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Offshore Wind Farms Connected by HVDC Links
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Santiago Arnaltes and Miguel E. Montilla-DJesus, Member, IEEE

Abstract—This paper presents a voltage and frequency control
(VFC) and an average-value model (AVM) of a line-commutated
converter for a rectifier station in an offshore wind farm (OWF)
connected by an HVDC link. A capacitor bank is placed at the
AC terminals of the rectifier station to perform VFC within the
OWF. The proposed model uses the active and reactive power
generated by the OWF as inputs, while the state variables are the
voltage magnitude and phase angle at the capacitor bank bus. The
proposed VFC is based on the orientation of the voltage vector
at the capacitor bank bus towards a synchronous reference axis.
It is then demonstrated that frequency control is achieved by
regulating the reactive power balance at the capacitor bank bus,
while voltage control is carried out by regulating the active power
balance. Moreover, it is demonstrated that in a diode rectifier,
although voltage cannot be controlled as in a thyristor rectifier,
it is bounded within acceptable limits. In addition, small-signal
study is performed to facilitate controller design and system
stability analysis. VFC and the accuracy of the proposed AVM
are validated by simulation, using both the proposed AVM and
a detailed switching model.

Index Terms—Line-commutated converter (LCC), diode rec-
tifier, HVDC, average-value model (AVM), offshore wind farm
(OWF), frequency control, voltage control.

I. INTRODUCTION

IGH amounts of offshore wind power are expected to
be generated in the near future. Offshore wind farms
(OWFs) could exceed 1000 MW per plant and they will be lo-
cated far from the coast. Because of the long sea transmission,
high-voltage direct current (HVDC) links are more suitable
than high-voltage alternating current transmissions [1].
Nowadays, two HVDC technologies are employed: voltage-
source converters (VSCs), which use self-commutated
switches like IGBTs, and line-commutated converters (LCCs),
which use thyristors. VSCs offer operational advantages while
LCCs are a mature technology [2]. In general, it is agreed that
LCCs are superior to VSCs in terms of reliability, cost and
efficiency [1]. In fact, due to the aforementioned advantages
and to the complexity of VSCs, LCCs are being considered
for HVDC transmission in future OWFs [3], [4].
Nevertheless, LCC-HVDC has several drawbacks. First,
voltage and frequency have to be controlled in order to
guarantee converter commutation given that the isolated grid of
the OWF cannot generate the required voltage and frequency.
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Therefore, LCC-HVDC technology cannot be employed in
an OWF with conventional wind turbine control. Moreover,
this technology requires larger harmonic filters, which demand
larger offshore platforms for the rectifier stations [5].

The literature proposes several offshore grid voltage- and
frequency-control solutions. Most of the proposed solutions
are based on the approach presented in [6], where voltage
control in an OWF based on a doubly-fed induction generator
(DFIG) is performed at the DFIG terminals, while frequency
is controlled by adjusting the active power balance via the
rectifier station’s firing angle. Frequency control is based on
the load-frequency relationship, though that only implies that
a frequency change will produce a load change and not the
opposite. This is true in a synchronous generator, where load
variation provokes a change in frequency and this frequency
variation in turn produces a load variation until a stable
operating point is reached. A similar approach is employed
in [7] and [8], but it is still not demonstrated how frequency
changes in the system. In [9] and [10], an OWF with full
converter wind turbine and diode rectifier station is employed.
Frequency and angle are obtained from measurement at the
AC terminals of the rectifier station and voltage and frequency
control is oriented towards the resulting axis. Meanwhile,
frequency control is achieved via an indirect method based
on estimation of the rectifier reactive current demand, which
requires the voltage, active and reactive power values at each
individual wind turbine.

In [11], use of a large static synchronous compensator
(STATCOM) is proposed to support voltage and frequency
within the OWF. While in [12], a STATCOM is employed to
control the active power balance within the OWF, based on the
STATCOM DC voltage. Nevertheless, this requires a high DC
capacity in order to minimize DC voltage fluctuations, which
can be very large due to the high power variations in an OWFE.
In [13] and [5], two hybrid systems are presented. The first
consists of an LCC-HVDC and current source converter (CSC)
at the offshore end which regulates the offshore grid voltage
and frequency. In the second, this control is carried out by a
VSC placed in a DC series connection with a 12-pulse diode
rectifier. Its power rating matches one third of the HVDC link
rating and it is also used as an active filter.

The voltage and frequency control (VFC) proposed in this
paper is based on decoupled control of voltage and frequency
at the capacitor bank bus. VFC uses a synchronous reference
axis where the voltage vector is decomposed into polar coor-
dinates to obtain angle and magnitude, leading to decoupled
frequency and voltage control. It is also demonstrated that



frequency control is achieved by using the reactive power
balance at the capacitor bank bus and that voltage control is
achieved by using the active power balance at the same bus.

The VFC is derived from the proposed average-value model
(AVM) of the LCC rectifier station and the HVDC link.
The use of AVMs to represent and analyze systems which
have power-electronics components is quite extended. This is
due to the fact that detailed switching models require larger
computing time than AVMs and it is hard to get their small-
signal characteristics because of their discontinuous nature
[14]. Average-value modeling of LCC converters connected
to the stator of a synchronous machine were studied in [15].
Dq subtransient reactances are considered in the model. The
stator dynamics is studied in the model proposed in [16]. In
[17], a new approach which does not take into account the DC
link smoothing inductor is presented, so constant DC current
cannot be assumed. The previous studies are analytical, while
parametric approaches considering the different conduction
modes are used in [18], [19] and [20]. In [21], the LCC inverter
operation is also considered. In addition, the parametric AVM
approach has recently been extended to reconstruct the AC
waveforms including system harmonics [22].

A comparison among the existing AVMs representing a
diode rectifier load is presented in [23], but none of the
evaluated models includes the AC filter capacitor dynamics.
This paper presents an enhanced AVM of the LCC rectifier.
In [24], the proposed AVM has an important drawback be-
cause the commutation resistance is physically included in the
model, producing active power consumption that affects the
active power balance within the converter. Nevertheless, this
equivalent resistance is used to represent the DC voltage drop
due to the AC inductance, so there should not be any power
consumption [25]. The dynamic phasors technique allows
considering harmonics, as it is presented in [26], [27] and [28].
An equivalent DC inductance, which includes the AC system
inductance seen from the DC side, is also used in [26].

The novelty of the model proposed in this paper consists
of representation of the AC voltage vector at the capacitor
bank bus in polar coordinates referred to a synchronous
reference axis which rotates at constant frequency. This axis
is generated internally and therefore is not subjected to any
grid disturbances or measurement noise. The inputs are the
active and reactive power generated by the OWF, which are
the conventional operation variables of wind turbines. The
state variables are the phase angle and magnitude of the
aforementioned voltage vector, which are the variables to be
controlled in the OWF. This model permits analysis of the
dynamic response of the rectifier station and HVDC link,
considering the complete topology of the offshore grid by
using a step-by-step load flow solution [29]. In these studies,
the slack bus is the capacitor bank bus and the resulting active
and reactive powers are the inputs to the dynamic model. The
dynamic model produces the voltage at the slack bus that is
used in the next step to obtain the new active and reactive
power inputs.

The stability of the controlled system is analyzed using a
small-signal study previously used to design the controller
parameters. The accuracy of the AVM is validated by com-

paring the small-signal frequency response and large-signal
time response of the AVM and a detailed switching model
(DM) implemented in PSIM. Moreover, simulation results
validate as well the proposed VFC. The paper is organized
as follows. The proposed AVM of the system described in
Section II is developed in Section III. Section IV presents the
proposed control strategy. Then, in Section V the controllers
are designed and stability is analyzed. Section VI presents
simulation results using the proposed AVM and VFC. In
Section VII, the proposed AVM and VFC are validated against
the DM. In Section VIII, the fault response of the DM
controlled system is evaluated. Finally, some conclusions are
addressed in Section IX.

II. SYSTEM DESCRIPTION

The system under study is presented in Fig. 1. The OWF
rectifier station consists of an LCC rectifier connected through
a transformer to a capacitor bank (C) and the required har-
monic filters placed on the low voltage side. The OWF outputs
are the active and reactive power, being this characteristic
independent of the wind turbine technology (DFIG, full con-
verter, etc.). Therefore, the OWF is represented by the active
and reactive powers (P, and ()4, respectively) injected in the
rectifier station bus. The HVDC link consists of a DC cable, an
onshore inverter and the aforementioned rectifier. The inverter
technology can be LCC or VSC, but it has to be operated in
constant DC voltage mode.

OWF

DC cable

P

g —>

9,
AC

. onshore
flter @ IC --------------------

Fig. 1. LCC rectifier system under study.

III. LCC RECTIFIER MODELING

The following assumptions are considered in order to derive
the AVM of the LCC rectifier station: Harmonics of AC and
DC voltages and currents are neglected; the capacitor bank
includes the reactive power compensation and the equivalent
capacitance of the harmonic filters at the fundamental fre-
quency [30]; there is no power loss in the AC-DC conversion;
the LCC rectifier consists of a DC series connection of 7y
6-pulse bridges; the DC cable is modeled by the T-equivalent
circuit given in the HVDC Benchmark Model [31]; and the
onshore inverter of the HVDC link operates in constant DC
voltage mode.

The aforementioned assumptions lead to the model pro-
posed in Fig. 2, in which the three-phase current source
ga,%gb,lgc Tepresents the current injected by the OWF in
the capacitor bank bus, the bus voltage being e, ey, e.. The
current demanded by the rectifier station iS 4,q, %rb, i and
the AC transformer is depicted by its short-circuit inductance
L;. In the example in Fig. 2, one 6-pulse thyristor rectifier is



Fig. 2. LCC rectifier system to be modeled.

represented (n; equals 1) and the DC voltage at the rectifier
output is Vy,.. The DC cable is represented by its capacitance
C. and two resistive-inductive branches represented by Rg.1,
Lgc1, Raco and Lgeo. Vy; is the DC voltage input at the inverter
station, and the DC cable model provides three additional
variables: the rectifier DC current I;., the DC capacitor
voltage V. and the inverter DC current [.o.

The AVM is derived in the following subsections for the
general case of a thyristor rectifier, while the diode rectifier
represents a particular case for a fixed firing angle equal to
zero. These two technologies are considered in Section V to
Section VIII. The model parameters have been taken from
the HVDC Benchmark model [31] and they are detailed in
Appendix A.

A. Synchronous Reference Model

The synchronous reference model is derived in this sub-
section. The Park transformation defined in (1) provides the
transformation of AC currents and voltages into the dq refer-
ence frame.

cos (9(t))2 —sin (e(t))Q T

27 .
cos (0(t) + ?) —sin (0(t) + ?)

where 0(t)=wol—5+¢o, wo is the frequency of the syn-
chronous axis and ¢ is the angle between the synchronous
and stationary systems, as shown in Fig. 3.

The state variables of the system are the voltage vector at
the capacitor bank E, the voltage at the cable capacitance V.
and the DC currents at the rectifier output and the inverter
input, 3.1 and Ij.9, respectively. The dynamic equation of
the voltage vector at the capacitor bank bus is given in (2).

dE .
I,-1,= C% + jwoCE (2)
where I, and I, are the OWF and the LCC rectifier current
vectors, respectively.

Equation (2) is split in its dq components in the set of

equations representing the whole system dynamics presented
in (3).

Fig. 3. Vector diagram in the stationary and synchronous reference systems.

dEq

Igd - Ird =(C—— — W()CEq
dt
dE,
lIyg —Ig = Cd—tq +woCEy
dl g
Vir = Ve = Raclier + Lacr =
dv,
L1 — Lae2 = Ccd_tc
dl .
Ve = Vii = Racalaez + Liea—7, 3)
where d and g subscripts refer to the corresponding vector

components.

AC and DC variables are related in the LCC rectifier. The
relationships between AC and DC voltages and currents are
given in (4) and they are derived from the Fourier analysis
in [25] and [32]. The extra equations needed to obtain the
variable k. , are detailed in Appendix B.

3v2

Var = —npka B cos ¢
T

V6
Ir = 7nbka,p,[dcl (4)

where E and [, are the rms values of bus voltages e, ey, e,
and rectifier currents i,q, i,p, irc,  is the phase shift between
the aforementioned voltages and currents, and « and p are the
firing and commutation angles, respectively.

Fourier analysis at the AC fundamental frequency (consid-
ering (4)) leads to the following relationships between AC and
DC magnitudes in the LCC rectifier.

Vdr - Sl,abcTEabc
Ir,abc = Sl,abcIdCI (5)
where Egpe=[cq(t) ep(t) ec(t)]",

I abe=[ira(t) imp(t) ire(t)]" and Sy apc is the switching
vector as follows:

2V/3

Sl,abc —ka,,unb

. . 2w . 2m
[siny  sin(y - ?) sin (v + ?)}T(@
where y=wot+¢—p, ¢ is the AC voltage phase angle.
Once the dq transformation in (1) is applied, (5) and (6)
become:
Vdr = Sl,quEdq
Ir,dq = Sl,qudcl (7)
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Fig. 4. Model of the system in a dq representation.

3v2

Tnbkayu[cos (0 —¢) sin(d— cp)]T ®)

where S1,qq=T(0(t))S1,abc=[514 Slq]T and ¢ is the an-
gle between the AC bus voltage vector E and the d axis
(0=¢—¢y), as it can be observed in Fig. 3.

Therefore, (7) is equal to the following expressions:

Sl,dq =

Var = S1aFq + S1qEq
Irq = S1alic
I’r‘q = Slq]dcl (9)

These expressions, along with (3), yield to the dynamic
equations given by (10). Fig. 4 shows the dq equivalent circuit.

dE,
Igqa — S1alacr = Cd—td —woCE,

dE
ng — Squdcl = Cd—tq + CU()CEd

dl,.

S1aEa + S10Eq — Ve = Rac1lact + Lac ;;1
dV,
Idcl - ]d02 = Ccd_tc

dl, dc2

Ve = Vai = Raealgea + Lac2 7

(10)

At this point, the dq model is transformed into a per-unit
representation by using the base magnitudes and additional
expressions presented in Appendix C. The resulting per-
unit dynamic equations are detailed in (11)-(15). Note that
lowercase notation is used to represent the per-unit magnitude
of variables and parameters.

bc ded . .
M_OE :ng*ka“u.zdcl COSs (5*90) +bceq (11)
b. de . .
W_()d_tq = igq — ka,pide1 sin (6 — @) — beeq (12)
ldcl didcl 1
—= kj N 6 - 5 -
o dt apu(edcos (0 — @) 4 egsin (0 — @)
— Ve — Tde1ldel (13)
c. dvu, . .
ch = Qe — ide 14
oo di ldel — tde2 (14)
lgeo dige
de2 dide2 Ve — Vi — Tde2lden (15)
wo dt

where be=woC Zpgse,ac is the per-unit susceptance.

B. Polar Coordinates Model

This paper proposes modifying the above model by trans-
forming its equations from Cartesian to polar coordinates, eq
and e, being equal to ecosd and esind, respectively. This
transformation leads to a model whose state variables are the
magnitude of capacitor-bank-bus voltage vector e and its phase
angle 4, i.e. the variables to be controlled in order to maintain
voltage and frequency in the offshore grid. Furthermore, the
inputs of the model will be the active and reactive powers
injected by the OWF in the aforementioned bus, as well as
the firing angle of the thyristor rectifier and the DC voltage in
the onshore inverter.

The relationships between the derivatives of the Cartesian
and polar coordinates are as follows:

de deg deg
e '} 16
U g Ty (16)
do dey de
2 q
@ _ _ ded Cq 1
“ar Caar T an

By introducing (11) and (12) in (16) and (17) and adjusting
(13) to the new coordinate system, the final dynamic equations
of the proposed model ((18)-(22)) are derived. Note that these
equations will be used in Section V in the small-signal model
and they have been named f; to f5 for simplicity.

1dé —q4+qr —qq . ka,puldersing
L A e Ronldel PRV 1 (18
h wo dt qe bee? + bee (18)
1 de e Dg ko, putde1 COS @
P T (pg —pr) bc b, (19)
f3 _ i digel _ ka,ue COS Y — Ve — Tdelldel (20)
wo dt lge1
f4:i%: Ldel — Tde2 @1
wo dt Ce
1 diges Ve — Vdi — Tde2lde2
fo= =202 = 22)
wo dt lac2

where q.=b.e? is the per unit reactive power of the
capacitor bank, while p,.=ei, cosp=Kk, ,€i4c1cosp and
gr=€i,sin p=kq ,eige1 sinp are the rectifier and trans-
former active and reactive power, respectively. In addition,
Dg=€dlgdteqigq and qg=eqigqa—eqiqq are the incoming OWF
active and reactive power, respectively.

According to (18) and (19), the reactive and active power
balances in the AC bus in which the capacitance is placed
determine the dynamics of 0 and e, respectively. These two
expressions are used to derive the control strategy in Section
IV. Furthermore, AC system frequency can be expressed as
w:wo—i—%. Then, (18) can be transformed into an explicit
expression of frequency that depends on the reactive power
balance in the capacitor bank bus:

w

)QC =—qqtqr (23)

W

Finally, Fig. 5 shows the input and output signals of the
proposed AVM. This model includes the dynamic equations
(18)-(22) and the algebraic equations (B.3), (C.10) and (C.11),
detailed in Appendix B and Appendix C. Therefore, the input
signals are the incoming OWF active and reactive power, the
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Fig. 5. Comprehensive input and output signals of the proposed AVM.

inverter DC voltage and the rectifier firing angle; while the
outputs are the system states. Note that there is an extra input
inside the dotted line (g.¢-) which will be introduced in the
following section.

IV. CONTROL STRATEGY

The objective of the control system is to maintain constant
voltage and frequency within the OWF’s AC grid. This paper
proposes a decoupled control strategy whose principles are de-
rived from the model dynamics in (18) and (19). Proportional-
integral (PI) regulators are employed for both voltage and
frequency control channels and the stability and performance
of the controlled system are proven in the following sections.

A. Frequency Control

As stated in (18), the reactive power balance in the capacitor
bank bus drives the dynamic response of the voltage vector
phase angle § in the synchronous reference frame. It should be
pointed out that this synchronous axis is directly obtained by
integrating desired fixed angular frequency wp, meaning that
the reference angular position is not subject to measurement
noise or grid disturbance because a phase-locked loop (PLL)
is not needed. Therefore, frequency control is guaranteed by
maintaining a constant angle ¢ for the voltage vector.

The reactive power balance in (18) contains two variables
which cannot be controlled: ¢. and ¢,.. The first is the reactive
power generated by the capacitor bank, a passive element. The
second is the reactive power drawn by the AC transformer
and the rectifier, which mainly depends on the active power
transmitted and the firing angle in the case of a thyristor
rectifier. Reactive power g, is one of the system inputs that
depend on the OWF’s active power and topology and the
power factor settings at the wind turbine generators. However,
additional reactive power g, can be injected in the capacitor
bank bus in order to align its voltage vector along the d axis
(eq=0 and 6=0) and achieve frequency control.

Reactive power ¢.:r, whose reference value quTf is set by
the frequency control channel in Fig. 6, can be generated by
any of the elements available in the OWF, e.g. the wind turbine
generators or a device specifically employed for that purpose,
such as a STATCOM. Adding ¢ to the model derived in
Section III provides the fifth input g, shown inside the dotted
line in Fig. 5 and modifies (18) and (23) as follows:

fl _ id_é _ —dg — qetr + ka,uidcl sin ¢ 1

b.e? bee

(24)

e,—slabe /H——Q a
ep—s [/ i + ......................................
e ref
e" dq . :‘ qctr
), 1 ref
s ¢ =0

Fig. 6. Voltage and frequency control channels.

w

—qc =
wo

*q‘q — (etr + qr (25)

B. Voltage Control

According to (19), the voltage magnitude at the capacitor
bank bus e depends on the active power balance in it. Con-
sidering that the active power generated by the OWF p, is a
function of wind speed and is not usually modified by control
except in the case of power curtailment [33], the voltage
control proposed is carried out by acting on the active power
drawn by the LCC rectifier p, by modifying firing angle .
Given that the onshore inverter operates in constant DC voltage
mode, p, increases when « decreases and vice versa.

As established in Section IV-A, the frequency control
channel aligns the voltage vector with the synchronous axis
and, in this situation, voltage magnitude e is equal to its d
component eg. Hence, voltage control sets the firing angle
required to achieve reference voltage magnitude egef . This
control channel is shown in Fig. 6 inside a dotted line because
it cannot be applied in a diode rectifier. In this case, the voltage
magnitude cannot be controlled. However, in steady-state it
depends on the active power transmitted by the HVDC link
and its variation is bounded between feasible values which
are mainly influenced by onshore DC voltage vy; and DC link
resistance. These effects can be observed in Section VI, where
steady-state voltage is always within 0.95 p.u. and 1.05 p.u.
which are voltage variations allowed in grid code worldwide
[34].

Therefore, after introducing the proposed controls, from the
inputs shown in Fig. 5, o and ¢, are control inputs, while
Dg> qq and vg; are disturbance inputs.

V. CONTROLLER DESIGN AND STABILITY

Given that the dynamics of the LCC rectifier are non-linear,
the PI parameters of the voltage and frequency controllers
can be tuned using small-signal studies for each particular
operating point. Since this methodology can become extremely
cumbersome, the controller has been designed for one oper-
ating point and system stability is then checked in all other
operating conditions. For the sake of simplicity, variable kq,,,
in the proposed LCC rectifier model is kept constant with a
value equal to steady-state for the small-signal studies [32].

The aforementioned process is performed in three stages.
In the first, the plant is linearized without control, so the



state variables are Ax=[Ad, Ae, Aiger, Ave, Aiges]” and the
inputs are Au=[Aqe, Ac, Apy, Aqy, Avg;]". The first two
are control inputs while the last three are independent inputs.
In the second stage, frequency control is established for a
diode rectifier case. Therefore, control input A« does not exist
and Agq.y- becomes a function of Ad through the frequency
PI controller’s dynamic equation. In the third stage, voltage
and frequency control are considered for a thyristor rectifier
case. Hence, control inputs Ag.:, and A« become functions
of the states Ad and Ae, respectively, given the dynamics of
the proposed VFC. Note that although the diode rectifier can
be considered as a particular case of a thyristor rectifier, the
controlled systems are different because the thyristor rectifier
includes an additional voltage controller.

A. Thyristor Rectifier and Diode Rectifier Systems

The LCC rectifier system’s dynamic model is given by
(19)-(22) and (24). For the small-signal study, these equations
are linearized around a steady-state operating point in which
the inputs are wo=[gctr0, @0, P40, 440, vaio]" and the states are
x0=[00, €0, 1dc10, Ve0, ide20]" - Note that subscript O denotes a
steady-state value for the variable. After linearizing, the matrix
form of the linearized system is as follows:

L dA_a: = AAxz + BAu
wo dt

Ay =CAz + DAu (26)

In order to linearize the system, the algebraic equation for

angle ¢ (p=arccos (72— (cos a— Zuldel)) js needed to obtain
N

A in (26), a 5x5 matrix whose non-zero elements are as

follows:
0 1 /q, 0
a12:i:_<@_2>+2?go< 80)
de e\ qeo qeo \ 9¢ /

df1 ka, €0 sin @g
a1z = =

o , i Pgo ( (% )
- + -
Diger qco qco \ Olde1 0

9fs

Pg0 q'rO 890)
a2 = 45— = — + e
Oe qco qco (5'6

ag = 22 _ _ kauegeospo oo ko (0%
aldcl

Dide1 qco qco
S % _ Ea.,pu €OS o B ka0 sin g %
o Oe ldcl ldcl Oe
_Ofs  riacr kaueo sinapo( Op )
a3z = - = - - -
azdcl ldcl ldcl aldcl 0
dfs3 1
az4 = = -
avc ldcl
o 0fa _ 0fa e — 1
43 = 77— - = —Q45 = —
azdcl azdc2 Ce
0 1 0 1
- I5 _ ‘f5 __Gss @7
avc Tde2 aZdCQ Tde2 ldc2
o 1 —Tulde 9 _ 1 r
where (Ef)o*ka,” 2 :ir?gals and (aiil)o*ka,” co sy
The system outputs in (26) are
Ay=[Ad, Ae, Niger, Ave, Aigea, Aey]T. D is a 6x5 zero

matrix, while C' is 6x5 matrix and consists of a 5x5 identity
matrix with a sixth row equal to [eg cosdp, sin dg, 0,0, 0].

Finally, matrix B is a 5x5 matrix whose non-zero elements
are as follows:

_oh_ 1

B an - qco
o _ Pgo 3@
Do Geo \ O

b _0f qTo<380)
2= %a Oa

da qco
by = 22 _ S0
8pg qco
b32 _ % _ 7ka,,ue() SiIl (p() (8_90)
0 lgc1 Oa
bss = g?ﬁ - 7Zd1cQ %)

where (42) =1 Sno
Oa/)0 ko, singg”

The thyristor rectifier model given by (26) can be easily
modified to represent a diode rectifier case by removing
firing angle input Ac«. Therefore, the input vector becomes
Au:[chtT,Apg,Aqg,Avdi]T and the second column of
matrices B and D is eliminated, while the rest of the elements

in (26) remain the same.

B. Diode Rectifier System with Frequency Control

The frequency control proposed in Section IV consists of
a PI controller which uses the q component voltage error to
obtain a reactive power reference signal to be injected in the
capacitor bank bus. Hence, the plant transfer function is the
relationship between input Ag., and output Ae,, in the small-
signal system given at the end of Section V-A. This transfer
function is a negative integrator with time constant bewso

As stated before, the AC voltage in the diode rectifier case
is not controlled. Consequently, the plant transfer function
depends on the magnitude of the capacitor-bank-bus voltage
vector for the operating conditions. In this paper, onshore
inverter DC voltage vg; is adjusted to a value that yields the
capacitor-bank-bus voltage to 1 p.u. when the DC link is trans-
mitting approximately half its rated power. The parameters of
the PI frequency controller are then designed at this operating
point.

The controller time constant is set at 10 ms and the design
specification is to obtain a feedback system with a bandwidth
of 1000 rad/s.

The model with embedded frequency control can also
be linearized to evaluate the stability of the system via its
eigenvalues. The expression which depicts the PI frequency
controller in the small-signal is presented in (30), where input
Ae, is defined in (29).

Aey = A(esind) = Aesindy + eg cos JpAd = egAd  (29)

Agerr = eo(kL AS + kf wo / Addt) (30)

where § equals zero in steady-state and a new state has been
defined: Azg=wy [ Addt.



Frequency control adds a new dynamic equation
(fe= wlo dAx"‘ =A0) to the system defined in (26), the
new small s1gna1 equations being as follows:

1 dAz’
wo dt
Ay =C'Az’ + D'AW
where Ax'=[AJ, Ae, Aiger, Ave, Aigea, Axg]T,
Au'=[Ap,, Aqy, Avg;]T and
Ay'=[AS, Ae, Niger, Ave, Nigea, Aoty
The elements of 6x6 matrix A’ are the same as in A plus
the following changes:

= A’Az’ + B'Au/
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ay = a1 + bﬂk}:eo, (i=1,2,3,4,5)
ag =bakley,  (i=1,2,3,4,5)
ag, =1
al; =0,  (i=2,3,4,5,6) (32)

B’ is a 6x3 matrix whose non-zero elements are derived
from B as follows:

(i=1,2,3,4,5; (33)

The aforementioned Ay’ establishes that D’ is a zero
matrix with 6 rows and 3 columns, while C’ is a 6x6 matrix
whose non-zero elements are as follows:

bij = bi(j+2); j=1,2,3)

cgi:L (i:1,2,3,4,5)
Cgl = sz)‘e()
Chg = k:ifeo (34)

As the frequency controller has been designed for a specific
operating point, the stability of the controlled system has to
be proven for different steady-state conditions. In particular,
a hundred operating points are studied between 0.01 p.u. and
I p.u. of active power transmitted by the HVDC link. The
system’s eigenvalues for these cases are presented in Fig.
7. As the real part of the eigenvalues is negative, system
stability in all operating conditions is proved. Furthermore,
the arrows in Fig. 7 show how the system eigenvalues move
as the active power increases and denote the dominant states.
Note that the complex eigenvalues move towards more stable
points when the transmitted power is increased because they
are more damped. In addition, their dominant states are Aig.;
and Aig.0, which are states with greater steady-state values in
these varying conditions.

C. Thyristor Rectifier System with Voltage and Frequency
Control

The thyristor rectifier system uses the frequency controller
tuned in Section V-B as the plant is equal to that of the diode
rectifier system. Given that voltage control permits a constant
voltage to be maintained, this plant remains constant at all
operating points.

The small-signal matrix representation of the system with
frequency control is presented in (35). It is needed to derive the
plant which has to be considered for voltage control design.

i dAd:j” — A/lAmII + BIIA,U/I
wo

Ayll — CIIAJ:/I + DIIAuII

(35)

500f e ——_____——— i
Ai -
o dcl S .
§ A0 Ax6 Aldcz
ED 0 SEmESSSIEERII I X x .
=) h Ai
=) dc2
B Ai S ——
ldc[
-500F M ——————— -
-850 -800 -150 -100 -50 0
Real
Fig. 7. Eigenvalues of the frequency-controlled diode rectifier system at

different active-power operating points (arrows show increasing active power).

where Az""'=Ax’, Ay"'=Ay’,
Au"=[Aca, Apy, Aqy, Avg]T, A"=A’, C"=C’', D" is a
6x4 zero matrix and B’ is equal to B’ with the following
column added on the left: [byo, baa, b3, baz, bs2, O]

The PI voltage controller uses the negative d compo-
nent voltage error Aey to obtain firing angle increment
Aaq, as stated in Section IV. Note that the steady-state
value of § is zero and therefore Aey is equal to Ae
(Aeg=Ae cosdg—eq sin dgAd=Ae). The plant considered for
this controller design is the open-loop transfer function in
(35) between Ae and Ac, which differs for each active-power
operating point.

The controller is designed for a steady-state case where the
rectifier is operating at half rated power. Firstly, the PI time
constant is set at three times that of the frequency controller,
i.e. 30 ms. Then, the controller proportional gain is tuned to
yield a bandwidth in the feedback system of 500 rad/s.

The thyristor rectifier system with both control channels
implemented can be linearized in order to determine its
stability. For that purpose, the expression that defines the PI
voltage controller is presented in (36).

Aa = —(kyAe + kjwo / Aedt) (36)
where a new state has been defined: Azr=wy f Aedt.

The small-signal system for the thyristor rectifier case adds
one extra dynamic equation (fy=-- dA“ =Ae) to the ones

used in (35) and is formulated as f((;flows

i dAdf”, — AIIIAmIII + BIIIAUIII
w
OA " __ CIIIA 24 + DIIIAulII (37)

where Ax’""=[AJ, Ae, Azdd,Avc,Azdcg,Amg,Am] ,
Au'"'= [Apg,Aqg,Avdt] and
Ay,” [A5 Ae Achl; AUC; AZdc27 Aqurv AOL]

The elements of 7x7 matrix A’’’ are the ones found in A"
with the following changes:

" /! 6
ajy = ajy — bk

/// _ /! 8
a;; = —b\ kS

(i=1,2,3,4,5,6)
(1=1,2,3,4,5,6)
aty =1
(i=1,3,4,5,6,7)

"

az; =0, (38)

B’ is a 7x3 matrix whose non-zero elements are as fol-

lows: b4 1 =bY, and bY4=b,. D" consists of a matrix

blS’ 21—
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Fig. 8. Eigenvalues of the voltage- and frequency-controlled thyristor rectifier
system at different active-power operating points (arrows show increasing
active power).

with seven rows and three columns of zeros whereas C’’ is
equal to C”” with an extra seventh row and column whose
non-zero positions are as follows: c7y=—ky and c7;=—k;.

The existing plant for the voltage controller design varies
with rectifier active power. Therefore, the small-signal study
is carried out for a hundred cases between values of 0.01 p.u.
and 1 p.u. of power transmitted by the HVDC link. Analyzing
the real part of the eigenvalues for these operating points,
presented in Fig. 8, demonstrates that the plant is stable.
The dominant states of each eigenvalue are also shown in
Fig. 8. Ad and Axg are the dominant states of the two
eigenvalues that are invariable with the operating conditions.
Furthermore, the arrows in Fig. 8 denote the movement of the
eigenvalues while the injected active power is increased. From
the above, it is derived that system stability improves as power
increases, because the complex eigenvalues are more damped.
By comparing Fig. 7 and Fig. 8, it can be concluded that the
two real eigenvalues affected by the operating conditions in the
first case remain invariable for the thyristor rectifier case, due
to the additional voltage controller. Moreover, Fig. 8 shows
that the complex eigenvalues move even farther away from
the imaginary axis than in the diode rectifier case. Also, Av,
appears as a dominant state of one of the complex eigenvalues
in Fig. 8.

VI. AVERAGE-VALUE MODEL SIMULATION RESULTS

The proposed diode and thyristor rectifier and control
models have been implemented in MATLAB/Simulink. This
section evaluates those models’ performance.

Both systems are simulated equally for 0.4 s. Three different
initial operating conditions are considered with active powers
equal to 0.1 p.u,, 0.4 p.u. and 0.7 p.u. The reactive power
initially injected by the OWF is zero in all cases. For the above
conditions, two input steps are considered. The first consists
of an active power increment of 0.2 p.u. at the capacitor bank
bus at t=0.01 s (py). The second consists of a reactive power
increment injected by the OWF (g,) from zero to 0.1 p.u.
at t=0.3 s. It should be pointed out that both input changes
have been smoothed using a first-order filter with unitary gain
and 10-ms time constant in order to represent a more realistic
changing condition.

The simulation results obtained for both systems are pre-
sented and discussed in the following subsections.
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Fig. 9. Frequency, voltage and controlling reactive power during active- and
reactive-power changes in the diode rectifier system.

A. Diode Rectifier System

The diode rectifier system simulation results are presented
in Fig. 9 for the three study cases, each of them for the
different initial load conditions. Fig. 9 shows frequency f,
the magnitude of capacitor-bank-bus voltage vector e and the
reactive power injected in the capacitor bank bus to control
frequency qctr.

By analyzing the simulation results, it is concluded that
voltage magnitude rises as a consequence of higher initial
active power, provided that the onshore converter operates
in constant DC voltage mode. The reactive power drawn by
the rectifier also increases with the active power transmitted.
Therefore, the reactive power to be injected for frequency
control g also increases for each initial operating point.

At t=0.01 s, active power is increased and the values of
e and q.- vary in the same direction, as expected with the
aforementioned relationships. At t=0.3 s, the reactive power
injected in the capacitor bank bus g, changes from zero to
0.1 p.u. As can be seen in Fig. 9, voltage magnitude e is not
affected by reactive power changes. Note that q.;, decreases
in order to balance the reactive power at the capacitor bank
bus and to maintain constant frequency (reference value equal
to 50 Hz).

It should be pointed out that the system’s dynamic response
to an increment in active power oscillates more when the
initial conditions correspond to lower power transmission. This
conclusion can be derived from Fig. 7, where the complex
eigenvalues are damped when active power increases.

Moreover, Fig. 9 shows that although the voltage magnitude
cannot be controlled, variance is bounded within acceptable
limits. In fact, in steady-state the voltage limits reached are
0.954 p.u. and 1.05 p.u. when power transmission equals
0.01 p.u. and 1 p.u., respectively.

B. Thyristor Rectifier System

The simulation results for the thyristor rectifier system
are presented in Fig. 10, where the variables of interest are
frequency f, voltage magnitude at the capacitor bank bus e,
reactive power injected in the bus to control the frequency g,
and the firing angle « that controls the voltage magnitude.
These variables are shown in Fig. 10 for the three initial
operating points indicated at the beginning of this section.
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Fig. 10. Frequency, voltage, controlling reactive power and firing angle during
active- and reactive-power changes in the thyristor rectifier system.

Fig. 10 shows that voltage and frequency are perfectly
controlled at 1 p.u. and 50 Hz, respectively. On the other hand,
the higher the active power transmitted by the HVDC link, the
higher the reactive power required to control frequency e,
and the lower firing angle « required to control voltage. The
same can be said after analyzing the response of ¢, and «
after the 0.2-p.u. increment in active power p, at t=0.01 s.

Meanwhile, at t=0.3 s, OWF reactive power g, is increased
to 0.1 p.u. This mainly affects the frequency (affection of the
voltage magnitude e is negligible). In any case, this response
differs slightly from the diode rectifier system one, where
voltage dynamics are completely decoupled from the change
in reactive power.

Finally, it should be pointed out that the system’s dynamic
response oscillates more when active power is lower. This
behavior can be observed in Fig. 10, which is consistent with
the eigenvalues study derived in Section V-C.

In addition, it can be observed that q.;- can reach high
values in both simulation cases. This is due to the large passive
AC capacity (harmonic filters and compensation capacitor
bank) used in the HVDC Benchmark. As it was already stated,
this g, can be provided by the wind turbines, but additionally
an STATCOM will also be needed because of the large amount
of reactive power required. However, the AC capacitance could
be reduced [35] in order to avoid the STATCOM.

VII. CONTROL SYSTEM AND MODEL VALIDATION

The detailed switching models (DMs) of the diode and
thyristor rectifier systems under study have been implemented
in PSIM in order to validate the performance of the proposed
control system and determine the accuracy of the proposed
AVM. In order to accomplish these validations, the small-
signal frequency-domain and large-signal time-domain analy-
sis of the AVM and DM controlled systems will be performed
in the following subsections.

A. Small-Signal Frequency-Domain Analysis

The frequency response of the controlled diode and thyristor
rectifier systems is analyzed in this subsection. This study is
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Fig. 11. Frequency response of the AVM and the DM controlled diode rectifier
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Fig. 12. Frequency response of the AVM and the DM controlled thyristor
rectifier systems and non-controlled thyristor rectifier systems (NC-AVM and
NC-DM).

performed for both the AVM and the DM in order to compare
their responses. For this purpose, the transfer function between
the OWF active power and the rectifier DC current at a steady-
state operating point of 0.4 p.u. of active power through the
link is used.

The small-signal models derived in Section V have been
used to obtain the AVM transfer function, while the PSIM
frequency sweep is used to get the DM frequency response.
The results of the controlled diode rectifier system are pre-
sented in Fig. 11, and Fig. 12 shows the frequency response
of the controlled thyristor rectifier system. From these results
it can be concluded that the AVM response fits with reasonable
accuracy the DM response. However, it can be observed
that the AVM response differs for frequencies close to the
switching frequency (600 Hz for the 12-pulse rectifier). This
is due to the assumptions considered for the development of
the AVM, which are no valid for frequencies close to and
above the switching frequency [18].

In order to carry out the open-loop analysis of the proposed
model, the frequency response of the non-controlled AVM
and DM diode rectifier systems is also shown in Fig. 11
(NC-AVM and NC-DM, respectively). These responses have
been obtained using an AC grid connected to the capacitor
bank bus, being the grid impedance parameters r=0.005 p.u.
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DC voltage and current during active- and reactive-power changes in the diode
rectifier system for the AVM and DM.

and x=0.05 p.u. The transfer function between 74,1 and the
magnitude of the AC voltage source is analyzed. The same
studies are shown in Fig. 12 for the thyristor rectifier system.
Both frequency responses lead to the conclusions previously
depicted for the controlled systems.

B. Large-Signal Time-Domain Analysis

The active and reactive power changes considered in Section
VI are scheduled for the DM in PSIM, taking only the initial
operating point of 0.4 p.u. of active power.

Fig. 13 shows the dynamic response of frequency, AC
voltage magnitude, rectifier DC voltage and rectifier DC
current for both the DM and the AVM in the diode rectifier
system. Likewise, Fig. 14 presents the results for the thyristor
rectifier system, in which firing angle « is also plotted. The
DM’s responses allow it to be stated that the proposed AVM
represents with reasonable accuracy the response of both
systems, as can be observed in Fig. 13 and Fig. 14. Moreover,
the DM’s responses also demonstrate that the proposed control
systems show a good performance when applied to the detailed
switching model, which validates the proposed control scheme.

VIII. FAULT RESPONSE STUDY

In this section the DM of controlled diode and thyristor
rectifier systems has been used to obtain the response to a
fault in the capacitor bank bus at t=0.4 s during 100 ms. The
pre-fault condition is set at 0.6 p.u. active power, given that
the fault is scheduled after the simulations of Section VII-B.

Fig. 15 shows the diode rectifier fault response. From top to
bottom frequency, AC voltage magnitude, rectifier DC voltage
and rectifier DC current are depicted. During the fault AC
voltage drops to zero, blocking the diode rectifier while the
DC voltage oscillates at its natural frequency. Once the fault
is cleared, voltage is recovered and frequency is taken to rated
by the control system. The frequency signal shown in Fig. 15
is obtained by means of a PLL, because frequency is not an
explicit signal in the proposed control system. This is why
during the fault, with no voltage, frequency measurement is
50 Hz. Of course, the response during the fault and post-fault
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Fig. 14. Frequency, voltage magnitude at the capacitor bank bus and rectifier
DC voltage, DC current and firing angle during active- and reactive-power
changes in the thyristor rectifier system for the AVM and DM.
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Fig. 15. Frequency, voltage magnitude at the capacitor bank bus and rectifier
DC voltage and current response to a 100 ms fault in the capacitor bank bus
of the DM diode rectifier system.

is very dependent on the so-called low voltage ride through
response of the wind turbines. Here, the wind turbine active
power is taken to zero during the fault and it is ramped up
when the fault is cleared. This is the reason for the rectifier DC
current increasing at a constant rate after the fault is cleared.

Fig. 16 shows the thyristor rectifier fault response. The same
variables as above are shown, but also adding the rectifier
firing angle. The same conclusions stated for the diode rectifier
case can be established here, except that the voltage control
tries to increase the firing angle during the fault in order
to maintain constant voltage. However, this is not possible
because of the fault and the controller reaches saturation. Once
the fault is cleared, the voltage control takes over and the
firing angle reaches the same value as in the pre-fault operating
conditions.

IX. CONCLUSION

This paper has presented a novel control strategy for voltage
and frequency which allows an OWF to operate connected to
an LCC rectifier station in an HVDC link. This control system
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has been derived from a new AVM of the LCC rectifier station.
Two cases have been considered for the rectifier station: diode
rectifier and thyristor rectifier. The main contribution of the
proposed AVM is that active and reactive power are used as
inputs and that the state variables are the polar coordinates of
the capacitor-bank-bus voltage vector, i.e. voltage angle and
voltage magnitude, in order to make it possible to implement
a decoupled voltage and frequency control strategy in the
OWEF. Furthermore, the accuracy of the AVM has been verified
by comparing the small-signal frequency-domain and large-
signal time-domain analysis responses of the AVM and the
DM. This validation also demonstrates the performance of the
proposed control using a DM. Finally, a fault study has also
been performed, which demonstrates that the control system
is able to recover voltage and frequency within the OWF as
soon as the fault is cleared. In conclusion, simulation results
validate appropriate performance of the system proposed to
control voltage and frequency in the AC grid of an OWF
connected by an HVDC link.

APPENDIX A

The parameters of the diode rectifier station are given in
Table 1. These parameters are the same for the thyristor
rectifier case, except that the onshore DC voltage vg; is
0.855 p.u. Additionally, the voltage controller parameters are
kp=1.67 rad/p.u. and k{=0.177 rad/p.u.

APPENDIX B

The extra algebraic expressions which fully define (4) are
as follows:

2
Var = —\/_nbE cos o — np R, 1lge1 (B.1)
™
2
V2 g
npRylaer = L (cosa — cos (a+ p)) (B.2)

TABLE I
DIODE RECTIFIER STATION PARAMETERS
Parameter Value
ny 2 6-pulse bridges
Shase,ac 1000 MVA
base,ac 21142 kV
Pbase,dc 1000 MW
base,dc 571.0346 kV
o 0.1505 p.u.
be 0.625 p.u.
Tde1=Tde2 0.00765 p.u.
lac1=ldc2 0.57367 p.u.
Ce 2.66347 p.u.
fo 50 Hz
Vds 0.9529 p.u.
k;,’,c 1.8 p.u.
k! 180/wo= 0.573 p.u.

1
ko = 5((:0504 + cos (a0 + p))

/1 + (mescpesc X — cot A)2 (B.3)

where RM:%woLt is the commutating resistance, wy is the
AC system frequency and A=2a+p.

APPENDIX C

The base magnitudes for the AC-DC per-unit system are as
follows:

Sbase,ac = \/g‘/base,aclbase,ac (Cl)
Pbase,dc = Sbase,ac = %ase,dc]base,dc (C2)
V;)ase,dc = Tnb%ase,ac (C3)
Ibase,ac = 7anbase,dc (C4)
Viase,ac

Zbase,ac = —Sb““ (C.5)

%ase de 3\/5 ?
Rbase,dc = Ji — = ( ny Zbase,ac (C.6)

base,dc ™

The per-unit values for the DC inductance, the DC capaci-
tance and the commutation resistance are as follows:

Lac; RaciTdei

l ci = — =Tdcs cis ':L 2) (CT
¢ o Rbase,dc 0 Rbase,dc Tdeitdord (Z ) ( )
S Ry nb;WOLt o s
: Rbase,dc 3\/5 2 6 ny
—np | WoLpase
T
Ce = WOCcRbase,dc (C9)

The algebraic expressions needed for the system are as
follows:

Tpldel = g(cos a — cos (o + ) (C.10)
Var = ka,ueCc08 0 = ecosa — Tuige (C.11)
iy = ka,;tidcl (C.12)
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