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Abstract—The objective of this paper is to investigate fast respond in a fast fashion. Therefore, an automatic consiaobu
power routing capability of line current commutating (LCC) - |ocal measurements is expected.
HVDC. Such capability is most desired in future grids with high The concept of infinite bus is implemented in designing such
penetration of renewable energy sourcese(g., wind and solar). . . N
The technology presented in this paper replaces the traditinal kind of automatic control. An infinite bus can absorb or gener
LCC-HVDC rectifier power order control by an ac voltage mode ate whatever power the rest of the system needed. To emulate
control. This technology enables the HVDC rectifier ac bus to an infinite bus, the ac bus at the rectifier side of an HVDC
act as an infinite bus and absorb fluctuating wind power. A" should be controlled to have a constant voltage. Therefore,

study system consisting of an ac system, an LCC-HVDC, and a e

doubly-fed induction generator (DFIG) based wind farm is built a \r/]ol(tjaglg_e n:ode (i_ontrfol tshould repI?ce the t[)a_llt_jtltlonal power
in Matlab/SimPowersystems. Simulation studies are carrig out scheduling to rga 1ze as. p_owe_r routing capabiiity. )
to demonstrate the proposed HVDC rectifier control in routing Compared with the existing literature on HVDC and wind

fluctuating wind power and load change. Parameters of the farm power coordination [7]-[9], the study scope is very

proposed voltage mode control are investigated to show thei different. This research investigates fast power routiog f

impact on HVDC power routing and ac fault recovery. an area with combined conventional power plants and wind
Index Terms—Doubly fed induction machine (DFIG), high- farms. The HVDC system is designed to route wind power to

voltage direct current (HVDC), the grid from this area. Power routing control design for the
HVDC system should coordinate the wind farm, the HVDC
|. INTRODUCTION system and the conventional power plant. While in the engsti

AST power routing capability is most desired for futurdt€rature, the purpose of an HVDC system is to deliver wind
F grids with high penetration of renewable energy resourcEB€9Y o the grid only. Coordination with the conventional

such as wind and solar. Due to their intermittent nature,epovxﬁ’eneratorS IS not co_nS|dered._ o
flow patterns in future grids will experience fluctuation mor Also compared with the existing literature on HVDC and

often. This poses challenges in system operation to manéﬁﬂ@d farm power coordination, the aforementioned approach
congestion in a fast speed fashion. Flexible AC Transmissif2S the following advantages:

Systems (FACTS) and HVDC are two enabling technologies1) The control does not rely on additional devices such
with fast power routing capabilities. HYDC has been an aptio as STATCOM. STATCOM converter are used for wind
to interconnect wind farms to ac grids [1]-[3]. There are  farms with HVDC delivery to provide reactive power
currently voltage source converter (VSC)-based HVDC for  [7], [10]-[12]. The dc-link voltage of a STATCOM

mid-voltage level transmission [4] and LCC-HVDC for high- ~ reflects the power unbalance between wind farms and

voltage level transmission [5]. an HVDC link. Hence the dc-link voltage is used as
The objective of this paper is to investigate the fast power & feedback signal to adjust the HVDC rectifier current

routing capability of LCC-HVDC since LCC-HVDC is a ma- order. In this paper, since a hybrid ac/dc system is the

ture technology in high power high voltage transmission and  study objective, synchronous source is presented at the
have been used world wide. The term fast power routing refers ~ wind farm side. Therefore, STATCOM is not needed and
to the capability of HVDC routing wind power fast enough none of its measurements is available for controls.

to avoid local synchronous generators to pick up the power2) There is no change required at the DFIG control side.
change. Traditionally, LCC-HVDC is equipped with current  In [8], [9], power balance between a DFIG wind farm
order control at its rectifier side [6]. The current referens and an HVDC is realized through frequency control. A
computed from the power order divided by the measured direct ~ frequency control is applied to give a current order in
voltage. Therefore, power delivered through HVDC can be  the rectifier control. Changes have to be made at DFIG
scheduled. This research aims to examine a new way to enable controls. Instead of real/reactive power control, stator
fast power routing by HVDC. Power scheduling does not suit ~ flux control is adopted.

for this aim since the power flow patterns keep changing The rest of the paper is organized as follows. Section Il
and the power order should keep changing. Communicatipresents the study system. Section Ill presents the prdpose
links are required to send the varying power order frordVDC control. Section IV presents simulation studies and
wind farms to HVDC links. Additional computing time andSection V concludes the paper.

communication time are needed. An HVDC is expected to
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an LCC-HVDC with a rated power at 1000 MW. The system
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Fig. 1. Study system.

is built in Matlab/SimPowerSystems [13]. The HVDC linkPID controller should be zero:

and the synchronous generator are built based on the models

from SimPowerSystems examples . A 1.5 MW DFIG is scaled error = —RAP, — Awe = 0 @
up to represent a 510 MW DFIG wind farm. Power from : . .
the synchronous generator and the wind farm is transmitt\’evtlil]ereR is the droop parameter. When the system is subject

to a 50 HZ grid through an LCC-HVDC connection. ACtO a disturbance, the synchronous. g_enerator. power and the
enerator speed are subject to variations. This will alsal le

filters on the two terminals of the HVDC are applied tci q ics in th hanical
eliminate the harmonics in the ac currents. They can al Qdynamics in the mechanical power.

provide reactive power for HVYDC converters. The size of

the ac filter at both converter sides is 600 MVar including \wind turbine

150 MVar from a shunt capacitor, 150 MVar from an 11th ) o ]

harmonic filter, 150 MVar from a 13th harmonic filter and 150 A SMW wind farm model is included in an example of

MVar from a 24th harmonic filter. The HVDC is a 1000 MwSimPowerSystems. For this project, the SMW wind farm
(500 kV, 2 kA) dc link. The converters of HVDC are connectef'0del is scaled up to represent 340 DFIG wind turbines
through a 300 km transmission line. Detailed parameteriseof £2ch at 1.5 MW. The wind farm is operated at maximum

DFIG, synchronous generator, HVDC and transformers can BRWer point tracking mode when the wind speed is less than
referred to SimPowerSystems user’s guide [13]. the nominal wind speed. When the wind speed is above
rated speed, pitch angle control will regulate the aerohioa

) torque. In such conditions, the mechanical power is redtmed

A. Turbine-governor model of the synchronous generator ihq rating (1 pu) through adjusting the pitch angle. A typica

The schematic diagram of the turbine-governor model sfructure of pitch angle controller is shown in Fig. 3 [15].
the synchronous generator is shown in Fig. 2 [14]. It coasisthe pitch angle is determined by the input variables: therrot
of a hydraulic turbine, a second-order servomotor systeth aspeed and the electirc power.
power/frequency controlsAw is the speed deviation of the
speed measurement with respect to the nominal value. The
input of the PID controller is the sum of the speed error digna
and the power error multiplied by a droop (5%). The output
of the PID controller drives the servo motor to change the
valve position of the hydraulic turbine. As the result of the
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Fig. 3. Wind turbine pitch angle controller.
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C. Control of RSC and GSC

The control objectives of the rotor side converter (RSC) are
Fig. 2. Turbine-governor. to regulate the electromagnetic torque and the statoriveact
power. The torque order is obtained from maximum power
power/frequency control, the synchronous generator cprsiad point tracking. There are two cascaded control loops: the
its exporting power based on the frequency deviation and timmer fast loop is current control and the outer slow loop is
power deviation. At stead state, the error signal fed in® tfpower/torque control.

,



Control scheme for RSC Control scheme for GSC

Fig. 4. Control scheme for RSC and GSG;1 = —wsiip0 Lridgr, Var1 = —Wstip(0Lrigr+M/LsXs), Vgg1 = vgs —wsLtgiag, Vag1 = Vs +wsLtgiqg.

The expression of the stator voltagg in complex vector inverter is operated at the constant voltage control mode at
in a synchronous gd reference frame can be expressed asnormal operating conditions.
d. . The rectifier is normally operated at the constant current
Us = Tsls + I + JwAs (2)  control mode where the dc current measurement is compared

wherer,, is, A; are stator resistance, current vector and flu\y'th_ a dc current order to generate desired firing angle. A
linkage vector. positive feedback Pl controller is adopted due to the LCC-

As the basic control of DFIG is based on the stator volta Y?C cugracterlstltcr.] Af t.mef descrlpftltc;]n IS atsf fo”OWf.}.The
orientated control, where the d-axis is aligned with théosta gda lons 'ﬁ among ('at nng &:jng‘t&"lto ; rec 'd'%r’ rect |ert
voltage, which means,; = v, andvgs = 0. Under steady- side ac voltage magnitudé,., dc voltageV,r and dc curren

state, and ignore the stator resistance, the stator voltélye lur is expressed as:
be:

Vs = jws (3) Var = 2.7V4eco0sar — Igr * R (5)

whereA; = jAgs, A¢s = 0. The expressions of stator activen s, the voltage and current relationship of the dc line is as

and reactive power are as follow: follows:
2 2 As — Lnir \ ™
P+ i@ = vt = i (2E) @) Vae = Vi + Tan = Rae. ©

where Ly,, L, ir are the magnetizing inductance, statofhereV,; is the inverter side dc voltage. Therefafgr =
inductance and rotor current vectog ang = Lgis + Lyis. %, Assume that/,. andV,; are constant. If the
HenceP; = “LLS"L Agstdr ANA Qs = ngs - %Lmiqr. firing CanngCeO< increases/ r decreases. Therefore, a positive
Hence, the rotor current componept could be regulated feedback control is reasonable. To improve the dc currbat, t
through the electromagnetic torgife (P, /w) divided by ;. firing angle should be reduced. The measured dc current is
On the other hand, the g-axis compongptcan be regulated compared with the dc current reference and the error signal
through the stator reactive pow€,. Hence, the outer poweris fed into a Pl controller (shown in Fig. 5). The output
control loop could be designed to get the reference value @ff the controller is the firing angle at the rectifier side.
the rotor current. In traditional HVDC rectifier control, this current order is
In the grid side converter (GSC) control, the dc voltaggenerated by the dc power order divided by the dc voltage.
of the dc-link between the RSC and the GSC could be kephe bandwidth of the current order control for LCC-HVDC
constant. The reactive power generated by the GSC coslgtem is at least 40 Hz [10].
also be regulated. The inner current control loops are usedyhen there is an ac system fault, the inverter may not
to limit converter currents. Feed forward is used to deceupbe able to recover itself due to commutation failure. In such
the dynamics qd-axis currents. The PI controller pararset@iases, it is important to reduce the stress on the inverheesa
are selected to achieve a bandwidth of at least 100 Hz [1khijs is achieved by reducing the rectifier side dc voltage
[17]. The RSC and GSC control loops are shown in Fig. 4.\when the rectifier side dc voltage;, reaches a limit/; .,
the voltage dependent current order limiter (VDCOL) starts
[1l. HVDC CONTROL to work. The VDCOL reduces the current setting when the

The control diagram of the HVDC is shown in Fig. 5voltage decreases.

Controls are implemented for both the rectifier and the iimrer  The traditional power scheduling way to adjust the current
For inverter control, there are three types of modes cohstamder is not feasible for the purpose of fast power routing
dc voltage, constant extinction angle and constant dc etirrewith wind power involved. Since wind power is fluctuating,

PI controllers are implemented to regulate dc voltagenexti a constant power schedule is difficult to implement. In this
tion angle or dc current. Voltage dependent current limitgaper, a new rectifier control is proposed for the HVDC to
(VDCL) will be enforced when the dc voltage drops due téollow the fluctuating wind power and route the wind power
ac disturbances [5], [6]. For this study system, the HVD® a grid.
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Fig. 5. Control scheme for HVDC.
A. Proposed HVDC rectifier voltage control Z; v

Three major concerns will be addressed in this subsection:
1) why a positive feedback control is adopted for voltage enod +
control; 2) why such a feedback control system will result in v, C) I (D [] Zyp G) Livpe
an stable system; and 3) why the rectifier bus can be viewed =
as an infinite bus.

Compared with the conventional power control at the rec-
tifier, the proposed control uses voltage control to geeerat
dc current reference. The RMS value of the ac voltage at tfig- 8- Circuit representation of the study system.
rectifier is measured and compared with a reference ac eoltag
V* . The error is sent to a PI controller to generate a dc current

orderI’,. A positive feedback control is implemented for th&P€€d.Vac increases which causes the HVDC current order
voltage control in Fig. 5. Justification of the positive feadk ncréases. Through the firing angle control, the firing argle
control is presented as follows. the rectifier side reduces. This gives a rise in the dc current

For the study system, a simplified circuit model is presentddr @nd the dc rectifier side voltage;r. Thus more power
in Fig. 6. The synchronous generator is simplified as a velta}lll P€ transported through the HVDC systell & Virlar).

sourceV; behind an impedancé, while the aggregated Such a feedback system can maintain its stabiéty
wind farm is considered as a current soufger in parallel _tonomoustWhen the firing angle r_educes and the dc c_urrent
with an impedanceZy,  due to its fast current control in its increases, the ac current flowing into the HVDO&y po in
converters [18]. turn will increase. Consequehthac will reduce based on
The HVDC could be simplified as a current soufgg, pc:. Q). WhgnVac finally matches its reference value, the current
The voltage at/,. could be expressed as: order WI|| no _Ionger be varied and the system reaches another
operating point.
(L + L) Vie = Vo + Iwr — Invpo. 7) The objective of the LCC-HVDC is to route wind power
Zag  Zwr Zg to another grid while not to route the power from the syn-
where Iy pe is the current phasor corresponding to thehronous generator. The current controller bandwidth auab
fundamental component in the rectifier ac current. It has4® Hz while the synchronous generator’s secondary frequenc

relationship with the dc currerfp: response usually needs a longer time to settle down to a
constant frequency (more than 10s of seconds). However the
Iyvpe = ﬁIdR4¢ (8) synchronous generator’s inertia response has a bandwidth o

about 2Hz. Bode plots of the entire rotor speed control close
where¢ is the angle relative to the voltage phasgr. and loop for the synchronous generator employed in the study
v system is shown in Fig. 7. It is found that at about 10rad/s,
¢ = cos™? <$> (9) there is a resonance. This corresponds to the inertia dysami
2.7Vaccosa of about 2Hz.

As the wind speed increasdsy » will be raised. From the  Therefore, the requirement of the voltage control is to act
above expressioni,. will increase correspondingly. Powerslower than the current controller to avoid interactionslevh
and current through the HVDC are expected to increase dot faster than the inertia response. The voltage contad lo
absorb wind energy. Hence a positive feedback is reasanallél chose to have a bandwidth betweén~ 40 Hz. The
The controller is shown in Fig. 5 wheii§,. and the reference lower and upper limit of the Pl controller are 0.5 and 1.5
voltage are compared. The error is fed into a Pl controllpu. In the design, different Pl controller parameters arel th
to generate the dc current order. With an increase in witdrresponding responses towards a step change in wind power



or load will be examined. In Fig. 11 in the next section, itlwil
be demonstrated that when the voltage control acts faster
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To demonstrate the power routing capability of the HVDC
simulation studies are carried out in Matlab/SimPower8yst o 15 2 s 1 2 »
[13]. The study system is shown in Fig. 1. The synchronot P from wind form (M) o0  from wind farm (MW)
generator supplies power to the HVDC (at about 500 MW

and the local load (420 MW). The DFIG-based wind farm i s——-—~ ——— 0 //\'
DR

550*.—f‘\/,
IV. SIMULATION STUDIES 500

450

Q from SG
o

an aggregated system rated at 510 MW. Four case studies -50

designed. Case study 1 tests the voltage control step respo o = % s o100 = - 2
Case Study 2 tests HVDC's fast power routing capability whe P, hrough HVDC (W) Qtoroe ()

the wind speed changes. Case Study 3 tests HVDC's fi " 600

power routing capability when there is a change in loads a “’5"#‘f\/ 550—\/_“
when the synchronous generator picks up the load chan ™ 500

Case Study 4 tests ac fault recovery of the HVDC system. ™ 0

10 15 20 25 10 15 20 25
time(sec) time(sec)

A. Case Study 1: Step responselpf setting

In this case, the reference value of the ac Vo|tafg§ is _Fig. 9. Dynamic responses in active and reactive power daestep response
assumed to decrease from 0.985 pu to 0.95 pt at15s. " Vae
The voltage controller parameters are as folldd;, = 0.2
and K; = 3.2. Due to the positive feedback control, the dc
current of the HVDC will increase and the firing angle will V.4
decrease. The dynamic responses of the rectifier and inverte
variables are shown in Fig. 8. Power through HVDC will
increase too (about 50 MW). Fig. 9 shows power from the
synchronous generator, the DFIG-based wind farm and power
through HVDC. The response time for the HVDC is about
only 1 second. Due to the power control enforced in the
wind farm, power from the wind farm vary insignificantly.
The ac grid should experience a frequency decrease and the
synchronous generator generates more power to match the
HVDC power increase. 0 >

The reactive power absorbed by the HVDC rectifier reduces a
due to a decreas_e in the flrln.g angl@ (< sina). Reactive Fig. 10. V-l characteristics of the HVDC. CIA: constant ijon angle; CEA:
power from the wind farm is tightly controlled and does nadonstant extinction angle.
vary at steady-state.




The dc currents increase and the rectifier firing ang
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decreases due to the step response. The relationship of

dc voltage and current is shown in Fig. 10. An increase in tl 3500 1
ac voltage results in an increaselifio the cross point of the £ 4sof =
rectifier CIA line and the Y-axis. The inverter is at constar  § a0l |
voltage control. While the original operating conditionat .
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point A, due to the increase of the dc current, the operati
point moves to B. Inverter dc voltage levels at A and B at
kept same. Extinction angtewill decrease when the operating
point moves from A to B. Hence in Fig. 8, we can also obsen
that~ decreases due to a reduction in the ac voltage referel
value.
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B. Case Study 2: Wind speed change ; ; ‘ ‘
15 20 25 30 35 40

A varying wind speed is the main characteristic of wini time(sec)
energy. In this case, the power routing capability of HVDC
is tested for a varying wind speed. The voltage controllgfg. 12. Dynamic responses of active power from DFIG aad due to a
is the key for the HVDC to pick up power change undethange in wind speed under different Pl controller settings
different wind speeds. However, different Pl parameteirsgt
can affect the power sharing of the DFIG, the synchronous
generator and the HVDC. When the time constant of theA more complicated case is presented as follows. The
voltage controller is small, the HVDC will pick up all thecontroller parameters are chosen to kg = 0.2, K; = 3.2.
power change when the wind speed changes. When the tifite wind speed drops from 15 m/s to 12 m/s at 10 seconds. It
constant of the PI controller is large, the synchronous geae then increases from 12 m/s to 17 m/s at 20 seconds. Dynamic
and HVDC will share the power change. Fig. 11 shows tH&sponses of the power from the generator, the wind farm and
comparison of two cases with different time constants. )n (ghrough the HVDC are given in Fig. 13. The generator speed
the parameters ar&, = 0.7, K; = 0.9, and the time constant@nd the mechanical power are shown in Fig 14. The input
T = 0.76. The synchronous generator and the HVDC will pickariable Vo and output variable/y,., of the controller are
up the power change from the DFIG together. The share $#own in Fig. 14. The HVDC variables are shown in Fig. 15
the Synchronous generator is about 15 MW. In m,: 02’ and the DFIG SyStem variables are shown in F|g 16.
K; = 3.2, and the time constant = 0.0625. The HVDC acts At ¢ = 10 second, the wind speed drops from 15m/s to

fast enough to pick up all the power change from the wink2m/s. A drop in wind speed leads to a drop in wind farm
farm. active power export (Fig. 13), a decrease of the HVDC rectifie

side ac voltagé’,. (Fig. 14), a decrease of the dc current order
larer (Fig. 14) and the dc currenf; (Fig. 15), an increase
in the firing anglear (Fig. 15) and a decrease of HVDC

S50l i delivered powerP,. (Fig. 13). The response of the HVDC
.‘%N , power has a delay compared to the response of the wind farm
500;_____4/‘-\/;’# ~ 1 power. The synchronous generator has an initial increase of
\szo»z,KsS-z power export to balance the total power by releasing kinetic
' ; ’ energy from its rotating mass. This leads to the reduction of
its rotating speed. The turbine governor senses the change i
rotating speed and generator power and adjusts its meetanic

power based on the error signal.

The DFIG pitch angle will become zero when the wind
speed reduces below the synchronous speed.

600

P from SG(MW)

450
1

P i MW)

\Kp:o.z,Kizs.z;

850 2 e 2 p 20 C. Case Study 3: Load change

metsed) In Case Study 3, the load increases from 420 MW to 520
! : _ MW at 10s. The HVDC picks up the load change immediately
Fig. 11. Dynamic responses of active power from synchrorgerserator, . h fth Cis f h h h
through HVDC due to a change in wind speed under differentdmtroller since the response of the HVD. Is faster than the synchronous
settings. generator. Due to the slow turbine governor response, agehan
in the reference poweP,.s will be reflected in the generator
From Fig. 12, it is found that in Case b the respons&Qf power after about 30 seconds. In order to show the HVDC
is much faster compared to that in Case a. Therefore a fagsponse in this simulation case, the mechanical powereof th
voltage control can avoid power sharing by the synchronosgnchronous generator is assumed to have an increase of 100
generator. MW at 15 seconds. The synchronous generator will increase
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due to wind speed changes.

its power output to pick up the load change. Consequently,
the dc power will be reduced to its original level. Dynamic
responses of the system are shown in Figs. 17 and 18.

The synchronous generator speed will decrease when the
load increases and will increase when the synchronous -gener
ator increases its output power. Increased load howevectaff
the system voltage level/,. will decrease. This in turn will
trigger the voltage controller to decrease the dc curreséror ¢y ¢
and increase the firing angle. When the synchronous gemeratanges.
starts to pick up the load increase, the voltage level irsg®ga
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The HVDC system will then ramp up its transporting power
through decreasing the rectifier firing angle



Fig. 17. Dynamic responses of the active power from synausmenerator,
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at the very beginning of the fault. The commutation failure
will lead to short circuit across the valve group. The dc powe
is almost zero as shown in Fig. 20. After the fault is cleared,
the system returns to normal operation after about 0.2 s.

As shown in Case Study 2, the parameters of the volt-
age control affect system dynamics. The impact of the PI
parameters on ac fault recovery performance is also studied
If the integration constani(; increases, the settling time of
the system will increase [19]. Therefore, the dynamics ef th
dc current and firing angle of the rectifier will be affected
under different integration constants. Figs. 19 and 20 show
that whenk; = 3, the system can not recovery after the fault
clearance. Therefore, the two other two sets of parameters
K, = 02/K; = 1.5 and K, = 0.2/K, = 2 are better in
terms of ac fault recovery.

In Case Study 2, a smaller time constant is demonstrated to
be good for HVDC to do fast power routing task. However,
Case Study 4 shows that a smaller time constant for the PI
controller may cause ac fault recovery problems. Therefore
the controller parameters have to be chosen and verified
through various studies.

V. CONCLUSION

This paper investigates the fast power routing capability o
LCC-HVDC. A positive feedback control loop is introduced
in the rectifier control to produce the dc current order. Mat-
lab/SimPowersystems based simulation for an ac/dc system
with wind power penetration confirms the effectiveness of
such control scheme. In addition, ac fault recovery is in-
vestigated for an LCC-HVDC equipped with the proposed
control scheme. The proposed technology can help realste fa
power routing through LCC-HVDC in future grid with high
penetration of intermittent renewable energy resources.

APPENDIX
1 mw
08 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ TABLE |
9 10 " 12 13 14 15 16 17 18 PARAMETERS OF THEDFIG WIND FARM
input the controller VaC (pu)
1.0 ‘ Total capacity | 333*1.5MW
.l | Nominal voltage 575V
W : Frequency 60Hz
0.95 s s ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ rs (pu) 0.023
9 10 1 12 13 ) 14 15 16 17 18 19 20 T (pu) 0.18
time (sec) _XLS (pu) 0.016
X, (pu) 0.16
Fig. 18. Dynamic responses of the generator speed, firintg,adg voltage X (pu) 2.9
and V. due to load change. H (kg.m?) 0.685
F (pu) 0.01
p (poles) 3
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