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Abstract: Voltage source converter (VSC)-based multi-terminal direct current (MTDC) transmission
technology has been a research focus, and the low-voltage ride-through (LVRT) and recovery in
receiving-end systems is one of the major problems to consider. A coordinated control strategy for
a VSC-MTDC system is proposed to improve the frequency and voltage dynamics in the receiving-
end system during the LVRT and recovery processes. A battery energy storage system (BESS)
plays a significant role in providing frequency and voltage support with its flexible power control
capability. During the LVRT process, the BESS can provide reactive current injection and active
current absorption to improve system stability in the AC side, and during the recovery process,
an adaptive current limitation method is proposed for the BESS converter to dynamically adjust
the active and reactive power outputs according to the frequency and voltage deviation severity.
Meanwhile, the coordination of the sending-end systems and DC chopper can reduce the power
output to avoid DC overvoltage during LVRT, and it can also provide frequency support to the
receiving-end system with the DC voltage transmitting frequency information during the recovery
process. A simulation was carried out on the MATLAB/Simulink platform, and a three-terminal
VSC-MTDC system was used to validate the effectiveness of the proposed strategy.

Keywords: VSC-MTDC; LVRT; BESS; frequency and voltage support; coordinated control

1. Introduction

Wind power has rapidly developed, playing a significant role in power supply, and
voltage source converter (VSC)-based high-voltage direct current (HVDC) has been the
most promising and rapidly developing technique for offshore wind farm (WF) connection
due to its outstanding advantages compared with the conventional line-commutated
converter-based HVDC (LCC-HVDC) transmission, e.g., independent active and reactive
power control, black start capability, self-commutation, etc. [1]; hence, it is widely used
in engineering projects [2]. For instance, there has been a certain number of VSC-HVDC
projects for offshore WF connection reported in Germany and Britain [3], and some HVDC
projects in Jiangsu and Guangdong have also been put into operation in recent years
in China [4-6]. For a VSC-HVDC system, low-voltage ride-through (LVRT) is always a
problem. When a serious grid fault occurs in the receiving-end system, the transmitted
power via the receiving-end converter will possibly drop dramatically, and the power from
the sending-end AC system and WF will then accumulate on the DC link, causing a DC
voltage rise and triggering the DC overvoltage protection [7]. Furthermore, the grid fault
will result in a risk of frequency disturbance in the receiving-end system; hence, frequency
support should also be taken into consideration in the control strategy during LVRT and
system recovery [8].

As for the VSC-MTDC LVRT technique, there are two main issues that need to be
solved: (1) AC voltage sag and (2) DC voltage rise. To support the AC voltage, it is
necessary to inject a certain reactive current to the grid according to a grid code [9]. Aside
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from extra static synchronous compensators [10,11], converters also have the ability to
provide reactive power compensation. As for VSC-HVDC converters, the reactive current
can be provided and prioritized over the active current to restore the grid voltage during
LVRT [12]. The wind turbine converters can also provide reactive power support via an
additional fault current limiter as an auxiliary device [13] or by introducing a feedforward
compensation term in the rotor- and grid-side converter control loops [14]; however, these
methods can only be applied to WFs that connect to the grid via an AC transmission
line, and the frequency support has not been taken into account. On the other hand, the
main reason that DC voltage rise occurs is due to a power imbalance in the DC link. To
solve this issue, one direct method is to install energy dissipation equipment, such as DC
choppers [15] and dynamic braking systems [16]. However, this may require the electronic
devices to withstand a large surplus current, which may increase the investment cost.
Another way to reduce the imbalanced power is via a fast active power reduction in the
sending-end systems. For instance, the researchers of [17-19] have intentionally decreased
the AC voltage of a WF to activate the WF LVRT and reduce the WF power output when
a grid fault occurred. Nevertheless, a large burst in the current in the braking resistors
still exists in the early stage of the grid fault [19], and the LVRT and recovery of the WF
may bring out other protection or synchronization instability problems [20,21]. Hence, the
coordination of converters and energy dissipation equipment can be further explored to
avoid DC overvoltage during the LVRT process.

After the fault is cleared, the receiving-end grid needs to return to a steady state as
soon as possible. During this process, the fluctuations in both the system frequency and
voltage should be suppressed. The flexible power control proposed in [12] makes the
most use of reactive power support capability for grid voltage restoration during the LVRT
and recovery processes without considering frequency support. Some researchers have
proposed an active energy control to recover the WF’s active power and the energy of the
WEF converter [22], and some have paid attention to DC voltage restoration [23], but the
dynamics of the AC grid have not been discussed. In [8], a voltage and frequency regulation
control strategy for wind turbines based on a super capacitor (SC) has been proposed. The
functional mode of the SC can be switched so that it can provide reactive power support
during the fault and active power support in the recovery stage. Similarly, a frequency
voltage support method has been proposed for distributed energy resources in [24], such as
a converter-interfaced battery energy storage system (BESS). The active and reactive power
outputs will increase or decrease linearly according to the frequency and voltage variation
but without coordination. The above two methods do not realize the coordination of active
and reactive powers. Another control strategy for a BESS in a low-voltage distribution grid
was developed in [25], in which frequency and voltage coordination control were realized
by adjusting the reference current magnitude and its angle. However, this control strategy
is not suitable for high-voltage transmission systems such as VSC-HVDC. Additionally, the
common disadvantage of the methods in [24,25] is that the rated capacity of the converter
is not considered. In fact, the capacity of the converter can be adaptively distributed for
active and reactive powers, and then the converter can realize the coordinated control of the
frequency and voltage support, which can be fully utilized in our research. Additionally,
sending-end systems can also participate in receiving-end system frequency regulation,
further improving the system frequency dynamics.

Based on the above analysis, this paper proposes a P-Q coordination control strategy
for a VSC-MTDC power system integrated with a BESS to improve the system frequency
and voltage dynamics during the LVRT and system recovery processes. The converters will
coordinate to provide AC voltage support and avoid DC overvoltage with the help of the
DC chopper when a grid fault occurs in the receiving-end system, and then participate in
frequency and voltage fluctuation suppression during the recovery process. With a fast
response and flexible power control capability, the BESS will play an important role in the
whole process to provide frequency and voltage support.

The main contributions of this paper are listed as follows:
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(1) An active power absorption control rule is proposed for a BESS to absorb active power
according to the voltage drop during the LVRT process. Such a design can improve
the system frequency regulation dynamics and enhance the system transient stability.

(2) An adaptive current limitation method is proposed for a BESS in which the active
and reactive current references will be limited according to the frequency and voltage
deviation during the recovery process. In this way, the active and reactive powers
can be dynamically adjusted while considering the frequency and voltage fluctuation
degree and the constraint of the converter-rated capacity to provide both frequency
and voltage support.

(8) The coordination sequence of the sending-end systems and DC chopper is improved
to reduce the surplus power that needs to be dissipated and to lower the requirement
for electronic devices. Additionally, such coordination can also allow the sending- end
systems to provide frequency regulation, with the DC voltage transmitting frequency
information during the recovery process.

The rest of this paper is organized as follows: Section 2 demonstrates the problems
in the existing control strategy. Section 3 presents the proposed P-Q coordination control
strategy in detail. The design of the key parameters and the system stability analysis are
conducted in Section 4. The simulation is based on the MATLAB/Simulink platform and
the results are given in Section 5. Finally, the conclusions are drawn in Section 6.

2. System Configuration and Problem Description
2.1. System Configuration

In Figure 1, a typical three-terminal VSC-HVDC system is used to represent a typical
VSC-MTDC topology, and a wind farm is interconnected via a converter station with the
system, which can be regarded as a typical VSC-HVDC application scenario and be widely
used in a real power system [5,6]. The receiving-end system, AC1, is a modified three-
machine nine-bus system with three synchronous generators (SGs), G1-G3, and load nodes,
L1-L3. The sending-end system, AC2, is represented by one SG for the sake of simplicity. A
single doubly fed induction generator (DFIG)-based wind turbine (WT) is used to represent
the whole aggregated WE. The two AC systems and the WF are interconnected via three
converters, namely REVSC, SEVSC, and WFVSC. The power from the sending-end system,
AC2, and the WF are transmitted to the receiving-end system, AC1, through the HVDC
link. A DC chopper is connected to the DC terminal of REVSC in parallel. Additionally,
a BESS near REVSC is connected to AC1 via BAVSC. The arrows in Figure 1 denote the
positive power flow direction. Other details will be explained in Section 5.

AC2 SEVSC  REVSC . . . AC1

T Ok
||\

- DC
Pz

2 %

g

WF WFVSC BAVSC BEssi Gl L1V G2:

Figure 1. The diagram of the studied three-terminal VSC-HVDC system.

2.2. Conventional Control Strategy

In a conventional control strategy, when a grid fault occurs in AC1, the possible control
methods for converters and the DC chopper in Figure 1 include the following;:

(1) BAVSC P-f and Q-V control [24], which enables BAVSC to generate/absorb active
and reactive power with the ramp rate control when the grid frequency and voltage
deviate from the nominal values.
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(2) REVSC reactive current control [12], which injects the reactive current as a priority
for voltage support as per the grid code during LVRT and adjusts the active current
reference according to the change in the reactive current reference.

(8) WEFVSC AC voltage reduction control and WF active power reduction control [19],
which change the AC voltage to 0.2 p.u. after detecting that the DC voltage exceeds
the limit, intentionally leading to the LVRT process of the WF and reducing the WF
power output.

(4) SEVSC active power reduction control [26], which controls the sending-end AC system
to reduce the power output when the DC voltage exceeds the limit.

(5) DC chopper control [19], which triggers the DC chopper to dissipate the surplus
power in the DC link when the DC voltage increases to the limit value.

In this way, based on the aforementioned control methods, during the LVRT process,
the system dynamics can be improved on both AC and DC sides: (1) On the AC side, BAVSC
and REVSC can provide certain reactive power to support the AC voltage drop. (2) On the
DC side, WFVSC, SEVSC, and the DC chopper can cooperate to avoid DC overvoltage.

However, such a control strategy mainly focuses on the grid voltage support but gives
little consideration to frequency regulation, especially during system recovery. Although
the BAVSC control can provide both frequency and voltage support in the whole process, it
lacks collaboration between the active and reactive powers and ignores the rated capacity
of the converter as a constraint. Furthermore, the present coordination sequence of the
sending-end systems and DC chopper still require the DC chopper to dissipate the rated
power output from the sending-end systems in the early stage of the grid fault; hence the
rated current of electronic devices should be large enough to withstand the power flow in
the first few hundred milliseconds.

3. The Proposed P-Q Coordination Control Strategy
3.1. Overall Description

To avoid the aforementioned problems, a P-Q coordination control strategy is devel-
oped to improve the frequency and voltage dynamics by utilizing all potential equipment
in the following two processes as follows: (1) During the LVRT process, the BESS and the
receiving-end converters adopt the reactive current control to provide voltage support,
while the sending-end converter and the WF reduce the power output via droop control,
and the DC chopper is activated to dissipate the surplus power to avoid DC overvolt-
age. (2) During the recovery process, the BESS converter adopts the proposed adaptive
current limitation to enhance both the frequency and voltage dynamics, and the sending-
end converter and the WF can further participate in frequency regulation via DC voltage
modulation.

The overall control diagram is shown in Figure 2. It can be seen that all the converters
and the DC chopper only need local signal measurements (frequency and AC and DC
voltages) to be activated. The system’s AC voltage measurement can be used to estimate
whether the system is under the LVRT process, and it can also be used as the trigger signal
to switch the control modes of each controller in different periods. This paper will mainly
focus on the time scale of frequency and voltage regulation; the inner control loops and
the PWM generation blocks of certain control blocks in Figure 2 are not discussed, and
the typical PI control loop parameters used in [27] are used in the study and shown in
Appendix A.
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Figure 2. The diagram of the overall control strategy.

3.2. BESS Converter Control

During the LVRT process, the main target of the BESS converter control is to support
the system voltage, and the frequency support and system stability enhancement should
also be taken into account. The following is the generator swing equation:

ZHGE =P, —P, 1)

where H is the inertial time constant; w is the angular frequency; and P, and P, are the
mechanical power and electrical power, respectively.

When a grid fault occurs, a dramatic drop in the system voltage results in P, sharply
reducing, while P;, can be considered unchanged at the moment; hence, the rotor speed
increases, i.e., the system frequency increases. From this aspect, the BESS needs to absorb
active power to improve frequency regulation.

According to the requirement of LVRT in the grid code [9], converter-interfaced
equipment should provide a certain reactive current for voltage support, while there are
few specific requirements for the active current. Considering the fact that the voltage
drop degree can reflect the frequency deviation level during LVRT, and referring to the
calculation of the reactive current in the grid code [9], the active current absorption is
designed to be proportional to the value of the AC voltage drop. Therefore, by considering
the reactive current control during the LVRT process, the control rule of the BESS converter
can be designed as follows:

It;,eEJ;A = —min{kq(0,9 - Vt,BA)r Imax} (2)
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4= —min{kd<0.9 ~ Vi) \| Buax = (15 4) } 3)

where V} g4 is the converter terminal voltage; k; and k; are the proportional coefficients of
the reactive and active current references, respectively; and Inax is the converter current
limit defined as in [27]:

Imax = min{l'ZIn/ SBA/Vt,BA} 4)

where I, is the rated converter current, and Sp4 is the rated converter capacity.

It can be seen from (2) and (3) that, during LVRT, the BESS converter can provide
reactive power and, in the meantime, absorb active power. Such a design can not only
provide frequency support, but also help improve the system’s transient stability, which
will be further demonstrated in Section 4.

After the fault is cleared, the system frequency and voltage should return to the
nominal values as soon as possible. The active and reactive power references, P;,r and Qyf,
in Figure 2 can be calculated as follows [28]:

Pres = Kpf - (fa — fBA0) ()

Qref = Kpv - (VA — Vio,4) (6)

where Kprand Kpy are the droop coefficients of the active and reactive power references, re-
spectively; fga and fp4¢ are the measured system frequency and its rated value, respectively;
and Vo p4 is the rated value of the converter terminal voltage.

Then, the original active and reactive current references, I;fg?q and I;,eg?q, can be gener-
ated via outer PI loops, as shown in Figure 2. To avoid the current exceeding the maximum
value, the current references should also be limited. Traditional methods for current limita-
tion mainly include the following: (1) reactive current injection in priority, which has been
adopted during the LVRT process, and (2) active current injection in priority. However,
during the recovery process, both the frequency and voltage fluctuations should be well
suppressed. Hence, an adaptive current limitation method is proposed in which the active
and reactive current references should be limited according to the frequency and voltage
deviations. The more the frequency/voltage deviates from the nominal value, the more
the active/reactive current reference should be distributed. The coordination index M is
proposed to compare the frequency and voltage deviations in the same dimension:

My
M= ——— @)
M}, + M2
% fBa > fo+ Afap
My = 0 fo—Afay < fea < fo+Afap 8)
% fea < fo—Dfa
% Viga > Vio + AV, g1
My = v OV Vio—AViay < Vipa < Vio+AVigp )
% Viga < Vig — AV

where fp4, fo, Vipa, and Vi are the measured and rated system frequency and converter
terminal voltage values, respectively; fmax and fmin are the maximum and minimum
allowable frequency values, respectively; Vimax and Viyin are the maximum and minimum
allowable voltage values, respectively; and Afy, and AV, 4, are the dead-band ranges of
the frequency and voltage, respectively. Specifically, if both Mrand My are 0, M equals 0.
Then, the active and reactive current references can be limited, as shown below, and their
maximum limitation values, Ig,‘Baﬁ and I‘;‘,‘Bajfl, changing with fg4 and Vi 4, are shown in
Figure 3:
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Lipa = sign(l;,) 'mm{ Ligals 12{‘32} (10)
re . ref0 . ref0

Iq,gA = 51gn(1q,§A) ~m1n{ Iq,E{A , ;"gﬁ} (11)

where sign(x) is the sign function and denotes the sign of the variable x; I75} = M- Imax;

and I;‘gx =vV1—M2 Inax.

Figure 3. The effects of fg4 and V; g4 on the active and reactive current limitations. (a) The effect of
fBa and Vi p4 on active current limitation; (b) the effect of fp4 and V; p4 on reactive current limitation.

Based on (7)—(11) and Figure 3, it can be seen that My and My reflect the system
frequency and voltage deviations, while M reflects the ratios of Myand My and is also used
to adjust the limitation values of the active and reactive currents. In this way, the active and
reactive powers can be provided in a proper ratio to support both the system frequency
and voltage, and can thus improve the system recovery comprehensively.

Additionally, the trigger signal S;y g4 in Figure 2 is used to estimate whether the
system is undergoing the LVRT process, and it enables the converter to switch to the
corresponding control rules. The signal is obtained via a hysteresis comparator with the
terminal voltage as the input signal. Once the system voltage drops to below the threshold
value Vi 1y, Spyv pa turns to 1 and enables the converter to adopt the control rules in (2) and
(3); when the system voltage rises above the threshold value V} ;cy, Sy g4 turns to 0 and
the converter switches to the control rules in (10) and (11). The above process corresponds
to the “P-Q Coordination Inner Current Limit” and “Mode Switch” blocks in Figure 2.

Note that the state of charge (SOC) of the BESS may have an impact on the control
accuracy of the converter, which has been studied in our previous work [26]. In this paper,
the influence of the SOC on the BESS is ignored.

3.3. Receiving-End Converter Control

Similar to the BESS converter, the receiving-end converter also needs to support the
system voltage, while the receiving-end converter also needs to try to maintain the DC
voltage and cannot inject active power into the DC link. Hence, the control rule of the
receiving-end converter during the LVRT process is as follows [9,12]:

IZI{E = 7min{kq (0‘9 - Vt,RE)/ Imax} (12)

2

I:l?]j;[; - Irznax - (I;ZJEE) (13)

where V; rg is the converter terminal voltage; Imax is the converter current limit and can

also be defined as (4), with the subscripts “BA” replaced by “RE”; and Sgg is the rated
converter capacity.

In this way, the control rules in (12) and (13) enable the receiving-end converter to

provide reactive power support as a priority during LVRT. It can be seen that the severity

of the system voltage drop has a strong impact on active power transmission, since a deep
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voltage drop may enlarge the value of I‘;EIJ; ¢ and then greatly reduce I;e]]; ¢ and the active

power output.

During the recovery process, the converter restarts to control the DC voltage. In order
to suppress frequency deviation rapidly, the DC voltage can be used to transfer frequency
information to the sending-end AC system and wind farm and enable them to participate in
frequency regulation, and the DC voltage reference Vs can be calculated as follows [29]:

Vicref = Vicreso + Kv - (fRE — frE0) (14)

where Ve is the rated DC voltage reference; Ky is the droop coefficient; and frg and freo
are the measured system frequency and its rated value, respectively. In this way, the system
frequency deviation can be transferred into DC voltage deviation and can be detected by
the sending-end and WF converters.

As for the current reference limitation, considering that the receiving-end converter
needs to control the DC voltage and transfer the active power, the active current should
be injected as a priority during the recovery process, and the active and reactive current
references can be obtained as follows:

Ihe = min{ 1L, Inax | (15)
. 0 . 0 2
I;fI{E = sign( I;f,{E) -mm{ I;fI{E o\ Bax — (L) } (16)

where I;EIJ;% and I;EIJ;% are the original active and reactive current references generated via
outer PI loops, as shown in Figure 2.

Similarly, the trigger signal Syy rg in Figure 2 can also be obtained via the hysteresis
comparator with the same threshold parameters as in the BESS converter: when Sry rg =1,
the converter adopts the control rules in (12) and (13); otherwise, it adopts (15) and (16).
The process also corresponds to the “P-Q Coordination Inner Current Limit” and “Mode
Switch” blocks in Figure 2.

3.4. Sending-End Systems Control

The sending-end systems include the sending-end AC system and WEF. Based on the
previous analysis and control rules, there are two possible reasons why the DC voltage rises:
(1) the receiving-end system is under the LVRT process or (2) the receiving-end system
frequency is larger than the rated value. Under either circumstance, the sending-end
systems should reduce the power output. In this way, as for the sending-end converter, the
power reference Pgg,s changes according to the DC voltage as follows [26]:

Psgrer = Psgo + Kp + (Vie,se — Viaco,sE) (17)

where Pggy is the initial power reference; Kp is the droop coefficient; and V5. sp and V3.0 sg
are the measured DC voltage and its rated value, respectively.

As for the WE, to avoid the protective and synchronous problems caused by LVRT
in the WF [20,21], the WF converter will change the WF frequency reference fyyr,s based
on the DC voltage instead of changing the WF voltage, and then the WF can adjust its
power output reference Pyyrys according to the WF frequency deviation [26,29]. Moreover,
to prevent the WF frequency from exceeding the limitation fyyrmax, a limiter is further
added in the WF converter, as shown in Figure 2. The control rules can be expressed as
follows [26,29]:

fweres = fwro + Ky - (Viae,wr — Viaco,wr) (18)
Pwerer = Pwro — Ko - (fwr — fwro) (19)

where fiyrg is the rated WF frequency; V. wr and V3.0 wr are the measured DC voltage and
its rated value, respectively; Pyro is the initial WTG power output, generally determined
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by the MPPT control mode; fwr and fwrg are the measured WF frequency and its rated
value, respectively; and Ky and K, are the droop coefficients for the WF converter and
WE, respectively.

Based on the control rules in (17)-(19), the sending-end systems can decrease the
power output to reduce the power imbalance when a grid fault occurs in the receiving-end
system, and they can also adaptively change the power output during the system recovery
process to help suppress the frequency deviation.

3.5. DC Chopper Control

When a severe fault occurs in the receiving-end system, the power transmission will
be seriously affected, and the DC voltage may rise sharply. At this time, power reduction
from the sending-end systems is not enough to keep DC voltage stability. Thus, a DC
chopper should be activated for energy dissipation.

The DC chopper is connected to the DC terminal of the receiving-end converter in
parallel. The IGBTs and centralized braking resistor are connected in series, and PWM
is used to control all the IGBTs, with the absorbed power being determined by the duty
cycle [15]. It should be noted that the adopted topology of the DC chopper may not be
the best, but improving the topology is not the key point of this paper. The main purpose
of this paper is to demonstrate the effect of the DC chopper and the coordination of each
equipment during the LVRT and recovery processes.

It can be seen from the “Duty Cycle Loop” in Figure 2 that the duty cycle of the PWM
is determined by the DC voltage. The higher the DC voltage, the more imbalanced power
should be absorbed, and the larger the duty cycle should be. Moreover, since the receiving-
end converter will control the DC voltage to transmit system frequency deviation during
the recovery process, a hysteresis comparator is also adopted here to avoid misoperation:
when the DC voltage rises above the threshold value V. 1v, the trigger signal Spc turns to 1
and activates the DC chopper for energy dissipation; when the DC voltage drops below the
threshold value V. 1co, then Spc turns to 0 and blocks the DC chopper, which corresponds
to the “Trigger Signal” block in Figure 2.

3.6. Discussion

Based on the aforementioned design, the control rules of each equipment can coor-
dinate with each other for frequency and voltage support during the LVRT and recovery
processes, and the corresponding algorithm flow chart is shown in Figure 4.

(1) During the LVRT process, the system’s AC voltage decreases rapidly. When
detecting that the AC voltage is lower than V; 1y, the BESS and receiving-end converters
will inject a reactive current as a priority with (2), (3), (12), and (13) as per the grid code
requirement. Meanwhile, the BESS will absorb certain active power with (3) to help reduce
the frequency deviation and improve the system stability if the reactive power output does
not reach the converter capacity.

As for the DC side, since the system voltage reduction lowers the power transmission
capability of the receiving-end converter, the power imbalance may cause the DC voltage to
rise. Consequently, the sending-end and WF converters can detect the DC voltage deviation
and change the power outputs to reduce the imbalanced power with (17)—(19). If the DC
voltage continues rising and exceeds the threshold value V. 1y, the DC chopper will then
be activated to absorb the surplus power. In this way, the system dynamics during LVRT in
both the AC and DC sides can be improved.

(2) During the recovery process, it is important to suppress the system frequency and
voltage fluctuations as soon as possible. When the AC voltage rises above V; ,z, both
the BESS and receiving-end converters turn to normal/recovery mode and can provide
frequency and voltage support with (10), (11), (15), and (16). Considering that traditional
current limitation methods take only active or reactive current as a priority, a new current
limitation method in (7)—(9) is proposed in which the active and reactive currents can be
limited according to the frequency and voltage deviation severity, enabling active and
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reactive powers to be provided in a proper ratio. Only the local signal measurement is
needed, and the calculation is updated in real time.

Moreover, during the recovery process, the DC chopper will be blocked when detecting
that the DC voltage is lower than V. ,.,. Additionally, the receiving-end converter can
further change the DC voltage according to the system frequency with (14) so that the
frequency information can be transmitted to the sending-end systems, and AC2 and WF
can also participate in frequency regulation with (17)—(19), improving system recovery.

It can be seen that full use has been made of the BESS to improve both the frequency
and voltage dynamics during the whole process, which illustrates its significant role in
providing system support. Furthermore, it should be noted that the coordination sequence
of the sending-end systems and DC chopper has been improved in the proposed control.
In the conventional control, the power reduction in the sending-end systems is activated at
the same time when the DC chopper is triggered, while in the proposed control, the power
output from the sending-end systems will decrease as soon as the DC voltage increases,
and the DC chopper will be activated later when the DC voltage exceeds the threshold
value. Such a difference is significant to enable the sending-end systems to take part in
the receiving-end system frequency regulation during the recovery process and reduce the
surplus power that needs to be dissipated by the DC chopper.
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/
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Sending-end Converter DC Chopper Connected to
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terminal DC voltage
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terminal DC voltage
of SEVSC & WFVSC deviate
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BAVSC & REVSC operate in
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Eq. (2)-3) & Eq. (12)-(13)
respectively (Szyp=1 & Spyre=1)
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(Spc=1)

terminal AC voltage
of BAVSC & REVSC higher
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DC chopper is blocked
(Spc=0)

A

T

T

1

|

Y

End

Figure 4. The coordination chart of the equipment under the proposed control strategy during the
LVRT and recovery processes.

4. Key Parameters Affecting Analysis and Design
4.1. Transient Voltage Stability Analysis during LVRT
4.1.1. Relationship between Terminal Voltage and Active Current

According to Figure 1, the current of the converter side satisfies I abe = I abe,BA T+ I abe,RE

where [ abe,A and I abe,RE are the current vectors of the BAVSC and REVSC terminals. Then,
it can be transformed into the dq frame:



Electronics 2024, 13, 741

11 of 22

I I I
{d} _ {d,BA} L {d,RE} 20)
I Iy A Iy RE

It neglects the inner loop of the converter, i.e., I; g4 = Idri{;A, I pa = I;ZJ;A, Iyre = I:&J;E,

Iy RE = I;,EI{E. Moreover, when neglecting the transformer saturation and loss, the terminal
voltage values of the BESS and receiving-end converters are considered equal, i.e., V; pa =
Vi re = Vi. By combining (2), (3), (12), (13), and (20), the relationship between the terminal
voltage V; and the active current I; on the converter side (namely “control curve” in the
following) can be obtained as follows:

Id:max{\/max k(0.9 — Vt)] — k(09— V;) - SBA \/max [k, (0.9 — Vt)] (1_3?2),0} (21)

where the term Spa/Sgg is used to umfy the base value of the current between the two
converters. For the sake of simplicity, the values of k; in (2) and (12) are the same.
As for the grid side, the network equation can be expressed as follows:

Vi=E+ZI (22)

where E is the grid voltage, and Z ¢ = Zg/8¢, which is the line impedance of the grid.

By transforming (22) into a V-oriented dg frame and combining (2) and (12), the
relationship between V; and I; on the grid side (namely the “system curve” in the following)
can be derived as follows:

{ [Vi — Zg(Igcos6 — I;sin )] + [Zg(Igsin 6 + I cos 8) > = E2 -

S
Iy = kg (0.9 Vi) - (14 34)
Therefore, (21) and (23) constitute the system quasi-steady model during LVRT, and
the intersection of the two curves is the system equilibrium point.

4.1.2. Key Factors Influencing Transient Voltage Stability

According to (21) and (23), the two curves are mainly influenced by the grid voltage
E, the grid impedance amplitude Z; and its angle 6, and the proportional coefficients
ks and k4, which also affect the existence of the equilibrium point as well as the system
transient voltage stability. The influence of these factors on the equilibrium point will
be analyzed based on the V;-I; plane. The default values of the parameters are set as
E=03p.u., Z;=05p.u, g =80° k; = 2, and k; = 3, and only one parameter will vary,
while the others will be fixed in each figure.

(1) Grid voltage E

The system V;-I; characteristics when changing the grid voltage drop E are shown
in Figure 5a. All of the system equilibrium points are stable (for example, it can be seen
that the control curve shows a negative feedback characteristic at point A). It can be seen
from Figure 5a that with the decreasing grid voltage, the system equilibrium point does
not exist. In other words, under an extremely deep voltage drop, the system may not be
able to maintain stability.

(2) Grid impedance amplitude Zg

The system V-I; characteristics when changing the grid impedance amplitude Z, are
shown in Figure 5b. Point B is an unstable equilibrium point since the control curve shows
a positive feedback characteristic. It can be seen from Figure 5b that with the increasing grid
impedance amplitude, the system equilibrium point does not exist, i.e., a large impedance
may deteriorate the system’s stability.

(3) Grid impedance angle 6,
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The system V-1 characteristics when changing the grid impedance angle 6, are shown
in Figure 5c. It can be seen from Figure 5c¢ that when changing grid impedance angle, the
system equilibrium point always exists, which means the change in the grid impedance
angle has little influence on the existence of the system equilibrium point.

****** System Curve \
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(e)

Figure 5. The diagrams of the system V;-I; characteristics. (a) when the grid voltage drop E changes;
(b) when the grid impedance amplitude Z; changes; (c) when the grid impedance angle 6, changes;
(d) when the proportional coefficient k; changes; (e) when the proportional coefficient k; changes.

(4) Proportional coefficient k;

The system Vi-I; characteristics when changing the proportional coefficient k; are
shown in Figure 5d. It can be seen from Figure 5d that changing the k; value will influence
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the two curves, and the system’s stable equilibrium point always exists, which means there
is no limitation to the value of k;. However, if k; is too large, the curves will be sharp, and a
small disturbance in V; may cause a large variation in I;. Considering the requirements of
the grid code that the recommended value of k; ranges from 1.5 to 3 [9], k; is set to be 2 in
this paper.

(5) Proportional coefficient k;

The system V;-I; characteristics when changing the proportional coefficient k; are
plotted in Figure 5e. Two system curves, shown as red and blue lines, correspond to
E =0.4 and 0.2 p.u., respectively. Specifically, the control curve () corresponds to k; =0,
which means that the BESS does not absorb active power during LVRT.

It can be seen from Figure 5e that k; only influences the control curve. When E =04 p.u,,
the system curve can intersect with all of the control curves with different k; values. But
when E = 0.2 p.u., and with a decreasing k; value, the system equilibrium point tends to be
unstable (such as point C) or even does not exist (the control curve does not intersect with
the system curve in blue), which demonstrates that a certain active power absorption of
the BESS converter during LVRT can improve the system’s transient stability. According to
Figure 5e, the value of k; should not be smaller than 3. Considering the fact that a k; value
that is too large may also lead to a large variation in I; under a small disturbance in V¢, k;
is set to be 3 in this paper.

4.2. Key Parameter Design
4.2.1. Droop Coefficients

As for the BESS converter control rules in (5) and (6), it can be considered that when
the system frequency or voltage reaches the maximum allowable deviation, the active
or reactive power output should also reach the maximum [26]. Considering that the
maximum reactive power Qpamax is theoretically only related to the converter capacity, i.e.,
Qpamax=5pa, the droop coefficients Kprand Kgy can be designed as follows:

KBf = PBAmax/Afmax (24)

KBV = SBA / AVimax (25)

where Afmax = fmax—fo is the maximum allowable frequency deviation and AVimax =
Vimax— V1o is the maximum allowable voltage deviation, set to be 0.5 Hz and 0.1 p.u.,
respectively [9,30], and Ppamax is the nominal maximum power of the BESS.

In the same way;, as for the control rules in (14) and (17)—(19), it can be considered that
when the system frequency reaches the maximum allowable deviation, the DC voltage
should also reach the limited allowable value, and in the meantime, the power reduction
in the sending-end systems should also reach the maximum. Thus, referring to [26], the
droop coefficients Ky, Kp, Ky, and K, can be designed as follows:

KV = AValclim/Afmax (26)
KP = APSEmax/AVdclim (27)
Kf = Afwrmax/ AViclim (28)

Ky = APWFmax/AfWFmax (29)

where AV .1, is the limited DC voltage deviation during the recovery process, set to be
0.05 p.u. to ensure operational safety; APspmax is the maximum power output variation in
the sending-end AC system, and the value is the same as the initial power output of the
system Pgro; Afwrmax is the maximum frequency deviation in the WTG normal operating
range, i.e., 0.5 Hz [30]; APwFrmax = OmaxPwro is the maximum power output variation of
WE; Pwry is the WF’s initial power output; and omax is the maximum power reduction
ratio, generally set as 0.2.
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4.2.2. Threshold Values of Hysteresis Comparators

In the proposed strategy, several hysteresis comparators are used for trigger signal
generation. The hysteresis comparators in the BESS and receiving-end converters are
used for LVRT estimation. Generally, the system is considered to be undergoing the LVRT
process when V; < 0.9 p.u. [9]. To avoid frequent state switch due to voltage fluctuation,
the two thresholds, V; 1y and V; ;, are set to be 0.9 p.u. and 0.95 p.u., respectively, in
this paper.

Similarly, the hysteresis comparator in the DC chopper control strategy is added
for DC chopper activation. Combined with the improved coordination sequence of the
sending-end systems and DC chopper, when the DC voltage deviation exceeds AV j.ip,,
this indicates that the rise in the DC voltage is caused by a grid fault, and the DC chopper
should be activated. Thus, the upper threshold V 1y is set to be V0 + AV i, i-e.,
1.05 p.u., while the lower threshold V rcv is set to be 1.03 p.u. in this paper.

4.2.3. Resistor in DC Chopper

Based on the previous analysis, the centralized braking resistor should handle all of
the surplus power during LVRT. Considering that the DC voltage exceeds the maximum
limit, the value of the resistor can be calculated as follows:

2

V
Rpe =~ (30)
Cc

where Vj.max is the maximum allowable DC voltage and is set as 1.1 p.u. [23], and P, is the
surplus DC power. As for the conventional control, the worst condition is that the surplus
power equals the initial power output of AC2 and the WEF; hence, Py, ¢ = Psgo + Pwro. As
for the proposed control, since the activation sequence has been improved, the surplus
power is equal to the remaining power of the WEF, i.e., Py, p = (1 — 0max)Pwro.

5. Case Study

The studied three-terminal VSC-HVDC system in Figure 1 is modeled on the MAT-
LAB/Simulink platform. All of the system parameters and the control parameters based
on the parameter design in Section 4 can be found in Appendix A. A comparison study
is conducted using three strategies: (1) no auxiliary support (NAS) from any converters,
(2) the conventional control strategy (CCS) in Section 2, and (3) the proposed control strat-
egy (PCS) in Section 3. A comparison of the control rules used under the CCS and PCS is
listed in Table 1. In this study, a series of three-phase grounding faults, regarded as the most
serious type of faults in the power system, will be set to test the proposed control strategy.

Table 1. A comparison of the control rules under the CCS and PCS.

CCS PCS
Equipment — —
Control Rules Activation Control Rules Activation
S .. I injection as a priority and
q,8A M) p y
BAVSC I, BA injection as a priority Vipa <Virv 14,4 absorption Vipa <Virv
14 pa injection as a priority Viga > Vireo adaptive current limitation control Vipa > Vireo
REVSC I R injection as a priority Vire < Virv I R injection as a priority Vire < Viry
I; R injection as a priority ViRE > Virco I; R injection as a priority ViRE > Virco
SEVSC Viic-Psg droop control Vie,se > Ve v Vi4c-Psg droop control Viese 70
WEFVSC decrease WF voltage to 0.2 p.u. Vaewr > Ve vy Vie-fwr droop control Vie,wr >0
WEF LVRT and reduce power output Viwr < Viry fwe-Pwr droop control SfWE > fwro
DC Chopper activated Vdc,RE > Vdc,LV activated Vdc,RE > Vdc,LV

block Vdc,RE < Vdc,rcv block Vdc,RE < Vdc,rcv
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5.1. Case 1: Deep Voltage Drop in AC1

A three-phase grounding fault occurs between G1 and L1 in Figure 1 att =2 s, and the
fault is cleared after 0.5 s. The system response results under different control strategies are
plotted in Figure 1.

The frequency performance and voltage performance of AC1 are given in Figure 6a,b.
The instant voltage drop is a deep drop level of more than 0.5 p.u. It can be seen that both
the CCS and PCS can effectively provide frequency and voltage support during LVRT and
recovery. Specifically, during the LVRT process, the voltage improvement with the PCS is
nearly the same as that with the CCS, and it is not significantly improved compared with
NAS. This is because, during LVRT, the reactive current control of the PCS and CCS are the
same, while the current output of the converter is finite, and the AC terminal voltage is
low when the fault occurs; hence, the maximum reactive power support from REVSC and
BAVSC is also quite limited, further limiting the voltage improvement objectively.
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Figure 6. The simulation results for deep voltage drop in receiving-end system AC1. (a) The frequency
in system AC1; (b) the terminal voltage in system AC1; (c) the active power output of the BESS
converter; (d) the reactive power output of the BESS converter; (e) the active power output of the
receiving-end converter; (f) the reactive power output of the receiving-end converter; (g) the DC
voltage of the DC transmission line; (h) the current in DC chopper.

On the other hand, BAVSC is further enabled to absorb a certain active current in the
PCS during LVRT, thus improving the frequency dynamics to some extent compared with
the CCS, which is one of the contributions of the paper. Moreover, during the recovery
process, the frequency and voltage dynamic improvement with the PCS is much better
than that obtained with the CCS, augmenting the system recovery significantly. This is
because the proposed P-Q coordination control in BAVSC under the PCS can adjust active
and reactive currents dynamically according to the fluctuations in frequency and voltage;
thus, the converter capacity can be fully utilized in comparison with the active current
control in CCS.

As for the DC side, it can be seen from Figure 6g that both the CCS and PCS can avoid
the DC overvoltage, and the CCS can maintain the DC voltage at a lower level during LVRT
compared to the PCS. However, according to Figure 6h, the maximum DC chopper current
under the PCS is about one-third lower than that under the CCS, which only requires
electronic devices with a smaller rated current, hence reducing the cost.

5.2. Case 2: Light Voltage Drop in AC1

A three-phase grounding fault occurs between G2 and L2 in Figure 1 at t =2 s, and the
fault is cleared after 0.5 s. The system response results under different control strategies are
plotted in Figure 1, where the instant voltage drop is a light drop level.

It can be seen from Figure 7a,b that the PCS can provide better frequency and voltage
support than the CCS during both the LVRT and recovery processes. It should be noted that,
since the fault is remote to the converter terminal, the voltage drop is not quite deep, so the
REVSC active power transmission is not seriously affected. Hence, the power imbalance in
the DC link does not lead to the DC voltage exceeding 1.05 p.u., as shown in Figure 7g, and
power reduction is not activated from the sending-end systems nor the DC chopper under
the CCS. On the contrary, it can be seen from Figure 7h that, under the PCS, AC2 and the
WEF will change the power output when the DC voltage changes in the LVRT process, so
the imbalanced power can be reduced to some extent, and the DC voltage deviation can be
suppressed. Meanwhile, during the recovery process, the DC voltage can further transmit
frequency information, and AC2 and the WF can then participate in frequency support.
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Figure 7. The simulation results for light voltage drop in receiving-end system AC1. (a) The frequency
in system AC1; (b) the terminal voltage in system AC1; (c) the active power output of the BESS
converter; (d) the reactive power output of the BESS converter; (e) the active power output of the
receiving-end converter; (f) the reactive power output of the receiving-end converter; (g) the DC
voltage of the DC transmission line; (h) the active power output of the sending-end system AC2
and WE.
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5.3. Case 3: Deep Voltage Drop in AC2

The efficacy of the proposed control strategy for LVRT and its recovery when a grid
fault occurs in the receiving-end system has been validated. In fact, the control rules of
the receiving-end converter during the LVRT and recovery processes can also be adopted
in the sending-end converter. To carry out the validation, the AC2 sending-end system
can be modified, as shown in Figure 8, which consists of SGs G4-G6, load nodes L4-L6,
and a local BESS1 connected with BAVSC1, and their parameters are the same as that of
the SGs G1-G3, load nodes L1-L3, and BESS in AC1, respectively, as shown in Table A2.
The control rules (12), (13), (15), and (16) and the hysteresis comparator for mode switch in
REVSC have been adopted in SEVSC, and the control strategy for BAVSC has also been
adopted in BAVSC1. A three-phase grounding fault occurs between G4 and L4 in Figure 8
att =2 s, and the fault is cleared after 0.5 s. The system response results under different
control strategies are plotted in Figure 9.

...... AC2___ . SEVSC
, LW
L G6 | VL6 @ €

v I 5

| LS s BAVSCI

:@ BESSl

| G5V L4 G4

Figure 8. The diagram of the modified sending-end system AC2 with SGs, load nodes, and a BESS.
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Figure 9. The simulation results for deep voltage drop in sending-end system AC2. (a) The frequency
in system AC2; (b) the terminal voltage in system AC2; (c) the active power output of the BESS
converter; (d) the reactive power output of the BESS converter; (e) the active power output of the
sending-end converter; (f) the reactive power output of the sending-end converter; (g) the DC voltage
of the DC transmission line; (h) the active power output of the receiving-end converter and WE.

It can be seen from Figure 9a,b that the PCS can also be adopted in the sending-end
converter to enhance system frequency and voltage stability during both the LVRT and
recovery processes. Note that there are some differences between the results in Cases 1 and
2 and Case 3. On one hand, since the fault occurs in the sending-end system, the reactive
power flow of SEVSC, as shown in Figure 91, is opposite to that of REVSC when the fault
occurs in the receiving-end system, as shown in Figures 6f and 7f. On the other hand, the
grid fault in AC2 results in a reduction in the SEVSC power output and a slight decrease in
the DC voltage, as shown in Figure 9e,g. Therefore, according to the control rules, the DC
chopper will not be activated, and the WF will maintain the initial power output, as shown
in Figure 9h. This also means that only BESS1 provides frequency support, but there is no
additional power support from the WF or AC1 during the recovery process.

6. Conclusions

In this paper, a P-Q coordination control strategy for VSC-MTDC system frequency
and voltage performance enhancement during LVRT recovery is proposed, and the BESS
plays a significant role in the whole process. During the LVRT process, the BESS as well
as the receiving-end converter can provide reactive power injection as per the grid code,
and the BESS can further absorb active power to suppress the frequency fluctuation and
enhance system stability; additionally, the improved coordination sequence of the sending-
end systems and DC chopper can not only effectively avoid DC overvoltage but also lower
the requirement for electronic devices of the DC chopper. As for the recovery process,
an adaptive current limitation method is proposed for the BESS converter to realize the
dynamic adjustment of active and reactive powers with the coordination index and provide
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frequency and voltage support accordingly; additionally, the receiving-end converter can
control the DC voltage to transmit frequency information to the sending-end systems and
enable them to participate in frequency regulation. The proposed control strategy can
also be adopted in other system topologies, and the generalized control strategy for more
operation conditions (such as high-voltage ride-through) will be studied in our future work.
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Appendix A

In the system, the base power, base AC voltage, and base DC voltage are 400 MVA,
220 kV, and 400 kV, respectively.

Table Al. The parameters of the converters and HVDC link.

Symbol Item Value Symbol Item Value
Sysc/p-u. Rated VSC capacity (except BAVSC) 1 fo/Hz Rated system frequency 50
Spa/p-u. Rated BAVSC capacity 0.5 fwro/Hz Rated WF frequency 50
Transformer inductance and
Vysc/p.u. Rated VSC AC RMS voltage 0.909 Lt,Rr/p.u. resistance 0.1, 0.005
Sac/p-u. Rated DC power 1 Zg, 0¢/pou. Line impedance and angle 0.5, 80°
Vico/p-u. Rated DC voltage 1 Rpc/p.u. Resistor in DC chopper 3.03
Table A2. The parameters of SGs (G1-G3), loads (L1-L3), and BESS in the AC1 system.

Symbol Item Value Symbol Item Value
SG1/Gz/c3/pu. Rated power 25,25,2.5 Tcu1/c2/cus/s — Turbine time constant 0.2,0.2,0.2,
Vei/G2/c3/pu. Rated terminal voltage 1,1,1. PG1/G2/Gare/p-u- Initial power output 0.85,0.78, 0.69

Hg1/G2/G3/5 Inertia time constant 6,6,6 Pri/12/13/p-u. Load 120[’13'18;]0'
Kec1/62/G3 Droop coefficient 40, 40, 40 PpAmax/p-u. BESS maximum power 0.5
Tc1/G2/G3/s Governor time constant ~ 0.08, 0.08, 0.08
Table A3. The parameters of SG and load in the AC2 system.

Symbol Item Value Symbol Item Value
Sg/pu Rated generator power 4.0 T, Teny/s Governor and turbine time 0.08,0.2
G/p-t & P ' G T CH constants e
Ve/pu. Rated terminal voltage 1.0 Pg/p.u Initial generator power output 3.6

Hg/s Inertia time constant 8 Pr/p.u. Initial load 32

K¢ Droop coefficient of generator 40 Psgo/pou. Initial power reference of SEVSC 0.4
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Table A4. The parameters of the wind farm.

Symbol Item Value Symbol Item Value

Su/pu. Rated DFIG power 2.778 x 1073 Oy /m-s~! Rated wind speed 12

Py /p.u. Rated active power 25 %1073 Hwr/s Inertia time constant 4.32
Nut Number of DFIGs 200 T Maximum power 0.2

reduction ratio

Table A5. The control parameters of the converters and DC chopper.

Symbol Item Value Symbol Item Value
- ' Converter proportional gain of
Kgf, Kpy BAVSC power droop coefficients 20,2 ki inner P1 loop 0.3
Ky REVSC voltage droop coefficients 5 ki; Converter m;??gilpgam of inner 10
- Converter proportional gain of
Kp SEVSC power droop coefficient 8 kpo outer P1 loop 2
Ky WEFVSC freq.ufency droop 0.2 K, Converter integral gain of outer 40
coefficient PI loop
.. Hysteresis comparator thresholds
K, WFEF power droop coefficient 10 Viv, Vireo in BAVSC and REVSC 0.9, 0.95
BAVSC and REVSC reactive Hysteresis comparator thresholds
kg current droop coefficient 2 Viervs Viereo in DC chopper control 1.05,1.05
BAVSC active current droop Frequency and voltage dead-band
ka coefficient 3 Bfaor AV v ranges of the BAVSC 0.001, 0.01
PGl'ef
A -A 1 R AP, A Fs
1+ 5Ty 14T, TN
Governor  Governor Turbine
Droop Delay Delay
Figure A1l. The diagram of the generator governor and turbine.
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