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Abstract: In order to solve the problems brought upon by off-shore wind-power plants, it is important
to improve fault ride-through capability when an on-shore fault occurs in order to prevent DC
overvoltage. In this paper, a coordinated control strategy is implemented for a doubly-fed induction
generator (DFIG)-based off-shore wind farm, which connects to on-shore land by a modular multilevel
converter (MMC)-based high voltage direct current (HVDC) transmission system during an on-shore
fault. The proposed control strategy adjusts the DC voltage of the off-shore converter to ride through
fault condition, simultaneously varying off-shore AC frequency. The grid-side converter detects the
frequency difference, and the rotor-side converter curtails the output power of the DFIG. The surplus
energy will be accumulated at the rotor by accelerating the rotor speed and DC link by rising DC
voltage. By the time the fault ends, energy stored in the rotor and energy stored in the DC capacitor
will be released to the on-shore side to restore the normal transmission state. Based on the control
strategy, the off-shore wind farm will ride through an on-shore fault with minimum rotor stress.
To verify the validity of the proposed control strategy, a DFIG-based wind farm connecting to the
on-shore side by an MMC HVDC system is simulated by PSCAD with an on-shore Point of Common
Coupling side fault scenario.

Keywords: doubly-fed induction generator (DFIG); fault ride-through (FRT); high voltage direct
current (HVDC) system; off-shore wind farm; voltage sourced converter (VSC); variable frequency

1. Introduction

In the proliferation of renewable energy, worldwide total wind-power installations in 2017 were
about 52 GW, bringing the global total to nearly 540 GW. The off-shore segment showed an 87% increase
on the 2016 market, recording 4334 MW in a year [1]. The electricity generation by renewable sources
is expected to take up 40% of total electricity in the U.S. by 2030, and approximately half of it will be
generated by wind turbine generators [2]. For South Korea, renewable energy capacity grew by as
much as 13,846 MW in 2016, and the Korean government put forward the 3020 Project, which presents
its objective for the portion of renewable energy source penetration from 7% to more than 20% of total
generation by 2030. This means approximately 60 GW of renewable energy facility is required [3].

Multimegawatt wind farms are an attractive choice for renewable energy generation options.
In addition, off-shore wind farms are preferable to on-shore solutions, because larger and more
constant wind energy potential exists off-shore. To bring generated electric power on-shore, HVDC
solutions are clearly taking their place [4]. Recently, an HVDC transmission system based on a modular
multilevel converter (MMC) has been widely used given its improved controllability, advantage on
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smooth waveforms, and high voltage possibility by its modular topology. Therefore, it is expected that
long-distance off-shore wind farms will be connected to the mainland by MMC HVDC [5].

For reliable operation, wind farms should not compromise the grid stability. System frequency
or voltage stability must be sustained even though small disturbance occurs. That is, the wind farm
should not have lost its generation by a small disturbance.

The objective of grid codes is to improve voltage and frequency stability by mandating wind
farms to provide ancillary services [6,7]. The grid codes require wind-energy sources to stay connected
in voltage sags according to a guided time-voltage profile, named a “low-voltage ride-through” (LVRT)
profile. To satisfy the LVRT code, DC overvoltage and overcurrent and off-shore AC grid stability issues
should be addressed. There have been numerous studies conducted to mitigate these problems [8-10].

The most commonly-used strategies are the crowbar and the DC chopper. The crowbar can
dissipate surplus power when a fault occurs with the rotor-side converter [8,9]. A DC chopper can
expend excessive energy by using a chopper resistor implemented in a DC link [10]. However, they are
not necessary if the kinetic energy controls studied by Yang et al. [11] are implemented. In the study of
Yang et al [11], if surplus energy was stored in a rotor mass, even in the absence of the crowbar or DC
chopper, a wind farm could ride through on-shore faults. There are also prior research works on using
the stored kinetic energy of a rotor mass [12]. Deloading of a fully-rated converter wind turbine as an
FRT strategy was introduced by Ramtharan et al. [13], and they employed a wind turbine-connected
full-scale VSC converter DC link as an energy storage component. To broaden the versatility, a DC link
can operate as a temporary energy-storage device, but needs fast and reliable communication.

Frequency was used as a signal medium in Silva et al. [14], who achieved communication-free
control by changing the reference frequency of an off-shore grid-forming converter. However, it
used DC choppers to dissipate excessive energy generated from wind turbines. In Yang et al. [11],
energy was stored in a wind turbine rotor, but it also needed fast and reliable communication. In this
paper, the proposed coordinated control strategy stores excessive generated power in two energy
storage mediums when an on-shore fault occurs in both a VSC converter DC link and a wind turbine
rotor, while signaling control references in frequency droop. The proposed control has the following
contributions:

1. DC chopper, crowbar-free operation by energy control in a DC link and a wind turbine.

2. Minimizing rotor acceleration by controlled energy storage in a DC link

3. Communication-free operation between the MMC off-shore converter and DFIG by on-shore
voltage-off-shore frequency-wind turbine power droop

The organization of this work is as follows: Section 2 is about the control and modeling of
MMC HVDC and DFIG and their characteristics. Section 3 discusses the proposed coordinated droop
control scheme. Section 4 discusses the simulation conducted based on PSCAD/EMTDC, and Section 5
discusses the conclusion.

2. Control and Modeling of the OSWF System

Based on the largest market share across the world, four types of wind turbines are defined [15].
Type 1is a fixed-speed induction machine with a capacitor bank. It is the oldest type, with a simple
structure and control system. In Type 2, a variable rotor resistor is added to control rotor speed. The
main feature of Types 3 and 4 is the use of an AC-DC-AC power converter. Both types can control
rotor speed and output turbine power. The difference between Types 3 and 4 is the full coverage of
turbine power by a power converter.

A variable-speed wind turbine has several advantages compared to fixed-speed wind turbines [16],
as it can operate under its rated speed and can extract maximum power by a control named maximum
power point tracking (MPPT). The control can be achieved by adjusting rotor speed to the maximum
power tracking point according to varying wind speed.
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Specifically, a Type-3 doubly-fed induction generator (DFIG) has some beneficial characteristics.
It can control its rotor speed, so variable speed operation is attainable. Moreover, it has a small-scale
power converter to control active-reactive power from the turbine. Although there is a full-scale
converter-connected permanent magnet synchronous generator (PMSG)-type wind turbine, a DFIG
costs less because of its small power rating. Furthermore, as PMSG power converters should be rated
the same as generator capacity, the size and complexity of the overall system increases, and the losses
are higher, which leads to low efficiency [17].

In transient conditions, PMSG-type wind turbines can cope with fault conditions by controlling
their full-scale converter. However, for a DFIG, direct connections of the grid to the stator side can
damage the equipment. Therefore, special protection schemes, like a DC chopper or crowbar, are used.
Moreover, because a DFIG is a commonly-used device in the commercial wind turbine market, it is
helpful to use a DFIG for analyzing off-shore wind farm systems.

The off-shore wind farm-connected MMC-HVDC is schematically shown in Figure 1. Since the
off-shore side system topology does not change and the focus of this study is limited to a maximum of
a few hundred milliseconds of on-shore fault, the DFIG wind turbine models are aggregated in the
simulation [18]. MMC HVDC connects the on-shore side system to the off-shore side system. The
MMC HVDC off-shore side converter outer-loop controller forms the off-shore grid and controls the
off-shore AC voltage. Simultaneously, the on-shore side converter outer-loop controller controls the
DC voltage of HVDC and the AC voltage of the on-shore grid.

I I T e |

Off-shore System

On-shore System

—————————————— | = =

Off-shore On-shore
Converter Converter

DFIG Wind Turbine System

Figure 1. Off-shore doubly-fed induction generator (DFIG) wind farm with MMC.

As introduced in [14], there are various studies of controlled off-shore frequency for various
purposes [19-21]. In [19], a Line Commutated Converter HVDC-connected off-shore wind farm PMSG
inverter controlled off-shore frequency for smooth LCC HVDC operation. In [20], HVDC controlled
off-shore frequency for optimal operation of wind turbines. A Q/frequency droop control was used
in [21] to obtain a reference frequency at PCC.

2.1. MMC HVDC Outer Loop and Energy Control

The basic outer controller schemes were well expressed in [22]. The on-shore side converter
operated as an inverter providing power to the grid, while the off-shore side converter operated as
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a grid former, which synthesizes the AC voltage by a predetermined frequency for Off-shore Wind
Farm. There were studies [23,24] that varied the grid-forming parameters for the intended control
purposes, but the basis was to generate a fixed frequency and voltage for grid synchronization. The
off-shore side converter acted as an infinite voltage source to absorb generated power from wind
turbines. Furthermore, it established the off-shore frequency and AC voltage of the grid.

Because this paper deals with DC voltage as the energy storage, capacitor voltage and its
stored energy should be defined. In Figure 2, the overall MMC converter structure and submodule
configurations are displayed. If the capacitors are well balanced and sized identically, each MMC
arm can be represented as an aggregated equivalent capacitor [25]. To calculate energy stored in a
DC capacitor, an equivalent capacitor and measured capacitor voltage sum are required. The average
voltage of arm capacitors can be expressed as:

1 Ucsu; + Vs,
by = = = (1)
3 i=12,3 2

where 0.y, vczy; and vy, represent the average arm voltage and the upper and lower arm average
voltage. The total equivalent capacitance is then derived to calculate total stored energy in the MMC:
1. . C
Wy = 5 Cofy = 3Crar0%y, Crot = 1 @
where Ceg, Ciot, C,and N represent equivalent capacitance, total arm capacitance, submodule
capacitance, and submodule number. Assuming no losses in the MMC, the variation of the total energy
in the converter can be expressed as a power difference:
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Figure 2. MMC HVDC converter configuration.
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2.2. DFIG Power and Current Control

In a DFIG wind turbine, a wound rotor machine with a back-to-back-type converter with 30%
scale for rotor winding feeding was used. Each side converter is called the rotor side converter (RSC)
and the grid side converter (GSC). The stator side was directly connected to the AC grid side, and
the rotor side was connected to the rotor-side converter. Therefore, rotor current can control wind
turbine output active and reactive power [26,27] as if the rotating magnetic-field magnitude remained
constant, and neglecting rotor resistance, where 75, ws mean stator resistance and flux speed. Therefore,
electrical torque and output power are represented as:

3Lym

ps = _E_a’s)\siqr 4)
S
3 wsA .
Qs = 57 (A~ Liar) (5)
S

3. Advanced FRT Strategy

The objective of the proposed FRT strategy is to ride through an on-shore fault by rotor acceleration
and minimize the burden on the rotor by DC voltage control of the DC capacitor. Figure 3 shows
the overall FRT algorithm’s flowchart. When a fault occurs, MMC HVDC catches the voltage dip
and compares the measured fault voltage V,, to threshold voltage V,. Then, it calculates off-shore
power reference Py e by precalculated DC energy. After calculating Py, the reference is then
calculated for off-shore frequency reference f;ff' the and off-shore side MMC converter changes the
off-shore frequency for DFIG deloading. The GSC of DFIG picks up the changed off-shore frequency,
and the RSC current reference order changes for deloading. Finally, the DFIG rotor will deload by the
calculated deload order.

| Calculate Max Energy Alpas by () |
¥
| DetectMMC Voltagedip ~ |&—

¥

Calculate Off-shore power Py

¥
Caleulate Off-shore frequency
reference foes by (6)

Frequency signal to GSC

v
DFIG de-loading from Py, by (7)
|

Figure 3. Coordinated droop control algorithm.
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3.1. Unbalanced Power Calculation for DC Voltage Control

A DC capacitor can store surplus electrical power. MMC HVDC can relieve the burden of the
DFIG turbine. When the fault occurs at an on-shore site, both MMC HVDC and the rotor will store
surplus power in the DC capacitor and the rotor mass. Assuming the capacitance of the DC line is
much smaller than that of the MMC converter, the initial energy stored in DC can be calculated as:

1 ~2
Winit = E(Z‘Ceq)vcz,m (6)

If an on-shore fault occurs, the MMC on-shore side cannot handle the amount of output power
because of low on-shore voltage, so the difference from the off-shore power transfer amount will cause

DC voltage variation as:
AWinit Ues,m
t = Zceqvcz,m at (7)

When the power difference is persistent, energy stored in the DC capacitor can be calculated as:

Pin_Pout:

1 2 2 '
Eceq(vdc,post - Udc,pre) =AW= f (Pin - Pout)dt (8)
0

Absorbing the unbalanced power during the fault can be dangerous because it can easily induce
DC overvoltage. To prevent such a disaster, calculating the unbalanced power and off-shore power
reference is required. Typical MMC on-shore side power P, is depicted in Figure 4. There is response
time for power system dynamics and remaining power during the fault because of the remaining
voltage. The main purpose of the proposed control strategy was absorbing as much power as possible
during the fault to the DC link, but not reaching the overvoltage limit. To do this, maximum off-shore
power Py¢r should be calculated first. However, there is communication latency between MMC
converters and response time for deloading, so those time delays should be considered.

P Response Time
Response Time
MW) 1 ! P
( ) i ]
| _—— [l I
. Communication i
e Latency %l :6 :
] 1
! Lo
] 1
] I
] 1
I I
I I
] I
1 1
I I
I ]
] ]
1 I
] I
I I
1
i p i P, wind
]
| off |
: [/
| A |
] ]
1 I
I
| POH :
] 1
] ]
| |

>t (5)

t1 L2ty
Figure 4. Studied system model of the off-shore wind farm.

To calculate off-shore power reference Py ¢, total energy during the fault should be calculated,
and the energy can be calculated by summing time interval energies. The energies at each interval are
expressed as:
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1 (tres - tcam)z

1
t ~ b War = Etres(Pwind_Pon)_E t (Pwind_Poff) 9
res
1 teom® 1
ty ~t3:Wpp = E;o_m(Pwind _Poff) + Etcom(Pwind _Poff> (10)
res
tz ~ 1ty Wps = (tfault - tcom)(Poff _Pon) (11)
]- tcomz
ts ~ t5 : Waa = toom(Poss = Pon) — 5 (Puwind = Pon) = (12)
res
1 t
ts ~te: Was = E[(Poff _Pon) - ;ﬂ(Pwind _Pon)](tres - tcom) (13)
res

The total energy during the fault can be calculated by summing (8)~(12):

W = (s + ) Pogy ~ o) an{Pas ~2Pog + P a9

Finally, the off-shore power reference can be calculated through (13). The proposed control
strategy cannot be performed when Py r.r is negative, which means too large communication latency
typically above 50 ms.

Wamax + (tfuult + tres — tcom)Pon = teomPrind
(tfuult + tres — Ztcom)

Poff,ref = (15)

If losses are considered, more power can be allocated to the HVDC. However, for safe operation,
not including those losses can be a margin for not intruding into the DC overvoltage. Moreover,
converter loss calculation is complicated research and outside the scope of this paper.

3.2. Voltage-Frequency Droop Control

In this paper, the proposed control took the frequency droop control by on-shore voltage. That is,
when on-shore AC voltage dropped due to a disturbance, off-shore frequency rose by the droop signal.
This control enabled frequency to be a medium for the global signal for a specific parameter.

Pout re f )
=kl — 57— 16
fDC freq( P wind rated ( )
f;ff = foffset + fDC (17)
where fo*f % fof f,sets Kfreqand fpc mean off-shore reference frequency, pre-set frequency, frequency

control droop constant, and the frequency compensation term for DC voltage control.

3.3. Deloading by Rotor Current Droop

The deloading technique for DFIG in a fault condition was introduced in papers like [28-31].
Deloading by rising frequency is proposed in this paper. First, the stator-side frequency rose when an
on-shore fault occurred, as described in Section 3.1. Then, the electromagnetic torque of the generator
would be decreased as:

— LM, (18)

By Equation (18), increased frequency reduces the electrical torque of the DFIG turbine. Then, by
the swing equation, rotor speed rises, and finally, mechanical torque T}, will settle at the equilibrium
point. In this case, increased w, and A reduce the power coefficient, and thus, T, will also decrease.
The deloading process operates automatically, which can be called a natural response. Second, the
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rotor-side converter (RSC) controller caught the frequency difference and reduced the g-axis current
order of RSC by a preset droop. The overall control schemes and strategy is shown in Figure 5.

1
Poftrefrerc, = Pofr| 1~ %(foﬁcf”" _foﬂrSEtrPu) (19)
- >
l vV, R L A
Averaged } Y\
VoWV, 7= C|ideal three- | v — hu
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v e e P
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f;ff Ud"ef eref ere)" Uy ref

On-shore Voltage ———, Droop Control —— Off-shore Frequency

Figure 5. Off-shore DFIG wind farm with the MMC HVDC controller scheme.

Therefore, if maximum frequency (55 Hz in this paper) was detected, the rotor current order
was set to zero. That is, at maximum frequency, no active power would be generated from the DFIG.

o%

igr
4. Simulation of the Proposed Control

To verify the effect of the proposed control strategy, an off-shore DFIG wind farm connected
to the grid via an MMC HVDC system was studied. In Figure 6, the overall simulation system is
depicted. For an on-shore system, the on-shore grid was expressed as an aggregated voltage source
over equivalent reactance. The MMC HVDC connected the on-shore system to the off-shore wind
farm. Aggregated DFIG consisted of the off-shore wind farm and RSC, and a GSC average model was
used. In the proposed control strategy, a phase-shifted pulse-width modulation (PSPWM)-based MMC
HVDC was used. For the DFIG system, only an outer current controller was used; an inner voltage
controller was assumed to operate ideally; and an average model-based DFIG turbine was used based
on a PSCAD/EMTDC program. The parameters used in simulation is described in Tables 1 and 2.

I- ____________________ b | I- ____________ b |
200 kM | 5 (MVA) |
! L | | 550V 069 kv/ 50 Hy
| i 1 J_ | | Skm | 33/0.69/0.69 |
1l T T |
|7y T |y | |
|
1 950 (MVA) 950 (MVA)I |
| 230/370 370/ 230 | . 1
1.7 (MVA)
1 ! 1 !
e e e e e e m e — e ———— o SO !
950 (MVA) 160 Aggregated
640 kV/153 Level Wind turbines
MMC HVDC

Figure 6. Studied system model of the off-shore wind farm.
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Table 1. Parameters of the simulated DFIG system.

Description Value
DFIG power rating 5 MW
DFIG converter rating 1.7 MW
Number of aggregation 160
Wind speed (constant) 11.5 m/s
DFIG transformer 33 kV/0.69 kV
Wind farm transformer 230 kV/33 kV

Table 2. Parameters of the simulated MMC HVDC system.

Description Value
MMC power rating 950 MW
Rated AC voltage 380 kV
Rated DC voltage 640 kV
Cell DC capacitor 2800 uF
Arm reactance 50 mH

Number of submodules 76/arm
Converter transformer 370 kV/230 kV
Nominal frequency 50 Hz

4.1. Study Cases

Three different control-strategy cases were compared to verify the appropriacy of the proposed
control strategy in this paper. For each case, a symmetric three-phase to ground fault on the on-shore
PCC side was simulated. To satisfy the LVRT requirements of various countries, Germany and China
LVRT requirements were applied in this paper [32]. The three different strategies are expressed in
Table 3. Firstly, a case for a DC chopper and surge arrestor implemented system to ride through a fault
was simulated. Secondly, a fast DFIG turbine deloading control strategy with a fast communication
case was simulated. Finally, the proposed coordinated droop control strategy was simulated. The
simulation scenarios are outlined in Table 4. For Scenario A, an on-shore-side 150-ms fault with 0.001Q)
fault resistance was simulated. For Scenario B, a fault with a 2.95Q) fault resistance with the same
location and fault duration was simulated. In Scenario C, the same fault location and resistance as
Scenario B for a 625-ms fault duration was simulated. Finally, a 0.001C) fault resistance case for 150 ms
with a 400-MW wind turbine generation case was simulated. In Figures 6 and 7, waveforms for nearly
zero fault resistance are shown, and larger fault resistance case waveforms are shown in Figures 8
and 9.

Table 3. Simulation cases.

Simulation case Description
Case A 500-MW DC chopper implemented
Case B Turbine deloading with fast communication
Case C Coordinated droop

Table 4. Simulation scenarios.

Simulation Case Description
Scenario A 0 pu Vo, fault for 150 ms
Scenario B 0.2 pu V,y, fault for 150 ms
Scenario C 0.2 pu V,, fault for 625 ms

Scenario D 0 pu Vo, fault for 150 ms with 400-MW turbine output
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4.2. Case A: Implemented DC Chopper

The traditional FRT strategy was simulated in the simulation Case A. A 150-ms three-phase
fault was simulated in the on-shore converter PCC side at t = 4 s (see Figure 6). The PCC voltage
dropped to about 0 pu when the fault occurred. To ride through the fault, a DC chopper at the HVDC
inverter side was operated by the DC threshold voltage. The DC voltage vibrated when the fault
occurred, because the DC chopper did a chop-and-release operation on the DC side. When the DC
chopper was not operating, the DC voltage went up by the power difference between the on-shore and
off-shore sides. The chopper resistance (1k()) was implemented between the positive and negative DC
sides, so power went through the DC chopper, which caused the DC voltage to decrease. Therefore,
during the operating period, the DC voltage went between chopper activation and deactivation voltage
(1.06~1.10 pu). For the off-shore part, the wind turbine still generated power because the DC chopper
handled the surplus power, which led to rotor speed not changing in this case. Hence, the DFIG rotor
did not participate in reducing the surplus power to ride through the on-shore fault. The chopper had
a 500-MW chopping rating, so if unbalanced power exceeded 500-MW, it could not operate properly.
This means the chopper rating must be increased.

4.3. Case B: Turbine Deloading with Fast Communication

For Case B, the same fault scenario as the deloading control case was studied. When the fault
occurred, the on-shore side converter detected the AC voltage dip and communicated with the DFIG
turbine to decrease the power generation. Once the on-shore low voltage was detected, the RSC
converter current reference was reduced by the voltage. Finally, the DFIG electrical power was
reduced by the rotor current reference of RSC. By deloading the turbine, power transferred through
the off-shore converter was reduced, resulting in stabilized DC voltage. Compared to the DC chopper
case, a stable DC voltage was observed in this case. The consequence of deloading was that the DFIG
rotor accelerated.

4.4. Case C: Coordinated Droop Control

To minimize rotor acceleration, surplus electrical power generated from a wind turbine was stored
in both the DC capacitor and the turbine rotor. The DC capacitor participated in storing surplus energy
to reduce rotor acceleration by rising DC voltage. As the DC link stored surplus energy during the fault
period, the DC voltage continuously rose by a certain slope until the fault terminated. By dividing
surplus generated wind energy with an MMC DC capacitor, less energy was stored in the DFIG turbine
rotor, and less acceleration was observed. This means that mechanical rotor torque can be minimized
with MMC DC capacitor participation. In the simulation, no case showed an overvoltage at the DC
side when the proposed control strategy was implemented. That is, DC voltage control did not worsen
FRT capability and moreover relieved turbine acceleration stress.

4.5. Simulation Result

Four different scenarios to ride through an on-shore fault are shown in Figures 7-18. In each case,
on-shore and off-shore AC voltages and DC voltages were measured. Moreover, off-shore frequency
was measured at the GSC of DFIG, and rotor speed was expressed. Finally, power from the on-shore
side and off-shore side was measured in each case.

4.5.1. Scenario A: 150 ms On-Shore Fault with Small Fault Resistance

Figures 7-9 show the simulation results of on-shore fault Scenario A. The off-shore wind turbine
generated 880 MW when the fault occurred. The power difference needed to be handled to avoid DC
overvoltage. The MMC HVDC decoupled the on-shore and off-shore AC grid, so the AC voltage at the
off-shore did not change dramatically. In Figure 7c, DC voltage in the DC chopper case reached about



Appl. Sci. 2019, 9, 2522 11 0f 20

800 kV, which exceeded 1.2 pu. Therefore, the 500-MW DC chopper seemed to be small to ride through
severe fault on-shore.

g 300 : : : : : : :
[\F] e
’_g @200 — :
(a) w § s Proposed Control
= ;'3 100 s Trbine Deloading |
& 20 s 1) Chopper
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Figure 7. Simulation results of the on-shore fault scenario with 0.001Q) fault resistance. (a) On-shore AC
voltage for each simulation case. (b) Off-shore AC voltage for each simulation case. (c) Rectifier-side
DC voltage for each simulation case.

Figures 8 and 9 show the difference between the simulation Cases B and C in Table 3. The
proposed control used droop control between on-shore voltage and off-shore frequency, so time delay
between power responses existed. For every case, response time for a 50-ms and a 10-ms time delay
between converter communication and 20-ms GSC frequency change pickup time was applied. Because
on-shore AC voltage reached about 0 pu, on-shore power showed nearly 0 MW in Scenario A. The
off-shore power showed the difference between each control strategy. In Figure 9a, the proposed
control strategy showed about 100 MW of power still transferred during the fault at the off-shore side.
The result of this power is expressed in Figure 7c. The DC voltage in proposed control case steadily
increased during the fault. However, the amount was limited, and it showed that the DC voltage did
not exceed 1.2 pu. In Figure 9, turbine deloading with fast communication is shown. Low voltage
detection to turbine deloading only had a 10-ms latency, which was relatively faster than the proposed
control. Because the turbine reduced the power generation rapidly, relatively stable DC voltage was
observed compare to other control strategies. However, the disadvantage of the strategy was the fast
turbine speed. Compared to the proposed control strategy, the turbine deloading strategy showed
nearly about 0.05 pu faster turbine speed.
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frequency for each simulation case. (b) DFIG rotor turbine acceleration for each simulation case.
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Figure 9. Simulation results of the on-shore fault scenario with a 0.001Q) fault resistance. (a) On-shore

and off-shore power with the proposed control strategy case. (b) On-shore and off-shore power with the

deloading control strategy case. (c) On-shore and off-shore power with the DC chopper strategy case.

4.5.2. Scenario B: 150 ms On-Shore Fault with Relatively Large Fault Resistance

Scenario B showed relatively similar simulation results as Scenario A in Figures 10-12, but there
existed on-shore power, so the deloading power and chopping power were reduced. In this case,
DC voltage in the DC chopper case showed about a 770-kV DC voltage, which was acceptable for a
500-MW chopper.
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Figure 10. Simulation results of the on-shore fault scenario with a 2.95C) fault resistance. (a) On-shore
AC voltage for each simulation case. (b) Off-shore AC voltage for each simulation case. (c) Rectifier-side

DC voltage for each simulation case.
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AC voltage for each simulation case. (b) Off-shore AC voltage for each simulation case. (c) Rectifier-side

DC voltage for each simulation case.
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Figure 12. Simulation results of the on-shore fault scenario with a 2.95Q) fault resistance. (a) On-shore
and off-shore power with the proposed control strategy case. (b) On-shore and off-shore power with the
deloading control strategy case. (c) On-shore and off-shore power with the DC chopper strategy case.

4.5.3. Scenario C: 625 ms Fault with Relatively Large Fault Resistance

The LVRT code varies for countries, so the requirement varies in two ways. Some countries require
to ride through a longer fault. To the authors” knowledge, the wind farm plant should not be tripped
for 0.2 pu on-shore voltage up to 625 ms. Figures 13-15 shows the result for a longer fault. In Figure 13,
on-shore and off-shore AC voltage and DC voltage are shown. The DC voltage in Figure 13c shows
that each FRT strategy worked well. For each strategy, the DC voltage stayed within the DC voltage
limit. Off-shore frequency and rotor speed are shown in Figure 14, and they also tell us that the FRT
strategy worked well. However, in Figure 14b, little difference is observed between Cases B and C.
This is because the total amount of unbalanced energy during the fault was much larger than the
previous scenarios. The total amount of absorbable energy of the DC link was limited and the ratio of
increased unbalanced energy and absorbable energy made the difference. Therefore, the proposed
control strategy was effective in the shorter, but severe fault case than the longer fault, and it would be
very effective when the ratio of unbalanced energy and absorbable energy is small.

4.5.4. Scenario D: 150 ms Fault with Small Fault Resistance and Low Power Generation

As the proposed strategy was effective at a low ratio of unbalanced energy with absorbable energy,
one can assume the proposed strategy was more effective in the low wind power case. Figures 1618
show the simulation results in the low power generation case. In Figure 16, no DC overvoltage is
observed, and in Figure 17b, there is no wind turbine acceleration. This means no turbine deloading at
all was conducted in this case. That is to say, the DC link itself entirely handled the on-shore 150-ms
fault. In Figure 18, the input and output power of HVDC is expressed, and in Figure 18a, the output
power from the wind turbine is not reduced during the fault. This can explain why the turbine rotor
speed did not change in Figure 17b. Moreover, comparing Figure 18a,c, power from the sending end
after the fault was different. This was the power stored in the DC link, and it can be used to restore
frequency after a fault.
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Figure 13. Simulation results of the on-shore fault scenario with a 2.95Q) fault resistance. (a) On-shore
AC voltage for each simulation case. (b) Off-shore AC voltage for each simulation case. (c) Rectifier-side

DC voltage for each simulation case.
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Figure 14. Simulation results of the on-shore fault scenario with a 2.95Q) fault resistance. (a) On-shore
AC voltage for each simulation case. (b) Off-shore AC voltage for each simulation case. (c) Rectifier-side

DC voltage for each simulation case.
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Figure 15. Simulation results of the on-shore fault scenario with a 2.95C) fault resistance. (a) On-shore
AC voltage for each simulation case. (b) Off-shore AC voltage for each simulation case. (c) Rectifier-side

DC voltage for each simulation case.
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Figure 16. Simulation results of the on-shore fault scenario with a 2.95Q) fault resistance. (a) Off-shore
frequency for each simulation case. (b) DFIG rotor turbine acceleration for each simulation case.
(c) Comparison of DFIG the rotor turbine speed by the participation coefficient.
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frequency for each simulation case. (b) DFIG rotor turbine acceleration for each simulation case.
(c) Comparison of DFIG rotor turbine speed by the participation coefficient.
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Figure 18. Simulation results of the on-shore fault scenario with a 2.95Q) fault resistance. (a) Off-shore
frequency for each simulation case. (b) DFIG rotor turbine acceleration for each simulation case.
(c) Comparison of DFIG rotor turbine speed by the participation coefficient.
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5. Conclusions

In this paper, an advanced FRT strategy was proposed. To ride through an on-shore fault without
operation of a DC chopper or crowbar, control of the DC voltage by unbalancing input and output
power and the stored kinetic energy of a wind turbine rotor was implemented. For deloading DFIG
and transferring FRT signals to a wind farm, on-shore voltage to off-shore frequency droop was
used. Finally, to minimize rotor acceleration, calculation of the maximum absorbable power in the
DC link voltage was analyzed. With these coordinated control strategies, an on-shore fault can be
ridden through with no DC overvoltage. Moreover, by the DC capacitor storage of energy, the rotor
acceleration can be minimized. Through four scenarios, the superiority of the proposed control was
verified. According to the voltage dip scale, the proposed control strategy can cope with varying
on-shore voltage by calculating the deloading turbine power. By the duration of fault, the effectiveness
of the proposed control was clearly shown in the short fault duration, but for longer faults, the output
of the turbine deloading strategy and proposed control seemed similar. The main difference between
turbine deloading and the proposed control was the minimization of turbine acceleration during the
fault. In low power generation case, no turbine acceleration was observed. Especially, the proposed
control method can have a significant effect in FRT depending on the ratio of power imbalance versus
the absorbable power of the HVDC system and supposed to be utilized for stable operation of highly
implemented wind farms.
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