energies

Article

Comparison of Star and String Offshore DC Collector Grid
Topologies on the Aspect of Stability—An Impedance Approach

Matthias Biskoping 1, Tanmay Kadam %

and Antonello Monti 2

check for

updates
Citation: Biskoping, M.; Kadam, T.;
Gurumurthy, S.K.; Ponci, F; Monti, A.
Comparison of Star and String
Offshore DC Collector Grid
Topologies on the Aspect of
Stability—An Impedance Approach.
Energies 2021, 14, 6253. https://
doi.org/10.3390/en14196253

Academic Editor: Muhammad Ishaq
Bhatti

Received: 29 July 2021
Accepted: 23 September 2021
Published: 1 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

t 2,%,t 2

, Sriram Karthik Gurumurthy and Ferdinanda Ponci

ABB Coroporate Research Center, 68526 Ladenburg, Germany; matthias.biskoping@de.abb.com
Institute for Automation of Complex Power System, E.ON Energy Research Center, RWTH Aachen
University, 52074 Aachen, Germany; tanmay.kadam@rwth-aachen.de (T.K.);
fponci@eonerc.rwth-aachen.de (FP.); amonti@eonerc.rwth-aachen.de (A.M.)

*  Correspondence: sgurumurthy@eonerc.rwth-aachen.de

1t These authors contributed equally to this work.

Abstract: Offshore Direct Current (DC) collector grids are a promising technology for decreasing
the installation and operation costs of offshore wind parks. Nevertheless, the stability properties
and hence the design of such DC collector grids is not common or standardised. Hence, this paper
describes an attempt to fill these gaps by analysing the stability of two different types of DC collector
grids—star and string—by considering identical operating conditions. The approach follows a
non-parametric formulation of the impedance based Nyquist Stability Criterion. The hyperbolic IT
equivalent formulation of the telegraph equation is adopted for modelling the submarine cable due
to high capacitance that is distributed and thus the conventional 50 Hz I'l-model is not sufficient
anymore. Furthermore, the paper shows how to integrate the complex dynamics of wind turbines
into the overall stability assessment through an impedance building algorithm. Finally, it is shown
how to stabilise the collector grids by means of active control parameter changes and it has been
observed that the star configuration of wind turbines is more favourable on account of stability and
controllability.

Keywords: impedance based stability; MVDC grids; submarine cables; DC/DC converter; stability
analysis; wind turbines; offshore grids

1. Introduction

The use of direct current (DC) in medium voltage (MV) distribution grids and high
voltage (HV) transmission grids has significant advantages over the present day alternating
current (AC) grid variants [1], mainly due to the increased capacity of existing cable in-
frastructure and compact conversion stations. Advancements in DC/DC power electronic
converter topologies have enabled high efficiency and large power density compared to
the AC counterpart [2]. Specific to the context of DC collector grids [1,3], the advantages
include the elimination of redundant line filters, bulky transformers, compensators and
output filters of wind turbine (WT), which leads to a reduced system size, reduced installa-
tion and maintenance cost [1,3]. High voltage DC (HVDC) is favoured when size of wind
farms increases and when the distance from the shore is beyond 50 km [4,5]. The main
argument against DC grids is its complex protection design which is constantly advancing;
for example, fast converter shut down or multi-terminal DC breakers [6]. The overall stabil-
ity of such DC collector grids in offshore wind farms is not standardised or established yet.
This can be addressed by continued study and in-depth research. Detailed specifications
for Medium Voltage DC (MVDC) shipboard power systems are currently available and this
can be referred to as a benchmark common requirements for typical DC power system [7].
Further, the CIGRE working group 6.31 was established for investigating the needs and
feasibility of building MVDC grids [8]. Their study concluded that MVAC and MVDC
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systems are expected to be in coexistence for a significant time in future power systems.
In particular, to facilitate the standardisation of MVDC grids, further studies involving
advanced DC protection systems, various network topologies, simulation methods and
tools for DC distribution systems must be promoted. This paper compares the stability
between two of the common DC collector grid configurations—star and string—by consid-
ering identical system configuration and operating conditions. The paper shows how to
stabilise such DC grids using active control through parameter variations.

The offshore medium voltage DC (MVDC) collector grid considered here consists of
a number of wind turbines generating DC at their output and are typically arranged in
configurations such as star or string. The generated power is transferred through submarine
cables to an offshore platform hosting a DC/DC converter. This DC/DC converter steps
up the voltage for further transmission via HVDC cables to the onshore grid.

Typically, the wind turbine dynamics are not considered in the impedance models
in many research works such as [9-11]. In this paper, instead, an 11th order model for
the WT is developed and presented in Section 4.1, wherein the proposed model is able
to capture the impact of torque and the speed parameters in the impedance transfer
function. The proposed WT model can capture low frequency dynamics as opposed to
the models developed in [9-12]. This paper also models the closed-loop input impedance
of the DC/DC converter considering a three phase Dual Active Bridge (DAB) topology.
Submarine cables have high capacitance and it is distributed across the line and therefore
the conventional lumped IT section models are not sufficient. Thus, the hyperbolic I1
equivalent of a long-line model is adopted and modelled via its transmission matrix. Since
analytical transfer functions cannot be obtained due to strong non-linearity, non-parametric
impedance models are developed for submarine cables. A reduced order modelling for long
lines is proposed in [13]; however, these models are based on S-parameter concept, which
cannot be used to aggregate on a system level and furthermore these models do not consider
the non-linear hyperbolic equations which are typical characteristics of submarine cables.

The stability of the collector grid depends not only on the standalone stability of
individual components such as WTs and DC/DC converter but also their interconnection.
Nyquist stability criterion (NSC) is a well known impedance-based method applied to DC
systems and its extensions are available for AC systems [14,15]. NSC requires the analytical
impedance transfer function of the source and load for its application. Furthermore, in the
application of NSC, the presence of RHP poles or zeros in the individual source or load
subsystem are typically neglected due to the assumption that every subsystem is standalone
stable and non-minimum phase [14,15].

In reality, it is possible that the internal parameters of certain systems are not known
or, due to the complex non-linearity involved, it may not be possible to derive linearised
analytical transfer function. However, for such systems, the frequency response of individ-
ual subsystems can be extracted using wideband impedance measurement devices [16,17].
Thus, a black-box approach consisting of the impedance frequency response of individual
subsystems can be used to determine the stability at the point of common coupling (PCC).
Hence, a non-parametric NSC approach is applied wherein only the impedance frequency
response data is required. It is proposed to first detect the unstable open loop poles from
the frequency response of source and load impedance and then apply the non-parametric
NSC [18] to avoid the conventional assumptions of neglecting RHP poles and zeroes. The
calculation of non-parametric impedance can become tedious relying on circuit theory
based reductions. Thus to formulate the impedance frequency response of the source and
load, a non-parametric impedance building algorithm based on two-port network theory
using the transmission matrix is developed. Through this algorithm, the complex dynam-
ics of WTs, submarine cables and DC/DC converter can be integrated to form Thevenin
equivalent non-parametric impedance models at the desired node where stability needs to
be evaluated.

The major contributions of this work can be summarized as follows:
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e  Animpedance-based modelling approach for off-shore WT systems, submarine cable
and input impedance of three phase DAB;

* A non-parametric network impedance building algorithm based on two-port network
theory via transmission matrices;

e Application of non-parametric impedance-based stability analysis for offshore DC
collector grids;

*  An effective comparison between star and string offshore WT typologies on the aspect
of system stability.

2. Topologies of Offshore Wind Farms

For enabling comparability between star and string configurations, identical wind
turbine parameters and cable parameters are used. The cable lengths are also identical as
shown in Figures 1 and 2.

2.1. String

Figure 1 shows a schematic for interconnecting several WTs to a radial feeder forming
a string. The number of WTs per string depends on the current carrying capacity of sub-
marine cables and the capacity of individual generators. Many such strings are connected
together at an offshore collector substation where it is transformed to higher voltages for
onshore transmission [5]. The main advantage of this topology is its low installation cost.
Moreover, the power ratings of the cable at the far end from the collector need not be
high and hence can be designed accordingly. However, string topology lacks reliability.
A fault in the string feeder will prevent the WTs behind the fault node from injecting power,
which is often partially compensated for by a loop-back cable connecting one string to
another [19].

Py P3
2km 2km 10m
1 ble "~ cabl 1
WT _|_ cable WT cable WT cable _|_ DC/DC

Figure 1. String configuration.

2.2. Star

In this configuration, each WT is connected to a common star point, as shown in
Figure 2, through a submarine cable. Since every WT is connected to the star-point through
a separate cable, the star topology provides high reliability and on the other hand the
installation costs are higher due to increased cable lengths. However, the power ratings of
the individual cables in the star are much lower compared to string topology.

Pl P2 P3
100 m star 10m
0] ) 0] )
WT % cable cable % DC-DC
2 km
—C——4
WT
° 2 km
WT

Figure 2. Star configuration.
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3. Impedance Based Stability Criterion

According to the impedance-based stability criterion, the system under investigation
is partitioned into the source and load subsystem where the subsystems can be represented
either by Thevenin or Norton equivalent circuit [14]. The transfer functions of source and
load subsystems are formulated by linearising the subsystems around a desired operating
point and thus this linear representation is valid only for small signal studies [14]. Consider
a small signal representation of the WT-MVDC collector grid model as shown in Figure
3, with WT represented by the current source in parallel with its output impedance Z;
and the collector grid model represented as an ideal voltage source in series with input
impedance Z;. The WT output current I in the Laplace domain can be written as:

Ugyig (s) 1
I(s) = |L(s) — —&= . , 1
() = [66) - 7] o (1)
and the voltage Uy at the PCC can be written as:
1
Upee(s) = [Is(s)Zl(s) + Ugrid(s)} TTae 2
T+ Zs(s)
PCC
! ;1 1
| | S
I Z
I Zs UP‘T Ugrid
Source Grid

Figure 3. Small signal representation of source-grid model.

3.1. Nyquist Stability Criterion

The source-load interconnection is stable if the minor loop gain (MLG), which is the
ratio of grid impedance Z to source impedance Zs, satisfies the NSC. Let P be the number
of RHP poles of the MLG (Z;/Zs) and N represent the number of anticlockwise (ACW)
encirclements of the Nyquist plot of the MLG around critical point —1 + jO. Then the
number of RHP poles of the closed loop system Z can be determined from (3). For a stable
system, the number of ACW encirclements would equal the number of RHP poles of MLG,
leading to a conclusion Z = 0.

N=P-Z 3)

3.2. Non-Parametric Nyquist Stability Criterion

Applying non-parametric NSC consists of four steps: Formulation of impedance ratio,
identification of open loop RHP poles, identification of encirclements from the Nyquist
plot and stability analysis. It is known that the NSC assumes that the open-loop transfer
function is a proper function [18], which implies that the numerator has a lower degree
than the denominator or the frequency response of the transfer function approaches zero at
an infinite frequency. Therefore, the impedance ratio has been defined as a proper transfer
function, formulated as MLG since |Z;| < |Z;] at infinite frequencies [18].

lim 2L =0, @)

The aforementioned terms (Z; and Z;) have been deliberately used instead of Z; and
Zs, as the impedance ratio of the system is not a fixed ratio in terms of Z;/Z; or Zs/ Z;.
Rather, the ratio would change depending upon the system interconnection and how
the system is modelled (Thevenin or Norton equivalents). In case the analytical transfer
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function is not known, Z; and Z; are chosen by observing the frequency response and
checking the condition in (4) [18]. In practice, the frequency responses of the impedances
are not available for frequencies tending infinity, hence the formulation of the impedance
ratio is done from high frequency responses by the following conditions [18]:

e If the two impedances have different slope magnitudes at high frequency, the numera-
tor impedance should be chosen as the one with smaller slope magnitude;

e If the two impedances have same slope magnitude at a high frequency, the numerator
impedance should be chosen as the one with a smaller magnitude at high frequency.

Consider the ratio of impedances to be evaluated as Z;/ Z;, the total number of RHP
poles for this ratio is given by (5).

Prup|Z1/ Zs) = Prup|Z1] + Zrup|[Zs]- 5)

The presence of the RHP pole and RHP zero can be determined from the frequency
responses of Z; and Z; respectively using the magnitude and phase behaviour of the system
as shown in Figure 4 [18]. The number of ACW encirclements of critical point —1 +j0 is
identified by plotting the non-parametric Nyquist contour of Z; / Zs. The number of closed
loop RHP poles can be determined by applying (3).

A A .
@ ~ :
) a *+20dB/dec
o -20dB/dec - :
2 @ :
= I :
\ freduency A . frequency
~ A ~
s | g A
g i o i
A=A 90 ~ 90
© : . E . :
¥ : . o . i
. Y : : Y
- fo fo
frequency frequency
Presence of RHP Pole Presence of RHP Zero

Figure 4. Frequency response of RHP poles and zeroes.

4. Impedance Modelling of the Interconnected System

Figure 5 represents a simplified offshore WT configuration, comprising of a single WT
connected to an offshore DC/DC converter platform via submarine cables and this section
performs the detailed modelling of the individual components.

Py P3
ZWTrdC= Zslp1€ *’ZLDI Zs,p3 -~ Z|’p3 = ZDAB
IDC IDC out
, Sﬂb Cabl =
ubmarine Cable Submarine Cable ;
. . DC/DC
Wind Turbine CDC—I—lUDc Conv/erter

Figure 5. Single wind turbine interconnected system.

4.1. Model of the Wind Turbine System

The block diagram of the WT system is shown in Figure 6. This model is comprised
of a wind turbine, a permanent magnet synchronous generator (PMSG), and a control
system with an AC/DC converter. The blades of the wind turbine represent the mechanical
turbine torque (Ty) and angular speed (wy) with which it rotates. The wind turbine has a
nominal power rating of 5 MW, with a nominal speed (w;,n0m) of 12 rpm.
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wind turbine
with gearbox

°
PMSG | AC-DC L
Converter Coc
Y ®
measured
measured currents ref. voltage
speed
! Y Current
ref. speed Speed | ref- toraue Gener_ator ref. current Control
— 2P Operational
Control Region

Figure 6. WT system.
4.1.1. PMSG

The wind turbine torque and speed are translated into equivalent machine level values
through the gearbox. The PMSG has been modelled both electrically and mechanically.
The electrical state space model has been created in such a way that it takes dg components
of voltages (U;, 44) as inputs with the disturbance function as Uyist 44 and produces corre-
sponding PMSG stator currents I;;. These currents are used to compute the electromagnetic
torque T¢;,, with respect to the torque equation [20].

3.
Tem:Tp'[lppm'1q+(Ld_LQ)'Id'lq]' ®)

The electrical model of PMSG has also been represented in the equivalent state space
format as follows:

. R wmpLyg 1
I =——1 I, +—U; 7
d L, + L, + » Uinq ()
. R wmpLy 1 Wi PpYpm

This electromagnetic torque then acts as an input to the mechanical model of PMSG,
given by the state Equation (9) [20]:

1
Wy = _Deqwm + T(Tem - th)~ (9)
eq

In Equations (6)-(9), w;; denotes mechanical angular speed, p denotes the number of
poles in PMSG, ], is the equivalent inertia of the (generator and wind turbine) system (in
Kg m?), Dy, is damping coefficient (in Kg m?/s), {, is the permanent magnet flux linkage
(in Wb), Ly,L, are stator winding inductance along the dq axis (in H) and R is the stator
winding resistance (in Q).

4.1.2. Speed Control

The input to the speed controller is w;, s (reference speed) and wy, (mechanical turbine
speed). w, is pre-filtered and feed-forwarded to a tracking PI controller to produce
the reference torque T,.r. The state equations representing the speed control are given
by (10)-(13):

~ _pf | Dref
py = =+ (10)
. 1 Deq ]eq
Tff = —anf + (?J(S — szs)wrgf (11)
Wint = ‘Upf — Wm (12)

Je
Trep = Tps + ;Zwref + Kp (wlﬂf = wm) + Kiwip. (13)
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Here, the pre-filtered speed w,, feed-forward torque T¢; and w;y; represents system
states and 7y represents the prefilter time constant.

4.1.3. Generator Operational Region

Depending upon T,.r and wy, the generator operational region block generates the
command current (Iyu4,4 and Igg,4) for the current controller. These currents are calculated
with respect to machine constraints (thermal, voltage and demagnetization constraints).
The individual constraints are not explained here to avoid digression from the topic.
Moreover, the individual operating zones have been previously analysed in detail in [21].
For application in wind generation systems, the PMSG operates along Maximum Torque
per Ampere (MTPA) mode [20]. The MTPA control strategy ensures that, for a required
torque, the minimum stator current is applied, which is a function of I; and I, for a given
torque. This would in turn minimize the copper losses, which are proportional to the
square of the current and the motor efficiency can then be improved.

The synthesis of command currents I;;4,4 and 4, pertaining to the MTPA mode
can be found in [21].

4.1.4. Current Control

The current controller uses these command currents as inputs and produces reference
voltages U4 and Uy, 4 as outputs. Similar to speed control, this scheme also uses prefilter,
feedforward and PI control blocks for each d and q axis. The state equations representing
the current control block are represented as follows:

. Ipf,dq 4 Icmd,dq

Ipraq = — (14)
pfdq 5 T

. 1 R qu

Urrgg = ——Usrgo+ | — — —= ) Lomd a (15)
o =~ Urran (Tﬂ 2 ) lema g
jint,dq = Ipf,dq - qu (16)
L
Urera = Kpai(Ipr.a — Ia) + Kigilinga + Ugpa + ;élcmd,d — ILgwmp (17)
i
L

uref,q = qui(lpf,q - Iq) + Kiqilint,q + uff,q + ;qilcmd,q + (Ide + Ippm)wmp' (18)

Here, 74; denotes the prefilter time constant, K4, Kizi, K
integral gains (along 4 and g axes respectively).

Iy £,4q (dq axis pre-filtered currents), Uy 4, (dq axis feed-forward voltages), and L 44
represent system states. Command currents Io4,4, and voltages Uy, 4, forms inputs and
outputs respectively. Current control is modelled using PMSG equations, which act as
a plant for this control. Moreover, cross coupling between U, and U, is also considered
while deriving the state space equivalent model of the current control system.

The entire control strategy discussed so far can be summarized in Figure 7, where
highlighted variables Uyt 44 and I3, denote inputs and outputs, respectively. This forms
a closed loop system, where the effects of disturbance voltages on output currents is

pqir Kigi are proportional and

. . . I .
formulated as an admittance transfer function defined as Yyyr,4; = L{i—: Figure 8 shows the
q
impact of torque on Yy 1,4, when the WT speed wy, is fixed to a nominal value.



Energies 2021, 14, 6253

8 of 19

l qu-dist
Y I
w, dq dq Ui l da_ | w,
_f 3| Speed Tret Torque Icmd‘ Current Uref da-in PMSG ¢ PMSG >
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Figure 7. WT control block diagram.
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Figure 8. Admittance Yyyr 4; with fixed wy, and variable torque.

Referring to Figure 5, to study the stability of the system based on impedance, the DC
impedance transfer function (Zyr 4.) of the WT is required. To obtain Zyr 4 = %DCC,
the AC/DC converter needs to be modelled in terms of equivalent equations. For simplicity,
the power losses in the converter are neglected as defined in (19). The signs of I; and I,
have been reversed considering the machine in generating mode. Since P4c = Ppc, we

have: 3
E(_udld —Uyly) = Upclpc. (19)

Using Figure 5, the DC impedance transfer function for the wind turbine control
system can be derived. Here, Upc is the output voltage as measured across capacitor Cpc.
Ipc is the DC current output of WT and Ipc o, is the DC current that is linked with further
interconnection of this system. Hence, the DC impedance transfer function would be:

Upc (20)

Z = .
W de IDC,out

The state equation of the capacitor voltage can be written using (19):

Une = g [ (~Uals = Uyly) g— + Ipcou] @y

In (21), terms U, and Uy are the control variables of the current controller. These

get disturbed by voltage fluctuations of Upc which are modelled by Ug;st 44- The transfer

function is built by incorporating the converter modulation index and the U, 4, partic-

ipation factor on the overall length of the combined vector U,.f so that the disturbance

would consider any perturbation on the DC side of the system. This is achieved by (22),

which is used to reflect any disturbance on the DC side onto the AC side dq axis voltage

components.

Uref,dq ) Uref

uref uDC,ref /2

N——’

N——
dqpart. mod.index

Here, Ur = /Urze f.d + llrze .0 and Upc s is the reference DC voltage across the

output capacitor Cpc. These dq disturbance functions get added to voltage components

Ugist.dg = “(Upc — Upc,ref)- (22)
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Ugy, acting as inputs to the PMSG machine. The overall state system is thus derived,
with input as Ipc o, and output as Upc, to obtain the impedance transfer function of a
wind turbine system at a given operating point.

The validity of the transfer function given in (22) is checked using Matlab/Simulink
and PLECS via the configuration in Figure 9.

Uref,dq dq
(EE

> PWM
abc I

abc

>
dg Udist,dq

=20

Uist,nc
()
o/

UDC,ref
~—
()

Figure 9. Implementation in Matlab/Simulink using PLECS for evaluation of Ugq transfer function.

The frequency and excitation on the DC-bus is given by Ugist pc = 100 V - sin (271 -
600 Hz - t) and the simulated result can be seen in Figure 10, which conforms the transfer
function from (22), as can be seen by the spectral value at 600 Hz. The requested Uyt qq can
be read at zero frequency in the spectrum. The spectral parts around 2000 Hz are related to
the switching frequency, which is not considered in this paper.

Spectrum of Modulated Signal

400 T T
IID-Value
I Q-Value
300 b
>
[0
©
2 200 1
c
(@)
©
=
100 b
0 1 l 1 - 1 1 ol m
0 500 1000 1500 2000 2500

Frequency (Hz)

Figure 10. Spectrum of Ugjst,dg-

A simulation model in Matlab/Simulink using the PLECS-Toolbox from Plexim is
represented for the power electronic and machine part as shown in Figure 11. In Figure 12,
the Bode response of impedance function Zp¢ of the wind turbine system is plotted for two
cases, when the wind turbine is operating at nominal torque and wm nom, thereby producing
nominal power and when wind turbine is producing minimum power. The theoretical
transfer function as seen in Figure 12 has been evaluated against the simulink model from
Figure 11. The transfer function from the simulation behaves exactly the same as shown by
the “O” points in the graph.

Unc + Udist,DCl TIDC lth
Uy
> CONTROL [—> ideal PE | Generator
ref DQ,Ref] T
A T.w0b, I I

Figure 11. Simulation implemented in Matlab /Simulink using PLECS.
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Figure 12. Wind Turbine Zpc Response at Nominal and Minimum Power.

4.2. Modelling of Submarine Cables

Submarine cables are typically designed to have low resistance and thus low losses
but they have high capacitance, which is distributed across the length of the line (/) and
thus cannot be neglected. In this paper, the high frequency effects on cables resistance
due to skin and proximity effects are neglected, cable parameter dependencies on ageing
and temperature are also neglected. The cable parameters used for the analysis are R =
0.0991 3 /km, L' =033 mH/km and C' =046 uF/km. Long line I'l-section model as
shown in Figure 13 is adopted to define impedance (Z.) and admittance (Y;) of the cable
in terms of characteristic impedance (Z,) and propagation constant () as given by (23)

and (24). The characteristic impedance is defined as Z;,, = \/ (R +jwL)/(jwC') and

the propagation constant is defined as y = \/ (R' + jwL’)(jwC'"). Using these equations,
the parameters of the Il-section components are obtained at every frequency.

lout

Figure 13. II-section model of submarine cable.

ZC - Zw . Sil’lh’)’ . l (23)
y, = tanh y - l/2 (24)
Zy

The relation between sending and receiving end for each element can be modelled
via transmission matrices (25), which allows us to easily combine the different elements to
receive the needed structure for impedance analysis.

uin — 1+ ZcYc Zc uout (25)
L, 2Y + Z Y2 1+ ZoYe| | Lous.

4.3. Modelling of DC/DC Conuverter

The DC/DC converter acts as a collecting platform for a number of offshore wind
turbines connected in a certain topology. The DAB topology is well suited for such
applications due to its galvanic isolation and high efficiency due to inherent soft switching
capability [11,22]. A typical three phase configuration of DAB is shown in Figure 14.
The power transferred (Pp 4p) from the primary to the secondary side is a function of the
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phase shift angle between the PWM signals of the primary and secondary sides and it is

given by (26) [22].
_ Widp 2 ¢
Ppap = wsLsny (§ B 271)' (26)

Here, d = Uyt /Uy is the dynamic voltage conversion ratio and fs (= ws/2m =
1 kHz) is the switching frequency. Voltages U;,, and U,y are at 5 kV and 100 kV respectively.
The power transfer is also dependent on the leakage inductance Ls and it is a design
parameter such that maximum power is achieved for ¢ < 77/6 such that reactive power in
the AC link is minimized. The state equation of DAB at the input capacitor can be written

as (27): ' . Uy 2 ¢
Uin = Cin [Ii" - wsfsnt (§ B ﬂ)} 27)

Iin R Iprlm

T8 55 8 T <3 -

IPGFY<> Iin<> Uin| =FCin it,a ; E E Cout=F= Uout
t

Figure 14. Dual Active Bridge.

The DC/DC converter is designed to control the input side DC voltage to a given
reference set-point. Thus, a PI control with gains K, pc and K; pc is to control the required
phase shift ¢ to be used in (27).

¢ = Kp,pc(Uin — Upc ref) + Kipcxa- (28)
The state equation introduced by the controller is:
Xg = uin - uDC,ref~ (29)

From (27)—(29), the state space equivalent of the DC/DC converter system can be
formulated with input as I;;, and output as U, such that the closed-loop input impedance
is obtained as (30):

3Lgniwgrts
37‘[CmL51’ltwsSZ + (Kp,Dcs + Kl‘,Dc)ug‘B,

ZpaB = (30)

where ‘B =2 — 3Ki,Dcxd + BKP,DC(UdC,,Ef — lll-n).

The closed loop input impedance model of the three phase DAB is validated in
SIMULINK through switched models. By applying a sinusoidal perturbation current of
10 percent superimposed over the nominal WT DC current, the input DC link voltage is
perturbed depending on the closed loop input impedance of the converter. By using the
recursive Fourier transform method [11], the frequency dependent impedance is extracted.
Since the three phase DAB is a non-linear system, the impedance model is validated at
different power levels. Considering a power level of 100 MW as the maximum rated
capacity of the converter, the impedance model is validated for 100 MW, 50 MW and 5 MW
operating point. Figures 15 and 16 compare the developed theoretical impedance model
with the data obtained from simulations. It can be observed that the linearized model is
in close agreement with the simulated data for various power levels. Since the averaged
model is only accurate up to switching frequency, the deviation in the magnitude response
could be observed close to the switching frequency. However, these frequencies are not
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critical since the DC link voltage stability is of primary concern in this paper, which occur
at much lower frequencies.

1 1
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m 0 . _
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g P=5 MW - theoretical (o
=201 O P=100 MW - simulation SO
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M| 1 i 1 PO S T T | 11
100 10! 10° 10°

Frequency (Hz)

Figure 15. DAB Impedance Magnitude Validation.
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Figure 16. DAB Impedance Phase Angle Validation.

5. Non-Parametric Impedance Building Algorithm

In this section, an impedance building algorithm is described to construct the overall
impedance required using two-port network theory. A star configuration of the offshore
wind-farm is presented in Figure 17, wherein the equivalent impedance of the wind-
turbines connected at the star point through the submarine cables are Yg; - - - Y5,. As an
example, let us consider the stability analysis at Py in Figure 17, then the impedance Z;
is required. The algorithm starts from the break away point P; and traverses through the
network and two types of basic elements are encountered: shunt or series. Shaded section
a in Figure 18 represents shunt element and transmission matrix is given by (31).

Uy,| |1 0f|th
i) = b AL &
The next shaded section b in Figure 18 contains a series element and the transmission
matrix is given by (32):
| |1 Za||U
[ I } n [0 1 ||L. 32)

Thus, the overall impedance can be obtained by multiplying the respective transmis-
sion matrices of every individual shunt and series element until the end element which
closes the loop, that is Zp 4p.

U] _[1 0]l Za] [Uou

o i S @
< b
Ceq Deg
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Since Uput = Zp aplout, (33) can be be used to calculate the non-parametric impedance

Z)p as:

. U; AegZ +B
Zyp (jw;) = Hin _ w, (34)
Lin CquDAB + Deq

where w; represents the frequency of interest within the interval —wyax < w; < Wy
The shunt elements at the star-point Y5 - - - Y5, can also be reduced using the impedance
building algorithm. The corresponding equivalent circuit of the star-sections are shown
in Figure 19. The port variables can be written using the transmission matrix as shown

in (35).
LIS o 1 0f (1 Zc uwt
e &
As Bs
< ol

The element that closes the loop is Zyt 4. = Uwt/ Iyt. Thus, the star-point admittance
can be calculated as:

£ _ CSZWT,dc + Ds
us ASZWT,dC + Bs ’

where A, Bs, Cs and Ds are the equivalent elements of the transmission matrix representing
the star-section. Thus, the proposed method can calculate the non-parametric Thevenin
equivalent impedance for the defined frequency range. Through this method, complex
circuit theory based reductions can be avoided.

Y (jwi) = (36)

Py
§—>Zl'p1 Zy Z,

— STAR e

Wind Turbine CDT q]Ycl Yczq] ¢Yc2 Yczq] qu]
STAR

, DC/DC
WT CDJ_ q}v - < [?Y
System “' < sl
: z
WT S ¢V W [‘; - [?st
System “' ©e
Figure 17. Multiple wind turbines in star configuration.
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Lin I Zy 1L Ze Tout

9VG7

c

> > 1 —
2Uini Ycl[;] U, U ?Ycl [;}YQYS"[;] Yo Yo

Figure 18. Equivalent model of the star connected offshore DC grid as seen from point P;.
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Figure 19. Equivalent model of a WT connected to the Star point through a submarine cable .
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6. Frequency Domain Stability Analysis

Nominal and identical operating conditions are chosen for every WT. As explained
in Section 2, all the parameters are chosen identically to enable comparability between
Star and String topologies. Pertaining to Section 5, the frequency grid chosen for the
calculation of non-parametric impedance is from —10 kHz to 10 kHz with a resolution of
1 Hz. For the Nyquist plots produced, the positive frequency part is represented as solid
lines and the negative frequency part as dashed lines. The stability analysis of every case
presented in this section considers the variation in DC/DC converter control gains, WT
control parameters, WT output capacitance, input capacitance of DAB and submarine cable
and only the significant results are presented.

6.1. Stability Analysis of Single Wind Turbine

Consider a single WT feeding power to a DC/DC converter as shown in Figure 5.
The system stability is checked by applying the non-parametric NSC at the point P; which
is the terminal of WT. The stability of this system can be determined by carefully analysing
the Bode and Nyquist plots of the two impedances involved, namely Z; ;1 and Z;
representing closed-loop WT impedance and load impedance (submarine cable + DAB),
respectively.

Figure 20 illustrates the frequency response of Z; ;1 and Z; ;1. Unlike conventional
NSC, analytical transfer functions are not available but rather frequency response data.
In non-parametric NSC, the MLG is chosen by observing the high frequency response.
At high frequencies, the magnitude of Z ;1 < Z; ;1 and it can be inferred that the ratio will
tend to zero at infinite frequency. Thus, the stability is checked by evaluating the RHP poles
of the MLG Z; ;1 /Z; 1. The total number of RHP poles in this case would be the sum of
RHP poles of Z; ;1 and RHP zeroes of Z; ;1. It can be observed from the shaded portion of
Figure 20 that Z; ;,; has one RHP pole since there is a +-90° change in phase for —20 dB/dec
change in magnitude, whereas Z; ,,; has no RHP zeroes. The Nyquist plot of Z; ;1 /Z; 1 is
plotted in Figure 20, where there is one ACW encirclement and thus the system is stable.
The stability of the same system is now evaluated at Ps as shown in Figure 5. Figure 21
illustrates the frequency responses of two impedances Z; y3 and Z; ;3. Note that, at high
frequencies, the magnitude of Z; y3 > Z, ,3, thus the ratio to be investigated, is Z; j3/ Zs y3.

— Ty T T T T T T rorrrmy T
?’ 50F |p=1
3
2 0 4
5 50 Z,=Z e Zons
© - _ o
= —ZS_ZWT’dc 1 1 Il Il

103 1072 107 10° 10! 102 10° 4
— T T T T T = = AT == =
» EY
£ o =
o
Q
)
5-200 F .
N IR BRI, @000 AR H R
@ i
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2 Frequency (Hz)
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Figure 20. Stability Analysis for Single WT at P;.
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Figure 21. Stability Analysis for Single WT at Ps.

From the Bode plots in Figure 21, it is clear that Z; and Z; do not have RHP pole and
RHP zero respectively and thus no open loop unstable poles. Moreover, the Nyquist plot of
(Z1,p3/ Zs p3) yields no encirclements around the critical point observed in Figure 21, which
is well within the unit circle. This shows that the system is stable at the DC/DC converter
side interconnection. Similar analysis has been carried out to check the stability of the
system for effects on the variation in DC/DC converter gains, submarine cable parameters
and also wind turbine control system parameters.

To demonstrate the effects of variation in DC/DC converter gains on the stability of
single WT system, Bode and Nyquist plots were obtained in the similar fashion. The gains
(Kp and K;) were reduced in steps so as to observe the corresponding system behaviour.
The frequency response of this system in terms of Bode indicated one RHP pole (P = 1 in
Nyquist Equation (3)) for the corresponding variation in gains. The Nyquist plots, as the
controller gains are reduced, are illustrated in Figure 22. As can be observed, stable curves
in Figure 22 are encircling the critical point in the ACW direction; however, as the gains are
reduced, the curve tends to shift towards instability. Once the gains are reduced beyond
a threshold, a CW encirclement (black coloured curve) around the critical point can be
seen. For the system to be stable, it should have one ACW encirclement (N = 1) around
the critical point and no closed loop RHP poles. For the system indicated with the black
curve, N = —1 as per the Nyquist equation. This shows that the system has closed loop
RHP poles, leading to instability.
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Figure 22. Nyquist Plot (evaluated at point P;) at Low Power Level: Variation of DAB Gains
on Stability.
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The wind turbine control system has also been implemented in Simulink. The oper-
ation of the wind turbine has been studied both at start-up and at nominal power levels.
Output voltage across Cpc is controlled to be at 5 kV. Figure 23 shows the output current of
the WT system for two startup cases. Case I indicates the current response when the gains
of DAB are reduced to a stable value represented by the green Nyquist curve in Figure
22. On the other hand, Case II (dark blue curve) represents the current response when
the gains are increased, thereby increasing the system damping. This causes the settling
time to reduce as can be observed here. One distinguishing observation between these two
cases suggests that, as the gains are increased, the corresponding oscillations and settling
time reduces. This result is also in coherence with the theoretical modelling of the system.

Case II: when gains are increased

134 f ” f ‘ Case I: when gains are lowered

" ! U/\V/\v/\v/\ AP

WT Output Current in A

T T
0 5 10 15 20 25
Time in Seconds

Figure 23. Simulink Verification—Effect of Variation of DC-DC Converter Gains on WT Output Cur-
rent.

6.2. Star Configuration

Considering the star connected topology, the interesting nodes are at the output of the
main WT (P;), at star connection point (P,) and at the input side of the DC/DC converter
(P3), which are illustrated in Figure 2. If the system is unstable at any of these nodes, it
would imply that the system is unstable at other nodes unless passive notch filters are
present which can block particular resonance frequencies. As an example, the stability
results at the collector grid point P3 are presented.

Consider a case with nine WTs in star configuration as shown in Figure 2. The stability
is evaluated at DC/DC converter side (Ps). In this case, Z; is the equivalent impedance of
all the wind turbines together with submarine cables until point P; and Z; is the impedance
of the DC/DC converter. Up to eight WTs, the system is stable under nominal conditions
and it has been observed that with nine WTs in star configuration under nominal conditions,
the system tends to become unstable. This can be inferred from Figure 24 showing the
frequency response and the Nyquist plot of this system.

From the high frequency response, the impedance ratio considered for evaluating
stability is Z; / Zs. From the frequency response, it can be inferred that there is no RHP pole
present for this impedance ratio. Now, for the system to be stable, there should not be any
encirclement around the critical point in the Nyquist plot. However, the Nyquist plot of
Z;/Zs (orange coloured plot in Figure 24) shows one clockwise encirclement.

It has been noted that such a system can be easily stabilized either by an active
damping control or a passive damping control. In an active damping control, an increase
in the gain of the DC/DC converter reduces the impedance of the DC/DC converter and
results in a stiff collector grid. In a passive damping control, an increase of the WT output
capacitance (Cpc) provides a low impedance path for disturbances. Figure 24 shows the
stabilised system when the K, gain of the DC/DC converter is increased. There is no
encirclement observed in the Nyquist plot, and neither are there any RHP poles. This
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shows that the system has been effectively stabilised. With more WTs, the star configuration
can be operated stably by an active damping control by adjusting the gains of DC/DC
converter. It should be noted that the closed loop pole locations for the increased gain are
well within the bandwidth of the converter.
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Figure 24. Star with 9 WTs—Impact of DC/DC converter proportional gain on system stability at P3.

6.3. String Configuration

The string connections of WTs are shown in Figure 1 and the typical points of interest
would be at the terminals of WT P; and at the collector grid P3 as shown in Figure 1. For
the considered system, more than eight WTs in the string leads to an unstable system.
Figure 25 shows a case with nine WTs in the string connection under nominal conditions.
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Figure 25. String with 9 WIs—Impact of cable resistance on system stability at P3.
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The stability has been evaluated at point P3. Referring to Figure 25, from the frequency
response of Z; and Z;, it can be deduced that the impedance ratio to be evaluated is Z;/ Zs.
Since there exists one RHP zero for Z;, this means the impedance ratio Z;/Zs has one RHP
pole. From the Nyquist plot, there are no encirclements around the critical point (red dot)
indicating the presence of closed loop RHP poles, hence the system is unstable.

Due to the cascaded connection in the string, especially for longer strings, active
damping control methods, such as WT and DC/DC converter control parameters, have a
negligible effect on the stability since passivity is not preserved under parallel intercon-
nection. In order to stabilise such system, the passive damping needs to be improved. If
the submarine cable resistance is increased, the system ensured stability. In Figure 25, the
orange curve shows the stabilised system frequency response and the Nyquist plot. As
can be seen from the frequency response, the impedance ratio to be considered stays the
same, that is, Z;/ Zs. There is no RHP pole for this impedance ratio and neither are there
any encirclements around the critical point, ensuring system stability.

7. Conclusions

This paper investigates the collector grid stability of DC offshore wind farms and
performs a comparative study of star and string topologies on the aspect of stability. Small
signal impedance models have been developed for wind turbines and DAB. Submarine
cables cannot be modelled as transfer functions due to the presence of non-linear terms
in the hyperbolic 7t model and therefore they are modelled as non-parametric impedance.
An impedance building algorithm has been proposed to construct the non-parametric
Thevenin equivalent impedance for complex systems, and stability analysis is performed
using the non-parametric NSC. The stability of systems has been studied against the
variation of WT, DC/DC converter control parameters, capacitance of WT and DC/DC
converters and submarine cable parameters.

It can be concluded that the star arrangement is favourable compared to the string
configuration w.r.t. stability, as the star point voltage is extremely stiff due to its proximity
to the DC/DC converter, and the impedance of the DC/DC converter can be actively
reduced to create a barrier for disturbances to circulate through the system. This was
shown by varying the controller gains of the DC/DC converter and therefore varying the
stiffness of the star voltage. Disturbances in the string configuration can distribute from
one wind turbine to the next as the voltage is only stabilised by the DC/DC converter at
one end. Here, the stability of the system could only be achieved via passive damping such
as by increasing the resistance of the connecting cables, which of course is not favourable
due to losses and there is no chance for adjustments after commissioning.

The accuracy of the proposed method depends on the correctness of the non-parametric
impedance data points obtained from the measurement apparatus. A modified stability cri-
terion needs to be formulated that takes into account the uncertainties of the measurement
apparatus, which can be a future research work. Furthermore, the consideration of hybrid
star-string topologies and optimum wind turbines per string from a stability viewpoint
can also be a future extension of this work.
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