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Control Strategy Optimization of Voltage Source
Converter Connected to Various Types of AC
Systems

Zehong Liu, Senior Member, IEEE, and Xianshan Guo

Abstract—Connecting the voltage source converters (VSCs) to
various types of AC systems results in different operation char-
acteristics and core problems associated with traditional control
strategies. Therefore, it is necessary to optimize the control
strategies of the VSCs according to the types of AC systems.
For the VSCs connected to islanded renewable power plants, a
voltage/frequency (V/f) droop control strategy is proposed to
damp fluctuations of AC voltage and frequency in the island,
which is vital for bipolar VSC control. In addition, a multi-
branch impedance equivalent method for remewable power
plants is proposed, with which large-scale renewable power
plants can be modeled accurately in the frequency domain to
prevent wide-band oscillation. For the VSCs connected to
strong AC systems, smart AC voltage and coordinated frequen-
cy transient control strategies are proposed, which can improve
AC system transient stability. For the VSCs connected to weak
AC systems, the relationship between the system stability and
strength is analyzed, and then the control strategy of inner-loop
control parameter optimization and outer-loop power limiting
(if necessary) is proposed to improve the stability of the allied
system. The proposed strategies are verified by both software
simulation and field commissioning.

Index Terms—Control strategy optimization, islanded renew-
able power plants, stability, voltage source converter (VSC), AC
system.

1. INTRODUCTION

THE voltage source converter (VSC), which adopts fully-
controlled power electronics, is capable of controlling
active and reactive power independently. Since the VSC
does not rely on AC systems to provide commutation volt-
age, there is no commutation failure when connected to
weak AC systems [1], [2], even in islanded power systems
such as islanded renewable power plants [3]-[7]. When con-
nected to strong AC systems, the VSC can limit the short-cir-
cuit current and improve the transient stability of AC sys-
tems [8]-[10].

However, the operation characteristics are different in
these cases, and traditional control strategies need to be opti-
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mized accordingly. When a VSC is connected to islanded re-
newable power plants, the traditional voltage/frequency (V/f)
control is susceptible to power fluctuation disturbances.
Meanwhile, if bipolar VSCs adopt the traditional V/f control,
the system is prone to instability because the two converters
independently control the same target. Moreover, the wide-
band oscillation between the VSC and the renewable power
plants poses significant risks. Because of the scale and com-
plexity, the accurate simulation of renewable power plants is
very challenging, which makes it difficult to measure the
wide-band impedance characteristics in the frequency do-
main. The literature has mainly focused on the characteris-
tics of renewable energy units, specifically on the low- or
medium-frequency bands [11]-[14]. VSCs have fast response
and flexible regulation capabilities, which can be adopted to
reduce the transients under disturbances. However, when
they are connected to strong AC systems via traditional con-
trol strategies, these capabilities are usually lost. On the oth-
er hand, when VSCs are connected to extremely weak AC
systems, the allied system is likely to lose stability even un-
der small disturbances [15]-[17].

This study optimizes the control strategies of VSCs con-
nected to various types of AC systems. For the VSCs con-
nected to islanded renewable power plants, the V/f droop
control strategy is proposed to damp power fluctuation dis-
turbance by adopting active power/frequency (P,/f) and reac-
tive power/voltage droop control strategies, which is vital
for bipolar VSC control. In addition, a multi-branch imped-
ance equivalent method for renewable power plants is pro-
posed to accurately obtain the impedance characteristics of
large-scale renewable power plants to prevent wide-band os-
cillations. For VSCs connected to strong AC systems, smart
AC voltage and coordinated frequency transient control strat-
egies are proposed. These strategies achieve three purposes:
supporting voltage and frequency during transients, keeping
the reactive power margin in a steady state, and providing
coordinated frequency transient control for the AC systems
connected with different converters. For the VSCs connected
to weak AC systems, the control strategy of optimizing the
inner-loop control parameter and limiting the outer-loop pow-
er (if necessary) is proposed to ensure the stability of the al-
lied system. This strategy is based on the analysis of the rela-
tionship between the transmission capacity of the allied sys-
tem and the system strength.
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II. CONTROL STRATEGY OPTIMIZATION FOR VSCS
CONNECTED TO ISLANDED RENEWABLE POWER PLANT

A. Control Strategy Optimization for Islanded System

When connected to islanded renewable power plants, the
VSCs determine the AC voltage, and the renewable power
plants determine the output power based on this AC voltage.
The fluctuation of power causes constant disturbances. If the
VSC adopts the traditional V/f control by setting a fixed AC
voltage and frequency reference, the fluctuation cannot be
properly damped, which may cause instability.

It is known that the system stability is based on the bal-
ance of the active and reactive power of the islanded system.
Regarding the relationship between active power and fre-
quency in the primary frequency regulation of synchronous
generators [18], [19], the V/f droop control strategy is pro-
posed, the characteristics of which are shown in Fig. 1. Dif-
ferences in frequency and voltage references at the point of
common coupling (PCC) are proportional to the differences
in active and reactive power input to the PCC, respectively.

Fig. 1. Characteristics of droop control strategies. (a) P/f droop control
strategy. (b) Reactive power/AC voltage (Q/V) droop control strategy.

During steady-state operation, the VSCs operate at P-f;.
Assume that active power input to PCC, denoted as P, in-
creases to P, as the active power output from renewable
power plants increases. According to the P/f droop character-
istics shown in Fig. 1(a), the frequency reference of the con-
trol system is automatically revised from f, to f,. That is, the
VSC inputs more active power, whereas the renewable pow-
er units output less active power (if renewable power is capa-
ble of frequency regulation) to stabilize the system.

The balance of the reactive power of the islanded system
is similar to that of the active power. During steady-state op-
eration, the VSCs operate at Q,-V, Assume that reactive
power input to PCC, denoted as Q. increases to Q, when
the active power input from the renewable power plants
drops. According to the O/V, droop characteristics shown in
Fig. 1(b), the AC voltage reference of the control system
will be automatically revised from V, to V,. That is, VSC
consumes more reactive power, whereas the renewable pow-
er plants output less reactive power to stabilize the system.

Its control block based on the principle of V/f droop
control is shown in Fig. 2, where PI stands for proportional-
integral.

With the proposed control strategy, a collaborative control
can be achieved for bipolar VSCs connected to islanded re-
newable power plants. If a traditional V/f control is adopted
for bipolar VSCs, the system is likely to be unstable because
the two converters control the same target independently. An-
other possible strategy is to set one pole to be the V/f con-

trol and the other pole to be the active power/reactive power
(P/Q) control, but there are some disadvantages: (1) since on-
ly one pole controls the AC voltage, the power of the pole in
the V/f control is likely to reach its rating, resulting in a loss
of the AC voltage controllability; @ since the pole reference
in the P/Q control is generally maintained when the power
from the renewable power plants is fluctuating, it is difficult
to distribute the power optimally between the two poles; 3
when the pole in the V/f control is blocked because of a
fault, the pole in the P/Q control will switch to V/f control,
and the AC voltage will fluctuate.

control

Fig. 2. V/f droop control block.

To adapt the proposed control strategy to the bipoles, a
dominant pole is set to monitor the active and reactive pow-
er input to the converter station and to generate the total cur-
rent references /¢ and /.., which are divided into the cur-
rent references for each pole. The inner loop is similar to the
traditional control; thus, the details are omitted here.

B. Wide-band Oscillation Detection and Prevention when
VSCs Connected to Islanded Renewable Power Plant

When the VSCs are connected to renewable power plants,
there is a risk of wide-band oscillation. This is caused by the
inherent time delay of the control system based on power
electronics, low inertia of the renewable energy units, and
critical AC transmission lines among other factors.

To detect wide-band oscillation, it is necessary to obtain
the impedance characteristics of the renewable power plants
based on frequency-domain impedance scanning. The first
step should be to build a time-domain model for the renew-
able power plants. However, as there are a lot of equipment
and AC lines in renewable power plants and the operation
conditions are innumerable, it is difficult to perform time-do-
main simulation accurately and thoroughly.

Therefore, this paper proposes a multi-branch impedance
equivalent method for renewable power plant simulation in
the frequency domain. The typical topology of a renewable
power plant is shown in Fig. 3(a). All the equipment, includ-
ing renewable energy units, transformers, and transmission
lines in the renewable power plant can be expressed as fre-
quency-dependent impedances in the frequency domain.
Thus, the equivalent circuit of the entire renewable power
plant is obtained, as shown in Fig. 3(b). Then, the multi-
branch impedance equivalent method is used to obtain the
impedance of the entire renewable power plant as follows.
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ZRP:ZT+ZL +(Zpl +Zrl +ZII)H

Zyp+Zo+ Zo).- M2y + 2, +2,,) (1)

where Z,, Z, and Z, are the impedance of the renewable
power plant, high-voltage transformer, and high-voltage AC
line, respectively; and Z,, Z,, and Z, are the impedance of
the renewable energy unit, low-voltage transformer, and low-
voltage AC line on the i branch (1<i<n), respectively.

n

.

(@ (b)

Fig. 3. Typical topology and equivalent circuit of a renewable power
plant. (a) Typical topology. (b) Equivalent circuit.

It is difficult to obtain analytical expressions for the im-
pedance of the renewable energy unit in (1), as it is highly
nonlinear. However, the impedance characteristics of a single
renewable energy unit can be obtained by impedance scan-
ning.

Taking a typical small-scale wind farm including four dou-
bly-fed induction generators as an example, the characteris-
tics of the impedance Z obtained with the proposed multi-
branch impedance equivalent method is verified by compar-
ing it with direct impedance scanning method, as shown in
Fig. 4. It can be seen that the impedance characteristics
based on the two methods are consistent in the entire fre-
quency band.

10*  — Scanning method
--- Equivalent method
~ 10%
=
N2
10! - - - - .
200 r, — Scanning method
1o k" Equivalent method
N0
N
-100 |
-200 - - - ’ -
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Fig. 4. Verification of multi-branch impedance equivalent method.

On the island, the VSC converters are the only voltage
source for the entire AC system, and the renewable power
plants output the power by tracking the AC voltage. Thus,
the equivalent model of the island is obtained [20], as
shown in Fig. 5. The allied system is unstable if the follow-
ing criteria are satisfied:

|ZVSC + ZRP| =0

Re(Zy50)+ Re(Zyp) <0 @

where Z,. is the equivalent impedance of VSC.

1 o — T
' ' H | S
o Zysc
1 +
Trp 4 Zap D Vs Visc C)

Fig. 5. Equivalent circuit of VSC connected to renewable power plants.

C. Verification of Proposed Control Strategies

To analyze the characteristics of the proposed strategies, a
real-time simulation model based on the Zhangbei four-termi-
nal DC grid project of China is built. The control strategies
under comparison are listed in Table 1.

TABLE I
TwO CONTROL STRATEGIES FOR BIPOLAR CONVERTER STATION

Pole Strategy 1 Strategy 2
P1 VIf control V/f droop control
P2 P/Q control V/f droop control

A permanent single-phase-to-ground fault on a transmis-
sion line of an AC inverter station is set at #=2.0 s. Accord-
ing to the principle of the transmission line protection, the
circuit breakers at both ends of the transmission line trip at
t=2.2 s, reclose at t=3.2 s, and trip again at t=3.4 s.

When the fault occurs, the inverter decreases the output
power to avoid overcurrent, while the rectifier maintains the
input power, and the surplus power stored in the VSC sys-
tem. Thus, the DC voltage V. increases as the surplus power
accumulates. Since both poles suffer from DC overvoltage,
AC choppers, which consume all the active power from the
renewable power plants, are switched on. Then, the AC chop-
pers are switched on and off according to the DC voltage
levels.

As shown in Fig. 6(a), if strategy 1 is adopted, as the ac-
tive power reference of P2 is maintained, P2 draws active
power from P1 to follow the power reference. Thus, there is
still a critical DC overvoltage in P2.

As shown in Fig. 6(b), if strategy 2 is adopted, both poles
decrease the input power as the bipolar input power decreas-
es to almost zero after switching on the AC choppers. Thus,
the DC overvoltage vanishes immediately.

According to the topology and parameters of the renew-
able power plants to be put into operation, the equivalent im-
pedance characteristics of the power plants are obtained us-
ing the multi-branch impedance equivalent method. The im-
pedance characteristics of the VSC are obtained with direct
impedance scanning. As shown in Fig. 7, with the correction
of the control parameters in the VSC and the renewable pow-
er plants, the impedance characteristics of the allied system
meet the stability criterion.
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Fig. 6. Comparison of two control strategies after single-phase-to-ground fault. (a) Strategy 1. (b) Strategy 2.
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Fig. 7. Impedance characteristics of VSC and renewable power plant.

III. VOLTAGE AND FREQUENCY CONTROL STRATEGY
OPTIMIZATION FOR VSCS CONNECTED TO STRONG
AC SYSTEMS

A. Smart AC Voltage Transient Control with Steady-state Re-
active Power Resetting Functions

Compared with common reactive power regulation equip-
ment in AC systems, VSCs respond much faster to AC volt-

age fluctuations. As the reactive power provided by the VSC
accumulates, it is likely to reach the power rating, leaving lit-
tle margin for the subsequent transients [21].

Thus, a smart AC voltage transient control with a steady-
state reactive power resetting function is proposed, and its
control blocks are shown in Fig. 8. The proposed control
strategy sets a dead zone for the AC voltage in terms of the
strength of the AC systems and the adjustment requirements
such as preventing the VSC from participating in the steady-
state regulation of the AC voltage. The three states for the
voltage controller are as follows.

1) During steady-state operation, the AC voltage fluctu-
ates within the dead zone AV, and the AC voltage control-
ler produces no responses other than those for voltage regula-
tion of the devices in the AC system. Note that the corrected
voltage deviation AV is kept at zero in this state.

2) With large disturbances, the AC voltage fluctuates be-
yond the dead zone, and the AC voltage controller responds
immediately to stabilize the transient AC voltage. During
this state, AV is set as the deviation of the measured AC
voltage from the limit value. Since the parameter of resetting
loop k,, in the resetting loop is much smaller than k, in the
PI loop [22], the reactive power reference Q, ., is mainly de-
termined by the PI loop, as shown in Fig. 8. It should be
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noted that, if the AC voltage remains beyond the dead zone
after VSC reaches the reactive power rating, the reactive
power of the VSC is maintained afterwards.

Fig. 8.

AC voltage control block with resetting loop.

3) When the AC voltage returns within the dead zone, the
AC voltage controller enters the steady-state reactive power
resetting process, reserving the reactive power capacity for
the consequent transients. During this state, AV returns to ze-
ro. The output of the proportional loop is zero, and the reac-
tive power reference Q,,; is mainly determined by the reset-
ting loop, as shown in Fig. 8.

B. Coordinated Frequency Transient Control

While common in the literature, frequency transient con-
trol in one converter will deteriorate the frequency of AC
systems connected to the other converters owing to the ac-
tive power coupling between the converters in a VSC based
high-voltage direct current (VSC-HVDC) system. Take a
two-terminal VSC-HVDC system as an example, the control
block of the coordinated frequency transient control is
shown in Fig. 9. The proposed control strategy sets a fre-
quency dead zone, similar to that of the smart AC voltage
transient control. Meanwhile, the frequency fluctuations of
both the rectifier and inverter are considered at the same
time due to the active power coupling between converters.
The two states for the frequency controller are as follows.

1) During steady-state operation, the frequencies on both
AC systems (fy and f) fluctuate within the dead zones (Afyg,
and Af,,).- The frequency controllers produce no responses
other than those for the generators in the AC systems. Note
that the corrected frequency deviations Af; and Af; are kept
at zero in this state.

2) With large disturbances, f; (or f;) fluctuates beyond the
dead zone, and the frequency controller responds immediate-
ly and participates in adjusting the frequency of the AC sys-
tem. During this state, f; (or f;) is set as the deviation of the
measured frequency from the limit value. After the PJ/f
droop control is carried out, the active power ramp AP,
(or AP,,)) is obtained and added to (or subtracted from) the
active power reference P, of VSC to damp the frequency
fluctuations.

C. Verification of Proposed Control Strategies

To verify the response characteristics of the proposed con-
trol strategies, a real-time simulation model based on the
Chongqing-Hubei back-to-back interconnection DC project
of China is built, the topology of which is shown in Fig. 10.

P /f droop control

P /f droop control

Chongqing-Hubei projecti
Large-scale : : Large-scale
equivalent %K} ] %@ equivalent
AC system AC system
(Chongging side) | (Hubei side)
Fig. 10. Topology of Chongging-Hubei back-to-back interconnection DC

project of China and connected AC system.

Table II shows that strategy 2 resets after the disturbance
while maintaining the dynamic response characteristics. Ta-
ble III shows that strategy 2 can support frequency at one
side while maintaining acceptable frequency characteristics
at the other side after the disturbance.

TABLE 11
COMPARISON OF AC VOLTAGE CONTROL CHARACTERISTICS

Response  Reactive power reference

Strategy Voltage step test time (ms) after step (Mvar)

525 kV — 545 kV 956 187 (output)
Strategy 1

545 kV — 505 kV 973 0

525 kV — 545 kV 638 335 (input)
Strategy 2

545 kV — 505 kV 650 0

TABLE III

COMPARISON OF FREQUENCY CONTROL CHARACTERISTICS WHEN SINGLE
LINE TRIP FAULT OCCURS AT HUBEI SIDE

Frequency disturbance (Hz)

Terminal
Strategy 1 Strategy 2
Hubei side 0.08 0.15
Chongqing side 0.51 0.24

IV. CONTROL OPTIMIZATION FOR VSCS CONNECTED TO
WEAK AC SYSTEMS

A. Control Strategy Optimization for Weak AC System

Compared with line-commutated converters (LCCs), VSCs
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are suitable for connecting weak AC systems due to the fol-
lowing considerations.

1) LCCs adopt semi-controlled power electronics such as
thyristors, and the AC system provides the commutation volt-
age. Thus, there is a risk of commutation failure for LCCs
connected to weak AC systems. VSCs adopt fully-controlled
power electronics such as insulated gate bipolar transistors
(IGBTs), thereby avoiding any commutation failure irrespec-
tive of the AC system strength.

2) The switching on and off of AC filters in LCC stations
cause disturbances to weak AC systems, whereas VSC can
support the AC voltage of a weak system. Thus, an AC sys-
tem connected with an LCC is generally defined as a weak
system if the short-circuit ratio (SCR) is below 3.0 [23],
[24]. On the other hand, an AC system connected with a
VSC is generally defined as a weak system if the SCR is be-
low 2.0 [25].

However, the stability margin of the allied system of the
VSCs connected to weak AC systems declines with the con-
nected AC system strength, and the VSC control system
needs to be optimized. The equivalent circuit of the VSC
connected to the AC system is shown in Fig. 11.

pcc |
AC system P:és 4 @ VSC
f T

Fig. 11. Equivalent circuit of VSC connected to AC system.

The active power transmitted to the PCC P, is denoted as:

P V2 R, + s (0—¢)

==V cos(d—
VA A

where V, is the magnitude of the equivalent AC system volt-

age; Z, is the equivalent AC system impedance, with R, be-

ing its real component; J is the angle that V, leads V;; and ¢

is the impedance angle of the AC system.

The SCR is denoted as [25]:
<R/ )
Pch ‘Zs| Pch |Z:|

where S, is the short-circuit power at the PCC; P, is the
nominal active power of the converter station; and * repre-
sents the per-unit value of the corresponding variables.

The per-unit power limitation P obtained from (3) and
(4) is:

3)

SCR=

*

s, max

. Vi R,
P! =SCR- (g— —= 5)
A

s, max V*

s

From (5), we can observe that the active power transmit-
ted to the PCC is related to V|, V,, and Z, when ignoring the
influence of the VSC control characteristics. If ¢=80° and
V.=V, =10 p.u., the lower limitation of SCR is 1.21.

Thus, ignoring the VSC control characteristics, the input
active power to the converter station is limited by the AC
system strength. When the SCR is below the lower limita-
tion of SCR, the allied system is not stable.

Then, the influence of the VSC control system is further
investigated. The dg-domain control strategy is widely adopt-
ed in VSC-HVDC systems. The phase angle of the PCC volt-
age is obtained by a phase-locked loop (PLL):

Va=V,cos(0—0,,)
V., =Vsin(@—-0,)

sq

(6)

where @ is the phase angle of the PCC voltage V; 8,,, is the
output of the PLL; and ¥V, and V, are the d-axis and g-axis
components of V,, respectively.

In the dg-domain, P, and Q, can be written as:

Ps = Vsdlsd + Vsqlsq
Qs = Vsdlsq - V 1

sq*sd

(7

where [, and I, are the d-axis and g-axis components of
PCC current I, respectively.

If the PLL can track the phase angle of V accurately, V,
is equal to zero. Thus, (7) can be rewritten as:

Ps = Vsdlsd
—V,I ®)
Qs sd* sq
With P, and Q, being proportional to I, and 7, respective-

ly, the active and reactive power decoupling control can be
achieved in the VSCs. For VSCs connected to strong AC
systems, the PCC voltage is stable and the PLL can track
the phase accurately to realize decoupling control.

As the strength of the AC system decreases, the PCC volt-
age becomes increasingly susceptible to fluctuations, which
makes it difficult for the PLL to track the PCC voltage
phase accurately; that is, V,#0. Moreover, P, and Q, are
both related to I, and [, and dg axis decoupling cannot be
achieved, and this deteriorates the operation conditions of
the VSCs. If the control system is not optimized, it may
cause instability.

An optimized control strategy of the VSC is proposed to
track the PCC voltage quickly, which benefits the PLL con-
trol and decoupling control, as illustrated in Fig. 12. Since
the strength of the AC system decreases, the voltage distur-
bance AV caused by the same current disturbance A/ increas-
es. Therefore, it is necessary to increase the voltage step re-
sponse AV, .. to compensate for the voltage disturbance
AV. Thus, the allied system is stabilized. Since the inner-
loop PI control functions, denoted as Gy, reflect the relation-
ship between current disturbance and voltage step response,
for a faster response than the outer-loop control, it is an ef-
fective measure to increase the proportional coefficient k; in
the inner-loop control. However, if k,; is excessively high,
the poor damping characteristics of the VSC may lead to
high-frequency oscillation.

Voltage fluctuation caused
by current disturbance
AV=AI(Z:sL)

Current
disturbance

Control objective

A Vcomrol:GPIA[

Voltage fluctuation
suppressed by control system

Fig. 12. Relationship between voltage disturbance and voltage step re-
sponse of VSC.
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Generally speaking, VSCs run with strong AC systems un-
der normal conditions. However, when nearby electrical
equipment or transmission lines are tripped, the VSCs may
be connected to weak AC systems. In this case, the VSCs
cannot accurately identify the change in the AC system
strength by merely monitoring the voltage and current at the
PCC. Thus, it is necessary to install a system-strength identi-
fier to monitor the operation status of the nearby electrical
equipment and transmission lines and identify the weak AC
systems in time. When the AC systems becomes weak, the
converter station receives the signal sent by the system-
strength identifier, and the control system switches the con-
troller parameters and power reference (if necessary) to en-
sure the stability of the allied system.

B. Verification of Proposed Control Strategy

Based on the above model of the Chongqing-Hubei proj-
ect, a permanent 3-phase-to-ground fault is set on one of the
500 kV AC lines connected to the converter at the Chongg-
ing side, with the connected AC system becoming weak af-
ter the trip.

Then, the VSC attempts to recover the power with the
ramping current causing a large voltage disturbance. The al-
lied system loses stability after several attempts by the VSC
control system to recover the power, as shown in Fig. 13(a),
where V. is the root mean square of PCC voltage.

To solve this problem, a weak system signal from the sys-
tem strength identifier is sent to the VSC after the trip, with
the following measures taken to stabilize the allied system:
(D the inner-loop control parameters are switched; 2 the
power reference, which exceeds the power limitation, is de-
creased. The transients with the proposed strategy are shown
in Fig. 13(b).

V. CONCLUSION

This study optimizes the control strategies of VSCs con-
nected to various types of AC systems.

1) For VSCs connected to islanded renewable power
plants, the V/f droop control strategy is proposed to damp
power fluctuation disturbance by adopting P/f and reactive
power/voltage droop control strategies, which is vital for bi-
polar VSC control. Then, a multi-branch impedance equiva-
lent method for renewable power plants is proposed to accu-
rately obtain the impedance characteristics of large-scale re-
newable power plants to prevent wide-band oscillations.

2) For VSCs connected to strong AC systems, smart AC
voltage and coordinated frequency transient control strate-
gies are proposed, which achieve three purposes: supporting
voltage and frequency during transients, maintaining reactive
power margin in a steady state, and providing coordinated
frequency transient control for AC systems connected with
different converters.

3) For VSCs connected to weak AC systems, the control
strategy of inner-loop control parameter optimization and
limiting outer-loop power (if necessary) is proposed to en-
sure the stability of the allied system based on the analysis
of the relationship between the transmission capacity of the
allied system and the system strength.
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Fig. 13. Transients after fault. (a) Original transients after fault. (b) Tran-
sients after fault with optimization.

The control strategies proposed in this paper have been ad-
opted in the Chongqing-Hubei back-to-back interconnection
DC project and Zhangbei 4-terminal DC grid project and val-
idated by both software simulation and field commissioning.
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