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Abstract: -This paper describes the coordination in control systems between the doubly fed induction generator
(DFIG) and the firing delay angle control of the rectifier that comprises the HVdc transmission system based on
a Line-Commutated Converter; as well as @mnerator + Transmission topology formed by the DFIG and
HVdc-LCC link to maintain the voltage and frequency output of offshore wind farms constant.

Key-Words: - Wind Power Generation, Doubly Fed Induction Generator, HVdc transmission, Control System.
passive load that varies according to the power

required in the point of common connection
(PCC). Thus, one of the main solutions is to

1 Introduction
The main aim of this paper is to model and control ar
offshore wind farm and its connection through an

appropriate underground transmission system. Th

connection can be either High Voltage ac (HVac) or

High Voltage dc (HVdc). However and due to the ac

cables existing limitations for distances above

approximately 30km [1],[2], it may be necessary to *

use the HVdc link. The application of this system to

offshore wind farms of the future will allow for
transmission distances of more than 100km and wil
produce transmitted powers above 400MW[3],[4].[5].

Hence, the system has the following objectives:

* To model and control the doubly fed induction
generator (DFIG), for isolated operation.

* To model and control an HVdc transmission
system based on a Line-Commutated Converte
(LCO).

When designing and planning the control operations

redesign a new control system for the DFIG that
will regulate the level of voltage and frequency
during the changes in the power system, in
coordination with the HVdc control.

A requirement of the HVdc-LCC transmission is
that the converters of the system are connected to
ac sources with well-regulated voltage and
frequency. In this study a new connection type is
implemented for the HVdc-LCC. One of its aims
will be an isolated system in which imbalance of
the real and reactive power during a transient
may cause variations in the voltage and
frequency. Hence the study redraws the control of
the HVDC converters to regulate the frequency
and to transmit the power required by the changes
that the load imposes.

DFIG and the HVdc-LCC link, the following two

fed induction generator is presented with the purpose

problems are considered: of regulating voltage and frequency in the terminals

- DFIGs are usually connected to the grid. This Of the machine [6][7]. This study maintains this
network generally has small short circuit approach (isolated operation), but does not include
impedance (strong grid). However, in this study, the control of voltage and frequency, which will be
the DFIG will be connected to a system with 'assumed.by the HVdc rectifier. The regl power'(Pg)
short-circuit impedance different from that of a IS determined by the DFIG power tracking algorithm
strong grid, i.e. operating in an isolated way. The and wind condition. A form of imposing the stator

HVdc transmission system, when connecting voltage in isolated operation is to explicitly specify
itself to the DFIG terminals. will behave as a the reference stator flux linkage of the controller [7].
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On the other hand, the HVdc faces a new controlside converter is set at an explicit reference stator flux
paradigm. The HVdc control principle is to regulate in order to keephe stator voltage constant. Starting
the frequency and voltage of the bus rectifier. Thefrom the machine equation in a synchronously
real and reactive power transmitted by the HVdc link, rotating dq reference frame with the d-axis aligned
(Pd) and (Qd), are related to the voltage andalong the stator flux vector positiotihe control law
frequency of this bus. The aim of the HVdc is to will seek to control the stator flux and hence the
regulate the frequency by controlling the firing delay stator voltage, as follows:

angle of the rectifier.

—Uds = Rglids + dégtds s )]
ase
2 Principlesof control _
The control action of the DFIG is featured by the U = Rsi_ N 1 dig Ny 3)
variable speed constant frequency mode, where the =% P et ds
obtention of maximum power from the wind turbine
and a constant frequency connection with the power _ B, 1 dde _
systems are primary concerns [8]. The point of —Udr =R idr +—— : ~ Yy (4)
common connection (PCC) imposes the frequency Uhase O
and magnitude of the stator voltage in the generator, —
and depending on whether the network is weak or_- _ Rio + 1 Ay U 5
strong, it will remain constant during the operation & — r'd" W Y ar )
ase
periods of the generator. The controller in the rotor
depends on the stator voltage. If the DFIG is y =1 iigs+Lyidr =Lnpims (6)
connected to a HVdc link, it will not provide a stiff ac
vqltage source to the conj[rol system of the DFIG. It Wes =Leias * Loyiar @)
will behave as a passive load that varies the
magnitude voltage when the power transmitted Gy =Lia +Loids (8)

changes. In this way, the traditional control of a
DFIG [8],[9],[10],[11] is different when the generator — - -

is connected to a HVdc link. As the asynchronous %o =Lriar +Lmias (©)
generator must now impose the voltage and
frequency to the system, it must operate in isolation.
The stator voltage and frequency are related
approximately as shown below [12],[13]:

where ¢ and ¢ represent the stator flux linkage in
synchronous coordinategy, and ¢ the rotor flux
linkage in synchronous coordinatags and ugs the
stator voltage in synchronous coordinatgsandug
Us=ws (1) the rotor voltage in synchronous coordinaigsand
where v is stator flux,Ug is module phase stator los the stator cu_rrent In synchronous_ coordmat@s,

_ _ andiq the rotor in synchronous coordinatsshe slip
voltage ando, is the grid angular frequency. and i the base frequency. The parameters of the
The DFIG is controlled in a synchronously rotating machineR,, R, Ls, L, and L,, represent the stator
dg axis frame, with the d-axis oriented along theresistance, rotor resistance, stator inductance, rotor

stator flux vector position [8],[9],[10],[11]. For this inductance and mutual inductance, respectively.
study, the angle of the stator flux is obtained from a - : :
y 9 Under stator flux vector,y, orientation, the

QPLL whose input is measured voltage [14]. The ) o
QPLL provides an estimation of the frequency. The cOmponent in the g-axis is equal to zest0).
amplitude and phase angle are not directly estimateJherefo_rej the varlab'le to control'the stator flux is the
by the QPLL but are, however, attainable throughMagnetizing currentifs) throughig. From (6), the
calculation procedures. From (1) it is possible to find following can be obtained:

the stator flux, when the voltage is fixed by the grid. - L -
In isolatedoperation of a DFIG, the stator flux cannot '@ =~ 'as (10)
initially be found by equation (1) as there is no stator m _
voltage. One way to solve this issue is to find theUsing (10), (5), (7), (8) and (9) in (2) and (3):
suitable variable to control the stator flux within the B B B .

Ls 1 dims ,: _ 1+oy
control system, and to keep the stator voltage———— p +ims =lar — R Uds (11)

constant without taking into account the generator's Rs hase S

operation. Therefore, it is necessary that the rotor-
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h H 1+o0. - U2
—slmszlqr - Squ (12) P=———__R 13
S RS 9 R2 +(C()S|_)2 ( )
where o =Ls7En s the stator leakage factor. U2
Lm o= —Sz(a)sl‘) (14)
In (11), ins can be controlled throughy. The R+ (@l)

influence ofus is small and can be viewed as a Rephcing the equation (1) in (13), the frequency and

disturbance withinthe control action in the rotor  \gjtage in steady state according to the characteristic
controller [7]. Fig. 1 shows the control loop for the |g5(:

magnetizing current.

(15)

& . E -
Ims k: | id idr 0 i
— kp + S, o, L 1 L ucy

(16)

Fig.1: Block diagram of the magnetizing current control Unbalances of active or reactive power, for example
sygems. during a transient, will result in variations for both
frequency and voltage. To maintain constant values
The stator flux is established by the magnetizing of frequency and stator voltage, both the stator flux
current instead of by the stator voltage, as there isand the power generated by the DFIG must be
initially no stator voltage in isolated operation. The controlled. In the literature, the isolated operation
vector control schematic of the DFIG is shown in Fig. DFIG is present This study maintains the same

2. control approach (isolated operation), but does not
_ include voltage and frequency control, which will be

i wid < - assumed by the rectifier of the HVdc. The real power
G_ wcsae | : is determined by the DFIG power tracking algorithm
_é'_“ i and wind condition. The DFIG is simulated in

el o . isolated operation, and this suppliesRinload. The

L P passve load is 1.2MVA with a lagging power factor

| = Pl of 0.99. The wind speed incident on the turbine is

| e | ) V,=11.57m/s. Simulations are carried out for two

~sabe different scenarios, with changes in wind input and in

load impedance, respectively.

Grid
Fig.2: Control scheme of the DFIG in isotaled operation. 2.1.1 Changesin wind speed
A sudden step change (10% reduction) of wind speed
is simulated at t=1s, and returns to its initial value at
2.1 Analysis of the isolated operation of a  t=10s.

DFIG 0.308
This subsection investigates the performance of the
DFIG in isolated operation. The frequency depends | X ,
on the characteristics of load and on the controls.s 03083
characteristics of the DFIG [13]. For a given wind 3
speed, the real output power of the generator is2*T " o
known. This value is denoted Rg With this power, 0 03027
and onsidering the stator fluys, the stator voltage
and fequency can be decided with the load

0.3066

Voltag

Current ims [p.u]

0.2 0.3013

characteristic as expressed for a series Rand L stati of—p—t— - — s
load. The real and reactive single power of the load time (5
can be written in terms of voltage and frequency as: (a)
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N Finally, Fig 3d shows how rotor current component
IIRN p— ae g changes value with respect to the output power.
0s T - 016 en gplying vector control in , the active an
Wh I t trol in DFIG, th t d
N .- reactive stator power is a function of the rotor current
N " 0123 components, and j.. Therefore we have:
EN g _ _
= ogf\ % / 01O Ps =|us —igr a7
N s
0.5 o 0.08 L
—— g — - -
04 0.06 QS =—us _m(”m _idl’) (18)
03 - L
o 2 4 6 8 . 10 12 14 16 18 20 . .
time [s] As the active and reactive power balance at the DFIG
(b) terminals is equal to:

1.2 -0.13 Pg — Ps + Pa (19)

115\ / 0.1387

1.1 -0.1475 Qg :QS (20)

105 ) / ose_ By reducingPy and Us, the stator power decreases.
O \ ,/ s = Therefore, the rotor current componegt decreases

\ / °  too.
0.95 -0.1737 . .
N e 2.1.2 Changesin passiveload
o y . ) . :
——— 4 In this second scenario, the load simulated is for a
o o ¥ sudden change of load equal to half the initial value
08 2 ) 6 B 10 12 14 16 18 26°2 at t=1s, to return to its initial value at t=3s.
time [s]
o (C) 1 n 0.36
o 1.6 \ /\ 0.35
07__\ 1.4 \/ 0.34';.
__oss lar - 512 \VI 0.332_
E. 05, / %— 1 b 0.32“3:)
% 055 éboo : 031 g
g 05 § . f\ f>— - ©
(&) = 06| \] V/\ﬁ Ims 03
(| S E— . 04 0.29
0ss * 0% 1 2 ] 4 5 6
qu0 2 4 6 8 10 12 14 16 18 20 time (5]
time s ()

: (d) . . . 0.45
Fig.3. Response of DFIG in isolated operation -wind speed A o
change: (a) stator voltage and magnetizing current (b) |, [ \/\V 035
generated active and reactive power, Frequency (c) angula . U o
frequency stator (@), angular frequency generator rotor '1 AV Frequency =

.« g - 025 =
() and angular frequency slidings) (d) rotor current - WA B, =
components. e Vi 2 g
0.6 /\N e 0150
. . Q
As shown in Fig. 3a, stator voltagk drops from 1pu o4 v " : .
to 0.85pu.This decrease follows the change in wind °2 R

speed. Note how the stator voltage is a function of the % 1 2

output power of the DFIG (Fig. 3b). Note also that
the control system in the rotor controller follows the
change imposed by the wind speed but does not
adjust the voltage level at a given reference. The rotor
control system sets the stator flux through the
magnetizing current (see Fig. 3a). As the angular
frequency generator rotow) changes due to wind
speed, the angular frequency slidingx) also
changs as shown in Fig. 3c in order to fulfill the
equation:a, = w+ a,
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3
time [s]

360MVAr
o

© This model assumes that the inverter will work at a

12 constant voltage. All harmonic voltage and current
1 produced by the converter is filtered by the passive

- - filter in the rectifier bus. In addition, part of the
=3 ﬁ\\/‘ ; reactive power required for HVdc operation is
- delivered through passive filters. The control
2 principle of the HVdc is to regulate the frequency and
= voltage of the bus rectifier. The real and reactive
0 power transmitted by HVdc link, Pd and Qd, are
02 related to the voltage and frequency in this bus. The
Py 4 5 6 aim of the HVdc is to regulate the frequency by
ime [s] . .. -
(d) controlling the firing delgy angle 'of the I‘e.C'tIerI’. The
Fig.4. Response of DFIG in isolated operation- load flow power, usually adjusted with the firing delay
change: (a) stator voltage and magnetizing current (b)angle of the traditional HVdc, is now adjusted by the
generated active and reactive power, Frequency (c) angulabFIG through the characteristic of maximum power
frequency stator i), angular frequency generator rotor tracking and the conditions of the wind.
() and angular frequency slidingw) (d) rotor current ~ The equations related to ac- and dc- side variables are

conponents. shown as:
Figure. 4a shows the stator voltageincrease. This  y_ =B 3\/§U L (21)
increase is mainly due to the change in the load at m

t=1s, and not to the change in output power, which

remains constant as shown in Fig 4b. Fig. 4a showsr_ = 5_3 X = Béwch (22)
that the magnetizing current,d remain constant. 7 74

Note in Fig. 4c as the angular frequency generatorwhereUy, represents no-load dc voltadd, ac line
rotor () is constant throughout the simulation. To voltage, R, is commutation resistanceX. is
satisfy the equatiom, = w+ ay, all the change is commutation reactance and is angular frequency.
reflected in the angu|ar frequency S||d|r@X From (21) and (22), the current in the dc link between
The rotor control system tries to compensate for thethe two voltage terminals in rectifiéfy and inverter
changes introduced by the load, varying the rotorUs can be found as follows:

current, and thus making the output power of they , =u . cosa -R.l4 (23)
DFIG equal to the load power as seen in Fig. 4d.

Ug —Uyg

Rec

where R is the resistance of the cable in HVdc link.
Sutbstituting (23) in (24) and solving, we have:

g = (24)

3 Control Principle of the High-

Voltagedirect current (HVdc) Link

This section shows the control system to be
performance by the HVdc rectifier. The Hvdc has a |_ — Ydor €052 ~Uy (25)
bipolar configuration with a 12 pulse arrangement R + R.

that conS|§ts of 2 serial brldggs per converter statlorWith equations (23), (24) and (25) and the active
and metallic return, as shown in Fig. 5. .
power on HVdc link,Py =U 4 14 could be used to

determine the firing delay angle needed to maintain
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the system frequency in steady state:

3 3
I:’d Rcc + IDd 27Twch - 27_[6‘)s|-su di

dynamics of 534 DFIG, each rated at 1.5MW for a
nominal capacity of 801MW wind farm. The
aggregate model considers all the dynamic
characteristics of generators, the coupling systems
2 32 J3 and the aerodynamic turbines in an equivalent circuit
|W/SQ)SRCC - . .
Vg [4]. The representation of these features is essential to

The equation (26) shows that if the frequency avoid introducing errors. The power equations in the
decreases, the firing delay angle decreases, i.e. thddgregate model are:

cosa =

(26)

firing instant would then advance [13]. When ac N
voltage at rectifier bus decreases, the firing delay Py :lei (21)
angle decreases to transmit the same power that was =
had before the change in voltage. The equation (26) is N
difficult to measure or estimate. It is therefore not <g :2 i (22)

practical to use the equation to determine and to ] ) ]

control the firing delay angle of the Hvdc rectifier. WhereNis the wind turbines numbers. _

To do this it is possible to devise a negative feedback! '€ aggregate model of the offshore wind farm
control loop for the system frequency, whezss the connects the HVdc link through a step-up transformer

reference at the system bus bar. Fig. 6 shows th@f 690/145kV. The HVdc link has a rating of
control scheme. 800MW, +400kV bipolar 12-pulse. The rated current

of Hvdc is 2kA and smoothening inductor 0.3H. The
HVdc has two rectifier transformers connected in a
delta-star and another star-star, each with 145/160kV.
" . . To obtain a sinusoidal waveform to the input of the
| rvequency Measured| [, =k |
a4y '

HVdc link, four passive filters are connected to the
rectifier bus with a nominal reactive power of
5 90MVAr each and tuned to the ‘1137 24°y 25°
| g of fundamental frequency. The reactive power
' demanded by the HVdc is delivered by passive filters.
_ _ ~ The local load is 150MVA with a power factor of 0.9
Fig.6. Block diagram of frequency control system in |3qqging. There are two scenarios for the simulation:
rectifier Hvdc. « Change in wind speed connection without local
load. It considers the following conditions: The
wind farm delivers 640MW and 80MVAr, the
wind speed is 11.57m/s, the wind speed is step
decreased by 20% at t=3s and the DFIG at the
maximum supersynchronous speed. The wind

The HVdc's aim is to maintain constant frequency by
controlling the firing delay angle of the rectifier. For
a deviation in wind speed, the output real poviRgy (

of the DFIG changes following the optimal power

tracking control. If the load characteristic stays
constant, the stator voltage and frequency vary.
[13],[14]. At this point the firing delay angle of the
rectifier of the HVdc begins to work to regulate the
frequency and voltage magnitude at the nominal
levels of the machine. The control strategy inside the
generator is to maintain stator flux linkage regardless
of the change of load or the variations in wind. The
response of the coordinated control is quick, because

speed returns to its initial value at t=12s.

Change in local load. It considers the following
conditions: The wind farm delivers 640MW and
80MVAr, the wind speed is 11.57m/s, the local
load connects at t=2s and the DFIG at the
maximum supersynchronous speed. The local
load disconnects at t=3s.

a transitory mechanical does not exist in the processs  gimulation Results

of frequency regulation. Consequently, the power
flow in the HVdc link is instantaneous.

5.1 Changein wind speed connection without

local load

Figure 7a shows the stator voltadeat the offshore

4 Case Study
Once the control systems of the DFIG and the HVdc
are designed, there will be simulations of the systems
to test their coordinated control. The offshore wind
farm is an aggregate model which represents th
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wind farm’'s bus bar. Note how the voltage is
unchanged throughout the simulation. When the wind
speed decreases so does the power supplied by the
wind farm. Fig. 7b shows the active power, reactive
epower generated and the frequency by the offshore
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wind farm. The frequency and magnetizing current is °?
held constant. (See Fig. 7a and 7b). On the othe _ L ‘ :
hand, the reactive power generated by the offshore \
wind farm is increasing in t=3s. This is because at \
o™

0.7,

that moment, the reactive power demanded by thes
Hvdc cannot be delivered completely through the 5"
filters. In Fig. 7c shows that the angular frequency S os
stator is kept constant. To satisfy the
equationw, = w+ ay, the only change that occurs in

the aggregate model is the angular frequency sliding e L = — L a )
as shown in Fig. 7c. nr(xg)[s]

Finally, Fig' 7d_ ShOW_S shows rotor ~current Fig.7. Response of a wind farm with HVdc- wind speed
componentsy andiq. Theiy decreases and so does change: (a) stator voltage and magnetizing current (b)

thereactive power de!ivered by the wind farm. In the generated active and reactive power, Frequency (c) angular
same way changes iy are caused by changes in frequency stator ¢@), angular frequency generator rotor

wind geed. (&) and angular frequency slidings) (d) rotor current
i conponents.

Us

)
IS

As shown in Fig. 8, the firing delay angle at the

—o ™ rectifier increases its value in order to maintain the

& g frequency, fallen at t=3s, constant. With this change

b - in angle, the dc voltage in the HVdc link decreases to

S wg match the power transmitted by the HVdc (Fig.8 b
A —————r and c).

o
o
w

0.29

20 25 30 e \

15
time [s] el /
(a)
o4
12 g / \a
L
S,
Frequency L 40
on
g
<

I\ v | S—
g’ N\ /

5 10 15 20 25 30
time [s]
0.2 2
- — e (a)
1.2,
5 10 15 20 25 30 a0
time [s] Ug
r
(b) 1 e
1 0.9
\. i @ 08 / Ia
1
— o N A il
s N
0. S
- —
06 0.5
= 0.4]
> 0.4
= 03
& 02 5 10 15 20 25 30
! - time [s]
Ny 0 (b)
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time [s]
(©)
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Fig.8. Response of the wind farm with HVdc- wind speed ,
change: (a) firing delay angle at rectifier (b) dc voltage and Z
current at rectifier (c) transmitted active and absorbed o5

reactive power

5.2 Changein local load
In Fig. 9a shows how the stator voltadefall after =
the disturbance. These recover when the HVdc °2
controller comes into operation. In this figure the

15
time [s]

30 1 15 2 25 35 4 45 5

3
time [s]

(b)

magnetizing current is kept constant by the =
coordinated control. Fig. 9b shows how the active & 2 2 melg E = .
power generated by the wind farm is kept constant (c)

after the change in local load. As there is no change
in wind speed there is no change in the active power ©°
On theother hand , the frequency falls at t=2s but s
recovers immediately when the control firing delay o=

angle comes into operation as shown in Fig 9b.

In Fig.9c shows, as in the previous case, the angulag

frequency stator is kept constant. For this, the5™ Wo—
equationsw;, = w+ @), kept constant at all times and 4
only small oscillations in the angular frequency
sliding («x) when there are changes in local load. The ** 15 2 25 3 35 4 a5 5
angubr frequency generator rotor of the aggregate (d)
model (@ remains constant

throughout

1

Pl
/ .

v

=
Y

‘!<.7

time [s]

the Fig.9. Response of the wind farm with HVDC- local load

simulation. Finally, Fig. 9d shows how rotor current change: (a) stator voltage and magnetizing current (b)
componentiq is kept constant due to the lack of generated active and reactive power, Frequency (c) angular

chang in wind speed.

Us

o
)

o
»

Voltage [p.u]

o
~

1

=)

o
N

25 3
time [s]

@)
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0.35
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R

0.31

03

0.29
3}

1

Current ims [p.u

frequency stator @), angular frequency generator rotor
() and angular frequency slidings) (d) rotor current
conponents.

In Fig. 10a shows how the firing delay angle changes
to compensate the active power at the rectifier bus of
the HVdc link. The balance of the active power in the
rectifier bus when the local load is applied causes the
power transmitted to be lower than the power
generated by the wind farm. Therefore, Fig 10b
shows thdJg, drop in the HVdc link. Fig. 8b shows a
chang in the reactive power caused by injecting the
reactive filters. As the local load is applied, it
introduces small reactive power consumption at the
rectifier bus and the reactive power absorbed by the
HVdc link is about 60% of the nominal active power
transmitted. Therefore, there is a difference of more

200
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or less 100MVAr in the consumption of the rectifier. system. The power flow, usually adjusted with the
This difference increases the reactive power at thefiring delay angle in the traditional HVdc, is now

HVvdc link, as shown in Fig. 10c

45

\
v

'
I=)

Angle |degree|
w

N

w
S

1 15 2 25 3 35 4 45 5
time [s]
()
1.
11
U
1 [\v dr
09 V
08 Ao Iq
P
B 07 \/
Zos
05
0.4
0.
0.
1 15 2 25 3 35 4 45 5
time [s]
.
09| h
0 Vv

P, .
Ltransmitted

i i i
35 4 45 5

i
25

3
time [s]
(©)
Fig.10. Response of the wind farm with HVdc- local load
change: (a) firing delay angle at rectifier (b) dc voltage and
current at rectifier (c) transmitted active and absorbed
reactive power

4 Conclusion
This paper presents a control method that coordinate
doubly fed induction generators (DFIG) with HVdc

transmission systems to be used in offshore wind

farms. The study and simulations show how the
HVdc+DFIG regulate both frequency and voltage

before changes in wind speed and disturbance load

The control law is based on using grid frequency
control to regulate the firing delay angle of the HVdc
rectifier and hence control the power flow to the
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adjusted by the DFIG through the characteristic of
maximum power tracking and the conditions of the
wind. A programmed cubic relation between the
output real power and the speed of the rotor is
integrated into the control algorithm of the rotor.
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