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The modular multilevel converter (MMC) based high-voltage dc (HVDC)-connected offshore wind farm (OWF) is
power electronic converter dominated power system, where the conventional current differential protection may
not operate effectively. Based on the basic operation principle of the current differential relay, this paper points
out that the phase difference (¢giy) of fault currents from MMC and OWF should be limited within a specific
range, i.e. (-(diffmax> Pdiffmax), to guarantee the reliable tripping of the current differential relay. Yet, the highly
control-dependent fault currents from the MMC and OWF could yield an arbitrary ¢gy that might beyond
(-¢diffmax> Pdiffmax), Which leads to the possible malfunction of the current differential relay. To tackle this
challenge, the coordinated control method of MMC is proposed to align the phase angle of its fault current with
that of the OWF, such that ¢ai € (-@diffinax> Pdiffmax) can be always guaranteed, so as the reliable operation of the
current differential relay. Finally, the proposed coordinated control is verified by the electromagnetic transient

(EMT) simulations in PSCAD and the real-time digital simulator (RTDS).

1. Introduction

In recent years, offshore wind farms (OWFs) are extensively con-
structed and connected to the power grid through the modular multi-
level converter (MMC) based high-voltage dc (HVDC) transmission
systems. The OWF-HVDC system is power electronic converters domi-
nated, which features high controllability and operational flexibility
[1,2]. Thus, the fault currents of OWF and HVDC system are highly
dependent on their control strategies, which is essentially distinct from
the fault characteristics of synchronous generators (SGs). This difference
significantly challenges the efficacy of conventional current differential
protection which is designed based on fault current characteristics of
SGs.

The fault currents of SGs are dependent on the electromagnetic dy-
namics of electrical machines as well as the external faulty network,
which features:

1) The high (>3p.u.) magnitude fault current, which is usually signifi-
cantly higher than the nominal current.
2) The fault current is highly inductive [3].
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3) Significant negative- and zero-sequence current can be provided for
unbalanced faults.

Different from SGs, the fault current responses of converters are
highly dependent on their control strategies, which features:

1) The low magnitude (<1.5p.u.) fault current, which is generally
dependent on the thermal limit of power semiconductor devices.

2) The phase angle of the fault current is highly controllable and usually
mandated by the grid code. Besides, it is also affected by the
manufacturer specific and the proprietary control system [4].

3) The zero-sequence current of grid-connected converters is commonly
suppressed. The injection of negative-sequence current is not
commonly required, with a few exception, e.g., German grid code

[5].

The highly controlled fault current from converters has significant
adverse effect on the efficacy of different kinds of protection relays [6].
Boasting the 100 % selective [7], the current differential protection is
regarded as the last line of defence for the power electronic converter
dominated power system when other conventional protections might

Received 26 August 2022; Received in revised form 30 November 2022; Accepted 3 January 2023

Available online 17 January 2023

0142-0615/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:gga@energy.aau.dk
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2023.108952
https://doi.org/10.1016/j.ijepes.2023.108952
https://doi.org/10.1016/j.ijepes.2023.108952
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2023.108952&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Gao et al.

fail. The performance of current differential protection in the system
where power converters (like PV or wind farm) are connected to the
passive network is investigated in [8,9]. It is pointed out that current
differential protection remains reliable provided the ac grid is strong. It
is because the magnitude of fault current from the stiff ac grid outweighs
that of the PV/wind farm, such that enough differential current can al-
ways be generated regardless of the fault current characteristic of PV/
wind farm. However, the sensitivity of the current differential protection
is degraded when the ac grid becomes weaker with the reduced fault
current infeed [10]. It comes to the worst scenario where the passive
grid is replaced by the converter, such that both terminals of the
transmission line are fed by converters with limited fault current infeed,
e.g., OWF-HVDC system considered in this work. As will be demon-
strated in this paper, the insufficient differential current might be yiel-
ded due to the limited fault current infeed from both OWF and HVDC
provided their phase angle difference is beyond the specific range,
which leads to the malfunction of the current differential protection.

There are currently two research directions to tackle the protection
challenges for the converters-dominated system like the OWF-HVDC.
The first emerging research direction is to adopt the new protection
principles that are independent of source characteristics. The time
domain and traveling-wave protection [11] are not sensitive to the
source characteristics or load condition, but based on the response to the
fault point excitation related with the fault location. Therefore, the fast
response of the traveling-wave protection is tailored to the HVDC
transmission lines protection. However, in the offshore ac grid with
multiple terminals connected with wind farm clusters, the traveling-
wave protection encounters many challenges, e.g. faulty-segment iden-
tification due to the reflections of the first incident wave from different
points [12]. Besides, the protection principles based on the parameter
and topology characteristics identification of the network with the
measured variables are weakly correlated with source characteristics.
The work in [13-15] proposed the Pearson correlation and cosine sim-
ilarity based protection principles for ac lines connecting SGs and wind
farm, which are independent of the control strategies of wind farm
converters. However, both sides of the ac lines are power converters in
OWF-HVDC system, the fault current characteristic of which is quite
complex due to the control flexibility of MMC. As a result, these pro-
tection methods based on similarity or correlation coefficient have risk
of malfunction with the internal fault in the presence of MMC station
[16] of the OWF-HVDC system.

The second research direction evolves from passive protection to the
active protection, the latter can be realized either by actively injecting
signals to facilitate fault detection, or by actively controlling the fault
characteristics of power converters to get coordinated with traditional
protections. The active protection based on signal injection would inject
the specially designed test signals and measure the corresponding
response to recognize the fault condition [17,18]. Yet, the test-signal
injection method encounters a lot of challenges, e.g. the selection and
generation of the injection signal, the selection of injection moment, the
processing of the detected signals, etc [19]. However, the active pro-
tection based on the coordination with converter control is compro-
mising considering that the fault characteristics are highly controlled by
converters. For the OWF-HVDC system, although the magnitude of the
fault current from MMC should be limited to protect the switching de-
vices, its phase angle can be controlled to an arbitrary value. This pro-
vides a degree of freedom that can be utilized to improve the efficacy of
current differential protection.

In this paper, the coordinated fault current control of MMC is pro-
posed. By actively controlling the phase angle of the fault current of
MMC to make it aligned with that of the OWF, the reliable operation of
current differential protection is guaranteed. The benefits of the pro-
posed method are threefold: 1) It does not require any modifications on
the traditional current differential protection algorithm, which sim-
plifies the field implementation. 2) The proposed method is solely based
on the unused control freedom of the MMC, i.e., the phase angle of its
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fault current, such that it does not contradict with existing control ob-
jectives of the OWF-MMC system. 3) The communication between OWF
and MMC is not required after the fault onset, which avoids the
communication delay and improves the relay speed.

The rest of the paper is organized as follows. Section II elaborates the
system structure and the characteristics of the controlled fault current
from both MMC and OWF. Then, the impact of controlled fault current
on the efficacy of the current differential protection relay is discussed in
Section III and IV. It is revealed that the arbitrary phase difference of
fault currents from MMC and OWF might lead to the malfunction of
current differential protection. To tackle this challenge, the coordinated
control method of MMC is proposed to align the phase angle of its fault
current with that of the OWF in Section V, such that the reliable oper-
ation of the current differential protection can be guaranteed. Finally,
the proposed coordinated control is validated through the electromag-
netic transient (EMT) simulation in Section VI and the experimental
setup based on RTDS in Section VII.

2. System description

Fig. 1 illustrates the system diagram of OWF-HVDC. The offshore ac
grid is a converters-dominated system, where the grid-side voltage-
source converters (VSCs) of wind turbines are connected through sub-
marine cables to the MMC-HVDC station. MMC adopts the grid-forming
(GFM) control [20] to provide the voltage and frequency reference for
the offshore ac grid, while the grid-following (GFL) control [21] is
adopted in the grid-side VSCs of wind turbines in this study.

The control schematic of the OWF-HVDC is depicted in Fig. 2. For
simplicity, the OWF is aggregated as a single GFL-VSC, where a typical
vector current control is used to control its output current (iyg, iwg) to
follow the current reference (i:,d, i.:vq). The terminal voltage v, is
measured for synchronizing the GFL-VSC with the ac system by means of
the phase-locked loop (PLL). In the event of a short-circuit fault, the
output current reference i;,qf of VSC is switched to the fault mode ac-
cording to the fault ride-through requirement: the reactive current in-
jection of VSC follows the grid code [22] as shown in Fig. 3, which is a
tabulated function of the magnitude of the terminal voltage, i.e.,

0 if v, > 0.9 p.u.
2(v, — 1) if 0.5 p.u. <v,<0.9 p.u. (@D)]
-1 if v,<0.5 p.u.

lwqf =

Accordingly, the reference of the injected active current can be
calculated as

2

“;uf‘ = I%A/lim - i:vqf (2)
where Iyim represents current limit of the GFL-VSC.

On the other hand, the GFM control system of MMC consists of an
outer voltage loop and an inner current loop, as shown in Fig. 2. To
avoid the overcurrent of MMC, the current limiter is inserted at the
output of the outer-loop voltage controller. After the inception of a low-
impedance short-circuit fault at the ac interconnection between the
MMC and the OWF, the terminal voltage drop of MMC will lead to the
increase of the voltage regulator output (i.e., the fault current references

i, and i:',,q) until the current limiter is activated, with which, the

‘Wind turbine VSC Busbar

PMSG

HVDC
transmission

y Plant step up
Feeder 2| transformer

Coast Jin,

transformer nNviC

Fig. 1. System diagram of the HVDC-connected OWF.
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Fig. 3. The additional required reactive current during voltage excursions (Vy:
the nominal terminal voltage of VSC; Iy: the nominal output current of VSC; AV:
the terminal voltage excursion of VSC; Al: the additional required reactive
current of VSC).

magnitude of the fault current from MMC is limited to its current rating,
i.e., Iplim-

It is worth mentioning that there are two dq frames in the OWF-MMC
system. One is the OWF dq frame that is defined by the output phase
angle of the PLL, i.e., Opry, and the other is the MMC dq frame whose
phase angle is the integration of the fundamental frequency (w1), i.e.,
Ovmc = w1t. Fig. 4 shows the phasor diagram of fault currents of the OWF
and the MMC, where subscripts w and m represent the variables in the
OWF-dq frame and MMC-dq frame, respectively. It is known from Fig. 4
that the phase difference between fault currents of the OWF and the
MMC can be calculated as

Qi =0+ ¢, + o, 3)
where § is the phase difference between the two dq frames, i.e.,
6 = GMMC - aPLL (4)

¢@w and ¢, are phase angles of the fault currents from GFL-VSC and
MMC in respect to their own dq frames. Specifically, ¢, and ¢, as

Y 1, y
ab
I d(q) bwd [1oe— Ly
wa(q, | o
<—-.:. [ ]
abg ARV L Fault mode

dq & T 25<—wat | current ref.
O
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> Modulator
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Fig. 4. Phasor diagram of the fault currents from MMC and wind farm.

expressed as (5) and (6), are the phase angles that i, lags d, axis and i,
leads d,, axis, respectively.

Iy,

@, = - arctan ('—") (5)
Lwd
1}

¢, = arctan (ﬂ> 6)
Und

It is known from (1) and (2) that the active and reactive current
injection of OWF is clearly specified by the grid code, so as to ¢,,. Yet,
there is no grid code requirement on ¢, such that it can be controlled to
an arbitrary value [23], which leads to an arbitrary ¢g. As will be
discussed in the following sections, the value of ¢g; has a significant
impact on the efficacy of current differential protection.

3. Control impacts on efficacy of current differential protection

The current differential protection is the main protection for high-
voltage (HV) feeders and busbars in OWF [24]. Considering the fault
current characteristics in OWF-HVDC are different from that of the
conventional SGs dominated system, this part will introduce the basic
principles of current differential protection for feeders and busbar, then
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investigate the impact of converter control on the efficacy of current
differential protection.

3.1. Basic operation principle

The current differential protection is based on the Kirchhoff’s Cur-
rent Law (KCL). The basic principle of the current differential protection
can be illustrated in Fig. 5, where the SGs are connected through a
feeder. The current differential protection will collect the current in-
formation I; and I, of both sides of the protected feeder. If the currents
from bus to feeder is defined as positive, the sum of the currents from
both sides of the protected feeder is equal to zero for external fault or
normal condition, yet much greater than zero for internal fault as shown
in Fig. 5(a)(b). Therefore, the current differential protection can easily
differentiate the internal fault from the external fault or normal condi-
tion according to their distinct current characteristics.

However, due to the transformation errors of the current transformer
(CT) or the capacitive charging current in practical applications as
shown in Fig. 5(c), the sum of the currents from both sides of the pro-
tected feeder is no longer exactly equal to zero for external fault. As a
result, the ideal current differential protection based on KCL to distin-
guish between the internal and external faults as illustrated in Fig. 5(a)
(b) may fail in practical applications. Therefore, the restraint current

L—1I

Ipes = is utilized in the practical current differential protection

operation criterion [7]:

{ IOp > kIRe:

7
Lop > Ioppo] @

where I, = I +1

is the differential current. Iop[o) is the threshold

value to avoid the mal-operation when I is close to zero. The coeffi-
cient k is the bias factor [7], which defines the slop of the operating
characteristic and is typically set as 0.8 for feeder protection of OWF.
The relay operation criterion of (7) can be illustrated in Fig. 6 corre-
sponding to the operate area above the relay operation characteristic.
The relay of the current differential protection will trip if the criterion
(7) is satisfied, e.g. point A.

3.2. Efficacy analysis

3.2.1. Busbar protection
As shown in Fig. 7, the currents of n HV feeders are collected on the

Bus B

Bus A

(a) Internal fault (the fault within the protected range)

Bus A . BusB

SG >i=0 SG

(b) External fault (the fault beyond the protected range)

Bus A Bus B

(c) External fault with capacitive charging current

Fig. 5. Basic principle of current differential protection.
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g
= op

< Operate

=y (internal fault)

% Relay operation
5 A® characteristic
~

g‘ B® Restrain

Lopoy (external fault)

Restraint current [,

Fig. 6. Ipp/Ires-diagram of the differential protection.

busbar and then flow to the MMC. The capacity of the offshore wind
farm Spwr is the sum of the n wind farm clusters. For simplicity, it is
assumed that the parameters of the n wind farm clusters are identical
such that they can contribute similar fault currents.

In the event of a short-circuit fault on busbar, the fault currents
contributed from the OWF side can be calculated asl,; + L2 + - +
Iyn = n*I,, while the fault current injected by the MMC is denoted asl,,.
Therefore, the differential and restraint currents can be calculated as

lop = ’I AR R PR I‘ = ‘im +nl,
. ®)

I wn

I m

j wl I w2 = 1,

Iges = ’Im‘ +

+

+ e+

+n

Define r as the capacity ratio between the MMC and OWF (Symc/
L,

In| = r*n*|I,|, with ¢aiff as the phase difference between In

Sowr); i.e.,

andi,, (8) can be rewritten as (9) according the law of cosines.

,/r2+2rcos¢dl-ff+1 .
=
P
_r+l

IOp = Im + ni,,,

m

€©)

im +n1.w Im

Iges =

Substituting (9) into the operation criteria of the current differential
relay given by (7), which yields

/12 + 2rcosdyy + 1 > k(r +1) (10)

Eq. (10) should hold to guarantee the successful tripping of the
current differential relay in the event of a short circuit fault. Accord-
ingly, the acceptable range of ¢ in respect to r can be calculated, and
the results are given in Fig. 8. It can be noticed that the current differ-
ential relay can trip with arbitrary ¢ gy provided Symc>Sowr, €.g., 7 > 9.
This is understandable since the differential current would be dominated
by the I, in this scenario such that the impact of ¢y is limited. Yet, in
practice the MMC usually has similar or slightly larger capacity
compared with that of OWF, i.e., 1 < r < 2. In this case, the differential
current will be highly affected by ¢gir. As shown in Fig. 8, ¢gr > 75°
would lead to the malfunction of the current differential relay when r =
1.2

3.2.2. Feeder protection

In the event of a short circuit fault on feeder 1 as illustrated in Fig. 9,
the fault current flowing from the wind farm cluster 1 to the fault
location is denoted as, , while the fault current flowing from the busbar
to the fault location is denoted asly,,, which is contributed by the fault
currents of the MMC and other wind farm clusters as expressed below:

jsum:im +I‘w2+"'+jwn (11)

Therefore, the differential current Io, and the restraint current Ires of
the current differential relay on feeder 1 can be calculated as

j njw\
I+ (n— l)I.W

10]) = ‘jwl +I.sum‘ =

le

12)

i,

+

+

Iges = Lym
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Fig. 7. System diagram of the OWF-MMC system with short-circuit fault on busbar.
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Fig. 8. The maximum phase difference between I,, and I, that the relay of
current differential protection for busbar can trip.
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Fig. 9. System diagram of the OWF-MMC system with short-circuit fault on HV
feeder 1.

Define r as the capacity ratio between the MMC and OWF (Symc/
I,

I},,‘ = r*n*

Sowr), i.€., , with ¢gisr as the phase difference between In

andl,, (12) can be rewritten as

NIt 2rcosg gy + 1

r

lop =

m

13

\/(n — 1)+ 2m(n — 1)cose iy + 1

Iges = m

rm

Substituting (13) into the operation criteria of the current different
relay given by (7), which yields

ny /12 + 2rcosgyy + 1 > k(\/(n — 1) + 22+ 2m(n — 1)cosyy + l)

(14)

Eq. (14) should hold to guarantee the successful tripping of the
current differential relay in the event of a short circuit fault on HV
feeder. Accordingly, the acceptable range of ¢gr (hereinafter also
referred to as safe phase difference range) in respect to the capacity ratio
r and the number of HV feeders n can be calculated, and the results are
given in Fig. 10. It can be noticed that the safe phase difference range
(SPDR) expands when increasing n for the common capacity ratios in

practice, i.e.,, 1 <r < 2.If n = 8 and r > 2, the maximum ¢g; that the
relay can successfully trip increases to 180°, which means the SPDR
reaches the maximum value and the phase difference between I,, and I,
has no adverse effect on the operation of relay. Besides, it can be noticed
by comparing Fig. 8 and Fig. 10 that the current differential protection
for busbar can be regarded as the special case of the current differential
protection for HV feeder with only one wind farm cluster, thus the
number of HV feeders has no effect on SPDR of the busbar protection.
The current differential protection is designed based on the charac-
teristic that the fault current direction of both sides of the protected line
is similar. However, the phase angle g,, of the fault current I,, from wind
turbine VSC is determined by the grid code on low-voltage ride-through.
The phase angle g, of the fault current I, from MMC can be controlled
to an arbitrary value. Therefore, the phase difference ¢ of the fault
currents from wind turbine VSC and MMC is determined by the con-
verter control. If ¢y is large enough to exceed the SPDR, the criterion of
(7) could not be satisfied after fault inception, then the relay fails to trip.

4. Challenges of the current differential protection

As mentioned before, ¢ has a significant impact on the efficacy of
the current differential protection. Therefore, in this section, the dy-
namics of ¢ will be characterized to assess the risk of exceeding SPDR
in the OWF-MMC system. It is known from (3) that ¢y is contributed by
8, gw and @m,, which is determined by the fault current references set-
tings, current loop dynamics as well as PLL dynamics. Since the time-
scale of the current control (around several ms) is much smaller than the
operation time of the current differential relay (around 1 ~ 2 funda-
mental cycles), an ideal current reference tracking can be assumed. Yet,
the dynamics of the PLL should be considered when analyzing the dy-
namics of ¢gif at 1 ~ 2 fundamental cycles due to its much slower dy-
namics (around 100 ms) [25].

Fig. 11 shows the equivalent circuit diagram of the OWF-HVDC as
illustrated in Fig. 2 with a symmetrical 3-phase-to-ground fault on the
HYV cable feeder with PLL dynamics considered, where Ry, Zg, and Z; are
the fault resistance, HV feeder impedance, and the equivalent imped-
ance of the MMC transformer, respectively. Z; is the equivalent
impedance of the MV feeders, wind turbine transformers, and the plant

Y
2 o o
S © o

()

-
~
o

Eight HV feeders |-

Four HV feeders

Two HV feeders |4

One HV feeder
I

1 ! N
5 6 7 8 9

MMC / S()WF

[ ¢diﬂ' max
a
=)
S

3
o

-}
=]

Fig. 10. The maximum phase difference between I, and I,, that the relay of
current differential protection can trip.
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step-up transformers. fj is the fault location on the HV feeder, which is
determined by a (0 < a < 1). The relay of the current differential pro-
tection will utilize the measured current information of both ends of the
protected HV feeder, then trip after fault inception according to the
criteria of (7).

MMC-connected OWF involves two synchronous reference frames for
wind turbine VSC and MMC, respectively. The wind turbine VSCs are
synchronized with the PCC voltage through PLL. As a result, the d-axis
phase angle of the synchronous reference frame of the wind turbine VSC
is Op1, which equals to the phase angle of the PCC voltage during steady
state. Accordingly, the current phase angle ¢,, of VSC can be controlled
relative to the PCC voltage to distribute the injected active and reactive
current.

The PLL is a feedback system, the block diagram of which is shown in
Fig. 12. The input is the three-phase PCC voltage of VSC, which is
transformed to the dq frame. The g-axis voltage vy, is regulated via a PI
controller to track the phase angle of PCC. The output phase angle 0p;; of
the PLL can be expressed as

OpL = / wprdt (15)

where

Wpr, = 01 + Awpyy,
(16)

Awpr, = Kyvg + K; /qudt

o; is the nominal frequency. K, and K; are the proportional and in-
tegral coefficient of the PI controller, respectively.

MMC adopts the grid-forming control to provide the voltage and
frequency reference for the offshore ac grid according to its own syn-
chronous reference frame. The phase angle of the terminal voltage of
MMC can be expressed as:

Ovmc = /wldl‘ a7

Besides, the d-axis of the synchronous reference frame of MMC is
aligned with the terminal voltage. Thus, the fault current phase angle ¢,
of MMC can be controlled relative to the d-axis of its synchronous
reference frame.

Substituting (15) and (17) into (4), the phase difference § between
the two dq frames can be expressed as:

6 = Oymc — Oprr

- / ( — Ky — K; / vw,,dt> dr (18)

Since there are two synchronous reference frames in OWF-MMC
system as illustrated in Fig. 4, the relationship of the fault current
from MMC represented in different reference frames can be expressed as

iy = hyC08(8) — it sin(5)

iy = TgSin(8) + iy cos(8)

mq

19

where i, and i)/, are d- and g-axis components of the fault current
from MMC in its own synchronous reference frame. When represented in
the synchronous reference frame of wind turbine VSC, the d- and g-axis

Fig. 11. Single-line diagram of MMC-connected OWF with symmetrical 3-
phase-to-ground fault on the HV feeder.
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Fig. 12. Block diagram of the PLL.

components of the fault current from MMC are expressed as iy, and iyy..

After the onset of a symmetrical 3-phase-to-ground fault on the HV
feeder with the fault resistance Ryas shown in Fig. 11, the PCC voltage of
the wind turbine VSC can be expressed as:

v = iw(Z1 + aZ, + Ry) +inRy (20)

where all the variables are expressed in the synchronous reference
frame of wind turbine VSC.

Accordingly, the g-axis component v, of the PCC voltage of wind
turbine VSC can be derived as

Vg = l.de + l.wqR +1M|imesin((pm + 5) (21)
where

X = (L +aL,)

22
R=aR, +R; @2

Based on the relationship of (21) and the block diagram of PLL as
illustrated in Fig. 12, the equivalent diagram of the PLL after fault
inception is shown as Fig. 13. Substituting equation (21) into (18), then
applying the derivation to § on both sides of equation (18) yields
equation (23). The transient dynamics of the OWF-MMC system with the
symmetrical 3-phase-to-ground fault can be characterized by (23),
which is affected by the fault current phase angle ¢,,, of MMC.

K,IyiimRycos(¢,, +6) - K;

5 = —0+ . alL, + Ly)i,q(@
—1+K,(alg + Ly)iva  —1+K,(aLg + Li)iva [(aLe + L)ivalo

—8) + ivg (aRy + Ry) + LyimRysin(g,, +5) ]

(23)

According to the transient dynamic model of (23), the waveforms of
§ with different ¢, after the symmetrical 3-phase-to-ground fault are
illustrated in Fig. 14(a). 6 is shown to have slow dynamics within two
fundamental cycles after fault inception. Besides, the phase difference
¢ais of the fault currents from MMC and wind farm has significant
impact on the efficacy of current differential protection according to the
analysis in section III. When MMC adopts the different value of ¢, the
waveforms of ¢gi are illustrated in Fig. 14(b). Since ¢ can be
controlled with high flexibility, ¢4 could exceed the SPDR when ¢, is
not properly controlled. For instance, when ¢ is>90° and the other
system parameters are shown in Table 1, ¢gyr will exceed the SPDR
within 40 ms after fault inception. As a result, the current differential
protection fails to trip when the controller of MMC adopts these
randomly selected ¢,

5. Proposed coordinated control method
5.1. Basic idea

According to the previous analysis, if ¢gir exceeds the SPDR, the
current differential relay could fail to trip after fault inception. Since the
phase angle ¢, of the fault current from VSC follows the grid code, ¢ is
determined by the control of ¢, which has significant impact on the
efficacy of current differential protection. Therefore, a coordinated
control method of MMC with the current differential protection is

IwaX+iwgR w A -
M{%h» K,+K,-/s}ﬂ>{ “Lis I,W.“Rfsin(w,.,w}—‘—

Fig. 13. Equivalent diagram of the PLL after fault inception.
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Fig. 14. The effect of ¢, on ¢g and 6 with the symmetrical 3-phase-to-ground fault (Ry = 40 Q) on the HV feeder.

Table 1

Main system parameters.
Symbol Meaning Values
P Power rating of the offshore wind farm 100 MW
Vin RMS value of the rated ac voltage of MMC 210 kv
fi Nominal grid frequency 50 kH
Vi RMS value of the rated ac voltage of wind turbine VSC 0.69 kv
Liim The limit value of the current from converters 1.2p.u.
Xer The leakage reactance of transformers 0.12p.u.

proposed in this part to improve the efficacy of protection relay in the
OWF-MMC system.

The core idea of the proposed coordinated control with the current
differential protection is trying to align the fault current i, from MMC
with the fault current i,, from wind farm. As a result, the controlled fault
current of MMC according to the proposed method can make the fault
currents of OWF-MMC system to mimic the SGs dominated system,
where the phase angle of the fault currents from both sides of the faulty
line are very close. As illustrated in Fig. 15, the increase of ¢ will lead
In+1,

to the decrease of the differential current , and further lead to

the failure of the current differential protection. On contrary, the aligned
fault currents can provide the largest differential current ensuring the
trip of the relay after fault inception.

5.2. The proposed coordination method

In order to align the fault current i,, from MMC with the fault current
iy from wind farm, ¢, = -5 -¢, should be satisfied for the proposed
method according to (3). After fault inception, the phase angle ¢,, of the
fault current from wind turbine VSC is determined by the PCC voltage v,
according to the grid code, which is a function of the terminal voltage
and can be expressed as

(24)

@, = ﬁFRT_vsc(Vw)

Different from ¢y, the phase angle ¢, of the fault current from MMC
can be controlled with high flexibility since there are no grid codes on it.
Considering ¢, is the unused control freedom of the MMC, the coordi-
nated control of ¢, with the current differential protection does not

A, ‘
jm iw iw+im
_
1 w, / 1, m/

Fig. 15. The core idea of the proposed method.

contradict with existing control objectives of the OWF-MMC system.
Besides, the proposed coordinated control does not require any modi-
fications on the traditional current differential protection algorithm,
which simplifies the field implementation.

The equivalent diagram of the OWF-MMC system during normal
operation is shown in Fig. 16. Accordingly, the power angle before fault
inception can be expressed as

ZPG)IL”q)

2
3V Vm 25

Oprefault = 7a.rcsin(

where P is the transferred active power from wind farm to MMG, L,
represents the sum of the transformer leakage inductance and the line
inductance. Since § varies slowly within two fundamental cycles after
fault inception as shown in Fig. 14(a), Sprefaue can be utilized to replace &
when calculating ¢, in the proposed coordination method.

Therefore, ¢, should be controlled to satisfy (26) in order to align the
fault current i,, from MMC with the fault current i, from wind farm.
However, it is hard for MMC to access the PCC voltage v,, of the OWEF.
Since the equivalent inductance Leq of Fig. 16 is not very large in prac-
tical applications, the terminal voltage v, of MMC has the similar per-
unit (p.u.) value with v, and therefore can be utilized to replace v,
when calculating ¢, as shown in (26). The worst-case study will validate
that this replacement is feasible even when v, significantly deviates
from v,

Pm = _fFRT,vsc(Vw) — Oprefauls
~ —frrr_vsc(Vim) = Oprefauts

(26)

According to the calculated phase angle ¢, of the fault current from
MMC as expressed in (26), the proposed reactive current response of
MMC is illustrated as the red line of Fig. 17. The dashed blue line is the
grid code for wind turbine VSC on low-voltage ride-through after fault
inception. The injected active current of converters can be calculated
according to (2).

5.3. Robustness analysis

To check the impact of the proposed response of MMC on the efficacy
of current differential protection, the phase difference ¢gy of the fault
currents from VSC and MMC with different fault resistance is illustrated
in Fig. 18. Since a lot of factors, i.e., human activity, environmental
factors, and manufacturing errors, could lead to the cable fault, a wide

V,Z-0

prefault m

Wind L,
turbine @ | A (R
VSC | by

PCC

Fig. 16. The equivalent diagram of the HVDC-connected OWF during
normal operation.
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range of fault resistance is investigated. It is shown that the proposed
response of MMC can ensure ¢gjs is within the SPDR with low- and high-
impedance short circuit fault.

Theoretically, the proposed method can make sure iy, is aligned with
iy, if the controller of MMC has access to the terminal voltage of VSC.
Since the terminal voltage of MMC is used to replace that of the VSC in
the proposed method to avoid the communication delay and the in-
vestment cost [26], there could be the phase difference between i, and
iy, in some cases. Therefore, it is necessary to find the worst case to check
the theoretical maximum phase difference between i, and i, after
applying the proposed coordination method. Although it cannot happen
in most practical applications, the worst-case is when the PCC voltage v,,
of VSC is>0.9p.u. (¢, = 0) and the PCC voltage v, of MMC is<0.5p.u. as
shown in Fig. 19. In the worst-case, the maximum phase difference be-
tween i, and i, can be calculated as expressed in (27). Since the
maximum phase difference in the worst case is within the SPDR, it
validates that the proposed coordinated control of MMC can guarantee
the reliable operation of current differential protection after fault
inception even with the maximum phase difference between i, and i,
that rarely exists in practical applications.

D worst = P +0+ @,
= —frrr_vsc(Vw) = Sprefauts + 6 + @,,
~ _fFRTJ/SC(Vm) +fFRT,vsc(Vw)
~ —56°

(27)

6. Simulations

To validate the proposed coordinated control of MMC with the cur-
rent differential protection, EMT simulations of the HVDC-connected
OWF are conducted considering the different fault locations, fault
resistance, control schemes, and the different system structures.

6.1. Busbar protection

6.1.1. Busbar protection when adopting the coordinated control (case 1)

After the inception of a symmetrical 3-phase-to-ground fault (Ry =
40 Q) on busbar in the OWF with two clusters as illustrated in Fig. 7, the
EMT simulation results are given in Fig. 20. The parameters of the two
clusters are assumed to be the same for simplicity. Since the coordinated
control is applied, the fault current of MMC is aligned with that of the
wind farm clusters after fault inception at 3 s as shown in Fig. 20(a).
Besides, the restraint current I, and the differential current I,, of the
current differential relay for busbar is illustrated in Fig. 20(b). The
trajectory of I, and I,y is plotted in Fig. 20(c) as the red line, which
crosses the relay operating characteristic 12 ms after fault inception and
the relay trips accordingly.
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Fig. 18. The effect of fault resistance Ry on ¢gy with the proposed coordinated
control method.
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Fig. 19. The maximum phase difference between i, and i, in the worst-case.

6.1.2. Busbar protection without the coordinated control (case 2)

When the coordinated control is not implemented and ¢, takes a
randomly selected value, e.g. 120°, the simulation results of the OWF-
MMC system are shown in Fig. 21 after the onset of a symmetrical 3-
phase-to-ground fault (Rf = 40 Q) on busbar at 3 s. It is obvious that
the fault current of MMC is no longer aligned with that of the wind
turbine VSC. Besides, it takes 210 ms for the trajectory of I.s and I, to
cross the relay operating characteristic and trip the current differential
relay, which means the speed of the relay declines severely.

6.2. Feeder protection

6.2.1. OWF with two HV feeders and adopting the coordinated control
(case 3)

After the inception of a symmetrical 3-phase-to-ground fault (Rf =
40 Q) on HV feeder 1 in the OWF with two HV feeders, the EMT simu-
lation results are shown in Fig. 22. The phase angle of the fault current i,
from MMC follows the proposed coordinated control method. Therefore,

Reactive current (p.u.)

AI'I/ IN Proposed
resp of MMC
Dead band | | Grid code for
, " wind turbine
. ’ converter
,
,
v
I
e 20% Voltage
Yo AV/ VN
0%

Fig. 17. The proposed response of MMC.
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i, is aligned with i, after fault inception at 3 s as shown in Fig. 22 (a).
The current differential protection for HV feeder 1 utilizes the fault
currents information of both sides of the feeder to detect the fault con-
dition. As illustrated in Fig. 9, the fault currents of both sides of HV
feeder 1 are iy, and iy, respectively. The waveforms of ig,, and i,,; are
shown in Fig. 22 (b), where they are aligned with each other after fault
inception. Besides, the trajectory of I,, and I is given in Fig. 22 (d). Ten
milliseconds after fault inception, the trajectory crosses the relay oper-
ation characteristic and then the relay can successfully trip.

6.2.2. OWF with eight HV feeders and adopting the coordinated control
(case 4)

When the number of HV feeders increases to eight, the EMT simu-
lation results are shown in Fig. 23. MMC adopts the proposed coordi-
nated control with the current differential protection. As a result, i,; is
aligned with i, and i, after fault inception on HV feeder 1. Since there
are eight identical wind farm clusters connected with MMC, i, is the
sum of the fault currents from MMC and the other seven healthy feeders
as illustrated in Fig. 23(b). Besides, Fig. 23(d) shows the trajectory of I,
and I, which quickly crosses the relay operating characteristic within
3 ms after fault inception and the relay trips correspondingly.

6.2.3. OWF-MMC system without coordinated control (case 5)

When the proposed coordinated control is not applied, the EMT
simulation of the symmetrical 3-phase-to-ground fault (Rf = 40 Q) on
HV feeder 1 in the OWF with two HV feeders is shown in Fig. 24. After
fault inception, the phase angle of the fault current from MMC is
randomly selected as ¢,; = 120°. In this case, iy; is no longer aligned
with ip, and ig,, after the fault inception. Besides, the trajectory of I, and
IL.s will not cross the relay operating characteristic until 150 ms after
fault inception. Although the current differential relay can finally trip,
the speed is compromised.

6.2.4. OWF-MMC system adopting the coordinated control with different
fault resistance (case 6)

To validate the applicability of the proposed method to the different
fault resistance, the EMT simulation of the symmetrical 3-phase-to-
ground fault on HV feeder 1 with fault resistance Ry = 0.01 Q is
shown in Fig. 25. The OWF is connected to the MMC station through two
HV feeders. Since MMC adopts the proposed coordinated control with

298 3 3.02 3.04 3.06 3.08 31
1/(s)
(@)

98 3 3.02 3.04 3.06 3.08 31
1/(s)
(b)

3 T T

12 ms after fault
inception

Iop (p-u.)

Fig. 20. EMT simulation of the symmetrical 3-phase-to-ground fault (R = 40
Q) on busbar when the coordinated of MMC is applied.
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Fig. 21. EMT simulation of the symmetrical 3-phase-to-ground fault (R; = 40
Q) on busbar when the coordinated control is not applied (¢, = 120°).

the current differential protection, i,; can get aligned with i, and igm,
within two fundamental cycles after fault inception. Besides, Fig. 25 (d)
shows that the trajectory of I, and I.s crosses the relay operating
characteristic 7 ms after fault inception. Therefore, the current differ-
ential protection can successfully trip even with the severe low imped-
ance short-circuit fault when adopting the proposed coordinated control
method.

7. RTDS verification

To further validate the proposed coordinated control of MMC with
the current differential protection in the HVDC-connected OWF, the
experimental setup based on RTDS is built as illustrated in Fig. 26. The
experimental setup mainly consists of two RTDS racks, an Ethernet
switch, and a workstation. The OWF-MMC system is established and
compiled on the RSCAD platform of the workstation, then executed in
the RTDS hardware. The RunTime module of RSCAD can communicate
and control in real time with the PB5 processor cards of the RTDS racks
through the Ethernet switch and the GTWIF (Giga Transceiver Work-
station InterFace) card [27]. The sampled real-time fault currents are
compared with the operation characteristics of the current differential
relay, then the trip signal is generated in the event of a short-circuit
fault.

The recorded real-time fault data are utilized for the protection
evaluation as shown in Fig. 27. The six fault cases and the response of
current differential protection as presented in section VI are verified.
The short-circuit faults are applied at zero second and the corresponding
ratios of the differential current and restraint current of the current
differential protection for different cases are illustrated in Fig. 27. When
the ratio of the differential current and restraint current I,,/Ir; is greater
than the setting value 0.8, the relay will trip according to the operation
criteria of (7). The waveforms of I/Ir.; for different cases are consistent
with the analysis of section VI, which further validates the proposed
coordinated fault current control of MMC in HVDC-connected offshore
wind farm with the current differential protection.

8. Conclusion

This paper proposed the coordinated control of MMC with the cur-
rent differential protection in the HVDC-connected OWF. It is revealed
that the phase difference @giy of the fault currents between MMC and
wind turbine VSC has significant impact on the efficacy of current



G. Gao et al.

International Journal of Electrical Power and Energy Systems 148 (2023) 108952

i/ (p.w.)

2.98 3 302 304 306 308 3.1 2.98 3 3.02 3.1
0] 1(s)
(@) (b)
T T ] 25_
- 2-
-~
=
1 & 15
N
Q
| NO 1
/ 10 ms after fault
Ires 1 0.5 inception 1
. ‘ . . . — o 0 . , |
2.98 3 302 304 306 308 3.1 1 1-;’ 2 25
1/(s) s (P-U2)

(©)

(d)
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Fig. 23. EMT simulation of the symmetrical 3-phase-to-ground fault (R = 40 Q) on HV feeder 1 in the OWF with eight HV feeders.

differential protection. Since the phase angle of the fault current from
VSC follows the grid code, @gjs is determined by the control of MMC.
Therefore, the coordinated control of the fault current from MMC with
the current differential protection is proposed. It is illustrated that the
coordinated control can improve the efficacy of current differential
protection by aligning the fault current of MMC with that of the VSC.
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Guoqing Gao:

Finally, the EMT simulation results in PSCAD and the real-time digital
simulator (RTDS) are given to verify the theoretical analysis.
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