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Diode-Based HVdc Link for the Connection of Large
Offshore Wind Farms
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Johel Rodriguez-D’Derlée, Student Member, IEEE, Soledad Bernal-Perez, and Francisco Morant

Abstract—This paper includes a technical feasibility study on
the use of diode-based HVdc links for the connection of large off-
shore wind farms based on synchronous generators. A technique
for the voltage and frequency control of the offshore ac grid is
presented. The proposed control technique allows the operation
of the rectifier end of the HVdc link in current or voltage control
mode. Fault response to onshore voltage sags of up to 80 % has been
shown to be comparable to that of thyristor-based rectifiers. More-
over, the complete system shows an adequate fault-ride-through
operation to solid short circuits at onshore inverter terminals.
PSCAD® simulations are used to prove the technical feasibility
of the proposed control techniques both in steady state and during
transients.

Index Terms—Current control, frequency control, HVdc trans-
mission control, power generation control, voltage control, wind
power generation.

1. INTRODUCTION

HE USE of single generators connected to diode-based

HVdc rectifiers has been proposed in the past for unidirec-
tional power links [1]-[5] . The use of an uncontrolled rectifier
for the HVdc link presents several advantages over standard
thyristor-based HVdc links, namely, lower conduction losses,
lower installation costs, and higher reliability, as gate drivers
are no longer needed for the rectifier converter. Moreover, if the
generators are directly connected to the diode rectifiers, the use
of a rectifier transformer might be avoided [2].

In spite of the aforementioned advantages, diode rectifier-
based HVdc links exhibit important drawbacks. For instance,
these kinds of rectifiers can only be operated in voltage control
mode, the voltage being regulated by generator excitation [2].
Therefore, HVdc-link current control must be provided by the
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inverter, increasing the probability of inverter commutation fail-
ure and decreasing overall efficiency. Behavior during transients
and recovery time is also of concern. Even if the transient induc-
tance of the generator can be increased in order to limit rectifier
overcurrent during faults, relatively long recovery times (around
1.5 s) have been reported [1]. These drawbacks, together with
the fact that most HVdc links require bidirectional power flow,
have been important deterrents to the use of diode rectifier for
HVdc links.

On the other hand, HVdc lines are being used or projected for
the connection of large offshore wind farms located at distances
greater than 50 or 60 km from the coastline. At such distances,
an ac connection is no longer viable, and hence, the power
connection to the onshore transmission grid has to be carried
out using HVdc lines. Current techniques include the use of
voltage source converters (VSC) for powers around or below
500 MW [6]-[10] , whereas the transmission of higher power at
higher voltage levels still requires the use of line-commutated
converters (LCC) [11].

Alternatively, the use of offshore dc grids has been pro-
posed [12]; however, the dc voltages attainable at the wind tur-
bine terminals are still comparatively small for effective HVdc
transmission.

The connection of large wind farms using diode-based HVdc
links is of particular interest, as the power flow is unidirectional
and the wind turbine power electronic converters can be used to
mitigate the previously mentioned diode rectifier drawbacks.

In any case, LCC-HVdc-connected wind farms require an ad-
equate control of the offshore ac-grid voltage and frequency to
ensure proper operation of the offshore line-commutated rec-
tifier (both for controlled or uncontrolled rectifiers). Several
alternatives have been proposed for the voltage and frequency
control of offshore ac grids using wind turbines based on doubly
fed induction generators [13], [14], directly connected induc-
tion generators [15], or optimization techniques [16] together
with LCC-HVdc links. Some techniques make use of an off-
shore STATCOM for this purpose [17]. The aforementioned
techniques rely on the rectifier firing angle to control directly
or indirectly the offshore grid voltage and frequency. There-
fore, these techniques are no longer valid when an uncontrolled
rectifier is used.

On the other hand, an increased number of wind turbine man-
ufacturers are opting for the use of synchronous generator (SG)-
based wind turbines with fully rated converters, either direct-
drive or with a single-stage gearbox. The reduction in power
electronic costs, more stringent grid regulations, and reliability
problems of three-stage gearboxes being the main reasons for
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Fig. 1. SG-Based offshore wind farm with HVdc connection.
this change in technology. Currently, installed SG-based wind
turbines are rated up to 6 MW [18], [19].

This paper presents a technical feasibility study on the use
of diode-based HVdc rectifiers for the connection of large off-
shore SG-based wind power plants. A novel control algorithm
is presented for the regulation of the offshore ac-grid voltage,
frequency, and delivered power, while keeping optimal energy
extraction on each wind turbine.

The proposed control approach allows the combination of
wind farm and diode rectifier to operate either in voltage control
mode or in current control mode, in line with standard practice
in fully controlled LCC-HVdc links.

Moreover, the overall system shows good behavior during off-
shore faults, being able to control after fault HVdc-link currents
in around 100 ms from the onset of the short circuit.

II. SYSTEM MODELING AND CONTROL

Fig. 1 shows a diagram of the complete system under con-
sideration. Energy is extracted by the SG-based wind turbines,
rectified by the back-end converter, and then injected into the
offshore ac grid through the front-end inverter. The voltage is
stepped up by the wind turbine transformer Ty for the con-
nection to the offshore ac grid. The HVdc rectifier station is
modeled considering a 12-pulse uncontrolled rectifier, with the
corresponding transformer T and filter bank (Cr, ZF) for re-
active power compensation and harmonic filtering.

The wind farm considered is a 1-GW aggregated model of a
direct drive permanent magnet 80 pole-pair SG machine with
mechanical and electrical parameters extrapolated from [20].
The SG is controlled using field-oriented control [21], [22], with
the field current reference set to zero (I, = 0) for maximum
torque per amp operation.

As the offshore HVdc uncontrolled rectifier does not actively
contribute to regulate the offshore ac-grid voltage, the control of
the wind turbines is carried out assuming a stand-alone generator
system. Therefore, the wind turbine front-end inverter active
current cannot be used for the control of the wind turbine dc-
link, as is common practice [18], [23].

Alternatively, the control method shown in Fig. 2 will be
used, where the back-end converter I, current is used for the
control of the dc-link voltage F. [24]. The specific details and
the performance of such control strategy can be found in [25].

The HVdc link is modeled using a I'-equivalent of the dc
transmission line. The onshore inverter station is modeled by
a variable voltage dc source, since the onshore inverter would

Variable Voltage
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Fig. 3. Offshore wind farm simplified model.

determine the voltage V4. when controlled on a minimum—-y
or constant voltage strategy [13], [26].

Fig. 3 shows the simplified model of the offshore wind farm
depicted in Fig. 1. Note that the voltage drop caused by the
onshore inverter transformer leakage inductance in 77 is not
considered.

The analysis of the offshore ac grid shown in Fig. 1 has been
carried out under the following simplifying assumptions.

1) Offshore ac line impedance is negligible with respect to

wind turbine transformer leakage impedance.

2) Transformer shunt branches are not considered.

Considering these assumptions, the ac-grid dynamics of the
simplified model in Fig. 3, expressed in a synchronous frame
oriented on V¢, ie., Vp, = 0, are

d Rr,, 1 1
Ly = 2w g Ipg + —Vipg — —— 1
TR Tr, Fdtwplpg + Tro Vi a T Veag (D
d Ry, 1
LIy = —wplpg — 2 [+ — Vi, 2
g1 LFa wrlpg Loy Fq + T W ()
d 1 1
< Sy R
dtVFd oy [Fa = g TRacd 3)
1 1
wrVraq Cr Ip, — Cr TRracq 4
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Fig. 4.  Offshore I4 and I, current control loops.

where all the variables are referred to the secondary side of Tyy
and wr is the instantaneous frequency of voltage V. Defining
a set of decoupling inputs as

upqg = Lry, wplpy +Vivag — Vea (5)
upq = =L, wplpqg + Vivg (6)
the dynamics of (1) and (2) would be
d Ry, 1
g = 20— 7
g Lra Tr, rad+ Tn Upq (7
d Rr,. 1
LIy S T ST 8
dt ' Ly, Fa Ly, Hra ®)

Note that all the magnitudes required for the calculation of
the decoupling inputs in (5) and (6), i.e., Vrq, Irq, Irq, and wr,
can be measured locally at the terminals of the wind turbines.
Hence, the front-end converter voltages can be calculated as
follows:

Vwa = urq +Vrqg — L1y, wrlp, )

Vivy = urpq + Ly, wrlpg. (10)

Therefore, it is possible to control Irq and Ip, to follow
desired step references /., and [, with simple PI controllers,
as far as the wind turbine front-end converter has enough dc-link
voltage (Eq.) headroom and Vyy 4, Viy, do not saturate. The I,
and I, control loops are depicted in Fig. 4.

Assuming sufficiently fast current control loops, the front-end
converter currents will follow their references, i.e., Iry = Iy,
and I, = I} ,. Therefore, the system dynamics are reduced to

d 1 1

—Vig = —=—1I%t;, — —1IRac 11
ai r = g lra T g drac (11)

1 1

wpVpg = CTFI;Q - FFIRva. (12)

It is important to remark that these expressions are only valid
if the current loops are significantly faster than the voltage dy-
namics in (11) and (12).

Therefore, I}, can be used to control the offshore ac-grid
voltage V4, whereas I 4 can be used as a control action for the

Fig. 5. Offshore ac-grid voltage control.

offshore grid frequency wr. Note that this is the opposite to that
commonly seen in power systems, where the active power is
used to control the frequency and the reactive power to control
the voltage.

However, in our case, the power electronics effectively decou-
ple the front-end converter dynamics from the primary mover.
Moreover, the offshore ac grid can be considered as a stand-
alone grid. Hence, the offshore grid dynamics (dominated by
the capacitor bank) determine the coupling between Py, Qy ,
Vra, and wp. In the most general case, ac-grid characteristics
are difficult to obtain; however, in the case of an offshore wind
farm, the offshore ac-grid characteristics are largely determined
by the transformer leakage reactance and the capacitance of
the combined filter and capacitor banks. These parameters are
known with reasonable accuracy.

A. Offshore AC-Grid Voltage Control

Fig. 5 shows the offshore ac voltage V4 control loop. When
I}, is not saturated, the voltage PI controller will ensure that the
offshore ac voltage follows its reference. If the HVdc diode rec-
tifier is conducting, the relationship between ac and dc voltages
on both sides of the rectifier is [27]

616

Vede = — NVpq — —wr L, IRac (13)
™ ™

where [V is the rectifier transformer turns ratio, V4 represents

line to neutral rms values, and L7, is the rectifier transformer

leakage inductance.

Therefore, if the onshore inverter is operating in current con-
trol mode, the voltage control loop in Fig. 5 will ensure that V4
follows its reference, and hence, the rectifier side HVdc voltage
will be determined by (13). This mode of operation is similar
to that already reported in [2], and therefore shares the disad-
vantages mentioned in Section I. Clearly, when the wind farm
is operating in voltage control mode, it is not possible to limit
the wind turbine speed by acting on the wind farm power set
point. Therefore, standard pitch control is used in order to pre-
vent the wind turbines from overspeeding when the wind farm
is operated in voltage control mode or when the wind speed is
relatively high.

On the other hand, if the onshore inverter is operating in
minimum—-y or in voltage control mode, the HVdc rectifier and
inverter dc voltages will be approximately the same, neglecting
HVdc line voltage drop. Hence, the diode rectifier will act as
a voltage clamp on V4 (13). At this point, the voltage loop in
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Fig. 6. Steady-state operation characteristics.

Fig. 5 will saturate and the wind farm together with the diode
rectifier will be operating in current control mode.

Fig. 6 shows the steady-state operation characteristics of the
HVdc link. Point A represents the case where the rectifier is
operating in voltage control mode, i.e., the control loop in Fig. 5
is not saturated and the HVdc-link current is determined by
the onshore inverter current control loop. If the voltage Vi, is
raised, then the system would operate at point B, where the wind
farm active power limit has been reached, the voltage control
loop is saturated, and Vr4 would no longer follow its reference.
At this stage, the HVdc-link voltage V74. would be determined
by the onshore inverter operating on minimum—-~ or voltage
control and, in steady state, Vgqe = Viaec + (Rr + Rr)Igdec.
Therefore, V4 would be

V6

6
Vra = BN <VRdc + ;LTR wFIRdc> = (14)
\/6 ™ 6
= 36N (Vldc + (RR + Ry +;LTR u)F) IRdc)- (15)

Clearly, when operating at point B, the offshore ac-grid volt-
age Vg is determined by the onshore dc voltage V74, and the
HVdc rectifier current Irq.. Therefore, the power delivered by
the wind farm and transmitted by the HVdc link is controlled
by limiting the HVdc rectifier current I qemax- This limit is set
indirectly by the wind turbine maximum active power current
I Z—' dmax*

Therefore, wind turbine optimal power tracking can be
achieved by considering the optimal power characteristic of
the wind turbine [23]

P;V

= Kopw? (16)

(opt)
where w, is the wind turbine speed and K, is an optimal
constant that depends on the physical characteristics of the wind
turbine rotor and the air density. At any instant of time, the active
power delivered by the wind farm would be

L

Vial
s Fdlra

1
Py = — Vwwalra + VivgIr,) = (17)

)
where ks is a constant that depends on the scaling factors used for
the transformation of the electrical quantities into synchronous
coordinates. In our case, voltage and current quantities are scaled
to represent rms phase values; therefore, ko = 1/3. The I T
limit for maximum power tracking of the wind farm is, therefore,
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obtained by combining the two previous expressions

PI;’(opt) _ ]CQ Koptwg
Vra Via

Note that this value is calculated for an aggregated model.
If the different wind turbines were to be considered, then the
I}, limit for each individual wind turbine would depend on its
specific rotational speed

I;;d max kQ (18)

K t fw3*
I;‘dv max k2 0‘1}7 . (19)
Fd
Hence, the overall wind farm active current limit would be
Fd max = . i max- Therefore, when the HVdc rectifier is

operating in current control mode (point B in Fig. 6), the pro-
posed control system ensures that each individual wind turbine
would follow its optimal power characteristic.

Optimal power tracking is generally not possible when the
wind farm and HVdc diode rectifier are operating in voltage
control mode (point A in Fig. 6) as, in this case, I, is used for
the voltage control of the offshore ac grid and cannot be set to
follow its optimal value (18).

It is worth stressing that the control arrangement in Fig. 5
will automatically switch between HVdc rectifier current control
and voltage control depending on the mode of operation of the
onshore inverter (see Fig. 6). This behavior is accomplished
simply by setting adequate values for Iy, .. and V},, and is
consistent with standard LCC-HVdc control practice. Moreover,
if the HVdc rectifier stops conducting (e.g., because of rectifier
ac or dc breaker tripping), the voltage control loop will still
be operational and will keep the offshore ac-grid voltage and
frequency, unlike other control methods [13].

Note that the feedforward term Ip,.; implies an impracti-
cal remote measurement of a current. The voltage control loop
will still show reasonably good performance without the use
of the feedforward term. Alternatively, the remote measure-
ment can be substituted by an estimated value based on local
variables.

B. Offshore AC-Grid Frequency Control

Fig. 7 shows the basic frequency control algorithm, based
directly on (12) with some filtering on V.. However, the open
loop control based on (12) is extremely sensitive to C'r estima-
tion errors and does require the use of a remote measurement of
IRacq- A possible solution consists on estimating the value of
IRacq by using local measurements

A 1 Py ‘/qu - Qw Viva

Racq — - C’FWF VFd- (20)
T3 VR VR,
Substituting (20) in (12), we have
1 Py V ;o — na V ”
Ipy = CpVra (Wp —wr) + w Vivg — Qw Viva 1)

3 VeV,

The corresponding block diagram is shown in Fig. 8. The
modified frequency control loop corresponds to a simple pro-
portional control with a feedforward compensation term. More-
over, it is clear that the frequency control system is more robust
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Fig. 7. Open loop offshore ac-grid frequency control.
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Fig. 8. Modified frequency control loop.

to C'r estimation errors, as C'r now appears within the control
loop and can be considered as a loop gain, rather than a plant
parameter.

Note the algebraic relationship between wy and the front end
inverter reactive current I, (12). Therefore, the proportional
controller in Fig. 8 could, theoretically, drive wr to its reference
instantaneously (the loop gain having only an influence on the
steady-state error). In this case, the dynamics of the current
loop can no longer be neglected, and hence, the closed loop
wp dynamics are the same as those of the Iy, loop. Moreover,
filtering on V4 introduces additional dynamics in the frequency
control loop, although such effects can be easily minimized with
adequate filter design.

C. Protection and Fault-Ride-Through Operation

Wind farms of the considered size should be able to re-
main connected to the grid in spite of severe grid disturbances.
Therefore, a protection scheme, similar to traditional voltage-
dependent current order limit (VDCOL), has been included in
Fig. 5.

In order to make the fault protection algorithm robust against
communication failure or delays, all the variables used for pro-
tection purposes are local to the wind turbines. In this way,
the maximum value of |I};| is determined as a function of the
voltage V.

1) If Vg is higher than 0.5 p.u., then |I;| . =1p.u.
2) If Vg is lower than 0.2 p.u., then |I;| = = 0.2 p.u.
3) When Vg, is between 0.2 and 0.5 p.u., |} | max 18 inter-

polated between 0.2 and 1 p.u.
The limits for the direct and quadrature currents are obtained
as follows:

Trg max = 1P| max (22)

. N Kopiw?
IFd max — HUI ( |I;'|2111ax - I]%‘qv k? VE:d) . (23)

In addition, a limit has been placed on the rate of increase
of [I}| ,,..» in order to limit the current increase rate after the
recovery of a fault.

Alternative protection schemes are possible; however, the
proposed VDCOL has been chosen to show that the wind farm
together with the diode rectifier can be operated in a similar way
as traditional thyristor-based HVdc rectifiers.

III. RESULTS

The validation of the previously described control strategy has
been carried out using PSCAD® simulations. The parameters
of the HVdc link have been obtained from the International
Council on Large Electric Systems (CIGRE) benchmark model
[28], using a diode rectifier instead of a thyristor rectifier and
modeling the onshore inverter station by means of a variable
voltage dc source to emulate an onshore inverter in voltage
control mode of operation (see Fig. 3) [13], [14], [17].

The current loop bandwidth has been designed to be around
180 Hz, which is consistent with a wind turbine front-end con-
verter operating at 1-kHz switching frequency.

A. Offshore AC-Grid and HVDC-Link Start-Up Operation

Fig. 9 shows the start-up operation of the offshore ac grid.
Clearly, the HVdc diode rectifier or, in general, an LCC recti-
fier cannot start the offshore ac grid by itself, even if the HVdc
link is energized. Therefore, the wind farm should perform this
operation. Initially, the offshore inverter energizes the HVdc
link and ramps up Vgq.. Once the HVdc voltage has reached
its rated value, the voltage and frequency control loops of the
wind farm are enabled and the voltage reference V;;; is ramped
up to 1.1 p.u. in 1.7 s. Note that the wind farm reactive current
increases as the offshore ac-grid voltages reaches its rated value.
This is due to the fact that the HVdc rectifier is not yet conduct-
ing, and therefore, the reactive power delivered by the capacitor
bank is absorbed by the wind farm. Once V4 reaches the value
(v/6/36)(m/N)Vgae (at t = 1.7 s), the HVdc diode rectifier
starts conducting and /4 and I, increase to their rated val-
ues. At the same time, I, decreases as now the capacitor bank
reactive power compensates the reactive power absorbed by the
leakage reactance of transformer 7% and by the overlap angle
of the HVdc rectifier. Note the reduction of Iy, .. when Ip,
increases to keep the allowable output current below its rated
level, as per (23).

When operating at rated Vr, voltage, the active power de-
livered by the wind farm Py is roughly proportional to wind
farm active current /p,4. During operation at rated power, the
wind farm delivered reactive power is zero. Fig. 9 also shows
the waveforms corresponding to phase r of V- and the ac-side
currents of the diode bridge I.

Fig. 10 shows a detail of the previously shown start-up tran-
sient. When Vp; reaches a value of 0.9 p.u. (at t = 1.7 s),
the offshore rectifier starts conducting and currents [, and
IRq. increase. As current Ipq. increases, the Vx4, ripple in-
creases due to the higher harmonic content at higher currents.
When I, reaches its limit (Ipg may) at t = 1.89 s, the voltage
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Fig. 9. Offshore grid black-start operation.

control loop in Fig. 5 saturates and the offshore grid voltage V4
does no longer follow its reference. Therefore, Fig. 10 shows a
smooth transition between voltage and current control mode of
operation.

The ac-grid frequency remains close to 50 Hz during the
voltage ramp-up. However, once the rectifier starts conducting,
the offshore ac voltage shows an increased harmonic content,
which causes the frequency and HVdc-link voltage ripple in
Fig. 10. When the diode rectifier is not conducting, the wind
turbine speed wy is kept at its rated value 14.8 rpm by means
of pitch control. Once the HVdc link starts conducting, active
power is extracted from the wind farm causing a small drop in
wind turbine speed. At this point, the pitch angle of the wind
turbine /3 is reduced at its maximum rate. During the connection
transient, the minimum wind turbine speed is 13.5 rpm. After
the minimum pitch angle is reached (3 = 0°), the wind turbine
speed returns to 14.8 rpm. The wind speed during the transient is
11.48 m/s.

The transients in Figs. 9 and 10 show reliable steady-state
operation at rated power. Moreover, before the HVdc diode rec-
tifier starts conducting, the proposed control algorithm shows
an excellent stand-alone operation, with good voltage and fre-
quency regulation.
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Fig. 10. Response to offshore ac voltage reference ramp.

B. Response to Frequency Changes at Rated Power

The performance of the frequency control loop is shown in
Fig. 11. The system is operating in current control mode at
rated power. Att = 0.1 s, the frequency demand rises to 52 Hz
(1.04 p.u.) and then is changed back to 50 Hz (at t = 0.3 s). A
similar transient is carried out, but now reducing the frequency
demand to 48 Hz. The behavior of the control system is re-
markable as the actual frequency reaches its reference value in
around 12 ms. The rest of the magnitudes remain constant dur-
ing the transients. Only minor variations on I, Vpq, and Qw
can be appreciated. These variations are due to the frequency-
dependent nature of the reactive power of the capacitor bank,
filters, and leakage reactances.

C. Wind Farm Power Control

Fig. 12 shows the response of the system to changes in the
wind farm power set point. The value of I, .. in Fig. 5
has been reduced from 1 to 0.1 p.u. in 0.3 s and then ramped
up to 1 p.u. to simulate power variations for changing wind
conditions.

Note that I, increases as Iy 4 decreases, since the capacitor
bank is overcompensating the reactive power absorbed by the
rectifier transformer leakage reactance. This fact is consistent
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Fig. 11. Response to frequency demand changes at rated power.
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Fig. 12. Response to changes in wind farm power set point.

with the increased @y absorption shown in the third graph.
On the other hand, the HVdc link and offshore ac-grid voltages
decrease slightly along with Ir; due to smaller voltage drop
on the HVdc-link resistance and rectifier transformer leakage
reactance. It is worth noticing the decreased harmonic content
in the HVdc-link voltage V4. at reduced power levels. During
the complete transient, the offshore ac-grid frequency is kept
very close to its reference value.

e
a0
™

Optimal power tracking.

Note that a 0.9 p.u. power transient in 0.3 s might not be
realistic, as power generated from a wind farm of this size does
not vary so rapidly. Nevertheless, Fig. 12 shows an excellent
behavior of the proposed control system during power reference
changes.

Optimal power tracking for different wind conditions is
shown in Fig. 13. From an initial value of 5 m/s, the wind
speed is increased to rated wind speed 11.48 m/s. The wind
turbine rotational speed increases to reach rated speed and rated
power operation. At t = 14 s, the wind speed is further increased
to 15 m/s to illustrate pitch angle 3 control at high wind speed.

D. Fault-Ride-Through Performance During Onshore Faults

Fig. 14 shows the response of the system to a three-phase
onshore grid short circuit at the inverter terminals. The fault has
a duration of 400 ms, a 100% depth, and a 100-ms recovery time
to 100% of the prefault voltage. During the fault, the VDCOL
mechanism reduces /rq and Ir, due to the small Vry values
caused by the fault. As a result, the HVdc-link current (/gq.)
decreases following the link unforced dynamics.

The behavior of the HVdc-link current has been analyzed
theoretically assuming a short circuit at the onshore inverter
terminals and an instantaneous voltage reduction at the offshore
rectifier terminals. The HVdc-link natural (unforced) response
can be expressed as follows:

~(R/D)t | 1000V/C o (R/2L)t

ITrae = 2e VAl sinw,t (24)
1
Itge = 2e~(B/0)E 4 —000\/6 e (B2 cosw,t - (25)

V8L — CR?
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Fig. 14.  Response to a three-phase fault at onshore inverter terminals.

where R, L, and C are the HVdc characteristic parameters and
1 8 R?
Wy = A — — —.
"2V LC L2
Therefore, the maximum rectifier (and inverter) current will
be

(26)

1000V/C
V8L — CR?

Substituting the R, L, and C values used in the CIGRE bench-
mark yields w,, = 57 Hz and IARdeeak =4.33 kA = 2.17 p.u.
These values are consistent with the results in Fig. 14. Note that
the peak current is slightly higher in Fig. 14 (Ipde ~ 2.5 p.u.)as
the rectifier side dc voltage does not decrease to zero instanta-
neously. Clearly, in order to reduce I Rde»a good option would be
an increased value of the serial smoothing reactance. However,
such an increase will lead to longer current decay times (24). On
the other hand, an increase on the cable capacitance will lead to
larger maximum values of I .. Note that the present analytical
study is also valid for HVdc-link short circuits at the dc inverter
terminals when VSC are used.

It is clear, both from the transient in Fig. 14 and from (24),
that the amount of time the rectifier current remains above its

Tpae ~ 2+ 27
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rated value is substantially higher than that obtained with an
offshore controlled rectifier.

At this stage, it is necessary to check if both I 4. and [ 13, dt
are within the operational limits of existing diodes and thyristors.
For calculation simplicity, it is assumed that

Irae = IRdeso + (dec - IRdcoo) e (RI2L)E - (28)
Therefore,
% , ) 4L1R4c (de(; - IRdcoo)
/IRdcdt = IRacoc ' + A
0
. 2
L (IRdc - IRdcoo)
+ (29)

R

assuming 7 is large enough for the current to reach a new
steady-state current (igqesc). With T = 0.4 s, Ipqc = 5kA, and
IRdacoo = 0 KA, we have [I3,.dt =5.99 x 106 A%.s.

Both I, and [I%,.dt are within the operational limits of
current high-power diodes and thyristors. For example, high-
power thyristors of 6 kV/2.5 kA have instantaneous maximum
currents of more than 35 kA and values of [I%, dt in excess of
9 x 10° A?s.

Therefore, the proposed control system allows for the power
electronic devices to remain within their operational limits dur-
ing solid three-phase onshore faults at inverter terminals. The
system resumes operation at rated power 200 ms after the fault
has been cleared. Note that the duration of the fault has been
deliberately extended so the natural discharge of the HVdc link
can be appreciated.

The VDCOL protection system brings the offshore ac voltage
to a very low value during the fault. Therefore, the wind turbines
should be able to continue their operation in the presence of low
Vp voltages.

During the transient, the proposed control strategy keeps cur-
rents I and I, within safe bounds. Moreover, 4. overvoltage
is kept below 1.1 p.u. by using dynamic braking. Additionally,
wind turbine speed is limited by means of standard pitch con-
trol, reaching a maximum of 16.3 r/min. These characteristics
contribute to the wind turbine required low voltage ride-through
performance.

Fig. 15 shows the behavior of the system to a 0.8 p.u. voltage
sag of 100-ms duration at the onshore inverter terminals. In this
case, the behavior of the system is different from that shown in
Fig. 14, as the control system is capable of keeping Iq. below
2 p.u. while reducing it to 0.2 p.u. in less than 50 ms.

It is worth noticing that I, reaches its limit during the tran-
sient. Therefore, the offshore grid frequency is no longer con-
trolled and frequencies of up to 125 Hz are observed. However,
these frequencies correspond mainly to the highly distorted volt-
ages that appear at the onset of the transient. After approximately
75 ms, the frequency control loop is no longer saturated and the
frequency returns rapidly to 50 Hz.

At the onset of the transient, the power delivered by the wind
farm Py becomes negative, implying an in-flowing power to the
wind turbine converters. The in-flowing power would then create
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Fig. 15. Response to a 0.8 p.u. voltage sag at onshore inverter terminals.

a momentary increase in the wind turbine dc-link voltage Fjq..
As the energy absorbed by the wind turbine is small, standard
protection schemes based on dynamic braking are sufficient to
keep Eq. within reasonable bounds.

The overall transient, including restoration of rated power
delivery lasts for around 350 ms, which is comparable to that
obtained with thyristor-controlled rectifiers.

E. Voltage and Frequency Control During Rectifier
AC Breaker Operation

Some of the previously reported offshore frequency and volt-
age control strategies use the HVdc rectifier firing angle or the
HVdc current Izq. as control actions [13]. However, these con-
trol actions are no longer available after the rectifier ac breaker
has tripped. In this situation, control of the offshore grid might
be lost and power transmission would not be restored at breaker
reclosure.

Fig. 16 shows the behavior of the proposed control system
when the rectifier ac breaker is opened at ¢ = 0.1 s and reclosed
after 200 ms. When the breaker trips, I4 drops to a value close
to zero, and the voltage control loop shown in Fig. 5 is no longer
saturated. Therefore, the offshore grid voltage is controlled to
its 1.1 p.u. reference. Note that the 1.3 p.u. peak of Vi, during
15 ms has to be within the design ratings of the wind turbine
converters.
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Fig. 16. Response to operation of the diode rectifier ac breaker.

When the breaker is reclosed, power transmission is resumed
in less than 40 ms. Note that the I, reference has not been
ramped up, as in the previous cases, giving rise to the voltage
and current oscillations seen in Fig. 16 after reconnection.

During the transient, the wind turbine dc-link voltage Fj.
voltage is again kept below 1.1 p.u. by means of dynamic brak-
ing. After the ac-breaker reclosure, Fy. exhibits marked oscil-
lations at the resonant frequency of the wind turbine two-mass
mechanical model. These oscillations could be mitigated by an
enhanced design of the Fy. control loop or simply by using a
rate limit on Ipg.

IV. DISCUSSION AND CONCLUSION

This paper has introduced a new control system for the inte-
grated control of an offshore wind farm, the offshore ac grid,
and a diode-based HVdc link. This study aims at proving the
technical feasibility of the use of a diode rectifier together with
a large offshore wind farm based on fully rated converters.

The advantages of using a diode rectifier for offshore wind
farms are evident, as the converter and filters are smaller, the
reliability is increased as no gate drivers nor transformer tap
changers are required. At the same time, the offshore converter
increases its efficiency, reducing the need for cooling.

The control of the offshore ac grid is carried out in a similar
way as a stand-alone system. In the proposed configuration, the
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turbine back-end inverter provides control for the wind turbine
dc-link voltage Fy.. Therefore, the front-end inverter currents
can be controlled in a voltage-oriented frame to provide a vari-
able voltage and frequency offshore ac grid.

It is worth noticing that the proposed control system does
not require the presence of an additional voltage source to set
either the voltage or frequency for the voltage orientation. The
proposed control system shows a voltage-closed loop bandwidth
of around 20 Hz and a closed-loop frequency response of around
12 ms. These figures compare favorably to previously reported
research [13].

The combination of wind farm and HVdc diode rectifier can
be operated either in voltage or in current control mode, whereas
previously published research only considered the rectifier volt-
age control mode of operation.

The proposed technique provides adequate response to on-
shore faults, showing recovery times of 200 ms for solid short
circuits at the inverter terminals once the fault is cleared. More-
over, the response to 0.8 p.u. voltage sags is similar to that
obtained with thyristor-controlled rectifiers. These results rep-
resent a substantial improvement over previously published re-
covery times for HVdc systems with diode rectifiers (larger
than 1.5 s) [3]. Moreover, the proposed control system allows
for wind farm optimal power tracking and for offshore ac-grid
self-start operation.

The proposed control strategy has been validated by consider-
ing a wind farm aggregated model, which is generally sufficient
to perform stability, fault ride through and voltage and frequency
control analysis [13], [14], [16], [17].

On the other hand, the extension of the proposed control
strategy to the distributed scenario implies the solution of a
number of technical challenges, related to the control of a large
number of paralleled inverters, namely voltage and frequency
control, active and reactive power sharing, communication of
control signals between wind turbines, islanding operation, and
stability [29], [30]. However, existing solutions to these prob-
lems, such as the use of standard active and reactive power
droops [30], [31] or virtual impedances [32], [33], can be read-
ily used to extend the proposed strategy to the control of the
individual wind turbines.

Particular attention has been paid to the use of local mea-
surements for the different control algorithms both for normal
operation and during transients, to avoid communication related
problems and to facilitate the extension of the proposed strategy
to the distributed case.

This study has shown that a diode rectifier-based HVdc link
represents a technically feasible alternative for the connection
of large offshore wind farms with fully rated converters.

APPENDIX
SYSTEM PARAMETERS
A. Wind Turbine

Two-mass model:
Turbine MOI: 107 kg-m? Frict. coeff: 20 N-m/(rad-s).
Gener. MOI: 10° kg~rn2 Frict. coeff: 100 N-m/(rad-s).
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Shaft Stiffness = 160 x 107 N-m/rad.
PMSG:
Base values: 5000 kVA, 2000 V L-L rms, 20 Hz.
Pole pairs = 80; Magnetic strength = 1.0 p.u.
R, =0.017 p.u., X; = 0.064 p.u.
X;=08pu, X, =10pu,
DC-link capacitor (Cg.): 115 kJ, 5.4 kV.
Transformer: (Ty ): 1000 MVA/50 Hz , 2/345 (kV L-L rms),
RW = 0.005 p-u., XW =0.06 p-u.

B. Offshore AC Grid
Base values: 193.6 kV L-N rms, 1.745 kA rms, 50 Hz.

C. HVdc Link

Base values: 500 kV , 1000 MW, 50 Hz.

Transformer: (Tr): 603.73 MVA/50 Hz , 345/213 (kV L-L
rms), X; = 0.18 p.u.

Filter and reactive compensation bank (Cp, Zp) (according
to the CIGRE benchmark):

Cr = 2.856 uF.

Low frequency filter:

Cy1 =5.714 pF,Cyo =63.49 u F Ry = 34.82 QU R0 =
306.4 Q, L, = 159.6mH.

High frequency filter:

C, =5.714 uF, R, = 97.49 Q, L, = 15.91 mH.

HVdc-link impedances:

RR = R[ =25 Q,LR = L[ = 0.5968 H, CL =26 ,uF.

D. Controllers

PI current controllers: Kp = 33.83, K; = 28.188 x 10°.
PI voltage controller: Kp = 583.8 x 1075, K; = 0.048.
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