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Abstract—When an additional frequency control is imple-
mented in the voltage source converter-based multi-terminal high
voltage direct current (VSC-MTDC) system, the DC grid is
capable of responding to a frequency disturbance in the AC
system. However, the original additional frequency control may
cause the DC voltage to exceed the limit when providing power
for a severe frequency disturbance, threatening the security of
the DC system. A novel dynamic additional frequency control
strategy for the VSC-MTDC system is developed based on the
relationship between the DC voltage and the frequency droop
coefficient. A dynamic frequency droop coefficient is designed to
adaptively adjust the support power of the DC grid, balancing
the frequency regulation of the disturbed AC system and the
voltage stability of the DC grid. A DC voltage recovery method
based on multi-converter cooperation is proposed to cope with the
DC voltage deviation caused by the additional frequency control.
Simulations validate the advantages and satisfactory performance
of the proposed method during power disturbances with different
severities and for the process of DC voltage recovery.

Index Terms—Additional frequency control, DC voltage
recovery module, dynamic frequency droop coefficient, VSC-
MTDC.

I. INTRODUCTION

COMPARED with the traditional line-commutated con-
verter high voltage direct current (LCC-HVDC), flexible

HVDC based on voltage source converters (VSC) or modular
multilevel converters (MMC) have been more widely used due
to the advantages of decoupled active/reactive power control
and no commutation failures [1]–[3]. VSC-MTDC technology,
with different operational modes, has gained significance in
enabling large-scale clean energy consumption and remote
offshore wind power transmission [4]–[6]. Maintaining the
frequency stability of the AC system is an important task of
AC/DC hybrid systems. Therefore, it is of great significance
to investigate the power support capability of the VSC-MTDC
system to improve the frequency stability when the AC system
is disturbed.
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The control modes of a VSC-MTDC system primarily
include master-slave control, margin control, droop control
and nonlinear control. The master-slave control and margin
control [7] are the operational modes in which a single station
absorbs the unbalanced power during a certain time, so that the
VSCs can easily reach the power limit. Nonlinear control [8],
[9] has good control performance and strong robustness, but
the design is more complex and the engineering application
is less. The droop control [10] is easy to design, and multiple
VSCs undertake unbalanced power at the same time, which
has been widely used in real-world applications.

Due to the limitations of the control system of VSC-MTDC,
frequency disturbances occurring in one AC system are dif-
ficult to be transmitted to the other connected AC systems
via the MTDC system. The frequency regulation ability only
depends on the inertia and primary frequency regulation of
the disturbed AC system. The power support capability of the
connected AC systems has been severely weakened.

Therefore, an additional frequency controller is proposed
to be superimposed on the droop controller to transfer the
frequency disturbance through the MTDC system to the con-
nected AC systems. According to this idea, there are several
different alternatives: 1) The output of the frequency droop
controller is superimposed on the reference value of the active
power of droop control, as proposed in [11] and [12]; 2)
The output of the frequency outer loop is superimposed on
the reference value of the DC voltage to achieve a similar
effect in [13]–[15]; 3) A hybrid control strategy is proposed,
as in [16], which switches the VSC control mode among the
active power versus the DC voltage, active power versus the
frequency, and DC voltage versus the frequency based on a
specific parameter matrix.

Compared with the conventional AC source, the offshore
wind turbine using maximum power point tracking (MPPT)
cannot apply rotational kinetic energy to participate in the
frequency regulation of the onshore AC system; except when
establishing the droop relationship, as in [13], between the
DC voltage and frequency for the grid-side VSC and the
offshore AC system, [17] and in [18] which designed a
frequency-active power droop loop based on MPPT to respond
to frequency disturbances in the onshore AC system. Whether
the MTDC system connected to the conventional AC source
or the wind farm, the additional frequency control [11]–[18]
only considered the basic frequency support function, and the
control structure needs to be optimized.

To maintain stability of the control system and improve
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frequency support capability of the MTDC system, several
researchers developed improved additional frequency control
methods. In [19] and [20], an operation dead-band was de-
signed for additional frequency control to prevent the AC/DC
system from repeatedly fluctuating due to the frequent action
of the additional frequency control. According to the principle
of grading and districting, the start-up sequence of the addi-
tional frequency control under different operating conditions
was formulated to suppress the frequency deviation [21].
The frequency droop coefficient was interconnected with the
frequency variation, and the MTDC support power was au-
tomatically adjusted according to the frequency deviation of
the AC system [22]. In [23] and [24], the frequency deviation
and the rate of change of frequency (RoCoF) of each AC
system were transmitted using interstation communication,
thus achieving integrated frequency regulation of the entire
AC/DC system. Reference [25] exploited MPPT and employed
the frequency deviation and the RoCoF to generate an active
power reference increment to emulate the inertia.

In contrast to the additional frequency control based on
droop control, researchers [26]–[30] proposed other frequency
regulation methods. Reference [26] used the damping coef-
ficient to establish the droop relationship between the active
power and frequency based on the virtual synchronous gen-
erator control (VSG), so that the VSC could respond to the
AC system frequency disturbance. Several researchers [27]–
[29] combined VSG with additional frequency control for
frequency regulation by using a collaborative control of the
frequency deviation and the RoCoF. In [30], the incremental
reference value of the MMC capacitance energy management
system was proportional to the local measured frequency devi-
ation and the RoCoF; thus, an indirect relationship between the
frequency and DC voltage was established to support the short-
term primary frequency regulation and emulate the inertia.

In addition, PI gains have a significant impact on the
operation performance of droop control. An improved meta-
heuristic algorithm [31] employs multiple classes, and enables
teachers or students from different classes interactive learning
through a small world network, thus effectively avoiding the
local optimal problem in the optimization process. The method
can obtain excellent optimization results in PI gain tuning.

Present additional frequency control methods of VSC-
MTDC systems generally focus on improving the ability of the
MTDC system to suppress the frequency offset during power
disturbances. However, when the additional frequency control
provides power support for a large frequency deviation, the DC
voltage may exceed the stable operation range, thus affecting
the safety and economic operations of the entire MTDC
system. The DC voltage control loop based on proportional-
integral (PI) control can partly cope with the DC voltage
deviation caused by the additional frequency control [32]. The
essence of the DC voltage recovery is to change the VSC
control mode to a fixed voltage control, which does not fully
exploit the coordination ability of the droop control, and results
in violent power fluctuations at the moment of implementation.
Therefore, maintaining the DC voltage stability as well as
developing a preferable DC voltage recovery method at the
time of the AC side frequency regulation is an urgent need.

This paper improves the original additional frequency con-
trol [11], and proposes a novel dynamic additional frequency
control strategy to avoid the DC voltage seriously deviating
when regulating frequency and implementing the DC voltage
recovery. The main contributions of this paper are:

1) Analyzsing the relationship between frequency and DC
voltage when the VSC-MTDC system implements the addi-
tional frequency control.

2) Designing the dynamic frequency droop coefficient and
implementing stability analysis. The dynamic frequency droop
coefficient can adaptively adjust according to the change
of the frequency and the DC voltage deviation caused by
frequency disturbance to balance the frequency regulation of
the disturbed AC system and the DC voltage stability of the
DC grid under various power contingencies.

3) Developing a DC voltage recovery strategy based on
multi-converter coordination to implement the DC voltage
non-error recovery. The DC voltage recovery gain in the form
of the Butterworth function is designed to fulfill the smooth
connection of the DC voltage recovery module to the control
system and avoid power oscillations.

The remainder of this paper is organized as follows. Sec-
tion II provides a brief introduction of the original additional
frequency control and describes the structure of the proposed
novel dynamic additional frequency control strategy. The dy-
namic frequency control module is designed in Section III.
Section IV develops the DC voltage recovery method. The
proposed strategy is validated on a four-terminal VSC system
in Section V. Section VI concludes this paper.

II. A NOVEL ADDITIONAL FREQUENCY CONTROL

A. The Original Additional Frequency Control

The structure of the original additional frequency control
is shown in Fig. 1. Udc and Udcref represent the actual and
reference values of the DC voltage of the VSC, respectively.
P and P ∗

ref represent the actual and reference values of the
active power transmitted by the VSC, respectively. f and f∗

represent the actual and reference values of the AC system
frequency, respectively, and ∆f is the frequency deviation.
∆Pref represents the incremental active power value generated
by the additional frequency control. Kf is the frequency droop
coefficient, KV is the DC voltage droop coefficient. Kp and
Ki are the PI control parameters of the VSC active power

f

P

Kp+Ki /s

P*
ref

KV

Udcref

Udc

idref

ΔPref

Kf

Δf
Power-frequency

Droop Control

Droop control

f * 
+

+ + +

−

−

Fig. 1. Control block for the original additional frequency control.
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outer loop, respectively. idref is the current reference value on
the d-axis.

The frequency droop loop of additional frequency control
adds the increment of the power reference value caused by the
frequency deviation to the steady-state power reference value
of the VSC droop control; thus, transmitting the frequency
change of the disturbed AC system to the voltage change of
the DC grid and ensure that the normal converters provide
power support.

B. DC Voltage Deviation Caused by Frequency Disturbance

It can be seen from Fig. 1 that the Udc − P characteristics
with additional frequency control can be represented by (1):

(Udcref − Udc) +KV (Pref − P ) = 0 (1)

where Pref represents the actual reference value of the active
power, which is composed of two parts:

Pref = P ∗
ref −∆Pref (2)

The characteristic of the f − ∆Pref corresponding to the
additional frequency control is defined in (3):

∆Pref = Kf(f
∗ − f) (3)

Substituting (1) with (2) and (3):

(P ∗
ref − P ) = − 1

KV
(Udcref − Udc) +Kf (f

∗ − f) (4)

which can be written as:

∆P = − 1

KV
∆Udc +Kf∆f (5)

where ∆P = P ∗
ref − P , ∆Udc = Udcref − Udc, and ∆f =

f∗ − f .
Due to the power losses in the DC grid, the VSCs cannot

initially operate at the desired active power and DC voltage
point. The initial active power of VSCi is:

P 0
i = U0

dci ×

(∑ U0
dci − U0

dcj

Rij

)
(6)

where U0
dci represents the DC voltage of VSCi at the initial

time, Rij is the resistance between two interconnected con-
verters VSCi and VSCj , and i = 1, · · · , n.

Assuming that the initial AC system frequency is rated, thus
the additional frequency control and the DC voltage droop
control satisfy the condition:

KVi∆P 0
i +∆U0

dci = 0 (7)

where ∆P 0
i = P ∗

ref − P 0
i and ∆U0

dci = Udcref − U0
dci, i =

1, · · · , n.
P 0
i and U0

dci can be obtained by solving (6) and (7) using
a numerical method.

Following the energy conservation of the MTDC system:(
n∑

i=1

P 0
i

)
+ Ploss = 0 (8)

where Ploss represents the power losses of the DC grid.
Substituting ∆P 0

i for P 0
i in (8) yields:

Ploss =
n∑

i=1

∆P 0
i (9)

It is assumed that the VSC1 performs additional frequency
control when AC system 1 experiences a power disturbance,
whereas the VSCs connected to the remaining n−1 normal AC
systems maintain the droop control mode. Further neglecting
the evolution of Ploss in the dynamic process, the ∆Udc of
each VSC is equal.

For VSC1, the following applies:

∆P 0
1 +∆P 1

1 = − 1

KV1

(
∆U0

dc1 +∆Udc1

)
+Kf1∆f1 (10)

The remaining VSCs satisfy (11):

∆P 0
j +∆P 1

j = − 1

KVj

(
∆U0

dcj +∆Udc1

)
(11)

where ∆P 1
j = P 0

j − P 1
j , P 1

j is the steady-state active power
of VSCj after the disturbance, and j = 2, · · · , n. The average
value of the DC grid voltage deviation after disturbance ∆Udc1

is used to approximate the ∆U1
dci of the VSCi, i = 1, · · · , n.

Sum the active power of n VSCs, according to (9), (10) and
(11), the DC grid voltage variation would be (12):

∆Udc =
1∑n

i=1
1

KVi

(−Ploss +Kf1∆f1) (12)

It can be seen from (12) that the DC voltage deviation ∆Udc

of the MTDC system is proportional to the frequency droop
coefficient Kf of the disturbed AC system. For frequency
disturbances with different severities, the unbalanced power
transmitted to the DC grid can be controlled by adjusting Kf of
the VSC, which provides an opportunity to achieve the balance
between frequency regulation and DC voltage stability.

C. A Novel Dynamic Additional Frequency Control

A novel dynamic additional frequency control of the VSC-
MTDC system is proposed to balance the frequency regulation
of the disturbed AC system and the DC voltage stability of the
MTDC system simultaneously.

The block of the proposed novel dynamic additional fre-
quency control is shown in Fig. 2. fh and fl are the upper and
lower thresholds of the novel dynamic additional frequency
control, respectively. T is the time constant of the first-order
inertial link. K is the proportional gain of the DC voltage
recovery module.

The novel dynamic additional frequency control system
consists of a droop control module, frequency control module,
and DC voltage recovery module. The three parts operate in
conjunction to maintain the stability of the DC voltage and
the frequency of the connected AC systems.

1) The droop control module is the main component of the
VSC-MTDC system control and maintains the energy balance
and DC voltage stability of the MTDC system. The frequency
control module and DC voltage recovery module are attached
to the droop control module.

2) The frequency control module is used to adjust the system
frequency when power disturbances occur. It superimposes the
power increment caused by the frequency deviation of the
disturbed AC system on the reference value of the VSC active
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Fig. 2. Control block for the novel dynamic additional frequency control.

power outer-loop control. It then uses the DC voltage deviation
to ensure that the MTDC system provides power support.
The dynamic additional frequency control adjusts the power
support of the DC grid by adaptively adjusting the Kf in the
frequency control module, balancing the frequency regulation
of the disturbed AC system and the voltage stability of the DC
grid to achieve the safe operation of the VSC-MTDC system.
The details are described in Section III.

3) The DC voltage recovery module uses the support ability
of the connected AC systems to recover the DC voltage after
a disturbance. It adds the product of the DC voltage deviation
and proportional gain to the active power reference value of
the droop control, thus completing DC voltage recovery based
on the multi-converter cooperation. The details are described
in Section IV.

This paper primarily focuses on the design of the dynamic
frequency droop coefficient and the DC voltage recovery gain.
The PI parameters of droop control are tuned and optimized
according to [33] to meet the requirements for stable operation
of the system.

Figure 3 shows the start-up sequence of the three modules
for the novel dynamic additional frequency control. At the
initial time, only the droop control module works. Once the
power disturbance is detected, the frequency control module
of the VSC connected to the disturbed AC system goes
into action to regulate the frequency. When the DC voltage
recovery starts, the VSC connected to the disturbed AC system
changes to the fixed active power control and the VSCs
connected to normal AC systems implement the DC voltage
recovery module.

III. DYNAMIC FREQUENCY CONTROL MODULE

A. Design of the Dynamic Frequency Droop Coefficient

Figure 4 shows the design idea for the dynamic frequency
droop coefficient. When the AC system suffers from power
disturbance, the frequency of the disturbed AC system and the
DC network voltage will be affected under the action of the
additional frequency control. In order to maintain frequency

Time

Steady State 1

Steady State 2

Steady State 3

Droop control
module

Frequency
control module

+
Droop control

module

DC voltage
recovery
module

+
Fixed active

power control
+

Droop control
module

Frequency
disturbance occurs

DC voltage recovery starts

Frequency regulation ends

DC voltage recovery ends

Fig. 3. Start-up sequence of the novel dynamic additional frequency control.
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Fig. 4. Idea of the dynamic frequency droop coefficient.

stability, the disturbed AC system needs to obtain sufficient
power support, which means that the active power support of
the DC grid to the disturbed AC system should be increased.
However, the DC grid wants to reduce the support power so
as to maintain the stability of the DC voltage. Therefore, the
disturbed AC system and the DC grid have contradictions
with the demand of the active power support. According to
the analysis of Section II-B, the support power is primarily
affected by the frequency droop coefficient. Therefore, the
AC and the DC frequency droop coefficients are designed
respectively to satisfy the power support requirements of the
disturbed AC system and DC grid. Moreover, a transition
factor is used to transform the two droop coefficients into
the dynamic frequency droop coefficient. Thus, the dynamic
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frequency droop coefficient can adapt to power disturbances
with different severities and achieve the coordinated control
of the AC frequency and the DC voltage.

The definition of the AC frequency droop coefficient
KAC

f is:

KAC
f =

{
KAC

f0 +
KAC

fmax−KAC
f0

∆fmax
∆f ∆f ≤ ∆fmax

KAC
fmax ∆f > ∆fmax

(13)

where KAC
fmax and KAC

f0 represent the maximum and the initial
AC frequency droop coefficient, respectively, and ∆fmax rep-
resents the maximum frequency deviation. The AC frequency
droop coefficient KAC

f reflects the demand of the disturbed
AC system for DC grid frequency support. The characteristics
of KAC

f are shown in Fig. 5.

1

2

3

4

0 0.1 0.2 0.3 0.4 0.5

Δf (Hz)

Δf
maxK

f  
  
(p

.u
.)

A
C

Fig. 5. AC frequency droop coefficient.

The AC frequency droop coefficient KAC
f increases with

an increase in ∆f ; thus, the unbalanced power transmitted
to the DC grid is increased to satisfy the frequency stability
requirements of the disturbed AC system. Once ∆f exceeds
the threshold, KAC

f remains at the maximum to limit the
impact of the large frequency deviation of the AC system on
the DC grid.

The DC frequency droop coefficient KDC
f is defined as:

KDC
f =

{
KDC

f0 − KDC
f0 −KDC

fmin

∆Udcmax
∆Udc ∆Udc ≤ ∆Udcmax

KDC
fmin ∆Udc > ∆Udcmax

(14)

where KDC
fmin and KDC

f0 represent the minimum and initial
DC frequency droop coefficient, respectively, and ∆Udcmax

represents the maximum DC voltage deviation. The DC fre-
quency droop coefficient KDC

f represents the potential of the
DC grid to support the frequency regulation of the disturbed
AC system. The characteristics of KDC

f are shown in Fig. 6.
The DC frequency droop coefficient KDC

f decreases with
an increase in the DC voltage deviation ∆Udc. When ∆Udc is
small, KDC

f is large, so that the power support of the MTDC
system has a negligible influence on the DC voltage stability,
thus alleviating the power deficit of the disturbed AC system.
On the other hand, KDC

f is small when the ∆Udc is large, and
the MTDC system reduces the support power to maintain the
voltage stability of the DC grid.

In combination with (13) and (14), the frequency droop
coefficient Kf of the dynamic additional frequency control is
defined as:

Kf = (1− γ)KAC
f + γKDC

f (15)

0

0.5

1

1.5

0 0.02 0.04 0.06 0.08 0.1

ΔUdc max (p.u.)

ΔUdc max

K
f 
  
 (

p
.u

.)
D

C

Fig. 6. DC frequency droop coefficient.

where γ represents the transition factor, which is defined in
(16) and (17). n1 is a positive integer. ∆Udcγ1 is the start-up
DC voltage deviation of γ, and ∆Udcγ2 is the termination DC
voltage deviation of γ.

γ =


0 ∆Udc ≤ ∆Udcγ1

γ′ ∆Udcγ1 < ∆Udc ≤ ∆Udcγ2

1 ∆Udc > ∆Udcγ2

(16)

γ′ =
1

1 +
(

∆Udcγ2−∆Udcγ1

∆Udc−∆Udcγ1
− 1
)2n1

(17)

The characteristics of the transition factor γ are shown in
Fig. 7.
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Fig. 7. Transition factor.

When the DC voltage deviation ∆Udc is slightly larger than
the start-up DC voltage deviation ∆Udcγ1, the transition factor
γ increases slowly from 0. As the DC voltage deviation ∆Udc

grows, γ increases rapidly from 0 to 1 and reaches 1 at the
termination DC voltage deviation ∆Udcγ2. According to (13)–
(17), the characteristics of the droop coefficient Kf of the
dynamic additional frequency control are shown in Fig. 8.

When the AC system disturbance is slight, the DC voltage
deviation ∆Udc is small, and the transition factor γ is close
to 0. Therefore, the dynamic frequency droop coefficient Kf

is consistent with the AC frequency droop coefficient KAC
f .

Kf increases rapidly as ∆f increases; thus, the DC system in-
creases the power support for the disturbed AC system. When
the system disturbance is severe, ∆f and ∆Udc becomes
large, and γ is close to 1. Under such a circumstance, Kf

is consistent with the DC frequency droop coefficient KDC
f ,

which decreases rapidly to avoid a large voltage deviation of
the DC grid and enhance the MTDC system stability under
strong frequency disturbance.
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The dynamic frequency droop coefficient combines the
characteristics of the AC frequency droop coefficient with that
of the DC frequency droop coefficient using a transition factor.
By dynamically adjusting the frequency droop coefficient, the
power compensation of the disturbed AC system is strength-
ened when the DC voltage deviation is small. The voltage
stability of the MTDC system has higher priority when the
DC voltage deviation is large. Thus, the coordinated control
of AC system frequency regulation and MTDC system voltage
stability is achieved.

B. Small Signal Stability Analysis

The simplified model in Fig. 9 can be used to analyze the
stability of the dynamic additional frequency control.

The capacitance of the VSC satisfies:

C
dUdc

dt
= Idc − i1 (18)

where C represents the DC capacitance, Idc represents the
DC current, and i1 represents the current flowing to the other
VSCs.

The following can be derived from the AC side of the VSC:

Lm
disj
dt

= −Rsisj + (Usj − Uej) (19)

where Rs and Lm represent the equivalent resistance and

UdcSG

Idc i1

Rs+Lm

Us

PCC

VSC

Ps

is

Ue

Fig. 9. Schematic diagram of VSC.

reactance, respectively, from the point of common coupling
(PCC) to the VSC, is represents the AC current, Us represents
the voltage of the PCC, and Ue represents the AC voltage of
the VSC; j = a, b, c.

The Park transformation is applied to (19), yielding:

d

dt

(
id
iq

)
=

1

Lm

(
−Rs ωLm

−ωLm −Rs

)(
id
iq

)
+

1

Lm

(
Usd −Ued

Usq −Ueq

)
(20)

In the steady-state, the d axis is consistent with the phase
angle of the A-phase voltage of the PCC, i.e., Usq = 0. If
the losses of the reactor and converter are ignored, the active
power of the AC and DC sides of the VSC are equal.

Ps =
3

2
Usdid = UdcIdc (21)

where Ps represents the active power exchanged between the
VSC and AC system.

The motion equation of the generator rotor satisfies:

TJ
dω

dt
= Pm − Ps −D(ω − 1) (22)

where TJ represents the inertia time constant, ω represents the
angular frequency, Pm represents the mechanical power of the
prime mover, and D represents the damping coefficient.

The block diagram of the transfer function of the dynamic
additional frequency control is shown in Fig. 10. The diagram
is based on (18)–(22) and the vector control of the VSC. kp1
and kp2 are the proportional coefficients of the PI of the outer
loop and inner loop, respectively. And ki1 and ki2 are the
integral coefficients of the PI of the outer loop and inner loop,
respectively. According to Fig. 10, the transfer function of the
dynamic additional frequency control is:

G(s) =
A(s)

B(s)
(23)

A(s) = 3Ckp1kp2KfKVUdc0Usd0 · s3

+ (3Cki2kp1KfKVUdc0Usd0

+ 3Cki1kp2KfKVUdc0Usd0) · s2

+ 3Cki1ki2KfKVUdc0Usd0 · s (24)

B(s) = 2CLmTJUdc0 · s5 + (2CDLmUdc0 + 2Ckp2TJUdc0

+ 2CRsTJUdc0 + 3Ckp1kp2KVTJUdc0Usd0) · s4

+ (2CDkp2Udc0 + 2CDRsUdc0 + 2Cki2TJUdc0

ω

Ps

ω*=1
Kf

P*
ref
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Udc

idref
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Fig. 10. Transfer function of the dynamic additional frequency control.
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+ 3kp1kp2TJUsd0 + 3CDkp1kp2KVUdc0Usd0

+ 3Ckp1kp2KfKVUdc0Usd0

+ 3Cki2kp1KVTJUdc0Usd0

+ 3Cki1kp2KVTJUdc0Usd0) · s3 + (2CDki2Udc0

+ 3Dkp1kp2Usd0 + 3ki2kp1TJUsd0 + 3ki1kp2TJUsd0

+ 3CDki2kp1KVUdc0Usd0

+ 3CDki1kp2KVUdc0Usd0

+ 3Cki2kp1KfKVUdc0Usd0

+ 3Cki1kp2KfKVUdc0Usd0

+ 3Cki1ki2KVTJUdc0Usd0) · s2

+ (3Dki2kp1Usd0 + 3Dki1kp2Usd0 + 3ki1ki2TJUsd0

+ 3CDki1ki2KVUdc0Usd0

+ 3Cki1ki2KfKVUdc0Usd0) · s
+ 3Dki1ki2Usd0 (25)

The parameters of the control links are shown in Table I.
Figure 11(a) shows the root locus of the transfer function

with the increase in Kf , and Fig. 11(b)–(f) show the distribu-
tion of the zeros and poles. The closed-loop transfer function
has three zeros and five poles. As shown in Fig. 11(b) and (c),
two zeros are located on the real axis of the left half-plane, and
another is at the origin. As shown in Fig. 11(d), the two poles
are initially located on the real axis of the left half-plane. With
the increase in Kf , one converges to the remote zero point,
and the other tends to the proximal one. In Fig. 11(e), the pole
is located on the left of the imaginary axis and moves to the
origin along the real axis. The three poles are always located
on the left side of the imaginary axis; thus, there is no stability
problem. As shown in Fig. 11(f), the two poles are located
on the left half-plane, but they will cross the imaginary axis
with an increase in Kf , resulting in the system’s instability.
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Fig. 11. Root locus of the dynamic additional frequency control. (a) Original
figure. (b) Enlarged drawing 1. (c) Enlarged drawing 2. (d) Enlarged drawing
3. (e) Enlarged drawing 4. (f) Enlarged drawing 5.

TABLE I
PARAMETERS OF THE CONTROL LINKS

Parameter Quantity
D 7.5 p.u.
TJ 6.234 s
KV 0.5 p.u.
kp1 0.01 p.u.
ki1 100 p.u.
kp2 0.5 p.u.
ki2 100 p.u.
Rs 0.3142 Ω
Lm 0.021 H
Usd 127.017 kV
Udc 400 kV
C 1800 µF

When the two poles move to the imaginary axis, the system
reaches the critical stable state, and the corresponding Kf is
20.4. Therefore, the stability range of the dynamic additional
frequency control is:

0 < Kf < 20.4 (26)

IV. DC VOLTAGE RECOVERY MODULE

A. The Proportional Gain of the DC Voltage Recovery

The novel dynamic additional frequency control designs a
DC voltage recovery module because the DC voltage deviates
from the steady operating point when regulating the frequency.
The DC voltage recovery module adds the product of the
DC voltage deviation and proportional gain to the active
power reference value. The VSCs connected to the normal
AC systems participate in the DC grid voltage recovery after
the disturbance.

The initial steady-state values can be calculated by (6)–(8),
and do not need to be repeated here.

It can be obtained from the energy conservation equation
after the dynamic additional frequency control has been im-
plemented:

n∑
i=1

∆P 1
i = 0 (27)

The DC voltage droop control of VSCi satisfies:

KVi

(
∆P 0

i +∆P 1
i

)
+
(
∆U0

dci +∆U1
dc

)
= 0 (28)

where i = 2, · · · , n.
If E =

∑n
i=2

1
KVi

, (9), (27) and (28) yield:

∆U1
dc =

−Ploss +∆P 0
1 +∆P 1

1 −
∑n

i=2

(
1

KVi
∆U0

dci

)
E

(29)

The ∆P 1
i of VSCi is

∆P 1
i = −∆P 0

i − 1

KVi

(
∆U0

dci +∆U1
dc

)
(30)

After the DC voltage recovery module is implemented, the
droop control of each converter shall satisfy (31):

KVi

Ki + 1

(
∆P 0

i +∆P 1
i +∆P 2

i

)
+
(
∆U0

dci +∆U1
dc +∆U2

dc

)
= 0 (31)
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where ∆P 2
i = P 1

i − P 2
i , P 2

i represents the steady-state
active power of VSCi after DC voltage recovery, ∆U2

dc is the
difference between the average DC voltage before and after
DC voltage recovery, and i = 2, · · · , n.

This is because the converter connected to the disturbed
AC system does not participate in the DC voltage recovery, it
operates in the fixed active power control mode, i.e., ∆P 2

i = 0.
According to the energy conservation equation, the following
applies:

n∑
i=1

∆P 2
i = 0 (32)

Let F =
∑n

i=2
Ki+1
KVi

, (9), (27), (31) and (32) are derived:

∆Udc2 =
−Ploss +∆P 0

1 +∆P 1
1

F
−

∑n
i=2

(
Ki+1
KVi

×∆U0
dci

)
F

−∆U1
dc (33)

∆P 2
i = −

(
∆P 0

i +∆P 1
i

)
− Ki + 1

KVi

(
∆U0

dci +∆U1
dc +∆U2

dc

)
(34)

To achieve non-error recovery of the DC voltage, it is
required that ∆U2

dc = −∆U1
dc, which means:

−Ploss +∆P 0
1 +∆P 1

1 −
n∑

i=2

(
Ki + 1

KVi
∆U0

dci

)
= 0 (35)

When the AC system frequency drops, the value of −Ploss+
∆P 0

1 +∆P 1
1 is positive, and the contribution of the converter

with negative ∆U0
dci to the DC voltage recovery is negative.

Therefore, the corresponding converter Ki + 1 is set to 0 to
counteract its negative effect on DC voltage recovery. In other
words, this type of converter is switched to fixed active power
control and does not participate in the DC voltage recovery.
In contrast, if the frequency increases, the VSC with positive
∆U0

dci is set Ki + 1 to 0 to not participate in the DC voltage
recovery.

If the Ki of the converters participating in the DC voltage
recovery are equal, then the theoretical value of the propor-
tional gain of the DC voltage recovery module is:

Kth =
−Ploss +∆P 0

1 +∆P 1
1∑(

1
KVi

∆U0
dci

) − 1 (36)

B. Stable DC Voltage Recovery
When the DC voltage recovery module is implemented, the

operating points of the droop control for the VSCs suddenly
stop, causing the DC voltage and transmission power to
significantly oscillate. When a Butterworth low-pass filter
approximates the ideal low-pass filter, the smoothness can be
easily adjusted [34]. A function similar to the Butterworth filter
transfer function (short for Butterworth function) is proposed
in (37) and (38) to avoid the oscillations, and the DC voltage
recovery gain K is gradually increased from zero to the
theoretical value calculated by (36) to complete the smooth
connection of the DC voltage recovery module.

K =


0 t ≤ t0

K ′ t0 < t ≤ t1

Kth t > t1

(37)

K ′ =
Kth

1 +
(

t1−t0
t−t0

− 1
)2N (38)

where t0 and t1 are the start-up time and termination time of
the DC voltage recovery, and N is a positive integer.

Figure 12 shows different forms of the DC voltage recovery
gain. Compared with the DC voltage recovery gain that uses
the theoretical value, the Butterworth function increases the
buffer interval to weaken the impact. Moreover, compared with
the DC voltage recovery gain that increases at a fixed slope,
the derivative of the Butterworth function does not produce
saltation at the beginning and end of the recovery period,
ensuring smooth transitions between the states.
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Fig. 12. The DC voltage recovery gain.

The premise of the DC voltage recovery module activation
is that the VSC-MTDC system reaches a quasi-steady state,
so it is necessary to determine whether the system parameters
reach a quasi-steady state value. With active power P as
the determining parameter, theoretically, when the differential
dP/dt of P is equal to 0, P reaches a steady state. The
numerical calculation of dP/dt is first needed to compute the
differential values from multiple points, then take the average
value, which is shown in (39):

dP

dt
=

1

m

m−1∑
i=0

P (n+m+ i)− P (n+ i)

m
(39)

where P (n) is the sampling value of P at time t, P (n + i)
is the sampling value of P at time t + i∆t, and ∆t is the
sampling step length.

Sampling step length ∆t is usually with the level of
microseconds, dP/dt is difficult to be equal to 0, so P can be
considered to reach the steady state value when it meets the
following conditions: ∣∣∣∣dPdt

∣∣∣∣ ≤ M (40)

where M is a tiny threshold, and 0.1 MW/s is used as the
judgment boundary of the steady value of active power in this
paper.

The time when the active power P satisfies (40) is taken
as the time when the VSC reaches the quasi-steady. The
dispatching center compares the steady state time uploaded
by each VSC, and uses the latest time as the start-up time t0
start the DC voltage recovery.

At the same time, when the interval between the start-up
time and the termination time of the DC voltage recovery
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module is too short, the energy redistribution time of the VSC-
MTDC system is insufficient, thus a large fluctuation peak will
occur in the transition process. Therefore, it is necessary to
set a longer time interval to avoid shocks during the transition
process. Considering that the DC voltage recovery depends on
the active power adjustment of the AC system connected to
VSC, and the active power adjustment time of the generators
is usually with the level of seconds [35], thus the time interval
of the DC voltage recovery module adopted in this paper under
the PSCAD/EMTDC is 10 s, that is t1 − t0 = 10 s.

The novel dynamic additional frequency control coordinates
the DC voltage recovery modules of multiple converters, and
the DC voltage recovery proportional gain increases in the
form of the Butterworth function. Thus, the smooth transition
from start-up to steady-state of the DC voltage recovery
module is achieved, and the DC voltage of the MTDC system
recovers without errors after the disturbance.

V. CASE STUDY

A. Simulation Model

A four-terminal VSC-HVDC simulation model (Fig. 13) is
implemented on PSCAD/EMTDC to verify the performance
of the novel dynamic additional frequency control.

VSC1
AC1 AC2

VSC2

VSC3
AC3

VSC4
AC4

Fig. 13. Simulation model of the 4-terminal VSC-HVDC system.

The parameters of the different AC systems and the initial
values of the VSCs are summarized in Table II.

TABLE II
PARAMETERS OF THE AC/DC HYBRID SYSTEMS

Parameter Area Unit1 2 3 4
f∗ 50 50 50 50 Hz
UAC 220 220 220 220 kV
S 1200 800 1500 900 MVA
Pref 400 400 −500 −300 MW
Udcref 400 400 400 400 kV
KV 0.5 0.5 0.4 0.67 p.u.

UAC is the effective value of the AC system line voltage, and
S represents the capacities of the AC system. The resistance
between the interconnected converters is 1.2 Ω.

B. Small Frequency Disturbance

At t = 15 s, the load of AC system 1 is suddenly increased
by 100 MW. The changes in the frequency f1 of AC system
1 and the DC voltage Udc1 of VSC1 are depicted in Fig. 14.

49.9

49.92

49.94

49.96

49.98

50

386

390

394

398

402

10 15 20 25 30
t (s)

Proposed control Original control

f 1
 (

H
z)

U
d
c1

 (
k
V

)

Fig. 14. Frequency of AC1 and DC voltage of VSC1 during a small
disturbance.

f1 drops from 50 Hz to 49.903 Hz under the original
additional frequency control, and the frequency change ∆f1
is 0.097 Hz. In contrast, the frequency change ∆f1 in the
system with the novel dynamic additional frequency control is
0.066 Hz, which is 31.96% less than that of the system with the
original additional frequency control. The DC voltage change
∆Udc1 of VSC1 is 13.05 kV, representing a 7.32% increase
compared to the system with the original additional frequency
control, whose change ∆Udc1 is 12.16 kV. The simulation
results indicate that the proposed control strategy provides
an effective improvement in the frequency deviation of AC
system 1 at the cost of only a slight increase in the DC voltage.

When a small power imbalance occurs in the AC system,
both the frequency deviation and the DC voltage changes
are small; thus, the dynamic frequency droop coefficient Kf

shows the characteristics of the AC frequency droop coefficient
KAC

f . The rapidly growing Kf enables the DC grid to provide
more support power for AC system frequency regulation than
the system with the original additional frequency control. In
addition, the DC voltage deviation in the system with the
novel dynamic additional frequency control is slightly larger
than that in the original control system. In the case of a
small disturbance, the novel dynamic additional frequency
control can effectively decrease the frequency deviation of the
disturbed AC system and has little influence on the DC grid,
thus ensuring the stable operation of the MTDC system.

C. Large Frequency Disturbance

At t = 15 s, the load of AC system 1 is abruptly increased
by 300 MW; the evolution of f1, f3 and Udc1 are depicted in
Fig. 15.

The DC voltage of VSC1 with the original additional
frequency control is reduced from 400.19 kV to 359.68 kV,
∆Udc1 is 40.51 kV, and the DC voltage drop ratio is 10.12%.
The DC voltage drop ratio exceeds the safe operating limit
of the DC grid, as specified by the national standard. This
will trigger the DC grid relay protection action, threatening
the stability of the MTDC system. In addition, in AC system
3, the power support for AC system 1 causes f3 to drop from
50 Hz to 49.653 Hz. The frequency variation ∆f3 is 0.347 Hz,
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Fig. 15. Frequency of AC1, AC3, and DC voltage of VSC1 in a large
disturbance.

and the frequency stability of the normal AC system is signif-
icantly decreased. By adopting the novel dynamic additional
frequency control, the DC voltage change ∆Udc1 decreases
from 40.51 kV to 20.98 kV, so that the operating condition of
the DC grid is significantly improved. Moreover, the frequency
deviation ∆f3 is 0.179 Hz compared to 0.347 Hz, and the
influence on the normal AC system is considerably reduced.

When a large frequency disturbance occurs in the AC sys-
tem, both the frequency deviation and the DC voltage variation
are large; thus, the characteristics of Kf are in agreement with
that of the DC frequency droop coefficient KDC

f . Compared
with the original additional frequency control, Kf decreases
rapidly as ∆Udc increases, which avoids the instability of the
MTDC system resulting from the excessive power support. In
the case of a large disturbance, the novel dynamic additional
frequency control gives priority to maintaining the stability of
the DC voltage, which avoids critical damage to the entire
AC and DC system caused by a large power disturbance of
the local AC system.

D. DC Voltage Recovery

At t = 30 s, the DC voltage recovery is implemented due to
the large frequency disturbance. VSC1, which is connected to
the disturbed AC system, does not participate in DC voltage
recovery, and its control mode changes to fixed active power
control. The initial DC voltage deviation ∆U0

dc2 of VSC2 is
−0.34 kV. According to (35), the contribution of VSC2 to the
DC voltage recovery is negative. Therefore, the DC voltage
recovery gain K2 is set to −1 so that VSC2 acts as a fixed
active power control. The initial DC voltage deviations ∆U0

dc3

and ∆U0
dc4 of VSC3 and VSC4 are both positive. Therefore,

the theoretical value calculated by (36) is assigned to the
proportional gain of the DC voltage recovery module of VSC3

and VSC4 for DC voltage recovery.

Table III shows the comparison of the theoretical values
and system simulation results of the DC voltage of the four
VSCs. The results indicate that the relative error between
the theoretical value and the actual value of the DC voltage
of each VSC in the initial state, after the disturbance, and
after voltage recovery does not exceed 0.1%. Moreover, the
theoretical and actual values of ∆U1

dc are 20.86 kV and
20.85 kV, respectively, and those of ∆U2

dc are −20.86 kV and
−21.16 kV, respectively. The relative errors between them are
less than 1.5%, indicating the high accuracy of the theoretical
calculation of the DC voltage recovery module.

TABLE III
DC VOLTAGE OF THE MTDC SYSTEM

System state Numerical type Udc1

(kV)
Udc2

(kV)
Udc3

(kV)
Udc4

(kV)
Before
disturbance

theoretical value 400.27 400.34 399.00 399.22
actual value 400.19 400.26 398.92 399.14

After
disturbance

theoretical value 379.41 379.49 378.14 378.37
actual value 379.20 379.47 378.07 378.35

After
recovery

theoretical value 400.27 400.34 399.00 399.22
actual value 400.35 400.60 399.28 399.53

According to (36), Tables II, III and Fig. 15, the theoret-
ical value of the proportional gain Kth of the DC voltage
recovery module is 33.18. Four modes are compared during
the DC voltage recovery, i.e., K assigned to Kth (mode 1),
K increasing to Kth from 0 with a fixed slope (mode 2),
K increasing to Kth from 0 in the form of the Butterworth
function described in (37) and (38) (mode 3), and the strategy
proposed in [32] (mode 4).

P2, P3 and P4 in Fig. 16 represent the active power transmit-
ted by VSCs 2, 3, and 4, respectively. After applying the novel
dynamic additional frequency control, the DC voltage Udc1

of VSC1 recovers from 379.20 kV to 400.35 kV. The VSC2

does not participate in DC voltage recovery and operates in the
fixed active power control mode. Thus, P2 remains invariant
at 441.05 MW. In addition, P3 decreases from −445.18 MW
to −437.53 MW, while P4 increases from −267.52 MW to
−275.35 MW. When implementing the strategy in [32], Udc1
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Fig. 16. DC voltage and real power in the DC voltage recovery process.
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recovers to 399.22 kV, P2 and P4 remain constant, and P3

converges to −445.18 MW again after violent fluctuation.
As shown in Fig. 16, modes 1, 2 and 3 have recovered

their DC voltages to their initial values. Although mode 4 also
realizes DC voltage recovery, Udc1 cannot recover to the initial
value when VSC3 operates in the fixed DC voltage control
mode. In addition, mode 1 instantaneously breaks the balance
of the control structure of the MTDC system, causing strong
oscillations of the DC voltage Udc1 and active powers P3 and
P4, while mode 4 results in a strong impact on P3. In the four
types of DC voltage recovery processes, mode 3 provides the
least power fluctuations and smoothest recovery of the DC
voltage.

The novel dynamic additional frequency control utilizes
multiple converters to coordinate the DC voltage recovery.
The proportional gain of the DC voltage recovery module
is designed to perform DC voltage recovery without error.
Meanwhile, the DC voltage recovery gain gradually increases
with the Butterworth function, to ensure a smooth transition
between the states before and after the DC voltage recovery.

E. The Performance after the Outage of VSC

At t = 15 s, VSC4 is suddenly blocked. And when t =
30 s, the DC voltage recovery modules starts. The changes in
Udc3, P1, P2 and P3 are depicted in Fig. 17.
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Fig. 17. DC voltage and real power after the outage of VSC4.

The frequency support part of the proposed strategy is
to control the unbalanced active power transmitted from the
disturbed AC system to the DC grid. The unbalanced power
caused by VSC4 blocking is fixed, each VSC automatically
allocates according to its droop coefficient, and the frequency
support control does not need to be activated. The DC voltage
module is put into use after the system reaches a transient
steady state, to recover the DC voltage. Mode 1 represents
the original droop control [36], and the other three modes are
defined in Section V-D.

After VSC4 blocking, P1, P2, P3 are changed from
399.62 MW, 399.47 MW and −497.30 MW to 307.70 MW,
307.28 MW and −612.79 MW, respectively. And Udc3 is
changed from 398.92 kV to 445.12 kV. The DC voltage
deviation ∆Udc3 under the original droop control (mode 1)
is 46.20 kV, which seriously threatens the system safety.
Therefore, the DC voltage recovery module is necessary under
such conditions. Because both the ∆U0

dc1 and ∆U0
dc2 are

less than 0, VSC1 and VSC2 do not participate in the DC
voltage recovery in mode 2 and mode 3, only VSC3 undertakes
the task of the DC voltage recovery. Udc3 recovers from
445.12 kV to 399.18 kV after implementing the dynamic
additional frequency control strategy. And Udc3 recovers to
399.18 kV in mode 4. In addition, similar to the results in
Section V-D, compared with mode 2 and mode 4, the proposed
strategy using the Butterworth function to increase the DC
voltage recovery gain can recover the DC voltage at a cost
with smaller fluctuations.

Figure 18 shows the d-axis current id3 of VSC3 when the
outer-loop PI controller adopts different bound values. The
purpose of adding bound values to the PI controller is to
restrain overshoot and improve transient performance. In this
paper, the parameter tuning methods of [33] and [37] are
used to determine the limiting amplitude of the PI controller.
According to the converter capacity, the AC current of the
grid side is calculated, and the Park transformation is utilized
to obtain the d-axis current from the AC current value. Then
1.5 times the d-axis current is taken as the bound value of the
outer-loop PI controller idlim, which is 7.5 p.u. according to
the computation. It can be seen from Fig. 18 that when idlim is
smaller than the bound value, for example 6.2 p.u. and 6.3 p.u.,
id3 becomes oscillatory. When idlim is set at 7.5 p.u. or 10 p.u.,
the system responses are identical and id3 smoothly converges
to the stable value. The simulation results in Fig. 18 verify the
suitability of the bound value of the outer-loop PI controller.
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Fig. 18. id3 with different limit of PI controller.

F. The Performance with Time Varying Load

At t = 15 s, AC system 1 is connected with a dynamic
resistance which decreases linearly with time to simulate the
continuous disturbance. The resistance is reduced from 1000 Ω
to 200 Ω at a speed of 40 Ω/s. The response of the VSC-MTDC
system is depicted in Fig. 19. idref3 is the output of the d-axis
outer-loop PI controller of VSC3.

During 10–15 s, the VSC-MTDC system operates in steady
state 1 as shown in Fig. 3, when each VSC only relies on the
droop control to maintain system power balance.

After 15 s, AC1 is connected to a dynamic load. The
frequency control module of VSC1 is activated, and the droop
control is still used in other stations. It can be seen from
Fig. 19, when the dynamic resistance is large, in other words,
the dynamic load is small, the frequency deviation of the
disturbed AC system with the dynamic additional frequency
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Fig. 19. DC voltage and real power when the load varies with time.

control is smaller than that with the original control. Under
such a scenario, the proposed control strategy assigns a higher
priority to improving the frequency of the disturbed AC
system. So, the DC grid voltage deviation and the frequency
of the normal AC system will be slightly larger, thus provid-
ing more power support. With the decrease of the dynamic
resistance, the dynamic additional frequency control turns to
preferentially maintain the stability of DC grid voltage, and
the speed and amplitude of the DC voltage drop obviously
decreases.

At 35 s, the dynamic resistance change process ends, and
the state variables of VSC-MTDC system gradually reach
the steady state, corresponding to steady state 2 in Fig. 3.
Then, the DC voltage recovery process starts when the system
reaches steady state as judged by (39) and (40). VSC1 is
changed to operate in the fixed active power mode. Due to
the negative initial DC voltage deviation, VSC2 does not
participate in the DC voltage recovery and also operates in
the fixed active power mode. VSC3 and VSC4 activate the
DC voltage recovery module on the basis of the droop control
module, to achieve the smooth and non-error recovery of the
DC voltage.

VI. CONCLUSION

When a VSC-MTDC system utilizes the original additional
frequency control to provide frequency support for a disturbed
AC system, the stability of the DC voltage is often not
considered, potentially resulting in large fluctuations in the DC
voltage. Therefore, a novel VSC-MTDC dynamic additional
frequency control strategy with DC voltage recovery ability is
proposed in this paper.

1) The dynamic frequency droop coefficient is adaptively
adjusted according to the frequency and DC voltage. In a small
frequency disturbance, the dynamic frequency droop coeffi-
cient is large and the DC grid meets the power requirements

of the disturbed AC system. In a large power disturbance,
the dynamic frequency droop coefficient is small and the DC
grid gives priority to maintaining the DC voltage stability.
Thus, the novel dynamic additional frequency control provides
a strong and reliable DC grid, as well as good support to the
interconnected AC grids.

2) The DC voltage recovery method based on multi-
converter coordination can realize smooth and non-error DC
voltage of the MTDC system recovery after the frequency
regulation. The proposed method recovers the DC voltage to
the rated value, which improves the stable operation of the
DC grid. Meanwhile, this method only needs to communicate
once when calculating the DC voltage recovery gain, and has
little dependence on communication facilities.

3) The simulation results demonstrate that the dynamic
additional frequency control can adapt to power disturbances
with different severities and maintain the DC voltage in a
relatively stable state when regulating the frequency. The DC
voltage recovery module is able to perform smooth and non-
error recovery of the DC voltage after the disturbance.

Note that this paper focuses on the AC system and the VSCs
when analyzing the small-signal stability of the proposed
additional control and neglects the DC systems, whose current
is treated as disturbance. Thus, a further study considering the
DC systems and the small-signal stability analysis of the whole
VSC-MTDC system should be undertaken. In addition, the
frequency regulation can be enhanced by making full use of
the rotating reserves of the wind turbines since the wind power
penetration has dramatically increased in the past decades. The
DC voltage recovery can also be improved by decentralizing
and coordinating the multi-converter voltage control ability,
which requires less communication burden from the system.

APPENDIX

The parameters of the dynamic frequency control module
are shown in Table AI.

TABLE AI
PARAMETERS OF DYNAMIC FREQUENCY CONTROL MODULE

Parameter Quantity
KAC

fmax 4 p.u.
KAC

f0 1.25 p.u.
∆fmax 0.3 Hz
KDC

fmin 0 p.u.
KDC

f0 1.25 p.u.
∆Udcmax 0.055 p.u.
∆Udcγ1 0.015 p.u.
∆Udcγ2 0.07 p.u.
n1 2
N 2
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