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A Generic Power Converter Sizing Framework for
Series-Connected DC Offshore Wind Farms

Marten Pape

Abstract—Wind farms featuring a series-connected dc collection
system have been shown to offer advantages in terms of total
conversion efficiency and amount of offshore-deployed equipment.
To ensure proper exploitation of these benefits, it is necessary to
determine the ratings of wind turbine converters. These ratings
must be sufficient to cover the expected operating conditions over
the life of the wind farm, without unnecessarily oversizing the
equipment. As shown in this article, the variable string current
results in an interdependence of operating points among wind
turbines that has to be considered for sizing these converters. This
article proposes a generic sizing framework for such single-string,
series-connected dc wind farms. This framework is applied to three
wind farm configurations featuring differential power processing,
voltage-source converters, and diode-bridge rectifiers and buck
converters. Finally, a case study for a 450 MW offshore wind
farm demonstrates the implementation of this sizing methodology
and quantifies the design tradeoffs between converter ratings and
energy production enabled from those converters. In two of the
studied wind farm configurations, significant rating reductions are
achievable while still avoiding energy curtailment for >99.7% of
the energy production of an equivalent ac wind farm.

Index Terms—Converter ratings, converter sizing, dc collection
systems, de—dc power conversion, offshore wind farms, series-
connected collection system, wind energy.

1. INTRODUCTION

ITH increasing deployment of offshore wind farms,
W there is a heightened interest in minimizing the cost of
their energy generation. Cost reduction can be achieved from the
optimization of overall conversion efficiency and reduction of
electric equipment required for offshore collection and transmis-
sion systems [1]. Conventional offshore wind farms are based
on an internal medium-voltage ac grid. For wind farms with
longer distances to shore, HVdc transmission systems are used
to facilitate efficient energy transmission to shore [2]. In [1], the
replacement of the offshore ac collection system with various
configurations of dc collection systems was analyzed and found
increasingly superior to ac collection systems as distance to
shore increases. The dc collection systems can be realized using
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Fig. 1. General structure of a single-string, series-connected dc wind farm.
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a parallel, series, or parallel connection of series-connected
wind turbines [3]. Furthermore, the choice of wind turbine
power converter topology significantly influences the overall
wind turbine design. For wind farms with a series-connected dc
collection system, as shown in Fig. 1, conversion systems based
on a high-frequency isolation transformer and ac—ac converter
[4], [5], reduced matrix converter [6], thyristor converter [7],
current-source converter [8]-[11], diode-bridge rectifiers and
boost converter [12], diode-bridge rectifier and buck converter
[13], diode-bridge rectifier and partial power processing convert-
ers [14], diode-bridge rectifiers and excitation control of wound-
rotor synchronous generators [15], [16], diode-bridge rectifiers
and power factor correction [17], diode-bridge rectifiers and
input-series output-series single-active bridge converters [18],
modular multilevel converters [19], [20], voltage-balancing cir-
cuits [21], voltage-source converters (VSCs) [11], [22], VSCs
and full-bridge converter [23], VSCs and single-active bridge
converters [24], [25], VSCs and double full bridge double tapped
inductor converter [26], and VSCs, dual-active bridge converters
and energy storage [27], have been studied.

Typically, the HVdc voltage and current are both a function
of the operating states of all wind turbines in single-string,
series-connected wind farms [13], [22], unlike with conventional
wind farms where the HVdc voltage is fixed [28]. As a result,
the operating conditions of each wind turbine converter are influ-
enced by its operating points, as well as those of all other wind
turbines in the farm. Consequently, the choice of component
ratings for a wind turbine converter is dependent on the expected
operating points of its wind turbine and simultaneous operating
points of all other wind turbines in the farm. Several works have
explored the valid operating regions for particular wind farm
configurations based on sample sets of wind turbine operation
[11], [22], [29]. For conventional wind turbines with ac voltage
output, collection system buses operate at fixed voltage and the
operating points of one wind turbine converter do not affect
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those of other wind turbine converters. Hence, converter ratings
are chosen based on the operating conditions at full-power oper-
ation. Most previous studies on series-connected dc wind farms
have been based on a predetermined set of converter ratings.
Zhang et al. [30], [31], Guo et al. [32], Shi et al. [33], and
Lakshmanan et al. [34] discussed various control approaches
utilizing the modification of wind farm operating points and/or
wind power curtailment to limit extreme operating points and
overvoltage conditions in series-connected wind farms based on
fixed component ratings. In [11], aerodynamic wake modeling
is applied to a series-parallel wind farm based on VSCs to
demonstrate the adequacy of chosen component ratings and
maximize energy production. A similar wake model is used in
[34]. In [27] and [35], the application of energy storage in wind
turbines is considered to limit undervoltage and overvoltage
conditions. Bahirat and Mork [27] recognized the probabilistic
nature of energy storage capacity requirements, yet associated
likelihoods are not derived systematically.

In contrast with the previous works that are largely focused
on optimizing wind farm operation based on a fixed and chosen
set of wind farm component ratings, or rely on assumed like-
lihoods for extreme operating conditions, component ratings
are considered variable in this article. A methodology to aid
determining desirable component ratings is proposed. In partic-
ular, this article contributes a methodology for sizing the voltage
and current ratings of wind turbine converters’ components in
single-string, series-connected wind farms. This methodology
allows capturing the influence of wind turbine converter topol-
ogy, wind conditions at the chosen site, and wind farm layout
on wind turbine converter ratings. The methodology determines
the amount of annual energy curtailment due to converter rating
limitations in order to allow for optimizing the tradeoff between
converter ratings and related annual energy curtailment.

The rest of this article is organized as follows. In Section II,
challenges in determining voltage and current ratings in con-
verters for series-connected dc wind farms are discussed. Based
on that, Section III introduces a generic sizing framework appli-
cable to converter topologies in single-string, series-connected
wind farms that considers full and partial operational range
sizing. This generic framework is then applied to wind turbine
converter configuration featuring differential power processing
capabilities [14], voltage-source converters, and diode-bridge
rectifiers and buck converters in Sections IV, V, and VI, respec-
tively. The theoretical relations found in that section are then
used in a case study in Section VII. This case study examines a
total of 17 candidate converter rating sets across the three wind
farm configurations for a fictional 450 MW wind farm located
off the German coast in the North Sea and predicts the annual
energy curtailment due to finite converter rating. Finally, Section
VIII concludes this article.

II. CONVERTER SIZING CHALLENGES IN SERIES-CONNECTED
DC WIND FARMS

In conventional wind turbines featuring a full-scale back-to-
back VSC for fixed ac voltage output (as shown in Fig. 2) the
determination of component voltage and current ratings (sizing)
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Fig.3. Illustration of required dc output voltages and valid HVdc-link currents

of a wind farm with two wind turbines featuring VSCs as rectifiers operating
at rated output powers. Green area: valid rectifier operating points; pink area:
minimum VSC output voltage criterions violated.

tends to be governed by the system operation at full power. For
example, IGBT voltage ratings of a two-level VSC are based on
the nominal voltage of the internal dc bus, as well as a certain
safety margin. IGBT current ratings are largely based on the
expected currents at full-power operation. Overall, the sizing
of wind turbine converters is independent of expected or actual
operating states of neighboring wind turbines.

In contrast, the sizing of wind turbine converters for series-
connected dc wind farms is dependent on operating states of
neighboring wind turbines, and not necessarily entirely based
on full-power operating conditions. Fig. 1 shows the general
structure of a single-string, series-connected dc Wind Farm,
consisting of N wind turbines and incorporating an HVdc link.
To illustrate the difference, this section discusses two sample
operating conditions of a single-string series-connected wind
farm using a VSC as rectifier in each wind turbine. This wind
farm features two 5 MW wind turbines and 3.3 kV generators.
Furthermore, it is considered that the minimum VSC dc out-
put voltage Vou,pn, 1 equal to 2v/2/4/3 times the generator
line-to-line terminal voltage to ensure PWM operation in the
linear region is maintained and overmodulation is avoided [36],
ignoring effects of the stator impedance, as well as reactive
power flows.

In the first operating condition, both wind turbines operate
at rated power. To satisfy the minimum VSC dc output voltage
requirement, both VSCs have to operate with an output voltage
of at least 5.4 kV, as shown in Fig. 3. This results from both
generators operating at rated speed and ac voltage. In Fig. 3,
the green area indicates the range of HVdc-link current that can
be chosen, such that the VSC output voltage is higher than 5.4
kV at the given operating condition. The pink area indicates a
range of HVdc-link currents that would require a VSC output
voltage below its minimum output voltage, in order to operate
with rated output power. As a result, the string current Iyyyqc
must (be controlled to) be equal to or less than 928 A. Hence,
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Fig.4. Tllustration of required dc output voltages and valid HVdc-link currents
of a wind farm with two wind turbines featuring VSCs as rectifiers operating at
differing output powers. Green area: valid rectifier operating points; pink area:
minimum VSC output voltage of rectifier 2 violated.

the VSCs’ IGBTs must be rated to withstand a voltage of at least
5.4 kV plus a safety margin.

Now considering a second operating condition at lower total
power output, it will be shown that a higher IGBT voltage rating
is required. Here, wind turbine 1 operates at rated power (5
MW), while wind turbine 2 operates at 30% rated power (1.5
MW). As shown in Fig. 4, the minimum VSC output voltage for
wind turbine 2 drops, as the generator speed and ac voltage is
lower at wind conditions resulting in 1.5 MW output power for a
variable-speed wind turbine operating at optimal tip-speed ratio.
The maximum string current Iyyy4c corresponds to the point
where a VSCs output voltage reaches its minimum value first
as string current is increased. In this case, the lower minimum
output voltage of wind turbine 2 requires the string current I1v4c
to be at most 232 A to satisfy the minimum dc output voltage
requirement of the VSC of wind turbine 2, as seen in Fig. 4.
This significantly lowers the string current and forces the VSC
of wind turbine 1 to operate at a significantly elevated output
voltage level of at least 21.5 kV. Accordingly, the VSCs’ IGBTs
would have to be rated to at least 21.5 k'V to allow this operating
condition to exist without power curtailment. In typical wind
farm designs, each wind turbine would be installed with the
same converter ratings, including the higher voltage rating for
its VSCs.

This example demonstrates that in series-connected dc wind
turbines, the sizing of wind turbine converters introduces an
interdependency among wind turbines and is not entirely based
on operation at full power.

III. GENERIC CONVERTER SIZING FRAMEWORK

In this section, a generic wind turbine converter sizing frame-
work for single-string, series-connected dc wind farms is devel-
oped that addresses the interdependencies outlined in Section II.

A. System Description

This section considers the general structure of a single-string,
series-connected dc Wind Farm shown in Fig. 1. The output
power of wind turbine n, P, is generated according to internal
control laws at a particular generator line-to-line voltage Vien n
and electrical frequency fgen n. A rectifier is used in each wind
turbine to convert the ac to dc output power, such that the output
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voltage of wind turbine n, V¢, , adheres to
P,
Vout,n = R (1)
Invace

where Ii1vqc 1s the HVdc-link current. In the rest of this article,
the states of wind turbine n in a string of N turbines are
represented in vector S,

Sy =[S1m Srn]". @)

This vector consists of the converter terminal state vector
St and converter internal state vector St . While St 5, is
specific to the chosen converter topology, St is generally
defined as

ST,'n = [Pn ‘/gen,n fgen,n IHVdc]T . 3)

For each wind turbine rectifier type, a steady state, topology-
specific relationship between converter terminal and internal
states, and rectifier output voltage Vo, can be established

‘/out,n = f (Sn) . (4)

For a particular converter topology, (4) would model the
complete steady-state internal relationships of such converter,
unlike in (1) which expresses Vo, based on converter termi-
nal quantities. Equation (4) will be used to consider converter
component limitations for the purpose of sizing the converter.
In this article, it is being assumed that the converters in all wind
turbines of a farm have the same component ratings.

In a single-string series-connected dc wind farm, [livqc 1S
actively controlled by the HVdc inverter station [13]. As aresult,
the HVdc-link voltage Virv 4. becomes

1 N
Z P,. (5)

I
HVde

Virvde =

The HVdc-link current reference is derived from an HVdc-
link current scheduling law specific to the topology and design of
wind farm and power converter. Various objectives can be imple-
mented with such law, such as eliminating an offshore-onshore
communication link [13], maintaining a constant HVdc-link
voltage [13], minimizing processed power [14], maximizing
energy yield (compare to [ 11]), or minimizing required converter
ratings. Once an HVdc-link current scheduling law has been
selected, all basic electrical system states are known as per
(1)=(3) and (5), other than P, , Vgen,n, and fgen,» that depend
on the incoming wind conditions. Unlike with conventional
offshore wind farms featuring an ac voltage collection system,
wind turbine and HVdc link voltages, Vout,»n and Virygc are not
held constant. Instead, they all are functions of wind turbine
output power P,, and the HVdc-link current Itvgc-

B. Generic Sizing Problem Formulation

The choice of wind turbine rectifier topology, converter rat-
ings, and HVdc-link voltage rating introduce constraints on the
range of feasible HVdc-link currents. This directly affects wind
turbine output voltages, particularly in the presence of wind
speed and output power differences within the series string, as
illustrated in Section II.
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The rectifying converter can introduce minimum and/or maxi-
mum constraints on wind turbine output power P, (.S,,) or wind
turbine output voltage Vot ,(Sr). Some of these constraints
can depend on the wind turbine’s current state .S,,. The limi-
tations result from the component ratings within the converter,
and from the choice of converter topology.

In addition, the HVdc-link insulation rating introduces a
maximum possible HVdc-link voltage constraint Vivac,zr and
ITgvqce should not exceed values that cause an excessive HVdc-
link voltage. Similarly, there is a maximum rated HVdc-link
current Iyvde,r. Furthermore, wind turbine startup and shut-
down can introduce additional constraints on converter sizing or
HVdc link operation [37], as well as wind farm configuration-
specific fault handling schemes and certain fault-ride through
schemes. For example, certain wind turbine output converter
voltage or current ratings can be required to facilitate wind
turbine startup [37], or withstand faults in the dc collection
system [38].

C. Full Operational Range Sizing

To ensure that all wind turbines can realize all possible electric
operating points within the series string, wind turbine converter
ratings can follow a full operational range sizing approach.
In this approach, one can consider a wind farm consisting
of two series-connected wind turbines (as shown in Fig. 1,
assuming N = 2). Wind turbine 1 operates at an operating
point that puts the wind turbine converter at the maximum of
its operational range. Typically, this could refer to the wind
turbine converter operating at maximum output voltage while
the wind turbine outputs rated power. Wind turbine 2 operates
at an operating point that puts the wind turbine converter at the
minimum of its operational range. Typically, this could refer to
the wind turbine converter operating at minimum output voltage
while the wind turbine operates at cut-in wind speed. Converter
ratings are then chosen to enable this operating condition. Fur-
thermore, additional constraints related to wind turbine startup
or fault handling may need to be observed. Sample realizations
of this approach are provided in Sections V and VL.

D. Partial Operational Range Sizing

In certain wind farm configurations, it may happen that the
likelihood of operation at or near the full operational range
component ratings is very low, or the required component ratings
to realize full operational range sizing are considered excessive.
In such cases, it can be meaningful to examine the benefits of
intentionally reducing converter ratings to only cover a fraction
of the full operational range within the wind farm and implement
acurtailment scheme for those operational points that are beyond
the implemented converter ratings. In addition, full operational
range sizing may not prevent violations of the HVdc-link voltage
constraint Vivqc, r. For these cases, a partial operational range
sizing approach is discussed next.

As shown in Section II, for all wind turbine operating con-
ditions, there is a range of feasible HVdc-link currents that
can be selected. To express the interaction between scheduled
HVdc-link current and converter limits, it is meaningful to derive
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each limit of a particular converter as a function of minimum
or maximum possible HVdc-link current. This allows the pre-
diction of violations of converter limits as a function of Iygvqc
for given wind turbine powers P, , and informs the choice of
HVdc-link current during operation, as well as the prediction
of required converter ratings to make an expected operating
condition feasible for a particular HVdec-link current.

Within the topology-specific, steady-state relationship of (4),
there can be numerous limitations on (internal) state variables
or relationships based on (internal) state variables. These limita-
tions can be of static nature, mostly related to component ratings.
However, dynamic, S,,-dependent limitations can also exist in
some converter topologies.

For many of these limitations, the topology-specific relation-
ships of (4) can be solved for Iyvqc analytically or numer-
ically, where the limited variable is represented by its rated
boundary value or relationship. For instance, for a wind turbine
converter with a rated maximum output voltage Viui. r,n, (1)
can be reformulated to yield the minimum HVdc-link current,
Iy, deVom to avoid exceeding Ve, R,

P

Iyvae Vommm = Vo rin ©)
_— out,R,n

Limits that are not a function of Iy 4. indicate that the series-
connection of wind turbines has no influence on the determina-
tion of that component rating and a traditional sizing approach
could be taken. For example, power electronic switches facing
the generator might often be chosen to withstand the maximum
current that occurs at full-power operation. For this reason, limits
that are independent of I1vq. are not discussed further in this
article.

E. Limits on HVDC-Link Current

To summarize [11yvq.-dependent limits, equations for all con-
verter limits can be formulated from the topology-specific re-
lationship of (4). The N x M matrix Ly, holds minimum
HVdc-link current values for all N turbines and all M limits
derived previously that result in a lower HVdc-link current limit.
Equivalently, the N x G matrix Ly, holds all maximum
HVdc-link current values for all N turbines and G limits that
result in an upper HVdc-link current limit.

To ensure that the maximum rated HVdc-link voltage Viavac, r
isnotexceeded under any operating condition, another minimum
limit on the HVdc-link current, Iy, deVirvas» Must be considered

N
I Zn:l Pn

HVdc,Virvae VHVd = : (7)
<,

The overall maximum and minimum allowable HVdc-link
currents Itrvyc and Iipvge can then be expressed as

IHVdC = mln (LIHVdc) (8)

max (L Tav dc)

IHVdc = Imax
IHVdC)VHVdc

©)
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For as long as Iivae > Iivdes Irvde should be chosen, such
that

Invde < Invae < Iavde - (10)

This ensures that no converter in the wind farm operates at or
beyond its limits and no full or partial wind power curtailment
is necessary to avoid exceeding converter limits. For such case,
HVdc-link current scheduling laws can be used to optimize for
objectives not related to converter ratings.

If Tyvae > Tavde, there is no HVdc-link current that can be
chosen to maintain all converters operating within their limits.
In such case, output power curtailment becomes necessary in
one or more wind turbines, to ensure that converter limits are
not violated.

F. Sizing Wind Turbine Converters and Incoming Wind
Conditions

In the previous section, the converter’s state dependence on
Ivae was discussed. However, the converters’ states also de-
pend on wind turbine states, such as P,,, Vgen n, and fgen , related
to the incoming wind conditions, wind turbine control laws, and
dynamic response of the aero-mechanic system, respectively.

To eliminate unknowns relating to the incoming wind con-
ditions that will appear in (7) and (9)—such as P,, Vigen n,
and feen—sizing wind turbine converters in series-connected
dc wind farms requires a formulation of such wind conditions
expected to be present during the operation of such a wind farm
for its operational life (e.g., compare with the article presented
in [11]).

Provided that a formulation of the expected wind turbine
operating conditions and their likelihoods for the life of the
wind farm is available, it then becomes possible to predict
the likelihood of operating points of wind turbine converters
over the life of the wind farm. As a result, it is possible to
estimate the likelihood of converters to be operating within
their limits and avoiding power curtailment due to converter
limits, using relationships (7), (9), and (10). This allows making
informed design decisions on the converter ratings and converter
topological choices for a series-connected dc offshore wind
farm. The proposed key metric during this design process is
the expected annual wind energy curtailment due to exceeding
converter limits. A flowchart of the proposed sizing framework
is provided in Fig. 5. Section VII-A expands on the approach
taken to estimate wind turbine operational states for a particular
wind farm site.

IV. SIZING OF A DIFFERENTIAL POWER PROCESSING
CONVERTER-BASED WIND FARM

This section discusses the implementation of the partial op-
erating range sizing methodology presented in Section II on
a wind farm configuration featuring differential power pro-
cessing (DPP), as discussed in detail in [14], denominated as
“DCS-PPPC” in this article. A full operational range sizing is
derived in Section VII for reference purposes. The wind farm
configuration is shown in Fig. 6 and its features are summarized
next. The series-connected dc wind farm configuration features
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Formulate eq. (4) (Voun=f(Sn)), using internal converter states of chosen
wind farm configuration (Section III.A)

v

Execute full operational range sizing (Section II1.C)

Full operational range
sizing satisfactory?

Derive limits on internal converter states due to component ratings (Section II1.D)

v

For each limit

Limit a function
of Iivpe?

Component rating determined based
on full power operation

Solve limit functions for Ijjypc
(Section I11.C)

End

v

Formulate Iyype (8) & Lypc (9) for chosen wind farm configuration (Section II1.E)

v

Simulate aero-mechanical wind farm operation.
Representative set of high-resolution time series for turbine operation over life of
wind farm and associated annual likelihoods (Sections IIL.F, VII.A)

v

Compute electrical states in wind farm on simulation results for all sizing test cases
(Sections IILF, VIL.A)

v

Compute annual energy curtailed due to operating at converter rating limits for all
sizing test cases (Sections IIL.F, VIL.A)

End

Fig. 5. Flowchart of partial operational range sizing framework for wind
turbine converters in single-string, series-connected dc wind farms.

diode-bridge rectifiers (DBRs) and partial power processing
converters (PPPCs) to provide a variable dc output voltage. A
current-sourced onshore inverter station controls the link current
Itrvae. Finally, a system controller periodically receives selected
measurements from each wind turbine, in order to implement an
HVdc-link current scheduling scheme and facilitate other system
control and management functions.

A. Steady-State System Operation

The wind turbine model and basic controls are based on those
of the NREL 5 MW reference wind turbine [39] and are imple-
mented in the SimWindFarm toolbox [40], assuming a medium-
voltage generator connected to the rotor using a single-stage
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TABLE I
WIND FARM PARAMETERS

HVDC 4 —
~~ — —
WHVDC i =
Livpe C(‘)mmand
System

controller

Communication bus {Pgci Vadei} -
»

Measurements

urbine #N

~

0, I I I

Fig. 6. Structure of a single-string, series-connected dc wind farm featuring
PPPCs to realize DPP [2].
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Fig. 7. Dual-active bridge converter and unfolder circuit (in gray) in PPPC.
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Fig.8.  Vgde,n versus Py (simulation and curve fitting of simulation results).

gearbox with a gear ratio Ngp of 11.46 (Multibrid drivetrain
[41]). The relationship between wind turbine states Py, Veenn
and fgen,n, and DBR dc-side average voltage Viqc » has been
obtained using numerical simulations and is shown in Fig. 8 for
the parameters listed in Table I, assuming wind turbine operation
at optimal tip-speed ratio between cut-in and rated wind speed.
The PPPC terminal average, steady-state relationships are as
follows [14]:

P,
VGdc,n

Ieppcinn = Igden — IBPn = — Invde,n 11

Peppc.n = Vaden Ipprcinn = Vaden (LGden — Invde)

= P, — Vadenluvae (12)
P n P’n
Vopppen =~ = === — Vaden (13)
HVdc HVdc
IGdc n
V:)ut,n = VoPPPC,n + VGdc,n = VGdc,n 177 (]4)
HVdc

where all electrical quantities follow the definitions in Fig. 6.

WIND TURBINE, GENERATOR |RATED / BASE VALUES

Rated power 5SMW 5MW, 5.8kV, 862 A

Cut-in wind speed 3.5 m/s DAB CONVERTER (ALL TEST CASES)

Rated wind speed  11.25m/s | Turns ratio N, 2

Rated rotor speed  1.357 rad/s | SWwitching frequency 7500 Hz

Gearbox ratio 1:11.46 Capacitor C, 540 puF

Pole-pair count 14 Input voltage rating 6500 V *

Rated voltage 5kV Output current rating 2864 A

Synch. inductance 7.5 mH HVDC SYSTEM

For other parameters, see [13] Cable length 100 km
Rated HVDC voltage + 113 kV

*This includes the required safety margin for the IGBTs.

The PPPC is realized as a dual-active bridge (DAB) converter,
as shown in Fig. 7. Here, a single phase-shift (SPS) modulation
scheme is considered. For simplicity reasons, no multiconverter
realization is considered, unlike in [14]. The output power for
the DAB converter with SPS modulation scheme is a function
of its terminal voltages Vi4c,n and V,paB,n, and phase shift ¢
[42]

c,nvYo TLN S n
Ppppcn = VGdenVoDAB Ny On (1 - |¢;|) (15)

27Tstt

where N, and L, are the transformer’s turns ratio and leakage
inductance, as defined in Fig. 7; fs is the converter switching
frequency and ¢,, the phase shift. To enable bidirectional power
transfer for the DAB with bipolar voltage V,pppc,,, but unipolar
current Ifryqc, an unfolder circuit composed of switches S1u—
S4u in Fig. 7 has been added. When V,pppc,, is positive, Slu
and S4u are closed, and when V,pppc ,, is negative, S2u and S3u
are closed to maintain a positive V,paB, », but negative i,paB .-
For zero V,pppc,n, all unfolder switches are closed to bypass
the DAB. As a result, the unfolder terminal characteristics are
given as [14]

VoPPPC,n = UFn X VoDAB,n ;VODAB,n >0 (16)

IopaBn = UF, X Invace; Iavae > 0 (17)
where U F, is the unfolder polarity, defined as sign(Ppppc,y),
and all other quantities are defined in Fig. 6.

In summary, the topology-specific, steady-state relationship
of (4) for this wind farm configuration consists of the numerical
relationship Viae,n = f(Pn; Vaen,n, faen,n) of Fig. 8, and (13)-
(16) to obtain a relationship for Vi, involving internal DBR
and PPPC states

VGdc,nV;)DAB,ans (b (1
27 fs LiInvac "

|¢n]

Vout,n = ) + VGdc,n.

(18)
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—/ ’

Fig. 9. Definition of DAB transformer current points ¢7,o and 47,1

B. Invpc-Dependent Converter Limits

As discussed in Section III-C, converter limits that are not a
function of Irv4. would lead to a conventional sizing approach
and are neglected in this analysis. In particular, this relates to the
DBR diodes’ voltage and current ratings, as well as the voltage
rating of the primary DAB switches S1-S4.

Component ratings depending on Iy 4. that are derived from
converter limits in this wind farm configuration are as follows:

1) current rating of all DAB switches;

2) voltage rating of switches S5-S8 and S1u—S4u;

3) DAB leakage inductance L; and switching frequency f5 ,

related to maximum PPPC power capability.

The converter limits that need to be considered in relation to
these component ratings are on the following:

1) DAB output voltage V,pppc,n: Vorrpo,n and Vopppc,n;

2) peak current of DAB transformer current iz, ,,: |i1, pk.n;
3) maximum and minimum DAB power (related to maximum
and minimum DAB phase shift ¢): Ppppc, 5, and Ppppcp.

C. PPPC Output Voltage Limits

The maximum and minimum output voltage of the PPPC is
determined by the voltage ratings of switches S5-S8 and S1lu-
S4u. From (13), the HVdc-link current can be related to the
PPPC output voltage

P,
VoPPPC,n + VGdc,n

Ivae = (19)

As a result, to not violate the maximum and minimum PPPC
output voltage limits, the minimum and maximum HVdc-link
current values are defined as

P, P,
< Iavae <

(20)

VoprprpC.n + Vaden Vorprc,n + Vaden

D. Internal DAB Current Limit

To determine the DAB switch current ratings, as well as DAB
switching frequency and leakage inductance, it is necessary to
determine the DAB transformer peak current. The peak current
ir,pk,n in @ DAB inductor L; is

VGdc,n
27rstt

iLpkn =max (|izon| [in1n|) 2D
where i1, and 771, mark characteristic saddle or extremum
points in the inductor current waveform, as shown in Fig. 9, and
fs is the DAB switching frequency. According to [42], these

2313
points can be calculated for SPS modulation as follows:
i (L)
1+7"fn)¢n 1-my, W_d)n)
) + ) . On >0 22)
0.5 [—2mpgp + (1 —myp) 7], ¢p <0OAM, <1
0.5[— (m, — 1) 7], ¢n <0AmM, >1
iLl,n =
A+mp)dn  (I=—my)(7—¢n)
2 ’ ¢n >0 (23)

0.5 [ (my, — 1) 7]
0.5 [2¢,, — (my, — 1) 7],

O < 0OAM, <1
Gn <O0AmMy, > 1.

In (22) and (23), m,, = Nps VonAB,n/VGde,n and ¢, is the
phase shift in radians of the SPS modulation. The maximum
absolute DAB power is reached with ¢,, equal to 4-7. Using
(13), m,, is rewritten as

my = Nps (Pn/ IHVdc - ]-) . (24)

¢, can be determined numerically for a particular operating
condition using (12) and (15). Using (21)—(24), it then becomes
possible to numerically determine the peak currents in the DABs
primary and secondary switches S1-S8 as a function of P,,
Vade,n and Igvqc, as well as converter parameters
Z.L,pk,n =49 (Pna VG’dc,na IHVdc) . (25)
Conversely, (25) can also be solved numerically for Iiryqc as
afunction of iz, . n, P, and Ve, . To ensure that the resulting
function has unique solutions, it is done for Ppppc.,, > 0 and
Ppppc,n < 0 separately. For Ppppc,, > 0

IHVdC = k+ (Pn7 VGdc,n; Z-L,pk:,n) . (26)
Similarly, for Ppppc,, < 0
IHVdC =k (P'ru VGdc,'ru iL,pk,n) . (27)

This separation is necessary since iy, ,x,, iS monotonically
increasing as |Ppppc | increases, yielding two solutions for
ITrvace for many operating points without such separation.

E. DAB Power Limit

The DAB phase shift ¢,, is bound within the range of —7/2 to
7 /2. At the two extremes, the DAB processes the minimum and
maximum possible amounts of power, respectively [42]. Using
(13) and (16), (15) can be rewritten to

VGdc.n Nps | ¢n |
I =———p |1 — . 28
Hvde UF, x2mfsly ¢ 7r 28)
Since the wunfolder polarity UF, is defined as

sign (Ppppc.n) = sign(¢y), (28) resolves to the same
solution for ¢,, = 7/2 and ¢, = —m/2. An upper limit to the
HVdc-link current results to maintain stable DAB operation
within its power limits

IHVdC < VGdc7ans/8stt- (29)

Authorized licensed use limited to: University of Waterloo. Downloaded on July 09,2022 at 20:48:25 UTC from IEEE Xplore. Restrictions apply.



2314

E. Wind Turbine Startup and Shutdown

The scheme presented in [37] demonstrates a wind turbine
startup and shutdown procedure that does not significantly af-
fect converter sizing. For this reason, wind turbine startup and
shutdown is not considered further in this analysis.

G. Fault Ride Through

As shownin [14], low-voltage ride-through (LVRT) is handled
using an onshore braking chopper that maintains the operating
conditions of the offshore wind farm during an LVRT event.
Therefore, LVRT does not influence converter sizing for this
wind farm configuration.

H. Fault Handling

Itis assumed that wind turbine internal faults in a single-string,
series-connected wind farm can be handled by de-energizing and
bypassing a wind turbine in the string. Faults in the collection
system could be handled by adopting fault handling schemes,
such as those discussed in [38], which show that faults can
be handled without affecting the PPPC input current or output
voltage ratings, and allow clearing a ground fault with an HVdc-
link current peak of approximately 2.5 p.u. For this reason, a
minimum peak output current rating constraint of 2.5 p.u. is
considered here.

I. Internal Wind Turbine States St n,

Using the steady-state relationship between Vg, and P,
provided in Fig. 8, all steady-state average quantities in (11)—
(17) canbe computed. Additionally, for the purpose of evaluating
component limits, it is necessary to determine the DAB peak
current ¢y, i, », following (21)—(24). As aresult, the internal state
vector St p, is defined as

Stm = [Vaden itphn ] (30)

J. Allowable HVDC-link Currents

In summary, the maximum and minimum allowable HVdc-
link currents Igvqe and Ivqe are derived and written in matrix
form, as discussed in Section I1I-C

Pn/ (VGdc,n + Vopppc) 1
Liyvee = kT (P Vodens iL.phn = 1131*54) 31
k* (Pn7 VGdCﬂH Z'L,pk,n = i\f};fs>
Pp/ (Vaden + Vopprec) 1
I L (P, Vaden, izpkan = Is1-sa) .
Iuvde — k— PnvadcﬂuiL,pk,n — 15}3%58 ( )
i VGienNps/8fs Lt

where in Ly,,. and Ly_.,. the rows represent the PPPC
output voltage limit, primary bridge DAB peak current limit,
and secondary bridge DAB peak current limit, respectively. The
last row of Ly,,,,,. represents the maximum DAB power limit.
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Fig. 10.

Structure of the DCS-VSC configuration.

The minimum and maximum allowable HVdc link currents
for this wind farm configuration can then be determined follow-
ing (7)—(9).

V. SIZING OF A VOLTAGE-SOURCE CONVERTER-BASED WIND
FARM

This section implements the sizing methodology for a VSC-
based wind farm, as discussed in [43], adapted to a single-string
configuration from [22] and denominated as “DCS-VSC”. In
this wind farm configuration, VSCs are used as wind turbine
converters, as shown in Fig. 10. All other wind farm components
are identical to those of the DCS-PPPC configuration. The wind
turbine output voltage is given by [44] as

2\/i Vgen,n
\/§ Mg

where Vien, n is the generator line-to-line rms voltage and m,,
the modulation index. To maintain linear PWM modulation, the
modulation index is assumed to be equal or less than one. As a
result it is required that

‘/out,n = (33)

2v2
Vout,n > — (34)

= \/g ‘/gen,n-

The HVdc-link current is determined such that each wind
turbine operates with a feasible output voltage in addition to a
margin k (e.g., 110%) for control action

(35)
2\/5
max k W Vgen,n

The VSC’s switch current ratings are determined from rated
ac currents, which are not a function of Ifvqc.

A. Full Operational Range Sizing

Considering the wind turbine converter output voltages of a
two-turbine series string operating at extreme operating points,
one can write

Pra

Vout,1 = 7 ted (36)
HVdc
Prnin

Vout2 = 7 37)
HVdc

where Vi,¢,1 and V¢ 2 are the converter output voltages of wind
turbine 1 and 2, respectively, and P,,teq and Py, are the wind
turbine powers at rated and cut-in wind speeds. Using (34), (36),
and (37) can be rewritten as (38) and (39) to yield conditions for
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feasible values for Tyvqc

Prated
IHVdc <—F——— (
2\/§V
3 gen,rated

Pmll’l

k 2% Vgen min

Ivae < (39)

where Vgen rated and Vgen min are the generator voltages at rated
and cut-in operating conditions, respectively.

Numerical analysis of (38) and (39) for a wind turbine design
presented in Section VII reveals that condition (39) is tighter for
the entire output power range. Using (39), solving (1) for Itvac
and considering rated converter output voltage V¢ rated lead to

2v2k
V3
For the presented wind turbine parameters, the rated output
voltage would need to be at least 61.2 kV for a 3300 V generator,
assuming k equal to 1.1, % equal to 33.21 and Ve, min €qual
to 1129 V.

Prated
Vgen,min P

min

V;)umrated > (40)

B. Partial Operational Range Sizing

Given the very high required output voltage rating for full
operational range sizing, partial operational range sizing appears
worth exploring. Given the converter output voltage constraint
of (34), the maximum HVdc-link current constraint due to this

output voltage constraint Igvde,v,,, » ., can be written as

b,

Tavae Vowr, o = way, (41)

/3 Vgenn

As aresult, the maximum and minimum allowable HVdc-link

currents Iy and Iypvgce are derived and written in matrix form,
as discussed in Section III-C

LIHVdc = [0] (42)

Liyve = [% ] : (43)

The overall minimum and maximum allowable HVdc link
currents for this wind farm configuration can then be determined
following (7)—(9).

1) Wind Turbine Startup and Shutdown: Wind turbine
startup of this wind farm configuration may face challenges
similar to those reported in [37]. For the purpose of this article,
it is assumed that additional hardware and/or control algorithms
are used to facilitate wind turbine startup that do not result in
further sizing constraints on the VSC.

2) Fault Ride-Through and Fault Handling: Fault ride-
through can be handled in the same way, as discussed in Section
IV-G. Similarly, it is assumed that fault handling is realized in
a way similar to that discussed in Section IV-H. However, VSC
switch current ratings may not already be sufficient and may
require an increased rating to withstand a 2.5 p.u. current peak
during ground faults, as discussed in [38].
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Fig. 11.  Structure of the DCS-buck configuration.
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Fig. 12.  HVdc-link current scheduling scheme of [13].

VI. SIZING OF A FARM BASED ON DIODE-BRIDGE RECTIFIER
AND BUCK CONVERTER

Finally, the sizing of a wind farm configuration featuring
diode-bridge rectifiers and buck converters [13] is discussed in
this section. This configuration is labelled as “DCS-buck” and
shown in Fig. 11. All components are identical to those of DCS-
PPPC, aside from the wind turbine converter. The HVdc-link
current scheduling scheme of [13] is shown in Fig. 12. Due
to the buck converter, the wind turbine output voltage must be
less than or equal to the diode-bridge rectifier’s dc-side voltage

VGdc,n
Vout,n < VGdc,n . (44)

VGde,n as a function of P, has been derived in Section IV-A
and is shown in Fig. 8.

A. Full Operational Range Sizing

Considering the wind turbine converter output voltages of a
two-turbine series string operating at extreme operating points,
one can write

Pra (s]

Vout = —oved (45)
Tvde
Pmin

Vout,2 = (46)
Tvde

where Vj,t,1 and Vi 2 are the converter output voltages of wind
turbines 1 and 2, respectively, and P;ateq and Py, are the wind
turbine powers at rated and cut-in wind speed. Using (44), (45),
and (46) can be rewritten as (47) and (48) to yield conditions for
feasible values for Iyvqc

Prated
Invae > —————— 47)
Hvd VGd(’ n (Prated) (
PII!III
(48)

I _ .
HVdC - VGdc n (Pmln)

Numerical analysis of (47) and (48) for a wind turbine design
presented in Section VII reveals that condition (47) is tighter for
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the entire output power range. Using (47), solving (1) for Iyyvyqc
and considering rated converter output voltage Vit rated lead to

Vout,rated > VGdc,n (Prated) . (49)

For the presented wind turbine parameters, the rated output
voltage would need to be at least 5.8 kV for a 5000 V generator,
and the required output current rating would be 862 A, neglecting
fault handling related issues. Veilleux and Lehn [13] chose an
output voltage and current rating of 4166 V and 1200 A. In
this design, the buck converter semiconductors still require a
voltage rating of 5.8 kV to withstand the maximum V4. value,
but require a higher current rating for an average output current
of 1200 A.

Since operation at rated output values represents the only
feasible operating point in this configuration to process rated
power, the consideration of partial operational range sizing is
not meaningful with the DCS-Buck configuration to reduce
component sizes.

B. Wind Turbine Startup and Shutdown

Due to the buck converter’s ability to operate with zero output
voltage and power, wind turbine startup of this wind farm
configuration is expected to be similar to those of conventional
schemes and without further implications on converter ratings.

C. Fault Ride-Through and Fault Handling

Fault ride-through can be handled in the same way as dis-
cussed in Section IV-G. Fault handling for this wind farm
configuration has been studied in [29] and it is indicated that a
peak current rating for short durations of 2 p.u. may be required
to contain dc link faults.

VII. CONVERTER SI1ZING CASE STUDIES FOR A 450 MW
OFFSHORE WIND FARM

To demonstrate the efficacy of the sizing methodology, three
case studies for a 450 MW Offshore Wind Farm are discussed in
this section. The fictional wind farm under consideration consists
of 90 5 MW wind turbines located near the FINO3 meteorolog-
ical mast site in the North Sea, 80 km off the coasts of Denmark
and Germany. The wind farm consists of three subfarms, each
operating 30 wind turbines with separate electrical systems that
are interconnected at the onshore inverter stations’ ac side [14].
The wind farm layout is shown in Fig. 13 and key wind farm
parameters are given in Table 1. The first case study considers
sizing such a wind farm with the DCS-PPPC configuration. A
second study considers the DCS-VSC, followed by a last study
on the DCS-buck configuration.

A. Determination of Wind Turbine Operational States and
Energy Curtailment

To predict expected wind turbine and wind farm states, 7 years
of 10-min-resolution wind measurements of the FINO3 met mast
(average rotor equivalent wind speed, wind direction, and turbu-
lence intensity) were binned into 7508 unique wind conditions
and the likelihood of occurrence for each bin was recorded. The
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Fig. 13.  Wind farm layout and collection system for subfarms 1-3.

bin sizes are 1 m/s, 10°, and 1% for wind speed, direction,
and turbulence intensity, respectively. For each of these 7508
wind conditions, the entire wind farm was simulated using the
SimWindFarm toolbox available for MATLAB/Simulink [40].
This toolbox realizes time-transient, dynamic simulations of
aerodynamic-mechanical systems of wind turbines in a wind
farm, taking into account upwind wind speed, wind direction,
turbulence intensity, and wake effects. For each of the 7508
simulation runs, the wind turbine output power, rotational speed,
and rotor-equivalent wind speeds were recorded with a 1-s time
resolution for a duration of a wind field passing the wind farm
twice at any given average wind speed. These simulations were
executed on a heterogeneous computational cluster (Compute
Canada, Cedar) due to large computational and memory require-
ments of such a simulation.

It was assumed that electrical transients are significantly faster
than the 1-s time step, such that near steady-state operation can
be assumed for all electrical systems with respect to the chosen
time step. The time series of wind turbine power, rotational
speed and wind speed simulation were then used to compute
the operational states of the electric wind farm components
using their steady-state models, as discussed in the following
paragraphs specific to each wind farm configuration.

Finally, the average amount of energy curtailed per second
due to converter limits was computed for each of the 7508
simulations. This average energy curtailment per case was then
weighed by the likelihood of occurrence of each of the 7508
cases, as recorded by the FINO3 met mast. The final amount of
energy curtailment is then obtained as

7508
Eeurtiyear = Y Peart [n] % ¢[n] x (60 x 60 x 24 x 365) ~
n=1 a
(50
where ey, year 15 the expected amount of energy curtailed per
year due to converter limits, the index number n denoting each
of the 7508 cases observed by the FINO3 met mast, Peyy[n]
the average energy curtailed per second for case n, and ¢[n] he
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Bin 10-minute measurements from FINO3 met mast (wind speed, direction,
turbulence) into [1m/s, 10 degree, 1% turbulence intensity] bins.
Result: 7508 bins (“cases™)

v

For each case (n=1,2,...,7508)

Simulate wind farm using time-transient aerodynamic-mechanic model
(SimWindFarm). Record wind turbine power and rotational speed (1-second
resolution).

v

Compute electrical states using steady-state models.

!

Compute average energy curtailment per second due to converter limits.

End

v

Weigh average energy curtailment per second for each case with associated case
likelihood.

)

Sum all likelihood-weighed energy curtailments and compute curtailment for one
year.

Fig. 14. Determination of wind turbine operational states and energy curtail-
ment for 450 MW wind farm sizing case studies.

TABLE II
DAB CONVERTER TEST CASES
TEST |LEAKAGE OUTPUT VOLTAGE  |INPUT CURRENT
CASE |INDUCTANCE L . |RATING RATING
1 T40pH 1247 V = 0.22 pu 336 A = 0.39 pu
2 592uH 1558 V. = 0.27 pu_ 419 A = 0.49 pu
3 493 H 1870 V = 0.32 pu 503 A = 0.58 pu
4 423uH 2181 V = 0.38 pu 587 A = 0.68 pu
5 370uH 2493 V = 0.43 pu 671 A=0.77 pu
6 247 H 3739 V. =0.65 pu 1007 A = 1.17 pu
7 185 H 4986 V = 0.86 pu_ 1342 A = 1.56 pu
8 118uH 5800 V =1.00 pu 2097 A = 2.43 pu

associated likelihood of occurrence of case n. This workflow is
depicted in Fig. 14.

For the DCS-PPPC configuration, electrical converter states
were calculated based on relations in Section IV-A and [14].
To study different converter sizing options, eight candidate con-
verter ratings have been applied to the calculation of converter
operating conditions, as shown in Table II and visualized in
Fig. 15. Test cases 1-7 represent a partial operating range sizing,
as there is no valid HVdc-link current to realize unconstrained
converter operation at cut-in and rated output power simulta-
neously. Test case 8 represents a full operational range sizing,
as an HVdc-link current of approximately 0.5 p.u. allows an
unconstrained operation of converters at full and cut-in wind
turbine power, as shown in Fig. 15.

Converter operating conditions for the DCS-VSC configura-
tion have been calculated based on relations given in Section V
and [11]. Seven test cases have been considered for this con-
figuration to assess potential benefits from a partial operational
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Fig. 15. Possible wind turbine operating points without PPPC sizing-related
power curtailment for different HVdc-link currents and all eight DCS-PPPC test
cases.

range sizing, compared to a full operational range sizing that is
represented by an eighth test case. VSC output voltage ratings
are set to multiples of 9 kV, up to 63 kV. It is worth noting that
a VSC with a 63 kV output voltage rating can be challenging to
implement given limited IGBT output voltage ratings available.
Such high output voltage rating is analyzed mainly to outline the
trends on energy curtailment with sizing up to full operational
range sizing.

For the DCS-buck configuration, diode-bridge rectifier states
were derived using the relations depicted in Fig. 8. Remaining
states were calculated using relations discussed in Section VI
and [29]. As partial operational range sizing has been found
infeasible for this configuration, two test cases based on full
operational range sizing are evaluated to confirm that no energy
curtailment is to be expected from these sizing choices. The
first test case is based on the converter output ratings originally
discussed in [29] (4166 V and 1200 A), whereas the second
test case examines the converter output ratings suggested in
Section VI (5800 V and 862 A).

To preserve the general trends of this analysis, component
ratings have not been matched with commonly available device
ratings. In a final design iteration, these and desired safety
margins should be considered.

It has been assumed that wind turbine operation at or beyond
converter limits results in a partial or full wind power curtail-
ment: a wind turbine converter operating at maximum limits
curtails the wind turbine power to the maximum that can be pro-
cessed with the converter at its current limit, while pitch control
ensures proper speed control of the turbine; a converter operating
beyond minimum limits results in the wind turbine coming to a
stand-still, as the converter cannot reduce the (inherent) DBRs
natural power draw at a given HVdc-link current sufficiently to
restore a balance of power between incoming wind power and
electric power absorption. It is worth noting that the minimum
limit does not apply to the DCS-buck configuration, as the buck
converter is capable of operating down to and at zero output
voltage and power at any operating condition. The HVdc-link
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Fig. 16. Estimated annual energy curtailment of DCS-PPPC configuration
as percentage of annual energy production due to PPPC component rating
limitations.

current was scheduled in such a way to minimize the occurrence
of curtailment action using relations (31), (32), (43), and (47),
respectively.

Based on this analysis, the amount of annual energy cur-
tailment due to the converters operating at their limits can be
predicted. This is used to inform the sizing of such converters.

B. Results — DCS-PPPC

The annual energy curtailment due to exceeding converter
limitations has been estimated using the simulations outlined
in the previous section. As can be seen in Fig. 16, there is a
significant difference in annual energy curtailment due to wind
turbine converter sizing decisions. If the PPPCs are rated for
0.22 p.u. output voltage rating (test case 1), more than 5% of
potential annual energy production is lost due to curtailment.
As PPPC ratings increase, less energy curtailment is necessary.
For a PPPC output voltage rating of 0.38 p.u. and input current
rating of 0.68 p.u., only 0.13% of annual energy production
potential is curtailed (test case 4). A further increase of PPPC
ratings decreases the need for curtailment only marginally. Nu-
merical results indicate the presence of a negligible amount of
energy curtailment for test cases 5, 6, and 7 (<0.01%). The full
operational range sizing case (test case 8) results confirms that
the wind farm could operate without energy curtailment due
to converter limits. However, it is expected that the increase in
switch ratings will contribute negatively to converter losses and
capital cost of wind turbines, compared to partial operational
range sizing test cases (such as test cases 4 and 5, for example).
In particular, it requires 2.6 times the PPPC output voltage and
3.6 times the PPPC input current rating compared to test case 4.

This demonstrates how the presented PPPC sizing method-
ology can be applied to inform decisions about component
ratings for power converters for wind farms with single-string
series-connected dc collection systems.

Based on these results, it appears reasonable to consider
converter ratings similar to those of test case 4 or 5 as there
is only a negligible decrease in annual energy production to
be expected. Based on local electricity market conditions, an
economic assessment between converter cost and value of cur-
tailed energy due to converter rating limitations can further
solidify the choice of converter ratings.
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Fig. 17. Estimated annual energy curtailment of DCS-VSC configuration as
percentage of annual energy production due to converter component rating
limitations.

C. Results — DCS-VSC

The expected annual energy curtailment due to converter lim-
its has also been estimated for the DCS-VSC configuration. The
results are shown in Fig. 17. As can be seen, a VSC with output
voltage rating of 9 kV (test case 1) results in approximately
3.9% of available energy to be curtailed due to converter limits.
However, VSC output voltage ratings of 18 kV and higher only
result in approximately 0.3% of annual energy production to
be curtailed. For test cases 3 to 7, most energy curtailment
stems from preventing excessive HVdc-link voltages. There are
several design aspects in series-connected dc wind farms to be
considered, such as maximum possible insulation to ground
(i.e., maximum HVdc-link voltage) [14] and system design
for high conversion efficiencies [43]. It may be possible to
optimize the system to reduce or eliminate the HVdc-link voltage
rating-related curtailment. Ultimately, an economic assessment
might be useful to find the lowest-cost design tradeoff between
rated HVdc-link voltages, wind turbine voltage levels, number
of wind turbines per string and conversion losses—all of which
are factors that can relate to the amount of energy curtailment
due to excessive HVdc-link voltages or stem from measures
addressing these.

D. Results — DCS-Buck

Following the methodology discussed in Section VII-A, an-
nual energy curtailment has been estimated for the DCS-buck
configuration. Since both test cases followed the full operational
range sizing approach, no energy curtailment due to converter
limits was expected. The simulation of both test cases confirmed
that there is no energy curtailment due to converter limits to
be expected. The second test case examining converter output
ratings suggested in Section VI (5800 V and 862 A) resulted
in overall higher HVdc-link voltages and lower HVdc-link cur-
rents. This indicates that there is a potential for efficiency im-
provements in the collection and transmission systems through
current reduction on an annual average compared to the sizing
initially suggested in [29].
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VIII. CONCLUSION

In this article, a methodology for determining the compo-
nent ratings of wind turbine converters in single-string, series-
connected dc wind farms has been developed. As demonstrated
in this article, the series connection of wind turbines with dc
output results in a strong interdependence of operating points
among the wind turbines in a wind farm. Consequently, tra-
ditional methods of sizing wind turbine converters are not
useful for determining all component voltage and current rat-
ings in these kinds of wind farms. First, this article presents a
generic sizing framework, applicable to all single-string, series-
connected dc wind farms. A distinction between full and partial
operational range sizing approaches is made. It then applies the
analytical framework to a wind farm configurations featuring
differential power processing, voltage-source converters, and
diode-bridge rectifiers and buck converters. The main design
consideration in this sizing methodology is the reduction of
energy curtailment resulting from finite component ratings while
minimizing component ratings to partial operational range siz-
ing. Finally, a case study for a 450 MW wind farm demon-
strates the implementation of the proposed sizing methodology
and shows that converter output voltage rating of about 0.38
p-u. and input current ratings of 0.68 p.u. are sufficient for a
proper wind farm operation for the wind farm configuration
featuring differential power processing, with negligible energy
curtailment due to finite converter ratings, and avoiding extra
installation costs due to oversizing. Similarly, a voltage-source
converter-based wind farm configuration may operate with low
energy curtailment using converters rated at 18 kV or higher.
The wind farm configuration featuring diode-bridge rectifiers
and buck converters requires full-size converters but operates
without energy curtailment.
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