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ABSTRACT Motivated by recent years’ resonance incidents in wind-integrated power systems, this paper
investigates the resonance-induced harmonic distortion and stability issues in doubly fed induction gener-
ator (DFIG)-based offshore wind farm (OWF) with high-voltage direct current (HVDC) grid connection.
To accurately capture the dynamic characteristics of DFIG-based wind farm, a comprehensive impedance
modelling considering the detailed PI control loop and DC dynamics of wind turbine as well as the cable
connections of the medium-voltage (MV) collector system is conducted. Through stepwise simulation
verifications, aggregated modelling of MV collector system is proved to be suitable for wideband resonance
analysis. On this basis, the resonance analysis regarding grid topology change and controller parameter
variation is conducted and the impact of frequency coupling on subsynchronous resonance (SSR), middle-
and high-frequency resonances is analyzed using the aggregated models derived from a practical HVDC
connected DFIG-based OWF. The strength or degree of the frequency coupling between the sequence
impedances of wind farm, which is induced by the asymmetrical converter control of wind turbines, is found
to be dependent on the impedances of all the components of the system. Moreover, case studies are conducted
to demonstrate the importance of including the frequency coupling in SSR stability assessment. Simulations
in MATLAB / Simulink validate the modelling and resonance analysis.

INDEX TERMS Aggregated modelling, doubly fed induction generator (DFIG), medium-voltage (MV)

collector system, wind farm, resonance analysis, HVDC.

I. INTRODUCTION

Over the last decade, many offshore wind farms (OWF)
have been developed and integrated into grids through
high-voltage direct current (HVDC) transmissions in the
North and Baltic Seas. The interactions among wind turbines
(WTs), HVDC converters and passive grid components can
introduce a variety of inductive-capacitive (LC) resonances.
The stimulation of such resonances may amplify harmonic
distortions to a level that violates the recommended limit val-
ues as given in IEEE Std. 519-2014 [1] or induce oscillation
instability when the damping of a resonance mode is quite
small or negative [2]. The consequences of the resonance
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problems can be the blocking of HVDC converter, trip-out of
WTs or the destruction of grid assets, as reported in [3]-[5].
Identification and mitigation of such resonances under all
possible operating conditions and grid configurations is
becoming essential for power system operators [6].

On the resonances in wind-integrated power systems,
the sub-synchronous resonance (SSR), middle- and high-
frequency resonances (typically at the frequency range from
one or several hundred Hz to a few kHz) between DFIG-based
wind farm and AC grids, as well as the SSR between
full-converter based wind farm and HVDC system have
been intensively studied in recent years [7]-[13]. The used
AC grids are usually series-compensated grid or weak grid.
Additionally, the resonances between DFIG-based OWF and
HVDC grid connection are investigated in [2], [14]-[16].
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However, all the above studies that are related to DFIG-based
WT have at least one of the following model simplifications:
(1) simplified DFIG impedance model ignoring the con-
verter outer loop control and DC side dynamics; (2) simple
single-machine wind farm model without considering the
internal cable connections; (3) aggregated wind farm model
neglecting the capacitance effect of the collecting cables.
These modeling simplifications made to DFIG-based wind
farm are not in favorable of the accurate identification of the
resonances in the large-scale DFIG-based OWF with tens of
widely distributed WTs.

As for the impedance modelling of DFIG-based WT,
most recent publications either have not incorporated the
detailed double-loop PI control or neglect the DC side
dynamics [17]-[19], which makes them incapable of cap-
turing the exact low-frequency impedance responses of
DFIG-based wind energy conversion system [20]. Addi-
tionally, the frequency coupling between the sequence
impedances of DFIG-based WT are often neglected in sta-
bility analysis [2], [21], [22], which can lead to wrong judge-
ment in the assessment of SSR stability [18], [20]. In order
to accurately evaluate the risks of resonances for a wide fre-
quency range, this paper derives a detailed impedance model
of DFIG-based WT taking into account of all relevant con-
trol dynamics. Unlike the impedance model derived in [20],
where the dq frame impedances are linearly transformed to
modified sequence impedances, as defined in [23], this paper
transforms the dq frame impedances to the real sequence
impedances through both linear transformation and frequency
shifting. Moreover, the more commonly applied outer-loop
control with rotor speed PI controller [24], [25] instead of
active power PI controller [20] is adopted in this paper.

Regarding the large number of WTs in modern OWFs,
aggregated single-machine model is usually used in reso-
nance analysis, and the most widely used aggregation model
is based on the equivalent power loss or voltage drop aggrega-
tion technique [26], [27]. For a wind farm with tens of WTs,
the wideband impedance characteristic of the wind farm can
hardly be directly measured in simulation due to the huge
computational burden, thus can rarely be used to validate
the aggregated single-machine model. To tackle this issue,
a stepwise simulation validation approach is proposed to
check whether aggregated single-machine model is suitable
for wideband resonance analysis.

Based on the detailed impedance modeling of DFIG-based
WT and the aggregated modelling of medium-voltage (MV)
collector system, this paper furtherly analyzes the resonances
in the frequency-coupled multi-input multi-output (MIMO)
system using the equivalent single-input single-output (SISO)
sequence component systems. The nodal impedances at the
point of common coupling (PCC) for wind farm and HVDC
transmission are used to identify the critical resonance modes
and evaluate the risk of oscillation stability and amplification
of harmonic distortions. The impact of the frequency cou-
pling between the sequence impedances of the DFIG-based
OWF on SSR, middle- and high-frequency resonances are
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analyzed considering grid topology change and controller
parameter variation.

The rest of this paper is organized as follows: Section II
presents the dq-domain impedance modelling of DFIG-based
WT and its transformation to sequence domain impedances.
Section III follows with the aggregated modelling of wind
farm MV collector system and the assessment of its suitabil-
ity for wideband resonance analysis. Section IV addresses
the resonance issues observed between DFIG-based OWF
and HVDC transmission through cases studies. Section V
presents the simulation validation of modelling and resonance
analysis and section VI concludes the work.

Il. IMPEDANCE MODELLING OF DFIG-BASED WIND
TURBINE

Figure 1 shows the circuit and control diagram of the
investigated DFIG-based WT, which is comprised of an
induction machine, a rotor side converter (RSC) and a grid
side converter (GSC). Cascaded double-loop PI control in
synchronous reference frame (SRF) is adopted for both the
GSC and RSC. The RSC controls the active power of the
generator through regulating the rotor speed in the d-axis
control loop and controls the reactive power or the AC voltage
of the WT in the g-axis control loop. The GSC controls the
DC side voltage. Phase-locked loop is used to synchronize
the terminal voltage of the WT with grid voltage.
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FIGURE 1. Circuit and control diagram of the investigated DFIG-based
wind turbine.

Since the converter control is implemented in SREF,
the impedance modelling of the DFIG-based WT will be
firstly conducted in dq frame, and then for easier simula-
tion validation and application in resonance analysis, it is
transformed to sequence domain. According to the dq frame
current and voltage relationships as illustrated in Figure 1,
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the frequency domain representation of the DFIG energy
conversion system are easily found to be

= Y Au
= blszu

a1 AEdc
ngc Ach

GSC Branch 'g dq =s.dq
s,dq

=Y, Ausdq_i_£2><lAch

- dl XZAuS ,dq + ercAch

DC Link CchAZdC = Agg de — Alrge @))]

RSC Branch { fs 4

where the symbol A denotes small signal perturbation
or response, the voltage and current variables in bold
type denote the d- and g-axis component vectors, e.g.
Aug dq =[AngAgsq]T, the other quantities in bold type are
matrices, column or row vectors, and the underlined quan-
tities denote complex values. The basic idea of the dq-frame
impedance modelling as given in (1) is: when imposing a volt-
age perturbation Aug 4q at WT terminal, the GSC and RSC
branches will have both AC current responses (Aig 4q and
Ais 4q) and DC current responses (Ajgdc and Ajrgc), and as
well, the DC link will have DC voltage response Augc. Jointly
solving the equations in (1) gives the relationship between
WT terminal voltage and feed-in current, as represented by

Ai + A gy = Y aq Al g @)

twtdq = Al

g.dq
where

(_2><1 - ‘lle) (Illxz - ‘llxz)
ngc + Y4 +5Cc

th,dq - Ygsc + Yr%c +

3

with Yy dq denoting WT output admittance, Ygsc and Yisc
denoting the output admittances of the RSC and GSC
branches under the assumption of a constant DC voltage, and
the other part of the admittance expression interpreting the
DC-coupling of the RSC and GSC branches. Details on the
derivation of the GSC and RSC models in (1) will be pre-
sented in sections II.A and II.B. Transformation of the model
in (3) to sequence domain impedances will be presented in
section II.C.

A. GSC BRANCH MODELLING

In the GSC branch, the converter control has two dq frames
due to the dynamic of the Phase-locked Loop (PLL): one
is the system dq frame (denoted by a superscript s), and
another is the controller dq frame (denoted by a super-
script c), as shown in Figure 2 [28]. The system dq frame
is defined by the grid voltage and the controller dq frame is
defined by the PLL, which estimates the frequency w; and
angle 61(¢) of the grid voltage to find the position of

ug 4 = [ 154 Usq ]T’ Uggq = [ 3

FIGURE 2. Diagram of the system and controller dq frames.

dq frame because of the PLL dynamics. The angle difference
between the two dq frames is AO(¢) = OprLL(t) — 01(¢), with
OpLL(¢) denoting the PLL angle.

In order to deal with the nonlinearity in Park’s transforma-
tion, the transformation matrix (4), as shown at the bottom
of the page, can be decomposed into 7(01(z)) and Tag(?),
as given by

| cos(A6(2)) sin (A6(1))
T (Bprr(1) = [ —sin(AB()  cos (AB(1)) } T G1@)
T pro(2)

)

where T'(61(¢)) denotes the Park’s transformation from phase
domain to the system dq frame, which equals to the rotation
of e 3@11=7/2) "and T ag(r) denotes the transformation from
the system dq frame to the controller dq frame. Under the
assumption of a small A@(¢), cos(AO(¢)) can be approximated
to A6(t) and sin(A6(¢)) can be approximated to 1.

As the inputs of GSC control, the voltages and currents in
the system dq frame need to be transformed to the controller
dq frame by multiplying Tag(?). To generate the modulation
signals for the power converter, the outputs of the cascaded
double-loop PI control need to be transformed back to the
system dq frame by multiplying Tag(¢)~'. The frequency
domain representation of the involved dq frame rotations are

C S
Es,dq - TAGus ,dq® gdq - TAQ’g dq g,dq - TAng dq (6)
where T ag is the frequency domain representation of T'ag(?),
T »
uS, | and other quantities
follow the same notation. Performing small-signal analysis to

the voltage, current and modulating signals in (6) yields
A8 = Gp () Aug,

Auf

Am;

i s ;S
= Gp Aug Alg dq = GpLL AU gq + Alg gq

+ Amg 4, @)

Zs,dq s,dq’

= Gpp Aug Jdq

—g.dq
where A0 is the frequency domain representation of Af(¢)

and

the system dq frame. In a steady state, the controller  Gpp (s) = e Gy = [(1) 1 US(quQ%L }
dq frame is aligned with the system dq frame. When s+ UsiaHp — sldZPLL
small-signal perturbations are added to the grid voltage, _i) L= |:O Ig1qGpr1 ]_gLL — |:0 MgquPLL]
the controller dq frame is no longer aligned with the system 0 —Ig1aGp L 0 MgaGpr
TOpLL(1)) = 2 [ sin OpLL(7) sin(@pLL(t) — 27/3)  sin(@pLL(?) + 27/3) } @)
3 [ cosOpLL(t)  cos(pLiL(t) —2m/3)  cos(OpLL(?) + 27/3)
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with Hpy (s) = Kpp + Kpi/s and Usia, Usigs Igids Iglgs
Mg14, Mg1q denoting the steady state values of the corre-
sponding voltage, current and modulation signals. Then per-
forming small-signal analysis to the GSC power-stage circuit
and converter control yields

Aug 4 = Zpy Al gq + Aty 4,GqUdco + M g1 Gy Auy,

=s,dq g
Amy 4q = —Gi(s) (Airgefgq - Aig,dq) + Kga Al gq + All gq
Airge,gq = _Ilvchch ®)

where My =[Mg14 Mglq]T, G4(s) = 1/(1 + 1.5Ts) denotes
the digital control delay for 1.5 times of sampling periods,
Ugco denotes the steady state value of DC voltage and

zZ. [ Ry + sLg /o, —wLg
LRL = i w1Lg Ry + sLg/wp
[ H _:(s) 0
() =%
le (S) i 0 Egl(s) ]
— [0 wiLy _ | Hyac®)
Kea=|_oi, o0 } hvdc_[ 0
with Hgi(s) = Kgp + Ki/s denoting the GSC current

PI controller, Hygc(s) = Kyp + Kyi/s denoting the GSC
DC voltage controller and wy, is the base angular frequency
for the per unit system. Jointly solving the equations in (7)
and (8) yields

s ¢
Aly gq = Yo Al 4q — @y Ay, 9

where the detailed expression of Ygsc and azx; are given
in Appendix A. Assuming an ideal lossless model for the
converter, the time domain per unit representation of
the power balance between the AC input and DC output of
the GSC can be written as

P(O) = igae(Outae(t) = Re | iz 4o (Dutg g0} (10)

where gz,dq(t) = igd(t)—jizq(t) and u, 44(t) = u;d(t)—f—juzq(t).
Substltutlng Uggq = m;dqu'mto the frf:quency dotpaln
representation of (10), performing small signal analysis to
and rewriting the resulted equation can give

Algge = Gy (M o1 AG,

5 g + 15 Am ) (11)

—g.dq

where Ig; =[lg14 Iy 1q]T. Furtherly substituting the modulat-
ing signals in (7) and (8) as well as the AC current signal in (9)
into (11) yields

Aigdc =b, XZAEE,dq — Yoqc Ay, (12)
where the detailed expressions of bjx2 and Yyqc are given

in Appendix A. Finally, the equations in (9) and (12) can
represent the admittance model of the GSC branch.
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FIGURE 3. The induction machine model in system dq frame [25].

B. RSC BRANCH MODELLING

Figure 3 shows the induction machine model in system dq
frame, in which all the rotor side quantities are reflected to
the stator side and the variables u (¢), i (?), ﬁs(t), u (1), i.(t)
and Y1) denote the space vectors composed of d- and q-axis
components, €.g. U (1) = usd(t) + jusq(?).

According to relationships between the rotor and stator
voltages and the rotor and stator currents as illustrated by
Figure 3, their frequency domain small-signal representation
can be written as

Ry +sLy —wiL .
s _ s S S S
Auggq = |: w1 Lg Rs + sLS] Al 4
ZSS
SLm —w1Lm s
|:a)1Lm sLy :| Alrdg
Zsr
s _ sl —wslipLm .5
Alir,dq - |:ws]ime SLm i| Als,dq
Zl'S
Ry + sL; _wslier .S
AL 13
|: wslipLy Ry + sL; ~rdq (13)
VA

T

where Ly = Lis + Ly, Ly = Ly + Ly and wglip = 01 —
with w; denoting the rotor speed.

In comparison with the Park’s transformation of GSC con-
trol, the angle needed for the Park transformation in RSC
control involves not only 8pp 1 (¢), but also the angle of the
rotor speed 6;(¢). Therefore, the Park’s transformation in RSC
control can be decomposed into

T (OpLL(2) — 0:(2))

N 1 AO(t) — Abi(1)
T L= (A00) — AB1)) 1
TAé?r(l)
x T (01(1) — 6r1(1)) (14)

where 6;1(¢) denotes steady state value of the rotor speed
angle, A6(t) = 6:(t) - 6:1(¢), T(01(2)-61(¢)) denotes the
Park’s transformation from the phase domain to the system
dq frame and Tag(¢) denotes the transformation from the
system dq frame to the controller dq frame. Since the fre-
quency domain representation of Af(t), i.e. Af, is already
obtained in (7), only the frequency domain representa-
tion of A6.(t), as defined by A6, is needed to get fre-
quency domain representation of T'ag.(?), as defined by T apy.
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For the induction machine of the wind turbine, the time
domain motion, electromagnetic torque and stator voltage
equations can be written as

I dowy
dt

= Tm(1) — Te(1)

T.(t) = (wsq(t)ird(l) - 1psd(t)irq(t)) Lm/Ls
~ 1//sq(t)ird(t)Lm/Ls

uﬂn=&mm+dﬁf)

— w1Ysq(t) = —w1Psq(t) (15)

where Ty, and 7. represent the mechanical and electromag-
netic torques and J is the turbine moment of inertia [25].
Performing small-signal analysis to the equations in (15) and
jointly solving them in frequency domain yield

Udem UsaL

w, = Aig, A = ——T Aj 16
= a)lLst -rd T w1LJs? “rd (16)
—— ——
Qwr ler

Furtherly performing small-signal analysis to the frequency
domain representation of the involved dq-frame rotations in
the RSC control, i.e. iy, = Tagrdy g and my = T pme,
yields

Aic = GPLLAuS dq + G Alr dq
Am; y, = Gpf1 Aug dq Tt GU AL aq t Amidq (17)
where
o _ 0 IngGprL G = —Gyylng 0
—PLL 0 —h1aGpry v thrlr 1
m |0 —MngGpr | gm _ | GyeMrg 0
—PLL 0 Mn dQPLL —wir _QWuM iid 0

with I114, Iriq, Mi1d, Mr1q denoting the steady state values of
the corresponding current and modulation signals. For the
RSC control, the small-signal representation can be written
as

Au; = Amy 4. GyUaco + M1 GyAug,
AmSy, = G, ( i, — Alrdq) + KAl 4 + Kus Altg 4
£
Al;edq - qul Alr,dq + Qvarl Al—lg,dq + QV"‘IZ A!S’dq (18)
where M| =[M;14 Mrlq]T and
B 1 0 _ 0 —wslipLrd
Qri(s) - Iiri(s) |:0 1 i| Krd - |:a)slier5 0

wslime 0
Ko = [ "0 0}

Hy[1 0 B 0o 0
qul - ? [0 O:| Qvarl - ﬂvar |:Islq _ sld:|

0 0
QvarZ - ﬂva.r |:_Uslq Usldi|
with H;(s), H,,(s) and H,.(s) denoting the RSC current
PI controller, rotor speed PI controller and reactive power
PI controller respectively, and § = 1 — L% / (LsLy) denot-
ing the magnetic flux leakage coefficient of the induction
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machine. Jointly solving the equations in (13), (17) and (18)
yields

A gy = A" GyUacoB — 2,25 | dus g
XFSC
+ A7 M, Gy Auy, (19)
[N ——

Cax1

where the detailed expressions of A and B are given in
Appendix A. For the power balance between the AC input
and DC output of the RSC, the frequency domain small-signal
representation can be written as

do = Go (M Aisgq + 11 Am3 ) (20)

where I;; =[I14 Ir14]". Jointly solving (17)-(20) yields

Al de = ‘1] XZAEz,dq + ercAﬂdc 2D

where the detailed expressions of d;,, and Y ;. are given
in Appendix A. Finally, the equations in (19) and (21) can
represent the admittance model of the RSC and the induction
machine branch.

C. DERIVATION OF WT SEQUENCE IMPEDANCES
For the convenience of model validation and grid-level reso-
nance analysis using the phase or sequence-component quan-
tities, the developed dq admittance model as given in (3) can
be furtherly transformed to sequence impedances.

After adding small-signal perturbations to the grid voltages
U anc(?), the phase-a voltage can be written as

usy(t) = Uy sin (w1t) + Up sin (a)pt + q)up)
+ Uy sin (wnt + ¢un) (22)

where the subscripts p and n denote positive and negative
sequence components respectively. For the better clarification
of frequency coupling, it is set w, = wp + 2w;. After
substituting the trigonometric functions in (22) with complex
exponential functions, its frequency domain representation
can be written as

U,, w=xw
Uy =1U, o==zwp (23)
U, o=zxw

where U, = (Up/ 2)ei(9w=7/2) and others follow the same
notation. Then performing the Park’s transformation in (4)
to (23), the voltage components in system dq frame can be
written as

Ql ’ a)dq = O

:I:jgp, wdq = E(wp — w1)

FiU,, wiq = £(wn + w1)

Uy =

0, wgq =0
Uy, wgq = £(wp — 1) (24)
Qn, Wdq = +(wy + 1)

=sq =
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Combining (23) and (24), the relationship between the dq
components and sequence components can be solved as

Ugg(wdq) _ | =j U, (wp)
[asqwq)]‘[l 1“Q§<wn>} 2
Tz

where the transformation matrix Tz also applies to the other
voltage and current quantities in this study. Rewriting the

equation Ady, gq = Yy qq AU 4q 1 (2) for s = jouq gives
[Qsd(wdq):| _ [de(wdq) qu(wdq)} [lwtd(wdq):| 26)
qu (a)dq) qu (wdq) qu (a)dq) Lwtq (a)dq)

Zy1.dq(@dq ):X\;tl,dq (w4q)

where Zyqq(s) denotes the dq domain impedance. Then
substituting the voltages and currents in (26) with the cor-
responding sequence components according to (25) yields

[gp«up)} o [zdd(wdq) qu(wdq)} . [Lp(wp>]

U, (wn) Sz qu (wdq) qu (wdq) 1, (wn)

Zw[,pn(a)dq)
¢ for s = jwdq
|:QP(S +J:w1)} _1;! |:de(5) qu(s)} T,
Uy (s — jor) Zoa(9)  Zgg(®)
ZYipn(s)

L(s + jor)
- [Li(s—jwl)] @n

Z3(s) Zpn(s)

Zny(s) Z3i(s)

sequence-domain impedance, as defined in [23]. By shifting
the frequency of w; for the voltage, current and impedance
terms in (27), i.e. substituting s with s — jw; for the positive
sequence and sequence coupling terms, and substituting s
with s+ jw; for the negative sequence and sequence coupling
terms, the real sequence-domain impedance Z, ,,,(s) can be

derived, which satisfies
M .
an(S+Ja)l):| |:LP(S) i| (28)

|:Qp(s):|= Zyh(s — jor)
Uy(s) Za(s —jor)  Zi(s +jor) | LLa()

where Z{\N/It,pn(s) = denotes the modified

Zwt,pn (©)

where the off-diagonal elements of Zyy, pn(s) are not equal to
zero and they are induced by the asymmetrical PLL control
and the asymmetrical outer loop PI control of WT convert-
ers. The sequence impedance coupling in (28) reflects the
relationship between the voltage and current with different
frequencies. To be specific, when there is a positive-sequence
current/voltage perturbation with the frequency w, > 2wy, a
negative-sequence voltage/current response will be induced
and the frequency satisfies wn = wp — 2wy, but if wp <
2w1, the coupled frequency component will be in positive
sequence and the frequency satisfies wp2 = 2w — wp.
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lIl. IMPEDANCE MODELLING OF WIND FARM
MEDIUM-VOLTAGE COLLECTOR SYSTEM

This section firstly shows the present practices in the aggre-
gated modelling of wind farm MV collector system and then
presents the suitability of the aggregated models for wideband
resonance analysis through comparing them with the detailed
model. Illustration of the aggregated single-machine model is
given in Figure 4.

Eq. Cable =mve Y

Yoo Yo
<::>———4I::::D—————1 5 5
O

(b) Eq. Cable pi model

(a) MV collector system

FIGURE 4. Aggregated single-machine model of MV collector system.

Figure 5 shows the typical configuration of an OWF with
radially distributed MV collector systems. Each MV main bus
connects M arrays of WTs, and in the m array, N,,, WTs are
interconnected through N, sections of collecting cables.

Cable Sec.1 Cable Sec.2
Arrayl1 —O0__O—7T0C __0O— -------

Cable Sec. N,

ZZ HV Cable

Cable Sec.1 Cable Sec.2 Cable Sec.N, MV

Array M D0 00— ------- Main Bus
@ ®

Cable Sec.1 Cable Sec.2
Arrayl —O__ 070 __0— -------

Cable Sec. N, pcc

ZZ HV Cable

Cable Sec.N mMv
Main Bus
PoCK

Cable Sec.1 Cable Sec.2
ArayM—C0C___O0—7T0C__0— -------

FIGURE 5. Typical radially distributed OWF configuration.

A. POWER LOSS BASED AGGREGATION MODEL
Assuming each WT injects the same amount of current [y
at fundamental frequency, the total current contributed from
the radial m is given by

Nim
Ly=> L,,=Nulyr, m=1,2,....M, n=1,2,....N

n=1

(29)

where n represents the n' WT in the array m and I,,, , denotes
the injected current. For each cable section, the nominal PI
model with lumped parameters is adopted [29]. If defining
the equivalent series impedance of all the cable sections in the
array m as Z,,, the power loss in the array m can be represented
by

Nm I 2
LiZn=) (‘N—) Zonn (30)
m

n=1
where Z,, , = Rp.n+5Ly,, denotes the series impedance of
the cable section which connects the n® WT and the (n+ 1)®
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WT in the array m. Combining (29) and (30), Z,

Z n*Zy 31)

n=1

is solved as

m

Combining the current and power loss equations as given
in (32), the equivalent series impedance Zy. of all the cables
of a MV collector system as well as the lumped resistance
Rumve and inductance Ly, can be solved, as shown in (33).

=Y Nalwp, m=12,....M

Ly Zl
m=1
Zlm_m (32)

M M 2
2 2 2
ve — Zlmzm/Lmv = ZNmZm/<ZNm)
m=1 m=1 m=1

vac(a)l) = Rumve +jw1Lmvc (33)

M

mv =mvc

For the aggregation of the shunt admittance of the dis-
tributed cables, the capacitances of all the cable sections can
be simply added together [26]. So the equivalent capacitance
Cmy and the resulted shunt admittance Y,y of a MV collector
system can be represented by

M N
Chve = Z Z Cm,nv vac = joCryc (34)

m=1 n=1
As for the aggregation of WTs, all the WTs of a MV
collector system can be assumed in direct parallel connec-
tion due to negligible series impedances of the collecting
cables compared with WT impedances. Furtherly assuming
all the WTs are under the same operating point, the equivalent
impedance of the WTs taking into account the terminal filters

and step-up transformers can be represented by

Zwtagg <(Zwt + 1/ZFE)_ +ZTE) /Nwt (35)

where Zy: is the abbreviation for Zwpn, ZF represents
the impedance of WT terminal filter, ZT represents the
impedance of WT step-up transformer and Ny, is the total
number of WTs.

Finally, the output impedance of the aggregated MV col-
lector system as illustrated in Figure 4 can be written as

1
Z, = (((Zwt agg + 0. 5YmvcE)_ + vacE>

+ 0.5Y,E)” (36)

—mvc

B. VOLTAGE DROP BASED AGGREGATION MODEL
For the same MV collector system as shown in Figure 5,
the voltage drop of the m™ wind array can be represented by

Nl}l m I
> n&—’:l;m’n (37)

N,
Zy=Y iy, Zy, =
n=1 n=1
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where Z,, denotes the equivalent impedance of that array.
Accordmg to the current relationship as given in (29), Z,, can
be solved as
L
=—> nz (38)

=m =m,n

M =1

Furtherly according to the parallel circuit theory, the equiv-

alent series impedance of all the cables of a MV collector
system can be represented by

1
V4 =
=mvcC Z 1 / Z

For the aggregation of the shunt admittance of the dis-
tributed cables, the equations in (34) still apply. The equiv-
alent impedance of all the WTs can be derived as in (35) and
the equivalent output impedance of the MV collector system
can be deduced as in (36).

(39)

C. DETAILED MODEL AND ACCURACY ANALYSIS

Figure 6 shows the equivalent circuit of the m™ wind array
of a MV collector system. Neglecting the voltage differences
among WT terminals, all WTs can be modelled with the same
output impedance, thus the output admittance of the wind
array can be derived as in (40). The output impedance of
the wind array Z, ¢ as well as the output impedance of the
complete MV collector system Z,y can be derived as in (41).

!
Zl,sec = (Zm,lE + (OSXm,IE + Zv_vtl) ) + O‘SXm,lE

1\ !
-1
ZZ,secs = (Zm,ZE + (O'SXm,ZE + Zwt + Xl sec) )

+ O.SXm,ZE (40)

—1

XN,secs = (ZmNE + (0'5Xm,NE + Zwl

~1 —1
+ YN—l,secs) ) + O'Szm,NE
1
Zm,str - XN secs
-1
-1

Z,, = ( ]r‘n/l=lzm,str) 41)

FIGURE 6. Equivalent circuit of the mth wind array.

The detailed model derived in (40) and (41) is then used
to check the accuracies of the aggregated single-machine
models. The test MV collector system is set to have 40 WTs
distributed in 6 wind arrays. The cable settings of the MV col-
lector system are shown in Figure 7, in which the parameters
of the cable sections are estimated from ABB user’s guide
for submarine systems [30], as presented in Appendix B.
The frequency scanning of the aggregated models and the
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FIGURE 7. Cable settings of the test MV collector system.

detailed impedance model is shown in Figure 8. For the
detailed impedance model, an extra scenario without consid-
ering cable capacitances is shown for comparison. For space
reason, only the positive sequence impedance Z,, and the
coupling term Z;,, are presented. Same observations can be
seen for the other impedance terms. For this specific MV col-
lector system, neglecting the cable capacitances introduces
large error at the frequencies starting from 200 Hz, while
the power loss and voltage drop based aggregation models
show acceptable accuracy at the frequencies between 5 Hz
and 3 kHz.

1z,
40 T

20+

Amplitute in dB

200

Angle in degree
o

-200

Amplitute in dB
BN
o o

4z
pn

Angle in degree
o

10" 102 10°
Frequency in Hz

detailed model = = = power loss based aggregation

detailed model neglecting C =========+ voltage drop based aggregation

FIGURE 8. Frequency scanning to different impedance models of the test
MV collector system.

IV. RESONANCE ANALYSIS OF DFIG-BASED OWF WITH
HVDC CONNECTION

Figure 9 shows the test grid and relevant parameters.
A 400 MW OWF with 80 DFIG-based WTs are connected
to an offshore HVDC converter station through short high
voltage submarine cables. The MV collector systems are
represented by the power loss based aggregation model as
derived in Section III.

VOLUME 8, 2020

The HVDC link is assumed to have a constant DC voltage
due to its strong onshore grid connection. The wind farm side
VSC converter (WFVSC) is regulated to maintain a constant
AC voltage for the connected OWEF. For the purpose of better
dynamic performance, a single loop PI control structure is
adopted in the WFVSC [31], [32]. Since there is no PLL and
the dq frame control is symmetrical, the AC side sequence
impedances of the WFVSC are frequency-decoupled, which
can be written as

Re + sLe — jKaKpwm Gy (s — jor)
1+ prmﬂPI (s —jwr) Qd (s —jwr)
R + sLc +jKdewde (s +jor)
1+ prmﬂPI (s +jor) Qd (s + jer)

where Z,. , (s) denotes the positive sequence impedance,
Zsen () denotes the negative sequence impedance, G, (s) =
1/(1 + 1.5Ts), Hp; (s) = Kyp + Kyi/s and Kpw is the gain
of the PWM unit. Taking into account the AC filters and
the coupling transformer of the WFVSC, the positive- and
negative-sequence impedances of the HVDC grid connection

can be derived as

ZG,p(S) = 1/(1/szc,p(s) + 1/Zfilters(s)) + thr(s)
ZG,n(s) = 1/(1/ZVSC,H(S) + I/Zﬁ][ers(s)) + ZC[I‘(S) (43)

where Zijes(s) denotes the overall impedance of the 5%
and 7% single-tuned filters as well as the 27 and 541
high-pass damped filters, and Z ., (s) denotes the short circuit
impedance of the coupling transformer.

Since the two 155 kV branches of the OWF are identical,
the equivalent output impedance of the OWF looking from

PCC can be formulated as

Zysep () =

szc,n (s) = (42)

1 _ _ -1
Zyrp() = 5 (((Zmi +Zy 405400 + Zie)
+05Y,.) " (44

where

— ZT 0 _ Zhvc 0 _ Zhvc 0
ZT_ [ 0 ZTj|Zhvc_|: 0 Zhvc thc_ 0 Zhvc

with Z1 denoting the short circuit impedance of the 33
/ 155 kV wind farm transformer, Z;,. and Y, . denoting
the series impedance and shunt admittance of the 155 kV
cables. The nonzero off-diagonal elements of the sequence
impedance matrix Zyyp,(s) as defined in

[ Zwepp®)  Zwgpn()
ZWF,PH(S) - I:ZWF,T;(S) ZWF,:H(S) ] (45)

make the DFIG-based OWF with HVDC grid connection a
MIMO system. The root causes of the coupling between the
positive and negative sequence impedances of the OWF are
the PLL and asymmetrical d- and g-axis control structures in
the DFIG energy conversion systems. For the better under-
standing of the impedance coupling in (45), the sequence
equivalents of the investigated MIMO system in case of
a shunt current perturbation are presented in Figure 10.
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FIGURE 9. Diagram of an aggregated DFIG-based OWF with a two-level VSC-based HVDC connection.
ZWF,H(S —j2w1)
= Upccn/Iwen
Positive .
sequence _ . ZWF,pn (S)ZWF,np (s J 2w1)
. =Z (s —j2w1) — 47
circuit ZWEnn 7 )+ Ze - (5)
ZWF,pp ZG,p
e ~ where Zyp,(s) denotes the equivalent SISO positive
Ly, Z (s—2a) Negative sequence impedance, Zwg,(s — j2w1) denotes the equiva-
25— . T .
o o e Seﬂue‘?fe lent SISO negative sequence impedance with the frequency
S — circull oy . . .
L (5= 12%) shifting of 2w, and the last term in each impedance equation

FIGURE 10. Sequence equivalents of the HVDC-connected OWF. The
perturbation /, and the responses Upcc ;,, Iy, LG, are at frequency op
and the responses Upccns Iy, are at the frequency wp — 207.

Given a positive sequence current perturbation /,, at the fre-
quency wp, the system will have both the positive sequence
responses Upcc . Iwrp, Lgp at the same frequency and the
negative sequence responses Upcc , Ly, at the frequency
wp — 2w1. Note that for wp, < 2w, the negative sequence
responses at the frequency wp—2w; actually correspond to the
positive sequence responses U ;‘,CC’H, I $VF,n at the frequency
2w —wp [34], where the superscript * denotes the conjugation
operation.

In terms of the positive sequence current perturbation,
the sequence equivalents of the HVDC-connected OWF as
given in Figure 10 can be formulated as

Upccp = Zwrpp)Lwrp T ZwEpn(9)LwEn

Upccp = LgpZcp(s)

Upcen = Zwrm(S —i200Lwgn + Zwpnp(s — 1200y,
Upcen = —IwrnZap(s — j201) (46)

Jointly solving the equations in (46) yields the equivalent
SISO sequence impedances of the wind farm, as given in
Zrp(s)

= Upccp/Lwrp
ZWF,pn(S )ZWF,np (s —Jj2w1)
Zywinn(s —J2w1) + Zg n(s — J201)

= ZWF,pp (s) -
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interprets the frequency coupling. The frequency couplings
as represented in (47) are not only determined by the off-
diagonal elements of the wind farm impedance Zyg,,,(s), but
also determined by the diagonal elements of Zyy, ;,(s) as well
as the grid impedances ZG’p(s) and Zg (s) that are related
to all the grid components of the system. The strength of
frequency couplings can be evaluated by the proximity of the
real sequence impedances to the equivalent SISO sequence
impedances, i.e. the proximity of Zy,,(s) to Zyg,(s) and
the proximity of Zyp,(s) t0 Zyp,($)-

For the identification of the resonances in the frequency-
coupled MIMO system, the PCC nodal impedances of the
equivalent SISO sequence systems as formulated in (48)
will be used. Through performing frequency scanning to
Zpccp(s) and Zpec,(s), the resonances of the system can
be found by the peaks of the magnitude versus frequency
plots, and the damping of the resonances can be determined
by the angle variations around the resonance frequencies in
the angle versus frequency plots. If the phase variation around
a resonance frequency is greater than 180°, i.e. a resonance
with negative damping, the resonance is unstable [2]. Oth-
erwise, the resonance may amplify the harmonic distortion
at the resonance frequency and the amplification degree is
proportional to the impedance magnitude.

. ZWF,p(S)ZG’p(S)
ZPCC,p(S) = ZWF,p (s) + ZG,p )
_ ZWF,H(S)ZG,H(S)
21 = Z el + Za) @
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In the authors’ previous work [2], it is demonstrated when
DFIG-based OWF operates under low wind speed or receives
a control command for lowering its active power output, the
rotor speed of the wind turbines will be decreased and it can
increase the risk of SSR instability. Additionally, the variation
of the in-service WTs as well as the change of the switching
states of the MV collector cables can greatly change the
resonance frequencies and increase the risk of resonance
stimulation under critical conditions. On this basis, this paper
will no longer comprehensively analyze the risk of reso-
nances with respect to various operating conditions and grid
configurations, but show the impact of frequency coupling
on the risk of resonances using two simple cases: (1) control
parameter variation; (2) grid topology change.

A. IN CASE OF CONTROL PARAMETER VARIATION

A lot of publications have shown the negative influence
of a large proportional coefficient of the RSC current con-
troller H ;(s) = Kip + Kii/s on SSR stability [7], [8], [33].
Figure 11 shows the impedance responses of the simu-
lated DFIG system under different K. It is observed,
as K;p increases, the angles of the positive sequence
impedance Z,, and the coupling impedances Zp, and Zpp
will increase to be above 90° or decrease to be below —90°
in the subsynchronous frequency area, which indicates neg-
ative resistances at the corresponding frequencies. For the
scenarios Ky, = 0.15 and K, = 0.45, the impact of Kp

ZDD an

20 0
% ]
0 e -20 //
o L
= ks A0
‘g 20 K N
E %, 60 VAl
< = fi

-80
100

50

0

-50

Angle in degree

-100

nn

20

ra
5]

Amplitute in dB
& b
L= L=

Angle in degree

Frequency in Hz

Frequency in Hz

FIGURE 11. Impact of the proportional coefficient Kyp of the RSC current
controller on the output impedances of the simulated DFIG-based WT.
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on the frequency coupling of the investigated DFIG-based
OWF is shown in Figure 12. To reflect the resonance points of
the studied MIMO system, the positive sequence impedance
of the connected HVDC system is also shown in Figure 12.
Through comparing Zwr,, with Zwg pp, it can be observed
the frequency coupling mainly exists in the frequency range
less than 100 Hz, and the strength or the degree of the
frequency coupling in the scenario Ky, = 0.45 is greater
than that in the scenario K;, = 0.15. At the frequencies
above 100 Hz, the frequency coupling is not observable, thus
can be neglected. Since the impact of the frequency cou-
pling on the negative sequence impedance of the investigated
OWEF is negligible, it is not shown here.

IN]
=]

o

Magnitude in dB
N
o

200 200

8 100 100
o
()
©
c 0 0
()
E
£ -100 -100
-200 -200
10' 102 10° 10' 102 10°
Frequency in Hz Frequency in Hz
(@) K,=0.15 (b) K,=0.45

FIGURE 12. The real and equivalent SISO positive sequence impedances
of the investigated OWF as well as the positive sequence impedance of
the HVDC grid connection.

In Figure 12, it can also be observed, there are sev-
eral resonance points determined by the cross-points of the
magnitudes of Zwr p/Zwr,pp and Zgp and the variation of
K;p mainly influences the SSR resonance mode. To better
show the impact of the frequency coupling on the SSR,
the PCC nodal impedances of the equivalent SISO positive
sequence system as well as the corresponding impedances
neglecting the frequency coupling are shown in Figure 13.
In Figure 13 (a), the frequency coupling is included. For
the scenarios Ky, = 0.45 and K, = 0.5, the resonance
peaks at around 10 Hz and 90 Hz in the magnitude plots
indicate strong frequency coupling and the negative real part
values of the PCC nodal impedances at the SSR frequencies
indicate SSR instability [2]. As for the PCC nodal impedances
neglecting the frequency coupling (by setting Zwrp =
ZwF.pp), the SSR mode is stable for K, = 0.45, which is
indicated by the positive real part value of the impedance at
the SSR frequency, as shown in Figure 13 (b). Thus for the
scenario Ky, = 0.45, neglecting the frequency coupling leads
to a wrong stability assessment result.

In practical operating conditions, the HVDC connected
DFIG-based OWF may also have such SSR instability risks
when wind speed is quite low or the OWF receives a lowering
power generation command from its superior level control

147889



IEEE Access

Y. Zhang et al.: Frequency-Coupled Impedance Modeling and Resonance Analysis of DFIG-Based OWF With HVDC Connection

K =015 — — — K =045 —.—._ K =05
™ ™ rp
T 0.35
3 2 1”1 ,\l
[= N
= 0.3 %
o 15 I s
° . N o
2 1 r\ _-7 =
z A\ ==
S /AN 025) -
S05 7N\
s - ~—
0 0.2
L 0.04 //J
a 4 ) A
£-05 YW 0.02 ey
= .
< \ ﬁ
g i 0 1
g -1.5 1 | /\1
£ 5 I -0.02 ‘(
I |
GO A D 0,0 NI N0 PPN RSP PP
Frequency in Hz Frequency in Hz
(a) including frequency coupling
K =015 — — — K =045 —.—._ K =05
rp rp ™
5 T 0.28
3 i
a4 I
< i 0.26
o3 f
E] hl 0.24
5 i
3, 7R\ 0.22
= 2N
e — |
0 0.2
3 T 0.03
I
3?2 | 0.02
£ |
S MAN 0.01
290 S e e N i G
g il
-1 | 0
I
-0.01

-2
© 0N D 2QN NN PEE PR PP PP

Frequency in Hz Frequency in Hz

(b) neglecting frequency coupling

FIGURE 13. Impact of Krp on the PCC nodal impedances of the
equivalent SISO positive sequence system at frequencies below 100 Hz.

center [2], [7]. Therefore, including frequency coupling in the
modelling and resonance analysis plays an important role in
the correct identification of low-frequency resonance stabil-
ity and can help system operators to take proper preventive
corrections.

B. IN CASE OF GRID TOPOLOGY CHANGE
By the startup or shutdown of the investigated OWF or when
a three-phase fault occurs to one of the two HV feeders in the
OWEFE, the system may go through the transition from both
155 kV branches integrated into grid (with 400 MW feed-in
power) to only one 155 kV branch integrated into grid (with
200 MW feed-in power). The dominating resonance modes of
the system can be more or less varied, as shown in Figure 14.
As observed, following the change of the grid topology,
the last resonance mode is most significantly influenced. The
resonance frequency is varied from 1038 Hz to 1259 Hz,
which matches the sideband frequency of the wind farm side
HVDC converter, moreover, the impedance magnitute of this
resonance mode is largely increased. The stimulation of the
resonance can greatly amplify the switching harmonics and
limit the power transfer along the MV and HV cables. For
the other resonance modes, the influence of the grid topology
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FIGURE 14. Impact of the grid topology change on the PCC nodal
impedances. Solid lines: equivalent SISO positive sequence system.
Dashed lines: equivalent SISO negative sequence system.

change on them are relatively small. Since the frequency
coupling mainly exists in the low-frequency area and the SSR
mode maintains sufficient phase margin following the grid
topology change, ignorging the frequency coupling effect will
not have much influence on the SSR stablity as well as on the
risks of the other resonance modes.

When taking into account various operating conditions
and grid configurations, the resonance frequencies of the
dominating resonance modes in Figure 14 can be changed by
up to 1 kHz and sharp resonance peaks can be introduced [2].
The existance of the charateristic harmonics may cause the
stimulation of one or more resonances and induce the ampli-
fication of harmonic distortions. Generally, as long as the
resonances do not make the system enter into critical stable
states, the frequency coupling effect can be neglected for the
simplicity of resonance analysis.

V. SIMULATION VALIDATION

To validate the results of the theoretical modelling and res-
onance analysis as presented in Chapters II-IV, the detailed
DFIG model developed by MATLAB is adopted in simula-
tion [24]. Note that the control structure of the wind turbine
is modified according to Figure 1. The test grid as shown
in Figure 9 is built in MATLAB / Simulink. The parameters
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of the MV collector systems (including cables and WTs) and
the aggregated single-machine representations are available
in Appendix B and C. The DC side of the offshore HVDC
converter station is simplified to an ideal DC voltage source.

A. MODEL VERIFICATION

To measure the impedance responses of the simulated DFIG-
based WT, the MV collector system, as well as the two-level
VSC based HVDC converter under small-signal perturba-
tions, the series voltage injection approach as discussed
in [23], [35] is applied in simulations.

In each simulation, the measured object is connected to
an infinite bus or a resistive load. To handle the enormous
computation burden of tens of DFIG-based WTs in MAT-
LAB/Simulink, the model validation of the aggregated MV
collector system is divided into 2 steps. In the first step
simulations, the impedance reponses of an 8-WT array and
a 4-WT array are measured respectively, in which each WT
is represented by the detailed DFIG model and each cable
subsection is represented by the distributed parameters cable
model from Simulink library. In the second step simulations,
the impedance reponses of the MV collector system with
each wind array represented by a single-machine model are
measured. Figure 15, 16 and 17 shows the good match of the
analytical models with the simulation results.
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FIGURE 15. Comparison of the analytical model with the simulation
impedance responses of the studied DFIG-based WT. Solid lines:
analytical models; Circles: numerical simulation resuilts.

B. RESONANCE STIMULATION AND STABILITY
ASSESSMENT

Figure 18 shows the simulation results in case of control
parameter variation, when K, is varied from 0.15 to 0.45
at 10 s, the system becomes unstable due to the formation of
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FIGURE 17. Comparison of the analytical model with the simulation
impedance responses of the wind farm side HVDC converter. Solid lines:
analytical models; Asterisks and circles: numerical simulation results.

the strong PCC current oscillation, which verifies the theoret-
ical analysis on the SSR stability assessment as presented in
Section IV. A. The frequency and damping of the SSR actu-
ally vary continuously with the growth of the resonance due
to the strong nonlinearities in the converter control induced
by the large SSR current [7], [36].

Figure 19 shows the simulations results in case of grid
topology change. When an HV feeder of the OWF is dis-
connected from the grid at 10 s, large high-frequency ripples
are observed in the PCC voltage waveform. According to
the FFT analysis as shown in Figure 20, they are induced
by the resonance amplification of the sideband harmonics
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FIGURE 19. PCC voltage and current following the grid topology change.
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FIGURE 20. PCC current and voltage FFT analysis. (a) Both 155 kV feeders
integrated into grid; (b) one 155 kV feeder disconnected from grid.

of the HVDC converter, which verifies the results of the
theoretical analysis as presented in Section IV.B. Accord-
ing to the recommended harmonic distortion limits as given
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in [1], the 1250 Hz voltage harmonic in Figure 20 (b) vio-
lates the limit of 1.5% times of the fundamental value, and
the total harmonic distortion (THD) of the PCC voltage
in Figure 20 (b) violates the limit of 2.5% times of the
fundamental value.

VI. CONCLUSION

This paper presented the comprehensive impedance
modelling of DFIG-based wind turbine considering all the
relevant control dynamics for the frequency range from
several Hz to a few kHz. Through stepwise simulation verifi-
cations, the equivalent power loss based aggregation model of
a large-scale DFIG-based OWF was validated to be feasible
for wide frequency range of resonance analysis.

The resonances in the DFIG-based OWF with HVDC con-
nection were investigated using the PCC nodal impedances
of the equivalent SISO sequence systems. The impact of the
frequency coupling effect on the risks of resonances was
analyzed. Harmonic amplification and SSR stability issues
were demonstrated taking into account grid topology change
and control parameter variation.

The discussed frequency coupling of fundamental fre-
quency was found crucial when a SSR resonance mode is
approaching critically-damped stable state. When a SSR reso-
nance mode maintains sufficient damping regarding possible
operating conditions and grid configurations, the frequency
coupling effect can be neglected in the wideband resonance
analysis for simplicity.

For further works, the detailed modelling of pulse width
modulation (PWM) should also be integrated in resonance
analysis to address the extra frequency coupling of PWM
switching frequency, especially when the investigated fre-
quency range involves above half of the switching frequency.

APPENDIX

A. SYMBOLS DEFINITION
Detailed expressions of ¥
as

and a,,; in (9) can be written

-1
ngc = [ZRL + (Qgi +K gd) QdUdCO]
’ {E - [QgLL + Q;LL
+ (Qgi tK gd) Qi’LL] Uch}
QG = [ZRL + <Qgi +Kgd) G Udco ]
(Gglhvdc Gd Uqco + Mngd) (A1)
in (12) can be

Detailed expressions of b;,, and Y4

written as

b, =Gy [MTl + I (Qgi + Kgd)] Y.
+Gyl, gl [leLL + (Qgi +K gd) Ghry + GPLL:I
Yoie = Gy~ G eiltvac
[M"gf1 +1, ( +Kgd)]22xl} (A2)
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TABLE 1. Parameters of the simulated 5 MW DFIG-based wind turbine.

Description Values

Rated Voltage / Power 950 V/5 MW

TABLE 4. Parameters of the aggregated cable models.

Aggregated cable ~ Number of After-aggregation parameters
items subsections (R inQ, LinmHand C in pF)

Array 1 or 2 4 = = =
DFIG ) R =0.023, L =0.18, R =0.016, L, =0.16, Y Al el B
generator (pu) [ =29 Array 3,4,50r6 8 R=0.187, L=1.105, C=2.18
GSC side reactor (pu) R, =0.003, , =03 MV collector system 40 R=0.034, L=0.191, C=10.52

Current controllers GSC:K,, =028, K, =5, RSC: K =0.15, K, =2
DC voltage regulator K, =8, K,; =400

capacitor 30000 pF , nominal voltage 1900 V
K,=3, K;=06

K, =003 K;=

400 kvar, Q=50 (Quality factor)

5.5 MVA, 0.95/33kV, u, =5%, u, =0.17%,
R, =500 (pu), L, =inf

T,=5us

DC bus parameters

Speed regulator

Q regulator

Terminal filter

Step-up transformer

Sampling period

Switching frequency 2 kHz
PLL K, =16, K, =50

TABLE 2. Parameters of collector cables.

Cross-section  Electrical Parameters per km  Section Length
150 mm?> R=0.16Q,L=041mH,C=0.21 pF 1 km
240 mm?> R=0.098 Q,L=0.38 mH,C=0.24 uF 1 km
500 mm?  R=0.05 €, L=0.34 mH,C =032 yF Tkm

TABLE 3. Parameters of the aggregated WT representing N, single WTs.

Rated Power: 5-N,, MW
Terminal filter: 400- N,, kvar

DC side capacitor: 30000- N, uF
Step-up transformer: 5.5- N, MVA

Other parameters are same with the parameters of a single WT

Detailed expressions of A and B in (19) can be written as
A = GyUseo |Gy = (G — Kra = GGy ) G | 252
GyUsc0GiGray + Loy — Zees' L
B = GPLL (Qri — K -G, qul) —gLL
+ (Kus + GG r1) Ghr 1. + GiGranGir 1.

(G$tr (Qri — K — Qrigwt)) Gi’vtrzs_r (A3)
Detailed expressions of d,,, and Y 4. in (21) can be
written as
‘11><2 = Qd [Mr thr (Qri — K

G qul) G;vtril : <_;1 Z IZ sYrsc)

— Gyl (Qri —Ku -G, qu1> Ghip + Gul Gy
T

+lerl (K + G Gvarl) —gLL
T T

+ lerlG 'G 2GPLL + _dIrIQrinaIZerc

Y e = —G, [Mr 16" 1% (G, — Ku

Zrdc Fwtr —
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-1
G qul) Gi}vtr] Z§§c2X1
+ Gyl },G G 0 (A4)

B. PARAMETERS OF MV COLLECTOR SYSTEM
See Tables 1-2.

C. PARAMETERS OF THE AGGREGATED MODEL
OF MV COLLECTOR SYSTEM
See Tables 3-4.
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