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Abstract—This work proposes a primary frequency support
mechanism for a voltage source converter (VSC) based multi-
terminal high voltage dc (MTDC) transmission system that
interconnects asynchronous ac grids. For the ac disturbance case,
an augmented control strategy composed of a coordinated droop
control (CDC) and a supplementary controller is developed.
In CDC, the droop constants are determined considering the
desired disturbance sharing ratio among the ac areas and the
loading of the converters. On the other hand, the supplementary
controller makes the designed droop constants provide the
expected performance independent of the dc network parameters
and the VSCs power losses. Therefore, the augmented controller
can make the interconnected ac power systems exchange power
according to the specified disturbance sharing ratio. In addition,
the work introduces a new power rerouting technique to enhance
the frequency and the dc voltage regulation of the ac/dc power
system when a VSC trips. Furthermore, the droop constants
for the nominal operation are designed to make the ac grids
share the disturbance due to wind farm power variation based
on their strength. Case studies are conducted for evaluation,
and the presented technique shows enhanced performance in
frequency (for instance, 38% improvement when ac disturbance
happens) and dc voltage (for example, almost zero deviation when
converter outage occurs) regulations compared to the existing
mechanisms in the literature.

Index Terms—Supplementary controller, novel power rerout-
ing mechanism, impact of dc grid and VSCs power losses,
coordinated droop gain scheme, frequency support, enhanced
dc voltage response, converter outage, MTDC system.

I. INTRODUCTION

IN the last decades, lots of research work have been carried
out to develop frequency support strategies for voltage

source converter (VSC) based multi-terminal HVDC (MTDC)
transmission system. MTDC system has the potential to be the
best solution for the integration of renewable energy power
systems to the main ac grids because of its high flexibility
and reliability features compared to the two terminal HVDC
link. However, because of the decoupling nature of the HVDC
system, the interconnected ac grids can’t share their spinning
reserve during contingencies unless there is a mechanism
deployed in the controller of the MTDC system. Also, the
intermittent behavior of the renewable energy resources can
make the frequency of the ac grids vulnerable. Therefore,
different strategies have been proposed to enable ac grids share
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their reserve in response to frequency disturbance in any one
of them.

Some works focus on the secondary frequency control to re-
store the frequency to the nominal value [1]–[3]. On the other
hand, extensive research works have been done to develop
primary frequency support schemes for MTDC system. Gen-
erally, the mechanisms can be categorized as communication-
free and communication-based. The communication-free con-
trol strategies depends on P − Vdc − f droop control are
reported in [4], [5]. Although being communication-less has
cost wise advantage, the extent that ac areas can support
each other isn’t clearly defined. Also, the mechanisms have
significant steady-state dc voltage deviation due to lack of
coordination among converters. Reference [6] augments a
mechanism to the conventional virtual synchronous generator
(VSG) controller to upgrade the performance of VSG in fre-
quency support. However, the extent of support among ac grids
isn’t well defined similar to [4], [5]. Also, the performance
of the technique is affected by the dc grid parameters and
the power losses of VSCs since the augmented controller is
based on P − Vdc droop control. In [7], [8], a variable droop
gain scheme based on the conventional P − Vdc − f was
proposed to make the supporting ac grids inject more power
to the dc grid. The droop gains are made vary according to the
frequency deviation of the ac grids. A similar mechanism like
[7] but with different strategies to keep the dc voltage within
the permissible range during frequency support is reported
in [9], [10]. On the other hand, in [11], integration based
frequency support was proposed to restore the frequency to
the nominal value. However, in schemes [7]–[11], there isn’t
coordination among the supporting ac grids. Therefore, there
can be a disproportionate burden allocation to the supporting
ac grids in the time of frequency support.

Various communication-based frequency support mecha-
nisms are reported in the literature. Reference [12] discussed
a centralized optimization based strategy, that needs fast speed
signal transmission system to and from the central control sta-
tion, to determine the proper spinning reserve exchange among
the ac grids. However, the reported scheme has drawback
of high computational burden needed to solve the objective
function online. Also, the constraints of the cost function focus
only on limiting the rate of change of the frequency (Ro-
CoF) during disturbances. There aren’t discussions on primary
frequency support. In addition, the presented optimization
function didn’t consider the dc voltage deviation. A different
control strategy is presented in [13] in which the converters
in the affected ac power system operate as ac slack bus mode.
As ac slack bus, the converters try to maintain the frequency
of their ac grid by exporting power from the dc system. On
the other hand, the power unbalance created on the dc system
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will be covered by the converters in the undisturbed ac power
systems. However, in this mechanism the entire disturbance is
carried by the healthy ac grids. Therefore, their frequency can
deviate significantly. Moreover, the communication network,
used by the control systems of the undisturbed converters to
determine the amount of power to be injected to the dc grid,
is required to have high bandwidth.

Another communication based technique is reported in [14]
to avoid the dc voltage deviation during frequency support.
However, similar to [4] and [5], there isn’t clear definition
on how the burden due to a contingency is allocated to
the participant ac power systems. Reference [15] presents an
extension of the work in [14]. In [15], converters activate the
full support to their interfaced ac grid when the frequency
deviation passes the specified threshold level. For this, the
droop gains are designed considering the planned maximum
power support and the threshold frequency deviation. More-
over, the reported work tried to make sure that the droop gains
perform as per their design. However, the coordination among
the ac grids to manage the burden during frequency support
according to their size is still missed. In [16]–[18], average
consensus algorithm is employed for the primary frequency
support, and the weights in the algorithm are used to define
the proportion that the ac areas share the disturbance. In other
studies presented in [19], a mechanism is developed to make
frequency support only from the strong to the weak ac grids.
However, the strategies in [15]–[19] rely on high bandwidth
signal transmission system used to transmit the data of the
frequency deviations as input to the control system.

Methods with less communication dependency are presented
in [20]–[23]. The reported schemes depend on the conventional
frequency droop (P − Vdc − f ) control; however, similar to
the consensus algorithm, weighted based strategy is used to
distribute the burden among the participant ac grids. In [20]–
[22], the distribution of duty among the converters doesn’t
consider their actual available headroom. The converters are
given responsibility based on their rating capacity. Therefore,
the required power may not be traded among the intercon-
nected asynchronous ac areas during frequency support if there
are converters that are already fully occupied. As a solution,
[23] proposed frequency support strategy that takes the loading
of the converters into account. However, the reported scheme
can be affected by the dc network parameters and the VSCs
power losses as they are neglected in the formulation of the
technique. Moreover, the frequency disturbance on the ac grids
due to wind farm power variation isn’t addressed.

The above discussions present the comparison of the ex-
isting mechanisms based on their performance in minimizing
the frequency deviation during an ac disturbance. However,
converter outage also impacts the frequency of the ac power
systems. References [4], [16], [21] employs the same method
used for ac disturbance to lessen the consequence of converter
tripping on the frequency of ac grids. However, in the time of
converter tripping, the frequency deviation is because of the
perturbations in the power transmission between the dc and
ac systems, unlike ac disturbance which causes the frequency
deviation due to ac load increment or decrements in ac grids.
Therefore, different approaches are proposed in [12], [22]–[24]

to obtain a more enhanced frequency response. References
[24] used an online optimization technique to re-establish the
power flow between the dc and ac systems by redistribut-
ing the tripped converter power before the disturbance to
the survivor converters according to their loading condition.
However, finding the optimal solution online isn’t feasible
for a complex power system. In [22], an offline optimization
method is proposed to determine the required power and
dc voltage reference changes that can reduce the frequency
deviation. The reported technique depends on the scheduled
power and dc voltage settings to calculate the required changes
of the references. However, the loading of converters can
vary from their schedule settings due to wind farm power
variation or ac disturbance. Therefore, the pre-determined
reference changes may not achieve the desired performance
when converter outage occurs. Reference [12] presents an
optimization technique by considering the estimation of day-
ahead wind energy production and load variation to limit
the ac grids’ rate of change of frequency (RoCoF) due to
converter outage. However, the mechanism didn’t consider the
steady-state frequency deviation. Recently, [23] proposed a
methodology that tries to eliminate the aftermath of converter
tripping on the frequency of the interconnected ac power
systems. However, in the presented technique, the dc voltage
deviation is significant.

In this research, we propose a frequency support technique
for the MTDC system to enhance the regulation of the dc
voltage and ac frequencies of the hybrid ac/dc grid during
contingencies. The mechanism consists of the combination of
the proposed supplementary controller and coordinated droop
gain scheme for ac disturbance, novel power rerouting man-
agement during converter outage, and a strategy to minimize
the stress on the ac grids frequency when there is wind farm
power variation. Moreover, the presented mechanism uses a
low bandwidth communication network for coordination and
relevant information exchange among converters. The major
contributions of the proposed mechanism can be summed up
as follows.

• Developing an augmented controller consists of coor-
dinated droop control (CDC) and supplementary con-
trollers. Therefore, the droop gains of the CDC will
perform as per design to achieve the specified percentage
of power sharing among the interconnected ac grids
during ac disturbance by overcoming the impact of the
dc grid parameters and VSCs power losses.

• Developing a new power rerouting scheme to enhance the
dc voltage and frequency regulation in the ac/dc power
system during converter tripping.

• Introducing a dc voltage droop gains design methodology
considering the stress on ac power systems frequency due
to wind farm power variation.

• Establishing a coordination strategy to activate the proper
frequency support technique according to the type of
disturbance.

The organization of the rest of the manuscript is described
in the following. In section II, the basics of disturbances
that cause frequency and dc voltage deviation, and selected
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frequency support techniques are discussed. On the other hand,
the overall operation of the proposed scheme is presented
in section III. Section IV and V talk about the proposed
supplementary controller and the nominal droop gain design
procedures accordingly. The proposed strategy for scenario of
converter tripping is discussed in section VI. The simulation
results and their detailed discussions are available in section
VII. Finally, section VIII presents the conclusion.

II. CAUSES OF POWER UNBALANCE IN THE AC/DC GRID
AND SELECTED FREQUENCY SUPPORT SCHEMES

This section highlights the causes of power deviation in
ac grids interconnected by MTDC system. Also, the brief
discussion of selected frequency support schemes is presented.

A. Causes of power unbalance in the ac/dc grid
Power unbalance in the ac/dc grid can happen due to ac

disturbance, converter outage and the change in windfarm
power production. In the following, the nature of the power
unbalance during each disturbance will be discussed. The
explanation will be based on the consideration that the MTDC
system doesn’t have frequency support scheme. Later, selected
frequency support techniques will be described.

1) Power unbalance due to ac disturbance: When an ac
grid faces load change, the other ac grids won’t sense the
disturbance due to the decoupling by the MTDC system.
Therefore, only the frequency of the disturbed ac grid deviates.
Also, there won’t be any impact on the dc voltage of the dc
grid and frequency of other ac grids. Furthermore, the total
power unbalance of the ac/dc system will be the same as the
power deviation of that ac grid assuming there aren’t any other
disturbances in the ac/dc system.

2) Power unbalance due to converter outage: During con-
verter outage, the ac grid with the tripped converter will
definitely have power unbalance. On the other hand, the other
ac grids face power deviation because the droop controlled
converters adjust the power injecting to or from their ac grids
to regulate the dc voltage. Assuming a lossless MTDC system,
the power deviation of each ac grid can be written as shown
in (1) for the ac grid interfaced with the tripped converter and
(2) for other ac grids. It is considered that the kth converter
trips and is located in ac grid aj . Also, the dc voltage will be
impacted based on the pre-disturbance power of the tripped
converter and the dc voltage droop gains [25], [26]. For details
of the derivation concerning the dc voltage and ac grids power
deviation, the reader can refer to [25], [26].

∆Paj
= −Pk +

∑
j∈ϕaj

gv,j

Gv,agg − gv,k
Pk

= Pk

(
−Gv,agg,aj −

∑
ak∈Sac

Gv,agg,ak
+Gv,agg,aj

)
Gv,agg − gv,k

= −Pk

∑
ak∈Sac

Gv,agg,ak

Gv,agg − gv,k

(1)

where, Gv,agg =
∑

j∈ϕall

gv,j , gv,j is the dc voltage droop gain

of converters, ϕall is the set of all droop controlled converters,
∆Paj

is the power deviation of the ac grid, gv,k is the droop
gain of the tripped converter, Gv,agg,aj

=
∑

j∈ϕaj

gv,j , ϕaj set

of survivor converters interfaced to aj , Pk is the loading of
the tripped converter prior to the disturbance and Sac is the
set of the interconnected ac grids except the one interfaced
with the tripped converter.

∆Pak
= Pk

Gv,agg,ak

Gv,agg − gv,k
, ak ̸= aj (2)

The power deviations shown in (1) and (2) are the perturba-
tions of the power flow between the ac grids and the dc grid
for regulation of the dc voltage. On the other hand, the total
power deviation of the ac grids will be zero if we sum (1) and
the aggregate of (2).

3) Power unbalance due to windfarm power variation: The
power balance of the ac grids is affected due to wind farm
power variation because of the droop controlled converters
similar to the case of converter outage. For lossless MTDC
system, the power perturbation of each grid is expressed as
shown in (3) [25], [26]. On the other hand, the total power
unbalance of the ac grids will be the same as the power change
in the windfarm.

∆Pak
= −Gv,agg,ak

Gv,agg
∆Pwf (3)

where, ∆Pwf is the power change of the windfarm. Moreover,
dc voltage deviation occurs according to the magnitude of
∆Pwf and the droop gains [25], [26].

From the above discussions, it can be concluded that the
nature of power deviation of ac grids is different for each type
of disturbance. During ac disturbance and wind farm power
variation, the total power change of the ac girds is different
from zero. However, in the case of converter outage, the total
power change of the ac grids is zero though there is power
unbalance in each ac grid interfaced with the droop controlled
converters. On the other hand, the power unbalance during
ac disturbance is only in the disturbed ac grid;where as, all
ac grids interfaced with the droop controlled converters have
power deviations during windfarm power change and converter
outage. Remember, the discussion of power unbalance is
with the consideration of no frequency support is active in
the system. Furthermore, the dc voltage is affected during
converter outage and windfarm power change, but not in the
case of ac disturbance.

B. Frequency support schemes

1) The conventional frequency droop control (P −Vdc−f ):
The P − Vdc − f droop control is the common example of
frequency support technique and it has the form shown in Fig.
1. In P − Vdc − f , the converters adjust their power injection
according to the frequency deviation of their ac grids. The
power balance of a converter is expressed as show in (4).

Pref,j − Pj + gv,j (Vdc,ref,j − Vdc,j)− gf,j(fref,j − fj) = 0
(4)
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where, Pref,j and Vdc,ref,j are the scheduled power and dc
voltage references accordingly, and Pj and Vdc,j are the actual
power and dc voltage in their respective order. As seen in (4),
the power injection for frequency regulation is affected by
the dc voltage droop control. Therefore, this can reduce the
support to the ac grid. On the other hand, trying to reduce the
dc voltage droop gains for more frequency support can have
detrimental effect on the dc voltage. Considering (4) and the
total power balance of MTDC system, the dc voltage deviation
during frequency support for the case of ac disturbance and
converter outage is obtained as shown in (5) [27]–[29]. It can
be seen from (5) that the dc voltage deviation depends on
all the frequency changes and frequency droop gains. This
strong coupling along with small dc voltage droop gains can
cause significant dc voltage deviation. For the case of converter
outage, it can be worse since the dc voltage is also influenced
by the power of the tripped converter before the disturbance.
In (5), evnt = 1 and evnt = 0 mean ac disturbance and
converter outage respectively. Moreover, the frequency droop
gains aren’t designed considering the size of the ac grids and
all the droop gains are fixed. Furthermore, the mechanism
doesn’t consider the type of the disturbance. Therefore, the
conventional P − Vdc − f can have poor performance in both
frequency and dc voltage regulation.

∆Vdc =



∑
j∈ϕall

gf,j∆fj

Gv,agg
, evnt = 1

−Pk +
∑

j∈ϕall

gf,j∆fj

Gv,agg − gv,k
, evnt = 0

(5)

PI

P

Pref

icd,ref
Vdc,ref

Vdc

f
fref

To current controller

gv

gf+
-

+
-

+ +
+

--

Fig. 1. The structure of P − Vdc − f

2) Coordinated frequency support scheme (CFSS) [23]:
In CFSS, the converters share the burden during frequency
support according to their available capacity. Moreover, the
strategy for the case of ac disturbance and converter outage is
different. As discussed in section II-A, the nature of the impact
that ac disturbance and converter outage has on the power
balance of the ac grids is different. During ac disturbance,
there is a need of net power production or reduction to regulate
the frequency. In this regard, the CFSS makes the ac grid
to share the burden according to their size and the specified
proportions of disturbance sharing. Also, there is a strategy
to reduce the coupling between the dc voltage and frequency
deviation. For this, the converter interfaced to the affected ac
area operates in P − f and those in other (supporting) ac
power systems work in P − Vdc droop control. Therefore,
using the droop relation of the converters depicted in (6) and
the MTDC power balance, the dc voltage deviation due to
frequency support is obtained as shown in (7). A lossless

MTDC system is considered. In (6), mode = 1 means P−Vdc

and mode = 0 means P − f droop control.

Pref,j − Pj =

{
−gsupv,j (Vdc,ref,j − Vdc,j) ,mode = 1

gdisf,j (fref,j − fj) ,mode = 0
(6)

where, gsupv,j and gdisf,j are the droop gains of converters in

non-affected and perturbed areas respectively. It can be seen
from (7) that the coupling is less compared to the P −Vdc−f
droop control since the dc voltage deviation only depends on
the frequency deviation of the affected area (considered to be
aj).

∆Vdc =
Gdis

f,agg∆faj

Gsup
v,agg

(7)

where, Gdis
f,agg =

∑
j∈ϕaj

gdisf,j and Gsup
v,agg =

∑
j∈ϕsup

gsupv,j , ϕaj

and ϕsup are set of converters in the affected and supporting
ac grids accordingly. The droop gains for P − Vdc and P − f
droop controls are determined considering the swing equation
of ac grids shown in (8), the weights that define the proportion
of disturbance sharing among the ac power systems and the
droop relation of converters. The ac grids can be represented
by (8) for the study of frequency regulation [30].


∆ḟ =

1

2H

(
−D∆f +∆Pm −∆PL −∆PV SC

agg

)
∆ż = − 1

Tgov
∆z +

1

Tgov
Ggov −∆f

∆Ṗm = − 1

TCH
∆Pm +

1

TCH
∆z

(8)

where, H is the inertia time constant, D and Ggov are the
damping and governor droop constant respectively, ∆Pm and
∆PL are the change in mechanical power and ac load in their
respective order. On the other hand, ∆PV SC

agg is the aggregated
power deviation of converters interfaced to an ac area. Tgov is
the governor time constant, TCH time constant of the steam
chest.

For the case of converter outage, the CFSS has the objective
to avoid the frequency deviation by restoring the power flow
between the ac and dc grids. Therefore, the dc voltage devia-
tion is expressed as shown in (9). For the same magnitude of
aggregated droop gain, the magnitude of dc voltage deviation
is smaller in the case of CFSS compared to the conventional
P − Vdc − f droop control as it is seen from second line of
(5) and (9).

∆Vdc = −Pk
1

GdcDis
v,agg,suv

(9)

where, GdcDis
v,agg,suv is the aggregated droop gain of survivor

converters for the operation during converter outage.
However, the CFSS has couple of drawbacks. In design of

the droop gains for the case of ac disturbance, the dc grid
parameters and the VSCs power losses were neglected. In
evaluating its performance, though the CFSS shows better re-
sponse compared to other mechanisms, the desired disturbance
sharing wasn’t exactly achieved. Moreover, the power losses
of the VSCs weren’t included in the modeling of the MTDC
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system. Also, in reality, the length of transmission lines can be
very long, for instance the HVDC cable of the North Sea link
has 724km distance [31]. All these can make the impact of dc
grid parameters on the performance of the droop gains very
high. Therefore, the droop gains won’t perform as per their
design and there will be disproportional disturbance sharing
among the ac grids. In some cases, the malfunctioning of droop
gains can cause adverse effect on the frequency of ac grids;
particularly those with relatively small size. In addition, the dc
voltage during converter outage can be significant as shown in
(9); particularly, if the tripped converter was operating at high
power. Furthermore, the CFSS didn’t study how the ac grids
share the stress during windfarm power variation.

III. THE OVERALL OPERATION STRATEGY OF THE
PROPOSED SCHEME

As discussed previously, the nature of the impact distur-
bances impose on the frequency and dc voltage of the ac/dc
grid is different. Hence, this work develops the frequency sup-
port schemes accordingly for better frequency and dc voltage
regulation. For the case of ac disturbance, a supplementary
controller is developed to be augmented with the strategy
adopted from CFSS. Therefore, the droop gains can function
as per the design, and the ac grids share the disturbance
according to their size and the specified proportions. During
converter outage, the objective of the proposed mechanism
is to maintain the dc voltage profile at a level before the
disturbance and also minimizing the frequency deviation of
the interconnected ac grids. Furthermore, the proposed work
formulates a mechanism to make ac grids share the stress
due to windfarm power variation according to their size.
Fig. 2 shows how a specific converter identifies the type of
disturbance and switches its control mode to the corresponding
frequency support. As the figure shows, a converter depends
on the information of frequency and dc voltage deviation, and
communication signals for detecting which disturbance occurs.
A) If a converter senses only frequency deviation, it will under-
stand that ac disturbance happens at its ac grid. This is because
during ac disturbance, only the frequency of the disturbed ac
grid deviates until the frequency support scheme is activated
as discussed in section II-A. Once detecting ac disturbance,
a converter will switch its controller to ac disturbed mode of
operation (see Fig. 4). Also, converters in other ac grids will be
informed by sending a signal with information of the disturbed
ac grid and the type of disturbance.
B) On the other hand, if a converter detects both frequency
and dc voltage deviation, it can’t distinguish the type of
disturbance from this information only. The reason is that the
simultaneous frequency and dc voltage deviation can be caused
by either converter outage or windfarm power variation as it
is highlighted in section II-A. Also, a converter can sense the
dc voltage and frequency deviation due to the activation of ac
disturbed mode of operation (P −f droop control ) by remote
converters. Therefore, the converter will need to check for any
received signal to detect the exact cause of the incidence.
C) If the received signal is for converter outage from the
tripped converter, the receiver converter will activate the

corresponding frequency support. If the converter is interfaced
with the same ac grid as the tripped one, it will operate in mode
of operation shown in Fig. 5. Otherwise, it will keep working
in the nominal mode of operation. Note that, in the case of
converter outage, the tripped converter notifies the survivor
ones by transmitting a signal embedding information of itself,
its ac grid and the type of disturbance.
D) If the signal is a help request signal for the case of
ac disturbance from remote converters, it will activate its
supporting mode of operation as depicted in Fig. 3.
E) On the other case, if no signal is received, the converter will
keep working in nominal mode of operation. The droop gains
in the nominal mode of operation are determined considering
the disturbance sharing ratio among ac grids during windfarm
power variation.
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Fig. 2. Flow chart for the proposed mechanism

IV. THE PROPOSED SUPPLEMENTARY CONTROLLER

This section presents the development of the supplementary
controllers. In all the above equations, a lossless MTDC
system was considered. However, from now on, the dc network
parameters and the power losses of VSCs will be included in
the formulations.

1) Impact of dc grid parameters and power losses of VSCs
on performance of the droop gains in CFSS: For the expla-
nation, let us consider three asynchronous ac areas (a1, a2
and a3) interconnected by MTDC system. Also, it is assumed
that the ac contingency occurs at area a3. Moreover, at steady-
state (for the study of primary frequency response), (8) can be
simplified to (10).

M∆f +∆PVSCs
agg = ∆PL (10)

where, ∆PVSCs
agg =

[
∆PV SCs

agg,a1
∆PV SCs

agg,a2
∆PV SCs

agg,a3

]T
,

∆f =
[
∆fa1

∆fa2
∆fa3

]T
, ∆PL =[

0 0 ∆PL

]T
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M =

 Da1
+Ggov,a1

0 0

0 Da2 +Ggov,a2 0

0 0 Da3 +Ggov,a3


∆PV SCs

agg,a1
=

∑
j∈ϕa1

gsupv,j ∆Vdc,j , ∆PV SCs
agg,a3

= Gdis
f,agg∆fa3 .

If we consider the supporting ac areas i.e. area a1 and a2,
the relation in (11) can be obtained after some manipulation.
It can be observed that the proportion that ac grids share
the disturbance depends on the dc voltage deviations of the
converters. Therefore, if the converters dc voltage deviations
are too different, there will be disproportional sharing of dis-
turbance. For instance, if the dc voltage deviation of converters
interfaced to ac grid #1 is much higher, the frequency deviation
of area #1 will be more than that of ac grid #2 though the
droop gains are designed to make area #1 carry less burden
than area #2.

∆fa1

∆fa2

=

∑
j∈ϕa1

gsupv,j ∆Vdc,j

Da1
+Ggov,a1

Da2 +Ggov,a2∑
j∈ϕa2

gsupv,j ∆Vdc,j
(11)

Furthermore, the power balance in the MTDC system is
governed by (12).

∆Ploss = ∆PV SCs
agg,a1

+∆PV SCs
agg,a2

+∆PV SCs
agg,a3

(12)

Therefore, for area #3, the expression in (13) is found after
substituting (12) into (10), and doing some rearrangement. It
can be seen that the performance of the droop gain depends
on the power losses of the system.

Gdis
f,agg∆fa3

= ∆Ploss +
∑

aj∈a1∪a2

(
Daj

+ ggov,aj

)
∆faj

(13)
Therefore, in this work, supplementary controllers for both
supporting and disturbed modes are proposed to mitigate the
impact of the dc network parameters and VSCs power losses.
A general ac/dc power system with n number of converters
and m ac areas is considered.

2) Supplementary controller for the supporting mode: The
structure of the proposed mechanism is described in Fig. 3.
It is developed based on the ideal case that the dc grid and
converters are lossless. Hence, considering all the converters
in the supporting mode, the ideal dc voltage deviation can be
obtained as (14).

∆V desired
dc =

1∑
ak∈ζ

∑
j∈ϕak

gsupv,j

∑
ak∈ζ

∑
j∈ϕak

∆Pj (14)

where, ∆Pj = Pj − Pref,j , ϕak is the set of converters in
the undisturbed ac power system ak. ζ is the set of ac grids
in the supporting mode. The objective of the supplementary
controller is to add compensation term to the dc voltage
deviation of each converter to obtain ∆V desired

dc at steady-
state.

∆V desired
dc = Vdc,ref,j − Vdc,j −∆V compn

dc,j , j ∈ ϕ (15)

PI

+
-

+
-

Sample and 
hold

S H
.
.

Signal from the 
disturbed ac grid

ac grid

Look up 

table

Kv,agg,i

-

k ≠ j

Communication 

links

∆PAvHR,j

1 Kv,agg,1

Kv,agg,2

Kv,agg,3

Kv,agg,4

Kv,agg,5

2

3

4

5

+

Coordinated droop control

...

...

∆PAvHR,1

∆PAvHR,k

∆PAvHR, n∆PAvHR, j gv
sup

ak
,agg,

gv,j
sup

+ ∫ki,s
-

kp,s

+
+

desired
∆Vdc 

∆Vdc,
compn

j

Supplementary controller for 

supporting mode

-
+

Vdc j,

Vdc,ref,j

id,ref,j

∆PjPj

Pref, j

Fig. 3. Proposed supplementary control mechanism for supporting mode

Moreover, ∆V desired
dc is used in the dc voltage droop control of

converters as Fig. 3 shows to generate a compensation term
(∆P compn

j = gsupv,j ∆V desired
dc ) added to the power reference

of converters in the supporting mode. On the other hand, the
active power controller make sure that ∆P compn

j and ∆Pj are
equal at steady-state. Also, since the active power controller
is much faster than the electromechanical transients of the ac
grids, its dynamics can be ignored, and ∆P compn

j can be taken
as equal to ∆Pj . Therefore, the actual active power deviation
of converters in each supporting ac area can be expressed as
shown in (16).{

∆Pj = gsupv,j ∆V desired
dc

∆PV SCs
agg,ak

= ∆V desiredGsup
v,agg,ak

(16)

where, Gsup
v,agg,ak

=
∑

j∈ϕak

gsupv,j . If the second line in (16) is

used in (11) for the sum of power change of converters in
each supporting ac power system, the relation between the
frequency deviation of the ac grids in any two supporting areas
can be obtained as shown in (17).

∆fa1

∆fa2

=
Gsup

v,agg,ak

Dak
+Ggov,ak

Dal
+Ggov,al

Gsup
v,agg,al

(17)

It can be seen that the relation among the frequency deviation
of ac grids depends only on the designed droop gains and size
of the ac grids. The droop gains are designed considering the
specified proportion that ac grids share the disturbance. The
reader can refer to [23] for the details of designing the droop
gains.

In Fig. 3, ∆PAvHR,k is the available headroom of a
converter. Moreover, a lookup table is included in the control
system. For MTDC system interconnecting n ac areas, con-
verters will have n − 1 different droop gains for supporting
case, and one frequency droop gain for the disturbed mode.
For instance, if consider the hybrid ac/dc system with the three
areas (a1, a2 and a3), the value of the supporting mode droop
constants of converters in area a1 are different for the case of
ac contingency in area a2 and a3. Hence, each converter will
have a look up table as Fig. 3 describes. The converters select
the appropriate supporting mode droop constant based on the
received signal.

3) Supplementary control for the disturbed mode: In this
part, the proposed supplementary control for the case of
disturbed mode will be discussed. Similar to the case of
the supporting mode, the controller is developed considering
the ideal condition. Therefore, the frequency deviation of the
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Fig. 4. Proposed supplementary control mechanism for disturbed mode

perturbed area in ideal condition can be written as shown in
(18) after putting ∆Ploss zero in (13).

∆fdesired =

∑
ak∈ζ

∑
j∈ϕak

∆Pj

Gdis
f,agg

(18)

In the proposed supplementary controller, the expression in
(18) is used as a reference as it is depicted in Fig. 4. At steady-
state, the power balance of the MTDC system considering the
supplementary controllers can be expressed as shown in (19).∑

ak∈ζ

∆PV SCs
agg,ak

+Gdis
f,agg∆fdis +∆P dis

comp = ∆Ploss (19)

where, ∆fdis is the frequency perturbation of the disturbed
area. However, the supplementary controller for the disturbed
mode makes sure that

∑
ak∈ζ

∆PV SCs
agg,ak

= −Gdis
f,agg∆fdis.

Therefore, the output of the supplementary controller in the
disturbed mode is to compensate for the dc grid and VSCs
power losses as ∆P dis

comp = ∆Ploss. Moreover, the expression
for the power deviation of converters interfaced to disturbed
ac grid shown in (10) can be changed to (20) considering the
supplementary controller. Note the term ∆fa3 is replaced by
∆fdis for a general system.

∆PV SCs,dis
agg = Gdis

f,agg∆fdis +∆P dis
comp (20)

Hence, combining (10), (16), (19), (20) and ∆P dis
comp =

∆Ploss yields the expression for the relation between the
frequency deviation of the affected are and the supporting ac
grids as depicted in (21). It is shown that the droop gains
perform independent of the power losses unlike the one shown
in (13). The detail procedure of calculating the frequency
droop gain based on the specified weights that establish the
disturbance sharing among the ac grids is presented in [23].

Gdis
f,agg∆fdis =

∑
ak∈ζ

(Dak
+ ggov,ak

)∆fak (21)

For realizing the supplementary controllers, converters in-
terfaced to the undisturbed ac areas should exchange the
information of their power deviation, ∆Pj , to each other and
also share the information to converters in the disturbed mode.
However, the existing communication network and signals
used for coordination can be employed. For the adaptive droop
gain mechanism, converters that are neighbors to the ac side
share the information of their available headroom. Therefore,

if a converter knows the scheduled power (Pscheduled,x) and
the maximum capacity (Pmax,x) of other converters, the power
deviation of those converters can be determined as depicted
in (22). Consequently, converters in the same supporting ac
area don’t need to exchange the information of their power
deviation. This can reduce the burden of the communica-
tion network. However, converters in different supporting ac
grids should communicate the calculated power deviation.
Furthermore, the proposed supplementary controller can work
with a low bandwidth communication network. As it was
discussed above, the purpose of the mechanism is to make sure
the designed droop gains achieve the desired performance at
steady-state. The main frequency support is facilitated by the
designed droop gains based on the adaptive scheme. Therefore,
the supplementary controller has slow speed and can work in
low bandwidth communication network.{

∆PAvHR,x = Pmax,x − Px

∆Px = Pmax,x −∆PAvHR,x − Pscheduled,x

(22)

where, ∆PAvHR,x is the available headroom and Px is the
present loading of a converter.

V. NOMINAL DROOP GAINS DESIGN

The power output of the wind farm is not constant due
to the variable wind speed. Therefore, there should be a
mechanism to handle the disturbance to ease the impact on the
frequency deviation of the ac grids. The proposed disturbance
sharing mechanism among ac grids during offshore wind farm
power variation depends on the design of the nominal dc
voltage droop gains. Moreover, to mitigate the impact of
the dc grid and VSCs power losses on the performance of
the designed droop gains, a supplementary controller similar
to the supporting mode in the case of ac disturbance is
developed. Therefore, in the following discussions, the steps
of designing the droop constants are presented according to
the ideal conditions.

The power change in each ac grid because of the wind farm
power variation was discussed in section II-A3. Therefore,
the swing equation can be rewritten as shown in (23) for
n ac grids considering the power deviation of ac grids due
to windfarm power deviation. In addition, the disturbance
sharing percentages among the ac grids defined in terms of
the ratio (∆fa1 : · · · : ∆fan = wa1 : · · · : wan) between their
frequency deviation is included in (23).

M∆fcn + F∆Pwf = 0 (23)

where,

M = CR,R =
[

wa1

wan
· · · wak

wan
· · · 1

]T
C = diag (−(Da1

+ ggov,a1
), · · · ,−(Dan

+ ggov,an
))

F =
[

Gnom
v,agg,a1

Gnom
agg

· · ·
Gnom

v,agg,ak

Gnom
agg

· · · Gnom
v,agg,an

Gnom
agg

]T
If we sum all the rows of (23), we obtain (24).

∆Pwf = ∆fan

∑
ak∈SacGrid

(Dak
+ ggov,ak

)
wak

wan
(24)
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Substituting (24) into (23) for ∆Pwf yields:

M+ FKR = 0 (25)

where, K =
[
−(Da1

+ ggov,a1
) · · · −(Dan

+ ggov,an
)
]
.

Therefore, the dc voltage droop gains (elements of matrix F)
can be determined from (25). Moreover, since the matrix isn’t
full rank, there are number of solutions for the droop gains.

However, there is also other constraint on the magnitude
of these droop gains related to the dc voltage deviation.
As it was discussed in section III, when converter outage
occurs, survivor converters will switch their control strategy
for the case of converter outage. However, it takes some time
till the converters transit to this control mode due to the
communication delay. Therefore, for short period of time, the
system works in nominal operation though there is incidence
of converter outage. Note that this is also the same for
the case of ac disturbance. However, converter outage has
more significant impact on the dc voltage deviation than ac
disturbance. As a result, the nominal droop gains have to
be designed considering the permissible dc voltage deviation
during converter outage. For this, the constraint is taken
considering that a converter with the highest power rating trips
while it works at its rated power as it is discussed in [33].
Therefore, the total droop gain of converters in area am can
be written as shown in (26).

Gnom
v,agg,am

=
wam

(Dam
+ ggov,am

)∑
ak∈SacGrids

(Dak
+ ggov,ak

)wak

max
j∈SV SCs

(Prated,j)

∆Vdc,max

(26)
where, SV SCs is set of converters, Prate,j is the rated power
of converters and ∆Vdc,max is the peak tolerable dc voltage
deviation during the considered worst contingency.

VI. THE PROPOSED STRATEGY FOR CONVERTER OUTAGE

The objective of the proposed scheme is to alleviate the con-
sequence of converter tripping on the dc voltage and frequency
of the hybrid power system. Hence, a new mechanism is
developed to transfer the loading of the tripped converter prior
to the incidence to the survivor ones. During converter outage,
the survivors that are ac neighbors of the tripped converter
operate in constant power mode depicted in Fig. 5. Moreover,
these converters modify their power reference according to
the power of the tripped converter before the event and their
available headroom. For this purpose, they inform each other
about the magnitude of their available capacity. In addition,
the tripped converter sends the information of its operating
power before the incidence to its ac neighbors. On the other
hand, the converters in the other ac power systems will keep
their nominal dc voltage droop control mode of operation. The
power balance of MTDC system in the proposed strategy can
be written as shown in (27).

∆P tripped
V SC +

∑
j∈ϕhealthy

kv,j∆Vdc,j

+
∑

j∈ϕdisDC

∆Pj = ∆Ploss

(27)
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Fig. 5. Proposed mechanism for the survivor and ac neighbor of the tripped
converter

where, the set ϕdisDC has converters that are ac neighbors
of the tripped converter and ∆Pj is their power deviation,
ϕhealthy is the set of converters in the other ac power systems,
and ∆Vdc,j and gv,j are their dc voltage and droop gains ac-
cordingly, ∆P tripped

V SC is the tripped converters’ power change.
However, the power deviation of the tripped converter will be
equal to the magnitude of the total power change of its ac
neighbors.

∆P tripped
V SC = −

∑
j∈ϕdisDC

∆Pj (28)

In (28), it is assumed that the total available capacity of the
survivor converters is equal or greater than the loading of the
tripped converter prior to the event. Using (28), the expression
in (27) can be reduced to:∑

j∈ϕhealthy

kv,j∆Vdc,j = ∆Ploss (29)

From (29), it is observed that the dc voltage is affected only
by the power losses. The impact of the power unbalance due
to the tripped converter on the dc voltage response is avoided.
However, in CFSS [23], the dc voltage deviation depends
on the load of the tripped converter prior to the incidence
as shown in (9). Note that in (9), the analysis is based on
the assumption of lossless MTDC system. Furthermore, the
deviation of the power transmission between the dc network
and each ac area can be minimized. For instance, (30) depicts
the power change in the ac area with the tripped converter. It
can be seen that the deviation of the power flow between the
ac and dc systems is zero.

∆P disAcGrid =
∑

j∈ϕdis

∆Pj +∆P tripped
V SC = 0 (30)

where, ∆P disAcGrid is the deviation in the power flow be-
tween the ac system with the tripped converter and the dc grid.
For the other ac grids, the power change will be expressed as
shown in (31).

∆PhealthyAcGrid
ak

=
∑

j∈ϕhealthy,ak

kv,j∆Vdc,j (31)

where, ϕhealthy,ak is the set of converters in ac power systems
that don’t have the tripped converter. The change in the power
flow between these ac areas and the dc grid is associated
with only the power losses as it can be observed from the
combination of (29) and (31). In other word, the drift in the
frequency of these ac power systems is related to only the
power losses when converter tripping occurs.
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VII. CASE STUDIES

For verifying the proposed mechanism, the model of an
ac/dc power system has been developed in Matlab/Simulink.
Fig. 6 shows the schematics of the test system. The IEEE
68 bus model is modified to form three asynchronous ac
power systems interconnected by 8-terminal MTDC system.
Also, an offshore windfarm is included in the system. The
model of the MTDC system is developed considering the
average value of converters, the admittance matrix of the dc
grid and different controllers of the converters. The details on
modeling of MTDC system are presented in [32]. Moreover,
the VSCs’ power losses are considered, and a mechanism
reported in [34] is used to model these power losses. In this
work, the offshore wind farm is operating at its maximum
power point. A threshold value of ±36mHz is considered
for the frequency support mechanism [35]. A communication
topology similar to the one reported in [23] is used, and the
communication lines are assumed to have the delays depicted
in Table I. Furthermore, the test cases are established to assess
the performance of the proposed scheme during the occurrence
of different disturbances such as ac disturbance, converter
outage and wind farm power deviation.

TABLE I
APPROXIMATE TIME DELAY OF COMMUNICATION LINKS

lines delay (sec.) lines delay(sec.)
1-6 0.275 4-7 0.3
1-8 0.3 5-6 0.325
3-4 0.225 6-7 0.25
4-5 0.25 7-8 0.26

TABLE II
RELEVANT PARAMETERS OF AC GRIDS

ac grids D(p.u.) gf,gov(p.u.)

1 77.5 26
2 300 70
3 98.66 34

Fig. 6. Schematic diagram of the test system

A. Impact of control parameters on the small signal stability
of the system

Before going to the time domain simulation results and
discussion, this subsection aims to present how the droop gains
and the gains of the supplementary controller affect the small
signal stability of the system briefly. The Matlab linearization
toolbox is used to get the state space representation of the test
system.

1) Eigenvalues with variation of droop gains for the case
of ac disturbance: The droop gains are varied in pairwise
since they are determined to satisfy the specified disturbance
sharing proportions among the ac grids. The steps of cal-
culating the droop gains can be found in [23]. The values
are obtained considering ac disturbance at area #3 of the
test system. The aggregated frequency droop gain (473.75
p.u. or 789.3MW/Hz) for disturbed mode is constant for a
given weights (∆f1 : ∆f2 : ∆f3 = 1 : 1 : 1). Therefore,
the variation is conducted on the droop gains of converters
in the unaffected areas. The small signal model has total of
227 eigenvalues; however, the variation of the droop gains
affects only some of them. Fig. 7 depicts the movement of
the affected eigenvalues as the droop gains vary from (10,
35.66) in p.u. or (1.56MW/kV, 5.57MW/kV) to (800, 2852.8)
in p.u. or (125W/kV, 445.7875MW/kV) in the interval of (10,
35.66) in p.u. or (1.56MW/kV, 5.57MW/kV). Moreover, the
movement of the poles isn’t uniform. Some of them (λ93, λ94,
λ104, λ105, λ106 and λ107) move to the left. However, there
are others (λ11, λ12, λ13 and λ14) that migrate towards right
as the droop gains increase.

From the analysis, it is shown that a very large droop gain
can cause the eigenvalues move to the right half plane. On
the other hand, small droop gain will have impact on the
dc voltage deviation during frequency support. Although the
structure of the droop control in our proposed scheme ( P −f
for converters in the disturbed area and P −Vdc for converters
in the undisturbed ac power systems) have better decoupling
between dc voltage deviation and frequency support compared
to other mechanisms, the dc voltage deviation still depends on
the dc voltage droop gain of the P − Vdc droop controlled
converters. Therefore, the selection of droop gains should
consider this trade off.

Fig. 7. Eigenvalues trajectory when the droop gains vary

2) Eigenvalues with variation of the supplementary con-
troller gains: The movement of the eigenvalues is studied by
varying the integral gains of the supplementary controllers.
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The proportional gain can be set to zero since the objective
of the supplementary controller is for correction at steady-
state. Fig. 8 a) depicts the migration of the most affected
eigenvalues when the integral gain of the supplementary
controller for the supporting mode varies from 0.5 p.u to 100
p.u. Eigenvalues λ11,12, λ13,14, λ18,19 and λ20,21 move to the
left. This indicates that the supplementary controller increase
the damping constant of the eigenvalues. On the other hand,
the change in the value of the integral gain of the disturbed
mode supplementary controller doesn’t have noticeable impact
on the location of the eigenvalues. For the reference, the
movement of the eigenvalues λ18, λ19, λ20 and λ21 is shown in
Fig. 8 b). From the analysis, increasing the integral gain of the
supplementary controller for the supportive mode makes the
eigenvalues to shift more to the left. However, the controller
doesn’t need to be aggressive as the change in operating
condition can alter the motion of the eigenvalues. Moreover,
it is the steady state performance of the controller that is the
most desirable. Therefore, lower gain value can be chosen.

λ20 

λ21 

λ14 

λ11 

λ12 

λ15 

λ18 

λ19 
λ18 λ19 

λ21 

λ20 

(a) (b)

Fig. 8. Eigenvalues movement with the variation of the integral gain of
supplementary controllers (a) supporting mode (b) disturbed mode

B. Assessment of the proposed supplementary controllers

In this subsection, the proposed scheme is assessed during
ac disturbance. To simulate the ac disturbance, the load at
bus #61 in ac grid #3 increase by 500MW (5p.u. or 8.2% of
original load) at time t = 3s. The gains for the supplementary
controllers are selected considering the small signal analysis
of the ac/dc system. Accordingly, the integral gains for the
supporting mode supplementary controller are 10 p.u., and for
the disturbed mode they have values of 10 p.u. Moreover, the
weights are defined to be ∆f1 : ∆f2 : ∆f3 = 1 : 1 : 1.
Therefore, the values of the combined droop constants of
converters in each ac area are 200pu (31.24MW/kV), 713.25pu
(111.4453MW/kV) and 473.75 pu (789.5833MW/Hz) respec-
tively. Since the ac disturbance happens at area #3, the
converters in this area operate in disturbed mode and those
in ac power system #1 and #2 work in supporting mode. The
proposed technique is compared to the existing mechanisms
CFSS [23] and [20].

1) Frequency deviation: As Fig. 9 shows, the proposed
scheme achieves the specified disturbance-sharing proportion
among the interconnected areas. The three ac grids have the
same frequency deviation of 0.51Hz at steady state. However,

59.1

59.5

60

f[
H
z
] f1

f2

f3

0 10 20 30 40 50

time[s]

59.1

59.5

60

f[
H
z
]

Proposed [23] [20]

Fig. 9. Frequency response when the load of area #3 increases by 5p.u.
(500MW) a) Proposed vs [23] b) Proposed vs [20]

in [23], the ac power systems have different frequency devi-
ation as the dashed lines in Fig. 9 a) illustrates. The three
ac grids have 0.83, 0.45 and 0.49 Hz accordingly. Bear in
mind that, for the specified ratio, the droop gains in [23]
have the same values as the proposed technique. Also, similar
to the proposed mechanism, [23] has coordinated droop gain
scheme for individual converters. However, the impact of the
dc grid and VSCs power losses isn’t considered. Therefore,
the designed droop gains can’t provide their anticipated per-
formance.

0 10 20 30 40 50

time[s]

7

7.5

8

8.5

P
[p
u
]

Proposed [23] [20]

Fig. 10. Power response of converter #1 when the load at area #3 increases
by 5p.u. (500MW)

In the proposed strategy, the supplementary controllers add
the correction terms to the coordinated droop scheme to
mitigate the effect of dc grid and VSCs power losses. Hence,
the supplementary controller for converters in the supporting
mode makes them share the burden based on their droop gains.
As a consequence, those in the same supporting ac grid have
power deviation proportional to their available capacity since,
in the coordinated droop gain scheme, the converters determine
their droop gain based on how much vacant room they have.
For instance, if we consider converters #3, #4, and #5 in area
#2, their loading are changed by 0.164, 0.62, and 2.379 p.u.
respectively as the solid lines in Figs. 11 a) and b) depict.
If we determine the ratio of the power changes, it will be
1 : 3.76 : 14.56, the same as the ratio among the converter’s
available capacity (see Table III). Moreover, converters in
different supporting ac areas share the burden according to
their droop gain. Hence, the ratio (0.89/3.163) between the
power deviation of converter #1 (see the solid lines in Fig.10)
in ac area #1 and converters in ac system #2 is equal to the
ratio (200/731.25) between the designed aggregated droop
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gains. This implies that (17) is valid in the proposed scheme.
However, in the case of [23], the ratio of loading change
of converter #1 in area #1 and converters in area #2 is
1.341/2.734 different from 200/731.25. Also, the disturbance
sharing (0.17, 0.66, and 1.9 p.u) among converters #3, #4,
and #5 isn’t according to their available capacity. Hence, the
coordinated droop gain scheme in [23] can’t achieve effective
usage of the available capacity of converters. For the case of
the converters in ac system #3, Figs. 11 c) and d) show their
power response. As the solid lines describe, in the proposed
scheme, converters #6, #7, and #8 have the loading change
of 0.13, 0, and 3.84 p.u. in the respective order. The ratio of
the power deviations is according to their available capacity.
Similarly, in the case of [23], the power-sharing (0.135, 0,
and 3.89 p.u ) is according to the vacant space of converters.
Since the converters in area #3 operate in P−f droop control,
their power-sharing isn’t impacted by the unequal dc voltage
deviation. However, there is a difference in the power deviation
of these converters in the proposed strategy and [23]. In the
former, the supplementary controller for the disturbed mode
adds a compensation term for the dc side power losses.
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Fig. 11. Power response when the load at area #3 increases by 5p.u. (500MW)
a) Proposed vs [23] for converters 3-5 b) Proposed vs [20] for converters 3-5
c) Proposed vs [23] for converters 6-8 d) Proposed vs [20] for converters 6-8

The scheme reported in [20] can’t reach at the specified
weights between the frequency deviation of the three ac areas.
In the respective order, each ac grid has frequency deviations
of 0.705, 0.373, and 0.767Hz. In [20], converters operate in
P − Vdc − f droop control and the frequency droop gains
are determined to make ac grids share the burden according
to the defined weights. However, there isn’t coordination
among converters to efficiently use their available capacity.
Therefore, when there are converters loaded at their rated

capacity, the burden at the time of frequency support can’t
be rerouted to other converters with more vacant space. For
example, considering converters in area #2, the power response
of converter #5 (see the dotted line in Fig. 11 b) is small
though the converter still has available headroom. The reported
mechanism adopts the pilot voltage droop control to mitigate
the impact of the dc network parameters. However, the pilot dc
voltage droop control depends on fast communication system
for stable operation. Regarding the parameter settings, the
frequency droop constants are determined to be 132, 90 and
1264 for each ac grid respectively to achieve the same defined
weights as that of the proposed scheme. Also, for reasonable
comparison, the aggregated dc voltage droop gain is set to be
equal to our mechanism.

2) dc voltage deviation: Fig. 12 depicts the dc voltage pro-
file of converters. The proposed mechanism and the strategy
in [23] has small dc voltage deviation except insignificant dif-
ference between them due to the adjustment by supplementary
controllers in the proposed mechanism. However, in [20], the
drift in the dc voltage is larger.

0.97

0.98

0.99

1

V
d
c
 [
p
u

]

Vdc1

Vdc2

Vdc3

Vdc4

0.97

0.98

0.99

1

V
d
c
 [
p
u
]

Proposed [23] [20]

0.97

0.98

0.99

1

V
d

c
 [

p
u

]

Vdc5

Vdc6

Vdc7

Vdc8

0 10 20 30 40 50

time[s]

0.96

0.97

0.98

0.99

1

V
d

c
 [

p
u

]

Fig. 12. Converters’ dc voltage profile when the load at area #3 increases by
5p.u. (500MW) a) Proposed vs [23] for converters 1-4 b) Proposed vs [20]
for converters 1-4 c) Proposed vs [23] for converters 5-8 d) Proposed vs [20]
for converters 5-8

C. frequency response during windfarm power deviation

The nominal aggregated droop constants are determined
following the specified weights ∆f1 : ∆f2 : ∆f3 = 1 : 1 : 1
during the windfarm power deviation. Also, a maximum
permissible dc voltage deviation of ±5% during the worst dc
disturbance is considered in the design of the droop constants.
Therefore, the aggregated droop gains have the values of 51.32
pu (8.02 MW/kV), 183.04 pu (28.6 MW/kV) and 65.63 pu
(10.25 MW/kV) for converters in each ac area. Fig.13 shows
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TABLE III
RELEVANT PARAMETERS OF VSCS

VSC Rated Operating Aailable
power (p.u.) power (p.u.) capacity (p.u.)

1 10 7.05 2.95
3 7.5 7.32 0.18
4 6 5.32 0.68
5 6 3.43 2.57
6 6.5 6.24 0.26
7 12 12 0
8 15 7.4 7.6

the frequency response of the three areas when the power
output of the windfarm falls from 445MW to 260MW. The
frequency deviation is according to the specified weights.
Each ac area has the same frequency deviation of 0.18Hz.
For comparison, the performance of [4] is also examined. In
[4], the frequency of area #3 deviates by 0.43Hz while the
frequency deviation of ac system #2 is 0.1Hz. Hence, the
technique in [4] can’t make the ac grids share the disturbance
according to their strength. The damping ratio and governor
droop constant of ac grids are shown in Table II.
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Fig. 13. Responses during windfarm power variation Proposed vs [4] (a)
ac grids frequency response (b) dc voltage response (c) converters power
response

D. Performance assessment during converter outage

In this subsection, the performance of the proposed mech-
anism for the case of converter tripping will be discussed.
Converter #6 of area #3 is suddenly lost at t = 10s. The
converter operated at 6.24 p.u. before the incidence.
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Fig. 14. Converters’ dc voltage profile when converter #6 in area #3 trips a)
Proposed vs [23] for converters 1-4 b) Proposed vs [4] for converters 1-4 c)
Proposed vs [23] for converters 5-8 d) Proposed vs [4] for converters 5-8

1) dc voltage deviation: As the solid lines in Fig. 14 show,
in the proposed scheme, the dc voltages return to the values
very close to the level prior to the incidence after some
duration. The duration is the time until the converters receive
the information about the event from the tripped converter.
Table I shows the time delays for each communication link.
The dc voltages don’t return to the exact pre-disturbance
position because of the power losses. As shown in (29), the
change in dc voltage magnitude after the activation of the
proposed mechanism is influenced by the power loss and the
droop constants of converters located in areas #1 and #2.
Moreover, comparative analysis is carried out considering the
works reported in [23] and [4]. In the case of [23] and [4],

This article has been accepted for publication in IEEE Transactions on Power Systems. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2023.3279364

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



13

the steady-state change of the dc voltage is significant as the
dashed and dotted lines in Figs. 14 depict. For instance, the
change in the dc voltage of converter #3 is 0.023pu (15kV)
in [23] and 0.0342pu (22kV) in [4]. In [23], the dc voltage
change is affected by power of the tripped converter before
the incidence, the power losses, and the value of the droop
constant of the survivor converters of area #3. However, in
[4], the dc voltage response is determined by the frequency
deviations in addition to the the near mentioned factors for
the case of [23] since the technique relies on the conventional
frequency droop control.
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Fig. 15. The loading deviation of survivor converters when converter #6 in
area #3 trips a) Proposed vs [23] for converters 1, 3-5 b) Proposed vs [4] for
converters 1, 3-5 c) Proposed vs [23] for converters 6-7 d) Proposed vs [4]
for converters 6-7

2) frequency deviation: The frequency response of the
interconnected areas is shown in Fig. 16. It can be seen
that the proposed scheme resulted in very low frequency
deviations. Areas #1 and #2 have a frequency deviation of
around 0.0315Hz. It was discussed in section V that the power
deviation of ac systems without the tripped converter is related
to the power losses. The ac power system #3 is expected to
have zero frequency deviation since the power transfer with
its VSCs is zero. Also, it was shown in the derivation of (30).
However, the frequency of area #3 deviates by 0.031Hz as the
solid pink line in Fig. 16 illustrates due to the ac power loss.
In the case of [23], the change in the frequency of area #1 and
#2 is zero since the converters in these areas operate in power
control mode keeping their power reference at a value prior
to the disturbance. However, the frequency of ac system #3
deviates by around 0.1Hz which is greater than the proposed
scheme. On the other hand, looking at the dotted lines in Fig.
16 b), the mechanism in [4] has shown a significant frequency
deviation. The magnitude of the deviations are 0.602, 0.514

and 1.38Hz for each area accordingly.
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Fig. 16. AC grids frequency response when converter #6 in area #3 trips a)
Proposed vs [23] b) Proposed vs [4]

The loading of converters is shown in Fig.15. In the
proposed scheme and [23], the survivor converters in area
#3 share the burden according to their available headroom.
Therefore, converter #8 carry all the power of the tripped
converter since converter #7 don’t have any more room. In the
power response of converter #8, there is a difference between
the proposed scheme and [23] as it is described by the solid
and the dashed lines in Fig. 15 c). In the proposed scheme,
converter #8 operates in power control mode by modifying
its power reference according to the pre-incidence loading of
converter #6. Hence, the power change of converter #8 is
equal to the loading of converter #6 before it trips. On the
other hand, in [23], converter #8 works in dc voltage droop
control. Therefore, in [23], there will be a mismatch between
the pre-incidence power of converter #6 and the change in the
power of converter #8 because of the dc network parameters.
In [4], the change in the loading of converter #8 is less than
the operating power of converter #6 before the incidence.
The power responses of converters in area #1 and #2) are
presented in Figs.15 a) and b). The converters have small
power deviations due to the power losses in the proposed
technique and [23]. However, the power deviation is relatively
significant in [4] as the dotted lines in Fig.15 b) show.

VIII. CONCLUSION

An enhanced frequency support strategy is proposed to
improve the dc voltage and frequency regulation of high
voltage ac/dc power system. Different scenarios such as ac
disturbance, converter outage and windfarm power variation
are considered in the study. For the case of ac disturbance, the
combination of coordinated droop control (CDC) and supple-
mentary controller is developed. In CDC, variable droop gains
based on the available capacity of converters are designed
to make the ac power systems share the burden according
to the specified weights. However, the droop gains can’t
provide the anticipated performance due to the dc grid and
VSCs power losses. Therefore, a supplementary controller is
developed so that the interconnected ac areas can share the
disturbance according to the desired percentages. Also, the
work introduces a novel technique to mitigate the dc voltage
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and frequency deviation of the ac/dc system during converter
outage. Furthermore, the work presents a new droop gain
design methodology to distribute the disturbance due to the
wind farm power deviation according to the size of the ac
power systems.

The proposed mechanism was evaluated for different cases
using simulation tests. The augmented controller accurately
achieves the specified weights of disturbance sharing among
the interconnected asynchronous ac areas during ac distur-
bance compared to the existing techniques in the literature.
In addition, for the conducted test scenario, the maximum
frequency deviation is 0.51Hz in the proposed scheme while
in CFSS [23] it is 0.83Hz. Also, during converter outage, the
presented mechanism almost eliminates the dc voltage and
frequency deviation of the ac/dc grid. There is only a small
mismatch from zero deviation due to the dc grid and VSCs
power losses. However, the dc voltage deviation in the case
of CFSS reaches up to 15kV during the considered test case.
Furthermore, the ac areas share the stress due to the wind
farm power deviation according to their strength. In future,
the presented work can be extended to consider the allocation
of burden to converters (particularly those located in the same
ac grid) during frequency support to be according to their
relative distance with respect to the location of the disturbance
as this can help to improve the rate of change of frequency
(RoCoF). However, for this, the converters need a mechanism
to detect how near is the disturbance to them. In our proposed
mechanism, converters have the algorithm only to detect the
ac area at which the disturbance occurs.
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