that cause instability.

the stability of the HVDC-connected OWPP. The reformulated Alternative approaches, the passivity conditions of the system
criterion enables the net-damping of the electrical series reso- [11], [12] and the positive-net-damping criterion [13], [14],
nance to be_ evaluated and establishes a clear relationship be-have been used to define stability conditions.

tween electrical resonances of the HVYDC-connected OWPPs and A number of studies on electrical resonance instability in

stability. The criterion is theoretically justified, with analytical . .
expressions for low frequency series resonances being obtained®VWPPs have been reported in the literature. In [15] and [16],
and stability conditions defined based on the total damping of the impact of electrical resonances on Wind Turbine (WT)

the OWPP. Examples are used to show the influence that HVDC converters is investigated. However, few studies are focused on
converter control parameters and the OWPP configuration have the interactions between resonances and the offshore HVDC
n ility. A root | nalysis and time-domain simulations in i
cF)>S(SZ'[AatISII?l/\/ITDC():Otarce)zcgrsezeﬁt}c;sdStoav((jertify ?hzost:bilitsy cl(J)r?(tji?iois. Converte_r' In [17], a modal a_malySIS I_n a HVDC-connected
OWPP is used to characterize possible resonances and to
Index Terms—electrical resonance, offshore wind power plant, 3ssess the stability of the offshore converters. Also, in [9] and
HVDC converter, positive-net-damping stability criterion. [18] the impact of resonances on offshore HVDC converters
|. INTRODUCTION is analyzed using an impedance-based representation.
ARMONIC instabilities have been reported in practi- In this paper, the impact that low frequency series reso-
cal installations such as BorWinl, which was the firgtances have on the voltage stability of HYDC-connected OW-
HVDC-connected Offshore Wind Power Plant (OWPP) [1PPs is analyzed and discussed. Preliminary work was reported
[2]. More recently, electrical interactions between offshori@ [19], where the stability criterion presented in this paper
HVDC converters and series resonances have been identifies assessed with examples. This paper furthers the initial
in DolWinl and highlighted by CIGRE Working Groups asontributions of [19] by providing a formal framework for the
potential causes of instability during the energization of thenalysis of electrical resonance stability in HVYDC-connected
offshore ac grid [3], [4], [5]. Such interactions are knowr®WPPs. An impedance-based representation is used to iden-
as electrical resonance instabilities [6]. In HVDC-connectdady resonances and to assess stability considering the effect of
OWPPs, the long export ac cables and the power transformtirs offshore converters. The resonance stability of an OWPP
located on the offshore HVDC substation cause series rego-determined using an alternative approach to the positive-
nances at low frequencies in the range of 1001000 Hz net-damping criterion [13]. This has been reformulated to
[3] - [5], [7]- Moreover, the offshore grid is a poorly dampecevaluate the net-damping for electrical series resonances and
system directly connected without a rotating mass or resistit@eprovide a clear relationship between electrical resonances of
loads [3], [2]. The control of the offshore HVYDC converter cathe OWPP and stability. The main contributions of this paper
further reduce the total damping at the resonant frequencée summarized as follows:

until the system becomes unstable. « The alternative approach to the positive-net-damping cri-
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« Analytical expressions of the low frequency series resoosshore vsc Export Collector
nances are proposed considering the effect of VSC con-R~ poc cable substation
trollers. These expressions are employed to calculate the
resonant frequencies where the total damping is evaluated
to determine system stability.

o A stable area of an OWPP is defined as a function of
the HVDC converter control parameters and the OWPP

n, WTs _String 1

H H

configuration. Such an area is obtained from the damping %ﬁ;w’m ny WTs__String M
of the OWPP and indicates conditions of stability.
The effect that the HVDC converter control parameters and H H
the OWPP configuration have on stability is shown using wT
examples. For completeness, root locus analysis and time- VSCs

domain simulations in PSCAD/EMTDC are used to validate
the stability conditions. The examples presented in this pap

er
. . Fig. 1. General scheme of an HVDC-connected OWPP.
are complementary to those included in [19]. g
"""""""" ] Export  Collector n; WTs String 1

II. IMPEDANCE-BASED REPRESENTATION OF AN fv Gh Zchg Vpoc cable  substation
HVDC-CONNECTEDOWPP ' .

An impedance-based representation is suitable for the m(:)d-
eling of converters of an HVDC-connected OWPP wheneverfshore vsc
detailed design information is not available. Such a converter
representation offers advantages as it can easily be combined OWPP with
with the equivalent impedance of the offshore ac grid to char- N WTs
acterize resonant frequencies. It is also possible to consider
the effect of the converter controllers. Moreover, the stability Vie
assessment methods for impedance-based representations are .....’V.Vﬁ. H
simple and less computational intensive compared to other Zjeg\;gci i.Gy Yy
traditional methods such as eigenvalue analysis [2], [10]. . S : =
The configuration of an HVYDC-connected OWPP is showfig. 2. Impedance-based model of an HVDC-connected OWPR$anance
in Fig. 1. Type 4 WTs are connected to strings of th@d stability analysis.
collector system through step-up transformers from low to

medium voltage. Each WT grid side VSC has a COUpIin&’enoted with boldface letters for voltages and currents as

reactor and a high frequency filter represented as an equivalent, . . .
. . Vg + jug andi = ig + ji,.
capacitor. The strings are connected to a collector substation,

where transformers step-up from medium to high voltage. Te Offshore VSC model

collector transformer in Fig. 1 is an equivalent representationTphe offshore VSC controls the ac voltage of the offshore
of 4 transformers that are connected in parallel [3]. EXpogtiq. Fig. 3a describes the control structure of this converter.
cab!es send the generated power to an oﬁs_hore HVDC syPine VSC uses a MMC topology, high frequency filters are
station, where a VSC based Modular Multilevel Convertg{s; required and only a voltage control loop is considered
(MMC) operates as a rectifier and delivers the power to theg) [21]. Additionally, the internal MMC dynamics can be
dc transmission system. The dc transmission system and f|ected if a circulating current control is implemented [18].
onshore HVDC converters are not represented in this study control action based on a Pl controller is expressed as:
Fig. 2 shows an impedance-based model of the HVDC-

v

connected OWPP suitable for the analysis of electrical reso- vE = Fpio(Ve — Vpoe) Q)

nances and stability. The ac cables of the export and collector 5

system are modeled as singtesections with lumped param- Forp = kpoy+ —2 )
S

eters and the transformers are modeled as RL equivalents. I
rev

These models are accurate enough to characterize the Y?ﬂW_a vsc IS the reference voltage for the of_fshore convert_er,
frequency resonances that are responsible for stability issifasS the control reference voltage at the Point of Connection
[3]. The VSCs are represented by equivalent circuits, whidf OC): Veoe IS the voltage measured at the POC dndl, is
include the frequency response of the controller. The offshdfé P! control!er for the voltage F:ontrol Ioop.. .

VSC is represented by a Thévenin equivalent as it controlsT N€ dynamics across the equivalent coupling inductance of
the ac voltage of the offshore grid [9], [20]; however, Nortof'€ Offshore converter are expressed as:

equivalents are used to represent the WT VSCs since they vh Vpoc + ic(R} + sLf + jwi L) (3)

vscC =
control current [8], [20]. wherei, is the current from the HVDC convertek/: is the

IIl. | MPEDANCE-BASED MODEL OFVSCs coupling inductance! is the equivalent resistance df?
The VSC models are represented in a synchrodgdsame andw; = 2« f; rad/s (f; = 50 Hz). The coupling inductance
and the Laplaces domain, where complex space vectors arie equal toL;ﬁ = Larm/2 + LI, where L,,,, is the arm
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inductance of the MMC and” is the equivalent inductance
of the offshore HVDC transformers.

A Thévenin equivalent of the offshore VSC (see Fig. 2) is
obtained by combining (1) and (3):

Vpoe = Vi - Gl —i¢ - Z (4)
ah_ P Rl + 5Ll + jo LY )
© 1+ Fp, ¢ 1+ Fpry
where G” is the voltage source transfer function a#d is i
the input-impedance of the converter. 2o

B. Wind Turbine VSC model
Each WT is equipped with a back-to-back converter, butiw,q

shown in Fig. 3b. The dc voltage outer loop is not representeg}, ,

in the WT VSC model since its dynamic response is sliogv;

there is sufficient bandwidth separation with the inner current (b) .
. . . _Fig. 3. Control structures: (a) Offshore HVYDC converter and (b) WT grid

loop [2], [22]. This ensures that there are no mteractlorgﬁe converter.

between harmonic resonances and the outer loops, which are Equivalent offshore grid: Z,

not of interest in this paper. A Norton equivalent of the WT

converter (see Fig. 2) is obtained as:

iwt - ir . Gg) — Vwt ° ng (6)
whereiy is the current from the WT VSG, is the control . N
reference current7? is the current source transfer functionrig. 4. Equivalent impedance-based circuit of an HVDC-cated OWPP
vwt iS the voltage after the coupling filter aig is the input- Wwith representation of offshore grid circuit.
admittance of the VSCGY andY,” are expressed as [8]:
v — Fpic yw _ 1-H, - where M(s) = 1/Z, is the open loop transfer function,
¢ RY +sLY + Fpio - RY + sL + Fpic (7) N(s) = Z is the feedback transfer function atids) is the

loop transfer function.

Fpre = kpe+ @, H, = - (8) Assuming that the voltage and current sources in Fig. 4
§ s+ oy are stable when they are not connected to any load [10], the
where Fp . is the Pl controller of the current lood,} the stability of the OWPP can be studied in the following ways:
coupling inductanceR% the equivalent resistance &f/, H, « By analyzing the poles Gf" or the roots ofZ,+ Z" = 0.

the low pass filter of the voltage feed-forward term [8] and , By applying the Nyquist stability criterion ot’ /7, [10].
ay the bandwidth oftl,. The Pl design is based on [8], [23], , By considering the passivity 6f" [6], [11].

with proportional and integral gains givenigs. = a.L¥ and

ki.. = a.R¥, and the bandwidth of the current control by. In addition to the previous alternatives, a variation to the

positive-net-damping criterion given in [13], [14] is here
IV. STABILITY ANALYSIS OF HVDC-coONNECTEDOWPPs employed instead to analyze system stability. The criterion has
The stability analysis considers the impedance-based cirde@en reformulated to evaluate electrical resonance stability as
presented in Fig. 4, where the offshore grid is modeled with &fplained in section IV-B.
equivalent circuit (further explained in Section V). A similar .
representation can be found in [9]. A. Passivity
The impedances were expressed in the stationg@rjrame A linear and continuous-time systef(s) is passive if [11]:
[6], [11], which is denoted in boldface letters for voltages and F(s) is stable and,

currents as® = v, + jug andi® = io + jig. The currentin | parp(ji)} > 0V w, which is expressed in terms of

the stationaryyg frame and the Laplacedomain is given as: the phase as-T < arg{F(jw)} < Z. This condition
2 2°

™ corresponds to a non-negative equivalent resistance in
electrical circuits.
it = (vigh —5GvzY) _ Uz, (9) . . . .
R Y A Passivity can be applied to determine the stability of closed

_ _ ) } loop systems [6], [11]. A system represented by the closed
whereZ, = Z2;"' 4 1/Y" is the equivalent impedance of theqop transfer function in (10) is stable i/ (s) and N (s) are
OWPP from the offshore VSC anf” is the OWPP closed passive since-r < arg{L(jw)} < 7 V w. This implies that
loop transfer function, which can be also expressed as:  the Nyquist stability criterion fot.(s) is satisfied. Therefore,

heos M(s) ~ M(s) 10 the OWPR is stable i, andZ" are passive. When_ the H\_/DC
(s) = 1+ M(s)N(s) 1+L(s) (10)  converter is connected to a passive offshore gridis passive

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.
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and the stability only depends on the passivity conditions of If the resonance condition in (18) is combined with (19):
the converter input-impedancg}. dIL(iw

In no-load operationife. when only the passive elements {If d:LdEi_w;: >0: XCZ(“’”S)[RQ(“”S) T RCZ(“”S” >0
of the OWPP are energized), the passivityZf is ensured | If =50 < 0: X{(wres)[Rg(wres) + R (wres)] < 0
as the WTs are assumed to be disconnected from the offshore (20)
grid. However, the WTs represent active elements when theylt can be shown (see Appendix A) that if the offshore grid is
are connected to the offshore grice( Z, can have a negative capacitive {(e. X, < 0) and the HVDC converter is inductive

resistance), which may compromise the OWPP stability. (i.e. X/ > 0), then 4249l ~ o On the other hand, if

B. Positive-net-damping stability criterion the offshore grid is inductivei.e. X, > O)d‘aLlrg_d )t‘he HVDC
i itivel h Jjw

The criterion states that a closed loop system is stableCRNVerter is capacitivei.¢. X' < 0), then ==-=2 < 0. By
the total damping of the OWPP is positive at the foIIowin&O”S'de””g the previous conditions, (20) is simplified to:
frequencies: (i) open loop resonant frequencies and (ii) low Ry (Wres) = Ry(Wres) + R (wyes) >0 (21)
frequencies where the loop gain is greater than 1 [13]. How- . ]
ever, it does not provide a clear relation between electricy€re resistancefir hrepresents the total damping of the
resonances of the OWPP and system stability. This increaS¥Stem. resistancé?; the HVDC converter damping and

the complexity of analyzing the impact that system parametdfSiStance, the offshore grid damping. N
have on resonance stability. It can be observed that (21) is equivalent to the positive-

The criterion presented in [13] has been reformulated f§t-damping cri};[erion in [13], but evaluated for the series
evaluate the net-damping for electrical series resonances. TggPnances o¥.,. Therefore, the offshore HVDC VSC is

approach proposed in this paper is developed from the ph&S¥mptotically stable if the total damping of the systétp, is
margin condition [9]. If stability is evaluated in terms ofPositive in the neighborhood of an electrical series resonance.

the phase marginL(jw) = M(jw)N(jw) must satisfy the 1he advantage of this criterion with respect to the passivity
following conditions at angular frequenay. approach is that the stability can be ensured evefifand
|M (jw)N (jw)| = 1 (11) Z" are not passive because it considers the contribution of
B ‘ ‘ ’ both terms in the closed loop system.
M(jw) an dN7(T'<)?r:g§ﬁ)(; C;zj]\;(ljzcj)c}ai l;revejresse q i(r11t2e)rm It should be noted that if the resistive components of the
Jw Jw P Sffshore grid and HVDC VSC are large compared to the

of equivalent impedances as: reactive elementse(g. X,/R, < 10 and X/R!" < 10), the
M(ljw) = Z,(jw) = Ry(w) + jX,(w) (13) ?;)rp])rr]c;flrgw:tl:c;r;.m (17) and (18) are not valid and this criterion
N(jw) = Z}'(jw) = Rl(w) + j X} (w) (14) c. Relation between total damping and poles of the system
Also, the equivalent impedance from the voltage sourceThe HVDC-connected OWPP is a high order system with
viGl in Fig. 4 is expressed as: several poles. However, the system response is governed by a
Zélq(jw) = Z"(jw) + Z,(jw) (15) dominant poorly-damped pole pair. If this pole pair is related

Phase margin condition (11) is equivalent to: to the eI(_actrlcaI series resonance, w_npedanZésand Zg
around this resonance can be approximated as:
R (w)* + X (w)* = Ry(w)® + Xg(w)? (16) 1
The resistive components in ac grids and VSCs may be Zlres(s) &= RE+ SLY; Zgres(s) = Ry + <. @
usually neglected compared to the reactive components. There- _ ) ) g _
fore, R, < X,, R" < X" and (16) is simplified to: where C, is the equivalent capacitor of the offshore grid
¢ ¢ impedance when the frequency is close the resonance. Using

XM w) = £Xy(w) (17) (18), the series resonance reducesitg, = 1/+/LIC,.

The electrical series resonances observed from the voltag&@he poles related to the series resonance are obtained from
sourceviG! in Fig. 4 correspond to frequencies whef in - 1 + 20 10s(5)/ Zgres(s) = 0, yielding:
(15) has a dip or a local minimum. If the resistive components
are neglected, the series resonance condition is reduced to: —(Rl'"+Ry)Cy £ \/(RZ + Ry)2C2 —4LMC, -

S =
IM{Z} (jwres)} = 0 = X[ (wres) & —Xg(wres)  (18) 2L C, @3)

It can be observed that (18) is a particular case of (17gonsidering tha{ R) + R,)’C; < 4L!C,, equation (23) is

i.e. the series resonance condition 5@1 coincides with the approximated to:

stability condition|M (jw)N (jw)| = 1 given by (11). R+ R 1
Phase margin condition (12) can be expressed in terms of ~— CQL,L L+ = (24)
the imaginary part of.L(jw) as follows: ¢ VLeC,

AL Giw . The imaginary part of the closed loop system poles cor-

I % >0: 0 <arg{L(jw)} <7 = responds to the resonant frequency. Also, the real part of the
= Ry(w) X (w) — R (w)Xg(w) >0 (19) Polesis correlated to the total dampiritf; + R, as mentioned

If W <0: —m<arg{L(jw)} < 0= in [14]. Therefore, there is a pair of poles that represent the
= R,(w)XMw) — R (w)X,(w) <0 series resonance and can be used to identify instabilities.
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V. RESONANCE CHARACTERIZATION whereCy is the capacitance of one WT low pass filter.

In this section, the low frequency series resonances of an
OWPP are characterized. It is useful to identify resonant

frequencies in an OWPP since they can destabilize an offshore _ 100 | ——without simp. .
HVDC converter. To this end, the frequency response of S 50 WIth SIMp. | sewe===""]
zh (jw) is here used to identify electrical resonances. Due o 0

to the complexity of the VSC and offshore grid equations,
simplifications are used to obtain analytical expressions of the
resonant frequencies.

10° 10° 10*
Frequency (Hz)

A. Simplifications of the OWPP impedance model (a) Offshore HVDC VSC

Fig. 5 shows that the frequency response of a VSC 150

impedance can be simplified to RL equivalents above 100 100

Hz. The input-impedance of the VSCs was represented in @

an o frame (see Fig. 4). To achieve this, a reference frame ;:o 50

transformation fromlq to o5 was performed using the rotation Mool e

s — s — jw; [6], [15]. For frequencies higher than;, the EER— ——

offshore VSC impedanceZ” (s — jw), is approximated to: '5200 07 o
Rh — L? L — i (25) Frequency (Hz)

C A4 kpy ¢ 14k, (b) WT grid side VSC

i ; W(a_ 4 _ w(._  Fig. 5. Frequency response with and without simplifications (parameters in
Slmlla_rly, the WT VSC impedance&” (s—jwi) = 1/Y (s Appendix B with hy o= 1. &, o= 500).
jwi), is approximated to: ’

RY=RY + (ay +ac)Ly; LY=LY  (26)

The previous simplifications do not consider the VSCs as ac-Offshore String 1

Export Collector + — Te
tive elements sinc&” andR® are positive for all frequencies. VSC.__ POC cable substation !
Fig. 6 shows the equivalent model of the HYDC-connect RY 1 T C.. RELS -

OWPP with the simplified VSC and cable models. The capal < - INo collector
itor C... represents the export cable capacitance. The inductive capacitors jcables
and resistive components of the export cable are small enough !

to be combined with the RL equivalent of the transformers and String M

the HVDC converter. Also, the collector cables are removed OWPP with Rl ™ WTs
because their equivalent inductance and capacitance are small N WTs g o
and only affect the response at high frequencies, which are ” |_f,. —

not considered in this study.

When the collector cables are removed, the aggregation
9f WTs is reduced to a combination of paral!el CII’thw%ig. 6. Impedance-based model of an HVDC-connected OWPPsivitpli-
independent to the collector system topology. Fig. 7 showeéd vsc and cable models (indicated in grey rectangles).
the OWPP model under this scenario, which is equivalent to
the model in Fig. 4. The parameters of the aggregated model

are defined as follows: Equivalent offshore grid
« R¢ andL¢s are the RL values of the collector transform-  ofshore 1 - Aggregation collector system ~ ~ !
ers. vsC  poc! ' Wind turbines
. R®,andL¥ , are the RL values of the aggregated WT Re L i | bt Ry LZ Rua Lig  (Typed)
transformers: : : i\Ge,

w — R’lU /N ;L’lU — Lél"JA/N (27)

tr,a tr tr,a

whereN is the number of WTs an&®. and L. are the R e e e e e e
RL values of one WT transformer. Fig. 7. Impedance-based model of an HVDC-connected OWPP amigne-

tion of collect tem.
« RY, and LY, are the RL values of the aggregated wpaton of cotiector system
converters: Fig. 8 shows the frequency response of the equivalent
offshore grid impedance” , with and without simplifications

w — w . w — w eq’
Rea =B[N Lo = Le /N (28) to VSC and cable models. It can be observed that if simplifica-
« CY, is the equivalent capacitance of the aggregated Wibns are made the 50 Hz resonance of the VSC control is not
low pass filters: exhibited; however, the frequency response agrees well with
C¥,=Cy{-N (29) that of the un-simplifiedz, over 200 Hz and up to 1 kHz.
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, , active elements. The system is analyzed in no-load operation

80 ——— Without simp. and when WTs are connected based on the OWPP described
Eg ....... With simp. in Appendix B.
= 60 A. No-load operation
&g ot N s In no-load operation, the positive-net-damping stability cri-
"N \; terion only includes the damping contribution of the offshore
20 : : converter, R, because the export and collector cables are
10’ 10° 10° 10* passive elements with a small resistance and thus can be
Frequency (Hz) neglectedi(e. R, ~ 0). Therefore, condition (21) is reduced to

Fig. 8. Frequency response of OWPP impedance without andw@ and RM(wyes) > 0, which is equivalent to analyzing the passivity
cable simplifications (parameters in Appendix B dfdy= 1, ki,v= 500).  of the HVDC converter control at a resonant frequency.

- o ) Stability is ensured if the electrical series resonance is
Additionally, the simplification of the collector cables slightlyigcated in a frequency region with positive resistance. This

tsr:ﬂfts the Slf?”e_"[s res%nance flrodmd4fh9 :"ti to 497I'|f-'|ztlj 'f” light fdgion is determined using the zero-crossing frequencies of
ese results, it can be concluded that the simplified frequengy ¢ R )\ — h —0)i i
response represents a good approximation for low frequerri%fu(;i'ghf;(rz)Obt;ﬁ{e%f (@)} = 0)in (5). The two following
resonances in the range of 28601000 Hz.
. . . Weutl = W1 = 27’((50)

B. Analytical expression for the series resonant frequency w1

The expression of the lowest series resonant frequency of Weut2 = ki oL (32)
qu is obtained for no-load operation and when WTs are 1- R’L(Tli)
connected. The resistances are neglected as they only have f pyv
a damping effect on resonanciee( they barely modify the Whenw.,;2 < 0, the only zero-crossing frequency considered
resonant frequency). is 50 Hz andR” is negative forw > 27(50). Therefore, the

In no-load operation, the WTs are not connected and thenverter is always unstable for resonant frequencies above
contribution of the collector system at low frequencies 80 Hz. If w.,2 > 0, then R is negative for2r(50) < w <
negligible. Therefore, the OWPP impedanzgq in (15) is  weu2 @and positive forw > weui2. In this case, the converter

equivalent to an LC circuit with a resonant frequency: is stable for frequencies higher thap,;» since the resonance
o 1 is located in a positive-resistance region. Thus, the offshore
res = T —— 30) HVDC converter is stable whe®” has two zero-crossin
27/ LI C.. (30) c g

frequencies Weye > 0 and wyes > wewr2). The following
The lowest series resonant frequency when WTs are conequalities are obtained by combining (30) and (32):

nected has been obtained following an algebraic calculati
gan &g Weutz > 0= RE(L+ k) — ki Ll > 0

using Fig. 7:
_ Wres > Weutz = REP(1+ kpo)® = 2RELY(1 4 Ky o )kio—

toad _ 10— Vb —dad @RI LCeo(1 + kyo) + k2, L2 > 0

res2r 2a ’ (33)
a=Cecl¥ (LE + LY. )LECY, a1
b= CecL2(LY, + L§Z + L) o)+ 1) Fig. 9 shows the stability area( (w,..;) > 0) defined by

+C}‘jaL1c‘ja(LZ + L7 + LY. ) (33) as a function of the control parameters of the offshore

d=L!'+ LY, + L5+ LY, HVDC converterk, , andk; ,, and the export cable length,

] lep. It is observed that when the cable length increases the
Expressions (30) and (31) are employed to calculate tBgple area is reduced.

frequencies where the total system damping is evaluated iqig 10 shows the root locus of the low frequency resonant
determine stability. poles for parametric variations @f, ,, k; ., andl.. It should
VI. VOLTAGE STABILITY ANALYSIS be emphasized that these poles are not complex conjugate due
The modified positive-net-damping criterion was applied tm the transformation of the VSC input impedance from a
analyze the impact of electrical series resonances in the voltagachronousdq to a stationarya reference frame, which
stability of an HVDC-connected OWPP. The effects of thmtroduces complex components. The increase of cable length
offshore HVDC converter control and the OWPP configuratiomoves the resonance to lower frequencies sitigeincreases.
are considered in the study. For completeness, the root locus\sfk, ,, increases, the resonance shifts to higher frequencies
the system and time-domain simulations in PSCAD/EMTDG@iven thatL” in (25) decreases. Changeskin, do not affect
are used to confirm the results. the resonant frequency. The system becomes unstable when
The cable model simplifications considered in the resonanmee of the resonant poles moves to the positive side of the
characterization are used in the stability analysis given that tieal axis; this is equivalent to have a negative damping. It can
low frequency response is well-represented and the dampbeyobserved that the stability conditions of the resonant poles
contribution from the cable resistances can be neglectegree with the stable areas shown in Fig. 9.
However, the VSC simplifications in (25) and (26) are not Figs. 11 and 12 show examples of stable and unstable
considered, because the converters are not represente¢ases wherk; , is modified. The intersection betweety
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Stable area
wres> Weyt2 >0

Koy 05
stable
00 2 10
ki v Frequency (Hz)
Fig. 9. Stable area of offshore HVDC converter in no-load apien as (a) Frequency respons&”, Zé'qy zl, z4.
function of &, », k; ., andl., (the stable and unstable examples of Fig. 11 0.01
and 12 are marked with circles). g
®©
o 4000 ‘ 4000 ‘ £ »
x C
© 2000 2000 b—p S T
> / [ e
s 0 x / 0 k,,=4.7 } £
k=) [ -0.01
g -2000 =81 km -2000 o> 15 1 05 0
= -4000 < -4000 : Real axi
2 ! 0 ! 3 2 ’ 0 ! (b) Nyquist curve on(:?Za( zs't' e freq.)
. . uist curv itiv ).
Real axis Real axis S ¥ e/ (P q
(a) Cable length variation from 1 tqb) Variation of k; ,, from 1 to 5 =< 200 esmt=== === == 200 pec.a
100 km (ep.0 = 0.1, k7. = 3). (kpw = 0.1, lop = 10 km). Q ya Vs
@ 4000 i g o-t 0 '
é "6 \ pce,c
S 2000 /‘ & 200 -200 == Vocorms
- [ o
e 0y k=017 | £ o 2 4 494 496 498 5
& -2000 — | > Time (s) Time (s)
E 4000 \ (c) Instantaneous and RMS voltages at POC. Step change iedgpll s
A5 1 05 ) 0 05 Fig. 11. Stable example in no-load operation with, = 0.1, k; , = 3 and
Real axis lep = 10 km.

(c) Variation of k., from 0 to 1
(ki,v =25, lcb =10 km)

Fig. 10. Root locus of OWPP in no-load operation for variations of export
cable length and ac voltage control parameters.

andZ, (i.e.1/|M(jw)| = |N(jw)|) approximately determines
the series resonant frequency, as defined in (18). When the
system is stable the resonant frequency is located in a positive-
resistance region of?, as shown in Fig. 11a. Also, following Frequency (Hz)
the Nyquist criterion, the Nyquist curve encirclgs1,0) in (a) Frequency respons&”, Z. ,
anti-clockwise direction and the open loop system does not x107%

have unstable poles. Therefore, the system is stable as it does !
not have zeros with positive real part. Although the ac voltage
control can be designed to ensure stability, all the poles have
a low damping. This slows down the dynamic response, as

shown in Fig. 11c, which is not acceptable for the operation \
of the offshore converter. -1

When the system is unstable the resonant frequency is - 2 0
located in the negative-resistance regionZdf, as shown in ' Real axis
Fig. 12a. Following the Nyquist criterion, the Nyquist curve— (b) Nyquist plot of 2z /Z (pos freq.).

zh, z,.

Imaginary axis
o

pcc,a

encircles(—1,0) in clockwise direction and the open Ioopé 200 sspsssnnns ====% 500 TN RTT—
system does not have unstable poles. Therefore, the systerg is 0 ¥ o '\W/(/W —V e
unstable because the total number of zeros with positive réal \ f \ pocc
partis 1. In Fig. 12c, the voltage at POC shows oscillations g-200 S -ZOON == Vicorms

309 Hz due to the resonance instability identified in Fig. 12&%’ 0 9 4 4.94 4.96 498 5
B. Connection of Wind Turbines 2 Time (s) Time (s)

When the WTs are connected to the offshore ac grid, the) instantaneous and RMS voltages at POC. Step change ischppll s
WT converters modify the low frequency resonance Iocatlcﬁb 12. Unstable example in no-load operation with, = 0.1, ks, = 5
and the total damping. The stability conditions are discussedg!., = 10 km.
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but the expressions for the zero-crossing frequencidg;oare 40
not obtained analytically due to the complexity of the system. %0
Fig. 13 shows the stable area defined By (w,..s) > 0. G 20;
There is a significant increase of the stable region when cf“’ 107
the WTs are connected. Therefore, the ac control parameters &° 0
can be modified for a larger range of values to improve the 107 482 Hz R:+Rg
dynamic response without compromising stability. -20 — ‘ T 0
Frequency (Hz)
2 N=0 N=10 N=50 (a) Frequency response & + Ry, 20, Z! and Z,
15} ] 0  f.=465Hz 120
k i Stable | BT -11.69 Q 80
pv 1 a g
area = =
N=80 ;D:o mm
0.5} 12f 140
0 ! L L -13 1 0
0 200 400 600 800 1000 10°
ki,v Frequency (Hz)
Fig. 13. Stable area of offshore HVDC converter as a functibi,g, and (b) Frequency response &/ and R,
ki, and the number of connected WTs (the stable and unstable examples of K%} :
Fig. 15 and 16 are marked with a circle). x
© 0.2
g
® ] ‘ ‘ £ 01
B | = | ()] H
5000 '> | 5000 | ki, =848 —_ & 0 : ¥)
> | B> E
@ 0 ! 0 ! -0.1 ‘ : :
) | —— > -3 -2 -1 0
ig“ -5000 A) | -5000 | k; =863 — } Real axis
-300 -200 -100 0 100 300 -200 -100 0 100

(c) Nyquist plot of Z" /Z, (positive freq.)

Real axis Real axis Elj(l)go 15. Stable example when 40 WTs are connedggl, = 1 andk; , =
(a) Variation of kp , from 0 to 80 (b) Variation ofk; ,, from 1 to 1200
(kiv =3, N = 80) (kp,w = 0.1, N = 80)
()] —
'(% 5000 ‘/N=33 g
- N
g 0 | N
=2 o= <8
€ -5000 }\N=34
-100 0 100 200 ]
Real axis Frequency (Hz)
(c) Variation of WTs from 1 to 80 (a) Frequency response & + Ry, Z1, Z! and Z,.
(kp,w =1, ki » = 500) B\ n ey 300
Fig. 14. Root locus of OWPP for variations of ac voltage control parameters 9 1
and number of WTs = 80). 101 ! 1200
. c 11-11.75Q a
Fig. 14 shows the root locus of the low frequency resonant e ' =~
poles for different ac voltage control parameters and number 127 [ 1100
. . 1 7.57Q
of WTs. The connection of WTs improves the resonance RM L
. . c N
stability because the associated poles move to the left hand 14 0 0
side of the real axis and increase the damping of those low Frequency (Hz)
frequency modes. This damping contribution of the WTs is (b) Frequency response &t and Ry
also mentioned in [2]. The stability conditions of the resonant 5 02
poles agree with the stable area shown in Fig. 13. Also, the %
resonance moves to higher frequencies witgn and the P /A
. . . ; ® 0 A .
number of WTs increases, as shown in Fig. 14. £ \/
Figs. 15-17 describe two situations where the ac voltage g
control is designed to have a fast dynamic resporeg. ( = o2
kp, = 1 andk; , = 500) and the number of WTs decreases ' 6 4 2 0
from 40 to 20. When all the WTs are connected, the offshore Real axis
converter is stable because the resonance is located in a (c) Nyquist plot of 2" /Z, (positive freq.)

pOSitive-reSiStance I’egion, as shown in Flg 15a. The Converltﬁf 16. Unstable example when 20 WTs are conneciggy, = 1 and
introduces a negative resistance at the resonant frequency,*aut= 500.
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the total damping is compensated By, as shown in Fig. 15b. of the converter control for all possible operational states and
When the number of WTs reduces to 20 the offshore converterallow a fast dynamic response.

becomes unstable since the resonance lies in the negative- APPENDIX A

resistance region, as shown in Fig. 16a. In this c&ge;annot If R"(w) < X!(w) and R, (w) < X, (w), the loop transfer func-

compensateR, as shown in Fig. 16b. Also, the Nyquistion is approximated as(jw) ~ X/ (w)/X,(w) and its derivative
curve agrees with the positive-net-damping criterion in bo#s a function ot is:

situations (Figs. 15¢ and 16¢). In Fig. 17, the instantaneous d|L(jw)| 1 X" (w)] IX"(W)] d)X,(w)]

voltage§ at POC show oscilllaf[ions at 444 Hz when thg num.b.er do DX, @F do X, dw (34)
of WTs is reduced at 1 s; this is due to the resonance instability - N \Liieo)| _ _
identified in Fig. 16a. Specific conditions for‘% can be defined depending on the

. .., .offshore grid and HVDC converter impedances:
The variation of connected WTs can be caused by SW|tch|ng. If the offshore grid impedance is inductive, > 0, and the

conﬂguraﬂqns during commissioning phases or during outages HVDC converter impedance is capacitiv” < 0:
due to maintenance or contingencies [3]. As shown by the i .
previous examples, a sudden reduction in the number of 4| Xg(w)] 4 X (w)| dL(jw)l

¢ ) _ >08& <0= <0 (35
WTs should be carried out with care as this can lead to dw o e dw
instability. Active damping can be implemented as a virtual « If the offshore grid impedance is capacitivi, < 0, and the
resistor in the offshore HVDC converter to compensate the HVDC converter impedance is inductivél: > 0:

negative resistance introduced by the ac voltage control for all d|Xg(w)] d|X!(w)] d|L(jw)|
operational states. This will allow a design of the ac voltage do 0 & dw VT T 7 (36)
control to have a fast dynamic response without compromising APPENDIX B

the stability. OWPPDESCRIPTION

A 480 MW OWPP is considered in this study. A total number of
80 WTs is distributed in 16 strings of 5 units.

i % ________ —V o leeammmzaun Offshore HYDC VSCMMC-VSC; rated power, 560 MVA; rated
& 200 ppmipimmMAmAmrm 200§ | ety voltage, 320 kV: arm inductancé,.,» = 183.7 mH.
Q o 0 V°°°’b \X} & y{ Offshore HVDC transformer2 units in parallel; rated power, 280
T _opg ottty | byt -ZOOF V°°°v° ‘ MVA; rated voltages, 350 kV/220 kV; equivalent inductance and
® [ =" Voeems resistance at 220 k... = 99.03 mH, R}. = 0.86 Q.
§ 05 1 15 095 1 1.05 Export cables2 cables in parallel; lengti,. = 10 km; equivalent
g Time (s) Time (s) I1u7mlpj:d parameters per cablg,. = 4 mH, R.. = 0.32 Q, Ce. =
Fig. 17. Instantaneous and RMS voltages at POC when the nuhi¢éTs is Collector transformers4 units in parallel; rated power of each
reduced from 40 to 20 at 1 s. The ac voltage control parameters,are= 1 unit, 140 MVA; rated voltages, 220 kV/33 kV, equivalent inductance
andk;,, = 500 and resistance of the transformers at 220 KY: = 20.63 mH,
RS =0.22 Q.
WT transformersrated power, 6.5 MVA, rated voltages, 33 kV/0.9
VIl. CONCLUSION kV; equivalent inductance and resistance at 33 kY, = 31 mH,
Ry = 1.46 Q.

Instabilities in BorWinl have increased interest in electrical WT grid side VSC2-level VSC; rated power, 6.5 MVA; rated
resonance interactions in HVDC-connected OWPPs. The @bitage, 0.9 kV; coupling inductancel,y = 50 pH; coupling
GRE Working Groups suggest that series resonances caﬂﬂf@tg‘geR? = 0#92| mey, eq“"ﬁ'e”tbca%ac.'éance of high frequency
found in the range of a few hundred Hz. These resonances {4 ¢ = 1 mF; low pass filter bandwidtha; = 50; current
. . . ntrol bandwidth. = 1000.
interact with the offshore HVDC converter control leading to
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