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Abstract: Wind turbine harmonic emissions due to power electronics are a well-known power quality concern in wind
power plants (WPPs). This problem may be increased by resonances because they amplify harmonic distortion around
resonance frequencies. Hence, the resonance phenomenon is widely analysed in the literature. Resonance studies
usually consider wind turbines (WTs) as ideal current sources, which can lead to inaccurate results. The study explores
the effect of WT converter control on WPP harmonic response. It contributes expressions of WT equivalent harmonic
impedance including current control of the grid side converter. This impedance allows WT converter control to be
considered in WPP modelling to analyse its effect on harmonic response and resonances. PSCAD and Matlab/Simulink
simulations were performed to validate the analytical expressions and illustrate the usefulness of the work in

predicting harmonic distortions at WT terminals in actual WPPs.

1 Introduction

Wind power plants (WPPs) with a large number of wind turbines
(WTs) are rapidly developing worldwide [1]. Power quality
problems arise in large WPPs because of the harmonic emissions
of WTs equipped with power electronics [1-9]. These harmonic
emissions are amplified by parallel resonances in the collector grid
if they are close to the resonance frequency [1, 6-12]. A summary
of the most important WPP harmonic and resonance issues is
presented in [6, 8, 11]. In the literature, WPP parallel resonances
are analysed to address harmonic concerns [6—12]. Recent works
also explore resonance influence on stability of WT VSC control
[9, 13-15]. These studies are mainly based on frequency scan
analysis, which establishes the frequency range and peak
impedance values of resonances. The WT model as an ideal
current source is traditionally used in the literature to characterise
resonances [1, 6, 7]. However, this model may lead to inaccurate
results due to the influence of WT VSC control [6, 8-10]. An
impedance-based representation can be used to identify electrical
resonances and analyse the influence of grid and VSC control
parameters [9, 15-18]. That is why, to obtain more accurate
results, WT frequency-dependent models such as Norton
equivalent sources, [9, 13-22], should be used in WPP resonance
studies. In [16-22], the detailed expression of the Norton
equivalent impedance of grid-connected VSCs is analytically
characterised for resonance and stability studies considering typical
one- [19-21] or two- [16-18, 22] cascade control loops in
synchronous (or d—gq) reference frame. The numerical results in
[17, 18] are validated experimentally by the measurement
technique in [23]. Most resonance and stability studies consider
only the influence of the converter at the point of connection due
to the complexity of its Norton equivalent impedance expressions.
However, the other VSCs connected to the grid might affect
resonance and stability, and therefore they should also be
considered. Accordingly, Wang et al. [21] study the harmonic
stability of an islanded three-converter system and Bayo-Salas
et al. [22] analyses the interaction of two converters connected at
different points of the grid. As mentioned in [19, 20], resonance
characterisation in systems with a large number of converters, such
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as WPPs, is complex and requires modelling of converters with
simplified and aggregated models.

This paper contributes with simplified analytical expressions of
WT Norton equivalent impedances for harmonic studies. These
expressions, which are validated from PSCAD and Matlab/
Simulink simulations, reduce the complexity of considering WTs
when frequency scanning and resonance characterisation is
performed in grids with a large number of VSCs such as WPPs.
Moreover, this paper explores in detail the effect of WT VSC
control on WPP harmonic response and analyses its impact on
WPP parallel resonances observed from WTs. The prediction of
harmonic distortions at WT terminals in actual WPPs considering
the expressions of WT Norton equivalent impedances is also
discussed from simulations to show the usefulness of this work in
characterising harmonic penetration in actual WPPs.

2 WPP modelling

Fig. la illustrates a generic offshore WPP layout where type-4 WTs
are supplied through medium- to low-voltage (MV/LV) transformers
and interconnected with an N, x N, collector grid of medium-voltage
(MV) submarine cables from the MV collector bus [6—13]. Type-4
WTs are always equipped with two converters in back-to-back
configuration and high-frequency filters are usually installed on the
grid side of WT converters to mitigate frequency switching
harmonics [6, 7]. The MV collector bus is connected to the main
grid with two high- to medium-voltage (HV/MV) transformers in
parallel and a high-voltage (HV) submarine cable. Parallel
resonances increase WPP voltage distortions if their frequency is
close to the harmonics of WT emissions. Several works study the
resonance problem at WT terminals to perform harmonic
penetration analysis [1, 6, 7]. To identify parallel resonance
frequencies, in harmonic studies WPPs are characterised by their
equivalent circuit, Fig. 15, and the equivalent harmonic impedance
observed from the WTs (e.g. Zgqs observed from WTy,; in
Fig. 1b) is studied. The equivalent harmonic impedances of the
main grid, Zs;, HV/MV and MV/LV transformers, Zr;, MV
underground cables, Z; 4, and high-frequency filters, Zcg, must be
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modelled. These impedances are obtained as follows [6, 7, 10]

U; 1 .
Lo, =—————(1 4+ jk tan ¢
TS —I—tanzgos( ! s)
Uz, 1
Zrw =€p—o———————(1+]jk tan ¢,
Tk cc SN /—1 T tan2 on ( ] C )
(D
sinh(zka) tanh(Dl/xk /2)
ZL,k = ZLx,k yi XC,k = XCx,k W
Lk “x,k

ZCf,k = _j M7

where k= f;/f; (with f; and f; being the analysed harmonic frequency
and the main grid fundamental frequency, respectively), o, =27,
and, according to Fig. la,

e Uy, Ss and tangpg are the main grid open-circuit voltage,
short-circuit power and Xg/Rg ratio at the point of coupling.

o Unp/Unss S, & and tang., are the HV/MV and MV/LV
transformer rated primary/secondary voltages and power, per-unit
short-circuit impedance and X1/Rt ratio.

° yx,k=(ZLx,k~XGnk)”2 is the propagation constant of the cable,
Zixx=R.+jLko, and Y, ;=]jCiko, are the HV and MV cable
distributed parameters and D is the cable length.

o (Cyis the WT high-frequency filter capacitor.

Table 1 shows usual offshore WPP parameter values. The WT
harmonic model as an ideal current source (Zyr,= o0 in Fig. 10)
is typically chosen to perform resonance analysis in harmonic
penetration studies because it is only necessary to replace the
current sources by an open-circuit at WT terminals [1, 7, 8-12].
However, some works point out that this model might not be
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accurate due to the possible influence of VSC control on
resonances [6, 8, 10, 13]. Therefore, WT harmonic models such as
Norton equivalent sources are currently proposed for WPP
harmonic studies (in particular, resonance studies).

3 Harmonic model of WTs

WT VSC control is investigated to determine the equivalent
harmonic impedance Zyr, of Norton sources, which model WT
harmonic behaviour. This frequency-dependent model should be
used in frequency scan studies to consider the influence of WT
VSC control on resonance frequencies.

3.1 Expressions of WT equivalent harmonic impedance
in balanced conditions

The WT grid side converter with a filter Zg(s) = R¢+ L¢s and current
control in synchronous (or d — g) reference frame are shown in Fig. 2.
It must be noted that the converter model in this section only
represents the inner current control loop because the outer loops
(e.g. the phase-locked loop, PLL, and the direct-voltage controller,
DVC) do not affect WPP harmonic response in the 0.5-1.5 kHz
frequency range due to their low bandwidths [9]. This assumption
allows a VSC symmetrical model that can be characterised with
complex impedances or admittances to be obtained. However, the
consideration of outer control loops complicates this model
unnecessarily, and therefore the WPP harmonic response study. It
can be observed that the transfer matrices of the VSC models in
[16, 22] become the common diagonal matrices of the VSC inner
current control loop for frequencies greater than the low
bandwidths of the outer control loops. The space phasors are
denoted by boldface letters in this study and their components by
subscripts d and ¢ (e.g. x=x,+jx,). The voltage balance across
the filter using d —g complex space phasors in continuous-time s
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Table 1 Offshore WPP parameters

Main grid Uo 150 kV Wind turbine Pyt, y=5 MW, Uyt v=690 V fs 5 kHz
fi 50 Hz R, Lt 0.0075 m<, 0.05 mH
Ss 2500 MVA G 1000 uF
tan ¢s 20 pu 7o =1/ae 1ms
HV/MV transformers Un, HUn,m 150/33 kV MV/LV transformer Un, M/Un,L 33/0.69 kV
Sn 125 MVA Sn 5 MVA
€cc 0.1 pu €cc 0.05 pu
tan ¢ 12 pu tan ¢cc 12 pu
HV submarine cable o 0.032 Q/km MV submarine cable R, 0.041 Q/km
. 0.401 mH/km X 0.38 mH/km
Cy 0.21 pF/km Cy 0.23 uF/km
D 1-50 km D 0.5-1 km
domain is completely filtered (i.e. H(s)~0, and therefore x,, ~0). In [16],
the control design results in K, =a.L¢ and K;=a.Ry, where o is
Ry 4+ Les +jLew)i+v=v,, ) the current controller bandwidth. This bandwidth should verify

where v is the grid voltage of fundamental angular frequency
w,=2mf, i is the line current and v, is the VSC terminal voltage.
The converter voltage reference can be determined as

Ve = Fpi(8) (Freg — Hi(9)i) + jLyw Hi(s)i + H(s)v.  (3)

The voltage v, generated by the VSC and the converter voltage
reference v,y are commonly related to the transfer function of
converter time delay D(s) (i.e. v,=D(s)Ver). A negligible
converter time delay (i.e. D(s)=1 and therefore v,=w.s) is
considered in the below characterisation of the WT equivalent
harmonic impedances, but the influence of this delay on the
impedances is discussed in Section 3.4.2. In (3), i is the
converter reference current, and a feedback of the line current
through a PI controller with transfer function Fpy(s) is used

K
Fouls) = Ky + ., @

where K, and K; are the PI control proportional and integral gains,
respectively. Moreover, the influence of feedback and feedforward
signal filtering on measured line current and grid voltage signals is
also considered through low-pass filter transfer functions H,(s) and
Hy(s) [14, 16]

Ho)="2= 0 (e=iv), )

S+ ag,

where x represents the line current and grid voltage signals, x,,
represents the output filters and o is the bandwidth of
the low-pass filters. For high bandwidths, x is unfiltered (i.e.
H(s)~1, and therefore x,, ~x). For low bandwidths, x is

PLL

Vm = H\(s)vV = Vm,d +ij,q dq
- abc

Vref

Grid side
converter

im, ¢ Vm, ¢

Fig. 2 General structure for VSC current control in synchronous (or d—q)
reference frame
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a. <0.2:2xf;), with f; being the converter switching frequency,
which is usually >1kHz for modern VSCs [16]. The
recommended bandwidth of the grid voltage low-pass filter is
a5 <0.1a, for normal-mode operation and o >a. for
transient-mode operation. The bandwidth of the line current
feedback low-pass filter is supposed to be large enough compared
with the current controller bandwidth to ensure that the filter does
not affect the controller response. A line current low-pass filter
bandwidth five times higher than the current controller bandwidth
is considered in the study (i.e. ag > Sa).

The WT equivalent harmonic impedance can be obtained by
considering the d—g¢g complex space phasor expressions of
three-phase non-sinusoidal quantities in balanced conditions (see
Appendix) and combining the voltage balance across the filter (2)
and the converter voltage reference (3) in frequency domain. By
relating (2) and (3) by means of converter time delay, the
following expression is obtained

Ry + Lgs + jLyw))i +v = D(s)

6
(Fning — H) + iLgon B + Hsw),

which can be arranged as

V(1 — D()H,(s)) = D(8)Fpy(8)ier R
— (Rp + Lgs + jLyw; + D(s)H(s)(Fpi(s) — jLw)))i.

Considering that the positive (k=4, 7...) and negative (k=2, 5...)
sequence harmonic phasors of balanced three-phase non-sinusoidal
voltages and currents, X; (with X= 171 or I), are expressed in d—¢q
frame as the following complex space phasors (Appendix):

* Positive sequence components: x = x, + jx, = X - elk=hent for
k=4,17...

* Negative sequence components: x = x,; — jx, = X r-e
for k=2, 5...

—j(k+ D, t

The transformations s—(k— 1)w; for the positive-sequence
components (X; with k=4, 7...) and s——(k+1)w, for the
negative-sequence components (X; with k=2, 5...) are applied to
express (7) in harmonic steady state, i.e.

V(1= DyH,p) = DyFpipL e
+ (Re + jLchw, + jLiw, + DyH, (Fppy, — jLew)))
(L) (h=k—-1)

®)
KI( - Qhﬁv,h) = QhEPI,hlrefk
+ (Re +jLihw, + jLiw, + DyH, j(Fpyy, — jLew)))
(=1} (h=—(k+1),
where
3
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o V., Ij and [.g are the kth harmonic phasors of the grid voltage v,
line current i and converter reference current i.¢ (superscript *
indicates complex conjugate).

e Fpiy, Hij and H,, represent the frequency response of the PI
controller and feedback and feedforward low-pass filters, which
are obtained by setting s—jhw; in their corresponding transfer
functions (4) and (5), i.e.

) K ,
Fpj = Fp(jho)) = K, +jhal)1 =K, Jhwll
Qg — afx,r
jhwl + Ay Jh + afx,r ’

H,) = H(jho) =

©

ay, .
A, = w—r x=1iv).

1

Note that H, ,(s)~1 for high bandwidths, with ay. ,>>h, and
H, ;(s)~0 for low bandwidths, with o, <<h (e.g. g, = 1).

e D, represents the frequency response of converter time delay,
which is considered negligible in the below study, i.e. D, = 1.

Considering (8) and assuming that the harmonic phasors of the
converter reference current are equal to zero (i.e. l.=0), the WT
equivalent harmonic impedance is obtained from the ratio of the
grid voltage and line current phasors, i.e. Zyrs=Rwri+iXwri=
Vi/(=1), where the negative sign is due to the current direction
definition outside the converter. Thus, the WT equivalent
harmonic impedance of the positive-sequence harmonic
components becomes

Re +jLe(h + Doy + H,;,(Fppj, — jLew,)
ZWT,pk = 1-H,,

(10)
(h=k-1, k=4,7...),
and, according to (36), the WT equivalent harmonic impedance for
the negative-sequence harmonic components in (8) corresponds to
the conjugate expression of the WT equivalent harmonic
impedance for the positive-sequence harmonic components, with
=—(k+1). The above WT equivalent impedances are obtained
for the typical one-cascade control loop in Fig. 2. Other converter
control structures lead to different WT Norton equivalent
impedances which could be characterised by the same procedure.
In the following subsections, the WT equivalent harmonic
impedance in (10) is determined in three successive steps from the
simplest to the most complex case to enhance the clarity of
the study and analyse the impact of WT VSC control on the
equivalent impedance.

3.1.1 Unfiltered line current and grid voltage (case A): This
study is restricted to the simplest control, where the line current and
grid voltage harmonics are unfiltered (i.e. H, ;, ~ 1 for x =1, v). In this
case, the positive-sequence harmonic component expression in (8)
can be rewritten as follows

0= (Re +jLewh + Fpyy)(— 1)

11

(h=k—-1, k=4,7...), (1

which implies that the kth harmonic phasors /; of the WT line
currents for the positive-sequence are equal to zero, and therefore
the WT equivalent harmonic impedance becomes ng,)T’k =oo (k=
4, 7...). This is also true for the negative-sequence harmonic
components (k=2, 5...). In this way, the d—g reference frame
control with unaffected feedback and feedforward grid signals can
be modelled for the positive- and negative-sequence harmonic

components as the typical ideal harmonic current source used in
the literature.

3.1.2 Unfiltered line current (case B): In this case, the line
current harmonics are unfiltered and the grid voltage harmonics
are filtered (i.e. H;,~1 and 0<H, ,<1). The positive-sequence
harmonic component expression in (8) can be rewritten as follows:

Vi(l—H, ;) = (R + jLw h + Em,/z)(—lk)
h=k—-1;, k=4717...),

(12)

and the WT equivalent harmonic impedance of the
positive-sequence harmonic components becomes

Ry + jLehw, + Fypy,
1 - Hv,h

: Ki Ay e
+J<Lf“"h_hw ~h (Rf+KP>>

K.
=R + K, + ay,, (wal - m)
1

(B) _
Lyt pr =

1
(h=k—1). (13)

The WT equivalent harmonic impedance of the negative-sequence
harmonic components (k=2, 5...) corresponds to the conjugate
expression of the positive-sequence WT equivalent harmonic
impedance (13), with A=—(k+ 1).

If the grid voltage harmonics are completely filtered (i.e. oy, is
small enough for H, ~0), the WT equivalent harmonic impedance
for the positive- and negative-sequences in (13) becomes

K;
h-w

Z&g)].’k:Rf—f—Kp—l—j(thwl—
(14)

(h=k—1; k=4,7...)

(h=k+1; k=2,5...)

3.1.3 Filtered line current and grid voltage (case C): In this
case, the line current and the grid voltage harmonics are filtered. The
currents are filtered with a bandwidth five times greater than the
current controller bandwidth (i.e. o > S, and therefore oy, > 195),
while the voltages can be completely filtered (i.e. 0 <H, ,<1).
The positive-sequence harmonic component expression in (8) can
be rewritten as

Vil = H,) = (Rp +jLe(h + Doy + FpyH,j, — jLew H;p)
(—L) (h=k—1; k=47..), (15)
and the WT equivalent harmonic impedance of the

positive-sequence harmonic components in (10) is obtained, which
can be arranged as

hA; + oy, , By +j(hBy — ay, Ay)
Z(C) — k vk v, h=lk—1 16
Z3 e, ) ( . (16)
where

K.
Ak = Rf(a%i,r + hz) + a%i,er - afi,r (thwl + j)
1

(17)

K.
By = h(Lih(h + Do, — ag;, K,) + af;, (thwl - th>
1

The WT equivalent harmonic impedance of the negative-sequence
harmonic components (k=2, 5...) corresponds to the conjugate
expression of the positive-sequence WT equivalent harmonic
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Fig. 3 Magnitude (left) and phase angle (right) of the WT equivalent harmonic impedance (data in Table 1 and D(s) = 1)

a Positive sequence
b Negative sequence

impedance (16), with #=—(k+1). The WT equivalent harmonic
impedances in Sections 3.1.1 and 3.1.2 can be derived from (16).

3.2 Validation of the WT equivalent harmonic
impedance

Considering the data in Table 1, Fig. 3 shows the magnitude and
phase angle results of the WT equivalent harmonic impedance
obtained from the analytical expressions in (16), i.e.

Ji@d, + )4z + B
- h(og, + 1) (18)

Stan ! ((By—ar, , A40)/(hAj+ o, By))

(C) j ‘
ZWT,k = ZWT,ke] e

The results in Fig. 3 are in agreement with [9, 15, 17, 18, 23]. To
validate the accuracy of the analytical study, a PSCAD frequency
scan is numerically performed on the WT grid side converter in
Fig. 2. This frequency scan is obtained by applying the following
steps:

o A small voltage disturbance (e.g. 0.1 pu) at a certain frequency is
applied to the supply voltage of the WT grid side converter.

e The steady-state voltage and current values of one phase are
measured and the harmonic components of the disturbance
frequency are obtained.

IET Electr. Power Appl., pp. 1-12
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e The impedance of the circuit at the disturbance frequency is
calculated from the above harmonic voltage and current values.

The results are shown with dots in Fig. 3, where only the dominant
harmonics in WPPs (i.e. k=7, 13... for the positive-sequence and k=
S, 11... for the negative-sequence) are plotted for the sake of clarity.
The above results could be comparable with the equivalent impedance
characterised in [15, 17, 18] for stability studies. However, the present
study only focuses on the harmonic frequencies of WT emissions,
which allows simpler expressions for discussing the impact of WT
VSC control on WPP resonances to be obtained. Fig. 3 shows that
the WT equivalent harmonic impedance (in particular, its resistive
component) is mainly affected by the grid voltage low-pass filter
bandwidth while the impact of the line current low-pass filter
bandwidth is small. The details of these influences are analysed in
the next sections. The WT grid side converter harmonic currents in
the PSCAD simulations of the unfiltered control case (case A) are
equal to zero, which agrees with Zﬁf})T = .

Experimental validation is out of the scope of the paper because
access to actual WTs to perform measurements was not possible.
However, WT equivalent harmonic impedance could be measured
by one of the three impedance measurement methods proposed in
[23]. These methods are similar to the numerical procedure
applied in the PSCAD frequency scan. A frequency response
analyser is used to supply VSC with a small voltage disturbance at
a specific frequency and the positive- and negative-sequence
components of the VSC impedance are obtained from
measurements of two-phase currents and voltage disturbance.
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Table 2 Simplified expressions of the WT equivalent harmonic impedance Zy = Rwr, i+ JXw,l fim < 1 kHz) without considering converter time delay (D

(s)=1)
Line current, i Unfiltered Filtered
f, kHz <fim > fim <fpm 1 1] >1
Likwq (21) Ay, O
Xovr i (Q) L ( oy — a;]vac> (19) Lf<hw1 o (22) Lehw, (24) Likw, (25)
w4 R
Rwrk (Q) Lilag + az,) (19), (21) o (22, 24) Liay, (25)

fi,r

Note: h=k—1; k=4,7...andh=k+1; k=2,5..., Ryras (23)

Subsequently, symmetrical transformation is applied to the
measurements to obtain the sequence components of the WT
equivalent harmonic impedances. According to [17, 18],
measurements allow analytical and numerical results to be validated.

3.3 Simplified expressions of the WT equivalent
harmonic impedance

Simplified expressions of the WT positive- and negative-sequence
equivalent harmonic impedance are obtained when the currents are
unfiltered and filtered. The simplifications consider that the filter
resistance Ry and the PI control integral gain K;=a.R; can be
neglected because of their small value [14, 15]. The relation
between the filter inductance and the PI control proportional gain,
K,=acLyg, is also considered to obtain more compact expressions.

3.3.1 Unfiltered line currents: The
negative-sequence equivalent harmonic
approximated from (13) as

WT positive- and
impedance can be

(o2 v,

i)

e, O,
:Lﬂy+a)+ﬂ<M)—JL%
f C fv f 1 hwl

Zyry > K, + Leag, 0 —|—j<thw1 -

(h=k—-1, k=4,7... and h=k+1;, k=2,5...).

(19)

The WT equivalent harmonic impedance in (19) shows an inductive
behaviour (see unfiltered cases in Fig. 3) for frequencies above f;,,

27
(20)

Qg O VAT
Im{ZWT,k} = h(l)l _thlc >0 :>f >flm :fl + —

and this impedance can be approximated as follows:

Zyry = Le(a, + o) + jLik o,
k=2,5.).

(k=4,7... and
(2]

Therefore, the WT equivalent harmonic impedance when the line
current is unfiltered is always passive with a positive resistance
affected by the current control and grid voltage low-pass filter
bandwidths (o, and oay,). Moreover, for frequencies above f,,, the
imaginary part of this impedance can be simplified as an
inductance approximately equal to the filter inductance of the
grid-side converter. The frequency f;, is usually <500 Hz for
typical WT parameters (Table 1).

3.3.2 Filtered
negative-sequence

line currents: The
equivalent harmonic

WT positive- and
impedance can be

approximated from (16) as

~ WTa,k Qg v
YA W +J(thw1 ~ Kp)
RWTa k . ( Q- ac)
= Wk 4 ir ( hew, -~
a%i,r + i e 1 ho,

(h=k—-1;, k=4,7... and h=k+1;, £=2,5...),

(22)
with (see (23))
For frequencies above f;,,, the imaginary part of the impedance can

be approximated as an inductance, similarly to the unfiltered case,
ie.

Ryrar | . (h=k—1; k=4,7...)
Zwrp = g g Tikken gy k=25 @Y

and, for frequencies above 1kHz (i.e. £>20), (24) can be
approximated as follows

2
7 ~ Lf(kwl afv,rk + afv,rafi,rwl)
ZWT,k a%i’r 4 k2

+iLckw, = Lyag, +jLikw, (k=4,7... and k=2,5...),

(25

where the resistance Rwr,, in (21) tends to L, which is
graphically verified in Section 3.3.3.

3.3.3 Summary of expressions: Considering f,, <1 kHz,
Table 2 summarises the expressions proposed for the WT
equivalent harmonic impedance. To check these expressions,
Fig. 4 shows the positive-sequence WT equivalent resistance and
reactance (Rwrt; and Xwr, with k=4, 7...) for unfiltered and
filtered (o= 15 pu) line current and different ay,, , values. The
resistance is equal to Ldo. + ag,) in the unfiltered case, whereas it
becomes Ly, for frequencies >1 kHz in the filtered case. It is also
observed that the reactance tends to Lew; for frequencies above £,
in both unfiltered and filtered cases.

3.4 Influence of unbalanced voltage conditions and
converter time delay

The impact of unbalanced voltage conditions and converter time
delay on WT equivalent harmonic impedance is analysed in the
following subsections.

3.4.1 Unbalanced voltage conditions: Like in balanced
conditions, the positive- and negative-sequence WT equivalent
harmonic impedance can be obtained by combining (2) and (3) in

Lf(acafi,r(afi,r - afv,r) + (k - 1)(()1 (afv,rk - afi,r) + afv,ra%i,r(ul) (k =4,7.. )
Lf(acafi,r(afi,r - afv,r) + (k + 1)(1)1 (afv,rk + afi,r) + afv,ra%i,rwl) (k = 29 5.. )

WTak =

(23)
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Fig. 4 Study of the WT positive-sequence equivalent impedance (data in Table 1 and D(s) = 1)

a WT equivalent resistance
b WT equivalent reactance

frequency domain and considering that the d — g complex space
phasors of three-phase non-sinusoidal voltages in unbalanced
conditions contain positive- and negative-sequence components for
all harmonics (34). Thus, the expressions of the WT equivalent
harmonic impedance in unbalanced conditions are the same as in
balanced  conditions, except that the positive- and
negative-sequence must be considered for all harmonics (k> 1)
instead of the positive-sequence impedance for k=4, 7... and the
negative for k=2, 5....

Another effect of unbalanced supply voltages is that the
negative-sequence component of the fundamental d—g space
phasor has a second harmonic oscillation, i.e. the
negative-sequence component is translated to twice the
fundamental frequency (34), which can affect grid synchronisation
of the PLL. This can lead to coupling equivalent harmonic
impedances Zwrpn between positive- and negative-sequence
voltages and currents [18, 23]. However, these harmonic coupling
terms can be neglected for typical PLL designs not exceeding a
few tens of hertz [18].

3.4.2 Converter time delay: Converter time delay between the
voltage v, generated by the VSC and the converter voltage
reference w.r is typically considered as D(s) = e T4 where T, q1s
the time delay [14]. This time delay is approximately composed of
one sampling period of computation delay and half a sampling
period of modulation delay (i.e. switching process) and is given by
Tq~1.5T,, with T,=1/f, and f; being the converter switching
frequency. Considering the above time delay, the WT equivalent
harmonic impedance of the positive-sequence harmonic
components in (10) is rewritten as

_ Ry +jLe(h + Doy + DyH, 5 (Fpyj, — jLywy)

Z7D)

where

_ o Ty _
D,=e = Dy, — iDy>

Dy, = sin (hw, Ty).

Dy, = cos (hw, T,
Rh (ho, Ty) 27)

Simplified expressions of the WT equivalent harmonic impedance
(26) are difficult to obtain due to the addition of converter time
delay. However, approximate expressions can be obtained in some
conditions related to line current and grid voltage filtering.

In the case of unfiltered line currents (case B in Section 3.1.2), the
following approximate positive-sequence harmonic components of
the equivalent impedances can be determined from (26): (see (28))

If the grid voltage harmonics are unfiltered (i.e. H,,;, ~ 1), (28) can be
simplified as

a.(Dg, — 1) + ho, Dy,
2(1 — Dgy)

Zyry = Ly

. (ho, a.Dy,
TN i N E
+“(2+%vow

(h=k—1; k=47,

29

where according to Section 3.1.1, the WT equivalent harmonic
impedance becomes Z&,)T’k = (k=4, 7...) when the time delay
is equal to zero (i.e. Dg, =1 and Dy, =0).

If the grid voltage harmonics are filtered with a low bandwidth

(approximately, ag, . <5), (28) can be simplified as

Zyry >~ Le(a, + ap,)Dgy, + Ll o)

“Wpk ™ | —D,H
Entlyn (26) hoy + (o, — a)Dy, (h=k—1; k=4,7) (30)
(h=k—-1, k=4,7), Ra? + 2ap,hw, Dy, ’ T
Zyri = Ryrp +iXwrap (h=k =1, k=47)
R — hoy (o, + a)hw, Dy, + at%leh) + a%vac(DRh -1
Wk = Lt
o7, (1 = Dpy)* + (hoy + e, Dy,)* (28)
Yoo —1 ) + K wi(ag, — @)Dy, + ho,ap,(ap (1 — Dyy) — @) — ag,a.Dy,
W ' a},(1 = Dy,)* + (hoy + a3, Dp)*
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Fig. 5 Study of the WT positive-sequence equivalent resistance (up) and reactance (down) with unfiltered line currents (data in Table 1)

a Comparison between equivalent impedances without and with converter time delay (D(s)=1 and D(s) = ¢ ~*"¢, respectively)
b Comparison between general and approximate equivalent impedances with converter time delay (D(s) = €™ Tay

where according to Section 3.3.1, the WT equivalent harmonic
impedance becomes (21) when the time delay is equal to zero (i.e.
DRh =1 and Dlh = 0)

The WT equivalent harmonic impedances of the
negative-sequence harmonic components (k=2, 5...) correspond
to the conjugate expression of the positive-sequence WT
equivalent harmonic impedances, with 2= —(k+1).

To study the impact of converter time delay on the WT equivalent
harmonic impedance and analyse the accuracy of the previous
expressions, Fig. 5 shows the positive-sequence WT equivalent
resistance and reactance (Rwryx and Xwr, with k=4, 7...) for
unfiltered line currents and three feedforward grid voltage cases
(filtered grid voltage with ay, =1 pu or ayp,, =25 pu and unfiltered
grid voltage).

In Fig. 5a, the general expressions of the equivalent impedances
without and with converter time delay, (16) and (26), respectively,
are compared with determine the influence of converter time delay.
It can be noted that, if the grid voltage is filtered, converter time
delay reduces the WT equivalent resistance, but does not change
the L¢kw, trend of the WT equivalent reactance significantly. This
mainly reduces the damping effect of WT control at a frequency
range where the WT equivalent resistance is smaller, but does not
affect WPP resonance frequencies significantly. Moreover, it can be
observed that converter time delay may lead to negative values of
the WT equivalent resistance, worsening system stability [16]. If the
grid voltage is unfiltered, the WT equivalent harmonic impedance is
not infinite, as in the case of zero time delay (see Section 3.1.1),
which affects the damping and frequency of WPP resonances.
These conclusions are presented in Section 4.1. In Fig. 5b, the
general expression of the equivalent impedance with converter time
delay (26) is compared with the approximate expressions (28)—(30)
to validate the accuracy of these approximations. Although the
comparison of the WT equivalent harmonic impedances when the
currents are filtered with ;=15 pu is not shown, it was verified
that the approximate expressions do not exhibit the same accuracy,
but can provide an acceptable prediction of the impedances because
these impedances do not change significantly compared with the
unfiltered case.

4 Application to WPP resonances

An 8 x 5 offshore WPP (data in Table 1) is studied to analyse the
influence of WTs on WPP harmonic behaviour. The WPP
consists of 40 type-4 WTs (i.e. full-scale VSC WTs), each with a
rated capacity of 5 MW, arranged in five strings of 33 kV

submarine cables. These strings collect eight WTs (separated 1
km from each other) at the offshore substation, which is
connected to shore by a 10 km submarine cable. According to
Table 1, the short-circuit impedance of the grid is SCR=2500/
(8:5:5)=12.5 pu.

4.1 Frequency response of the WPP

The frequency response of the 8 x 5 offshore WPP is determined to
analyse the influence of WTs on resonance frequencies. The
frequency scan study is performed considering the ideal current
source model in the literature (case A in Section 3.1), the general
model of the WT equivalent harmonic impedance, (16), and the
simplified models proposed in Section 3.3.3. The results of the
WT positive-equivalent harmonic impedance considering zero time
delay are illustrated for unfiltered and filtered (o, =15 pu) line
current and several ay,, , values in Fig. 6. These results show that
the simplified models provide a good approximation of the general
model. These simplified models allow easy analysis of the
influence of WTs on WPP resonance frequencies in harmonic
studies. It can be observed that WT control shifts WPP resonance
frequencies and introduces a damping effect [9].

The damping effect of WT control is due to the resistance of the
WT equivalent harmonic impedance, which depends on the filter
inductance, Lg, and current control and grid voltage low-pass filter
bandwidths, a. and ay, (see Section 3.5). It is slightly greater in
the unfiltered line current case than in the filtered line current case
because of the additional term Lgoa. in the WT equivalent
harmonic resistance. Moreover, it increases with increasing the
grid voltage low-pass filter bandwidth because of the Lgoy, term.
Note that, in the filtered line current case, the approximation (25)
can underestimate the damping effect at low frequencies if ay,,. is
small (see ag,=15 pu and o5, =1 plot in Fig. 6). Hence, in this
case it would be advisable to use (24). The accurate results
provided by (24) for different values of the filter bandwidths were
checked although they are not shown for the sake of clarity.

WT VSC control shifts the resonance frequencies as observed for
oy, =1. The influence of the filter capacitor C; connected in
parallel with the WTs is analysed in Fig. 7 to study this
frequency response. Fig. 7 compares the impedances of the WT
(Zwr.i=Rwr.ixtJjXwr), the filter capacitor (Zcgix=j-Xcry) and the
WT-capacitor set (Zwr/cex = Rwrcex v Xwricek = Zwril Zees)- Tt
can be observed that there is a parallel resonance between the WT
equivalent harmonic impedance and the filter capacitor reactances
which, considering that Xwr,=~Lykw, and Xcgp=—1/(Crkw,),
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Fig. 6 Influence of WT VSC control on 8 x 5 offshore WPP resonance (data in Table 1 and D(s) = 1)

occurs approximately at the following frequency:

According to Fig. 7, the WPP resonances below fres_crin Fig. 6 are
shifted by the WTs because the frequency response of the
WT-capacitor set is affected by the WT equivalent harmonic
impedance response. On the other hand, the WPP resonances
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Fig. 7 Study of filter capacitor influence on WT equivalent impedance (data in Table 1 and D(s) = 1)
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Fig. 9 Harmonic distortion at WT terminals (data in Table 1)

a VDEW current emission limits
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above fr.s cr mainly depend on the filter capacitor although the
parallel resonances in the example are still affected by the WTs. In
these cases, the typical WT current source model could be adopted
to analyse WPP harmonic response approximately if the WPP
parallel resonances are far enough from fes

The comparison of the WT positive-equivalent harmonic impedance
obtained from the WT ideal current source, zero time delay and
non-zero time delay general models (Z%j')r,k = 00, Z&C,{.,k in (16) and
Z\f,)T’k in (26), respectively) is given for unfiltered line current and
three feedforward grid voltage cases (filtered grid voltage with oy, =
1 pu or ay,,-=25 pu and unfiltered grid voltage) in Fig. 8. The results
in Section 3.4.2 show that the non-zero time delay model affects the
WPP resonances as follows: (i) it can reduce the damping effect
compared with the zero time delay model depending on the
frequency range and the feedforward filter bandwidth when the grid
voltage is filtered, but does not modify WPP resonance frequencies
significantly; (i) it introduces a damping effect and modifies the
WPP resonance frequencies when the grid voltage is unfiltered.
Although the results with the approximate expressions of the
non-zero time delay model, (29) and (30), are not plotted in Fig. 8
for the sake of clarity, it was verified that these expressions are
highly accurate. It was also verified that the influence of non-zero
time delay when the line current is filtered is similar to when the line
current is unfiltered and that the approximate models for unfiltered
line current also provide acceptable results.

All the subsection comments can be extended to the WT
negative-equivalent harmonic impedance.

4.2 Harmonic voltage distortion of the WPP

The harmonic voltage distortions HDwr,, x= Vwri/Vwr.1 at bus N,y
(ie. at WTy,; terminals where resonances are studied) are

10

@S General expr. without T (16)

0 | M |
5 7 1113 17 19 23 25 29...49 5 7 11 13 17 19 23 25 29...49 5 7 11 13 17 19 23 25 29...49

3 General expr. with T, (26)

k (pu) k (pu)

numerically obtained from Matlab/Simulink simulations considering
the harmonic current limits in the German Electricity Association
(VDEW) Standard for generators connected to medium-voltage
networks [4], which are set in the study as the WT emission
magnitudes ]WT,/( (Or HDWTi,kZIWTJ(/]WT,h Where ]WT,IZPWT,N/
(\/ 3:Uwrn) and Pwrn and Uy are in Table 1). This standard
provides specific magnitude values of generator (or WT) harmonic
limits based on the grid short-circuit ratio SCR, which can be easily
included in the simulation programme. The limits for a short-circuit
ratio close to the 15-20 range are quite similar to the distortion
limits in IEEE Standard 15471 (in particular, harmonics <1.5 kHz)
[4]. The harmonic voltages are easily obtained by multiplying the
limit harmonic currents of the VDEW Standard by the WPP
equivalent harmonic impedance at bus N1, i.e. Vwri=Zeqilwri
where the WT equivalent harmonic impedances are considered in
Zgq according to the previous sections. Fig. 9a plots the VDEW
current emission limits used in the simulations and Fig. 95 plots the
voltage distortions considering WT unfiltered line currents and three
feedforward grid voltage cases (unfiltered grid voltage and filtered
grid voltage with ap, ,=25pu or ap, ,=1pu). These voltage
distortions are calculated considering the WT ideal current source

model (i.e. Z{j, = o) and the WT general model without and with

time delay, Z{, (16) and Z{,), (26), respectively. The harmonic
frequencies with peak values of the voltage distortions are labelled
to show that the voltage distortion pattern obtained is similar to the
WPP harmonic response in Fig. 8. It can be observed that the
frequencies of the maximum distortion values approximately
correspond to the parallel resonance frequencies: (i) in the unfiltered
grid voltage example, the peak values of voltage distortion at 350
and 950Hz are related to the WPP equivalent impedance
resonances at 475 and 1108 Hz of the ideal current source model
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and the peak values at 1250 Hz are related to the resonances in the
1255-1300 Hz range of all models; (ii) in the filtered grid voltage
example with o, =25pu, the small peak value of voltage
distortion at 555 Hz is related to the low resonance at 612 Hz of the
non-zero time delay model and the other peak values are the same
as in the unfiltered grid voltage example; (iii) in the filtered grid
voltage example with ay, =1 pu, the results are the same as with
og,,,=25 pu but the peak value of voltage distortion at 555 Hz is
greater because the resonance at 612 Hz of the non-zero time
delay model is higher. The results show that harmonic voltage
distortions can be higher and more dangerous when the parallel
resonance matches exactly some frequencies of the WT harmonic
emissions than when it is close to them. According to Section 3,
the results of the general model without time delay (16) are
similar to the results of the ideal current source model (case A in
Section 3.1.1) when the grid voltage is unfiltered and they can
also be approximated with (21) when the grid voltage is filtered.
The results of the general model with time delay (26) can be
approximated with (29) or (30) when the grid voltage is unfiltered
or when it is filtered with a low bandwidth, respectively. It must
be noted that the study is just an example to illustrate how the
present work could be used in actual WPP applications to predict
harmonic distortions at the WT connection point. Further research
would be required to accurately evaluate the impact of resonance
on WP power quality.

5 Conclusion

The influence of WT VSC control on offshore WPP harmonic
response is studied. Analytical expressions of the WT equivalent
harmonic impedance are presented considering the effect of
current and feed-forward voltage filters. The influence of converter
time delay in these expressions is also analysed. The obtained
expressions allow the WT converter effect on WPP frequency
scanning to be considered. Simplified expressions for the
impedance which can be easily applied in frequency scanning are
also proposed. It is observed that WT modelling as an ideal
current source can lead to inaccurate results because WT VSC
control shifts WPP resonance frequencies and introduces a
damping effect. Frequency shifting must be considered for the
whole frequency range. On the other hand, for frequencies above
the resonance frequency between the WT filter inductance and
filter capacitor, this shifting is mainly due to the filter capacitor.
Therefore, the WT current source model could be used to estimate
the range of parallel resonances if they are far from the WT filter
resonance. The damping effect is also observed for the whole
frequency range and is directly related to current control and grid
voltage low-pass filter bandwidths. In general, converter time
delay reduces the damping effect when the feedforward voltages
are filtered, but does not affect resonance frequencies significantly.
In the case of unfiltered feedforward voltages, converter time delay
increases the damping effect, which may modify resonance
frequencies. PSCAD and Matlab/Simulink simulations are used to
validate the analytical study. It must be noted that other WT VSC
control structures lead to different WT Norton equivalent
impedances, and therefore their influence on WPP resonances will
be different. This influence could, however, be analysed following
the procedure described here.
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8 Appendices

8.1 Complex space phasor representation of harmonics
in synchronous (or d— q) reference frame

If zero-sequence components are not considered, three-phase
quantities (x,(f), xp(t), x.(t)) can be expressed as d—¢g complex
space phasors as follows

W N

x=x,+jx, = (x, + 2By, + ey e, (32)

where d6,/df=w,.
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The results of transformation (32) depend on the unbalanced or
balanced conditions of the three-phase quantities.

8.1.1 Unbalanced conditions: Considering (32), three-phase
non-sinusoidal quantities in unbalanced conditions

x,() = Re{)_{al .ejwlr} + ZRe{Xak 'ejkwlt}’
k>1

xy(t) = Re{ X,y - !} + ZRG{)—(M celhenty, (33)
k>1
xc(t) = Re{)—(cl . ejmlt} + ZRe{)—(ck . ejkmlr}
k>1

are expressed as d —q complex space phasors as follows

_ * —j2-wt
X _)—(pl +)—(nle

D At e R €2
k>1

where the complex vectors X,; =X,,; £ ¢,1 and X, =X, £ ¢y, are
the positive- and negative-sequence fundamental phasors and the
complex vectors Xpi=Xpi £ dpr and X =Xyp £ e (with k> 1)
are the kth positive- and negative-sequence harmonic phasors of
the unbalanced three-phase non-sinusoidal quantities (superscript *
indicates complex conjugate).

12

8.1.2 Balanced conditions: Three-phase non-sinusoidal

quantities in balanced conditions

x,(t) =Re{X, - &'} + > "RefX, - '}
k>1 (35)
(1) = x,(t +211/3) x(0) = x,(t + T1/3) (T = 1//)),

verify that the complex vector X; =X, £ ¢, is the fundamental
positive-sequence phasor of the balanced three-phase quantities
(i.e. under balanced conditions, X,; =X; and X,; =0 in (34)) and
the complex vectors X=X} £ ¢y (with k=4, 7... and k=2, 5...)
are the kth positive- and negative-sequence harmonic phasors of
the balanced three-phase quantities (i.e. under balanced conditions,
X=Xy and X, =0 for k=4, 7... and X,,=0 and X, =X, for k=
2, 5... in (34)). Thus, considering (32), three-phase non-sinusoidal
quantities under balanced conditions are expressed as d—g¢
complex space phasors as follows

X=X, + Z X kDot Z Xie ikt (36)
k=47 k=25...

Note that, under balanced conditions, harmonics with orders of
multiples of 3 (i.e. k=3, 6...) correspond to the zero-sequence
phasors, which are zero in d- ¢ reference frame and are usually
neglected in WPP applications. Even harmonics are also negligible
in power systems because of voltage and current half-wave
symmetry.
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