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Abstract— To mitigate the low-inertia challenges in future
power-electronics-dominated grid, grid-forming control with vir-
tual inertia has been proposed to grid-connected power con-
verters, including the converter stations in high-voltage-direct-
current (HVDC) transmissions, where DC voltage also needs
to be tightly controlled. This paper first demonstrates that if
there is only one station in charge of DC voltage control, this
station cannot provide any real inertia power during frequency
events but instead adversely produces a small equivalent negative
inertia. Then, an improved grid-forming control with enhanced
DC voltage droop control that has been recently proposed is
examined in same perspective. It is found that with this novel
control real inertia power can be delivered while poses negligible
disturbances on the DC voltage, rendering it an excellent control
strategy to sharing inertia reserves from different AC areas
without commnunications. All findings are validated in electro-
magnetic simulations with MMC models of 400 sub-modules.

Index Terms—Grid-forming, HVDC, Inertia, DC voltage con-
trol, DC voltage Droop Control

I. INTRODUCTION

A comprehensive and in-depth description of the low-
inertia challenges in future power grids is given in [1]. Such
challenges arise from two aspects. First, the fast increase
of renewable energy penetration reduces the overall system
inertia since its interface to the AC grid, the power electron-
ics converters, lack the physical rotor mass brought by the
traditional synchronous machines (SMs). Second, renewable
energy sources such wind and solar energy, are by nature
intermittent, incurring susceptibility of active power imbalance
into the AC grids. The combination of these two factors could
potentially lead to high rate-of-change-of-frequency (RoCoF)
or excessive frequency-nadir induced generation units discon-
nection , cascaded events and system splits, threatening the
reliability and the resiliency of the AC grids.

To mitigate these issues, various grid-forming (GFM) con-
trols with virtual inertia have been introduced to the grid-
interfaced converters with the goal to improve frequency
stability by mimicking the rotor mass of SMs [2]. In fact,
the new EU and UK grid codes are starting to demand such
behavior from the grid-connected converters [4][3]. HVDC
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converter stations, playing an increasingly important role in
the future power systems, are also expected to provide such
inertia power (INP) response.

However, it has been pointed out in [5] that within the
HVDC converter stations, the control objective of GFM INP
provision contradicts with the objective of DC voltage control
(DVC) – increasing the inertia constant in GFM control slows
down the power response, yet to maintain the DC voltage sta-
bility, fast power response from converter stations is required.
Even though [6] studies the back-to-back converters in wind
turbine, its learning is extendable to VSC-based HVDC. It
points out the same conflicts between INP and DVC and both
work suggest that virtual inertia and its AC frequency service
have to be traded off for DC stability.

Yet, [5] only study the detrimental effects of the increased
virtual inertia on DC voltage security during AC transients,
such as AC faults and device connection/disconnection, with-
out examining whether increasing the virtual inertia in the
DVC station actually benefits the AC frequency stability. [6]
attempts to perform such a study but it chooses a step signal
in the grid frequency as the test signal, which does not
directly reveal whether real INP can be provided by the DVC
station. This paper first applies the constant RoCoF (C-RoCoF)
test recommended by [4], which reveals that a single DVC
station cannot provide any INP. Then, a second test method is
introduced by applying a low-frequency sinusoidal frequency
oscillation (SFO) to the grid, which thus allows analysis on
the phase of converter power and it demonstrates that with a
single DVC station, it tends to produce even negative inertia
and thereby deteriorates frequency stability. Virtual inertia and
DC stability is thus NOT a trade-off problem in this case, since
reducing it benefits both frequency and DC stability.

However, these conclusions only apply to the conventional
master-slave control where there is only one DVC station. In
the future multi-terminal HVDC (MTDC) grids that are being
planned and constructed in Europe, it is desirable to have
multiple stations participating in the DC voltage droop control
(DVD) since the failure of the single DVC station in master-
slave control would paralyse the entire system whereas MTDC
with DVD can be designed to ride-through N-1 contingency.
In [7], the harmonic instability issues when combining GFM
with DVD with the droop gains needed to ride through N-1



contingency are studied, based on which two modifications,
the phase compensator (PCom) and virtual power system
stabilizer (VPSS) are introduced to resolve the issues. The
paper extend the study on this improved control strategy by
examining its capability of INP provision and it is found that
real INP can be delivered with negligible disturbance on the
DC voltage, which makes possible to share inertia reserves
across different AC areas via DC interconnections if TSOs
choose to do so. Then, the relationships between the INP, the
droop gains and the number of terminals are also determined.
All findings are verified by EMT simulations with MMC
models of 400 sub-modules.

II. THE CONVERTER UNDER STUDY AND THE ADOPTED
GRID-FORMING CONTROL STRATEGY

The understudied 3-terminal HVDC system is shown in
Fig. 1. MMC models with 400 sub-modules, DC reactors,
DC wide-band cable models are implemented in the EMT
simulation in EMTP-rv. The AC grids can be modelled by
an ideal sources representing infinite bus or a simplified grid
modelled by the swing equation plus the simplified governor
and turbine dynamics, which is chosen depending on the
constructed study cases.

A recently proposed improved DVD plus GFM control [7] is
shown in Fig. 2, which consist of four units: Active power con-
trol (APC), DVD, AC voltage control (AVC) and circulating-
current suppression control (CCSC) as the MMC internal
control. The APC, which also serves as the synchronization
unit, is based on the Virtual Synchronous Machine (VSM)
control with a PLL providing frequency information from the
point of common coupling (PCC) and enabling the VSM to
follow its power reference when the grid frequency deviates
[8]. The AVC is realized with direct voltage modulation
plus a transient damping resistor (TDR), since it has been
demonstrated that this simple structure performs superior to
the cascaded control with a inner current loop in providing grid
strength and stability [9]. Its over-current protection [10] are
not triggered during small-signal disturbances of the converter
and therefore neglected in the studies in this paper. The
modifications proposed in [7] is the addition of the PCom
and VPSS to overcome the potential harmonic instability that
can be triggered on the DC-side.

III. INERTIA RESPONSE AND ITS TEST METHODS

A. C-RoCoF Test

A simplified swing equation of an SM can be seen in (1),
from which it can be understood that the inertia constant
HG brought by rotor mass limits the change of speed ω̇G

by relating it to active power and thereby counteracts its
imbalance during transients. Based on this logic, a test method
has been proposed in [4] suggesting to test the GFM device
by applying a C-RoCoF (i.e., ω̇G = CRoCoF ) to the AC grid
emulator on the test bench, with a constant power response
expected as in (2).

2HGω̇G = Pm − Pe −DG(ωG − ωref ) (1)

Fig. 1. The understudied 3-terminal HVDC system. To demonstrate the impact
of the number of terminals, in some study cases Station 3 and all of its
DC connection components are disconnected from the network to form a 2-
terminal system. MMC models with 400 sub-modules are implemented for
each station. DCRs and wide-band DC cable models of 525 kV are also
implemented in the simulations. The grid impedance is assumed as 0.25 p.u..

Fig. 2. Block diagram of the improved DVD plus GFM control strategy
proposed in [7]. In the study case where Master-Slave control is used, the
VPSS will be removed and the DVD will be replaced by PI controller for the
Master Station, namely, Gdc(s) = Kp + Ki

s
and Gdc(s) = 0 for the Slave

Stations in power mode. Other parameters used in this paper unless specifically
changed: H = 6 s, D = 700, Kdp = 5 p.u., Tz = 0.8, Tp = 3.3× 10−4,
ωd = 10π rads/s, ωcr = 20π rads/s

Pe = −2HGω̇G = −2HGCRoCoF (2)

B. SFO tests

A second test method used in this paper is to superimpose
a small SFO on the AC grid frequency and to measure the
response in the converter output power, i.e.:

ωg = ωg0 +∆ωg = 2π[50 + sin(0.2πt)] (3)

The SFO is chosen of 0.1 Hz since the oscillations of center-
of-inertia frequency typically occur in this range. This method
is able to reveal the phase of the power response to an SFO,
which determines whether it is truly stabilizing the frequency.
In the case where true INP is provided, according to (1), the
power should be leading the injected frequency disturbance by
90◦ if synchronization is assumed.

IV. INERTIA RESPONSE TESTS ON THE MASTER STATION

In this section, the two test methods discussed in III will
be first applied to the single DVC station in the Master-Slave



configuration and reveals that not only real INP is inaccessible
from this station but even negative INP can be excited.

A. The Master Station in C-RoCoF tests

For this test, Station 2 in Fig. 1 is configured as the Master
Station and it performs the DVC with a PI. Station 1 and
3 are configured in constant power mode. Then a C-RoCoF
of 0.5 Hz/s is introduced in Grid 2 and the active power
response of Station 2 is measured and plotted in Fig. 3. In
order to demonstrate the underlying logic of the C-RoCoF
test, a reference case is also constructed by connecting a DC
battery at the DC terminal of Station 2 and deactivating the
DVC and its dynamics. It can be observed in Fig. 3 that within
the reference case, the active power response to the C-RoCoF
reaches a constant at the steady-state with its value exactly as
predicted by (2).

However, without the DC batteries and with the DVC
dynamics imposed, the power response from Station 2 reaches
0 W at the steady-state. This gives the first straightforward
proof that real INP does not exist in the Master Station. Such
results may not appear surprising since with all the Slave
Stations in constant power mode, there is no stable energy
source to provide the extra constant power. However, what
the SFO tests further reveal is that the posed problem is more
than just a lack of disposable DC energy. The DVC dynamics
can modify the phase of the power response to an SFO in a
way that it becomes adverse to frequency stability.

Fig. 3. The power response to a C-RoCoF from the Master Station employing
a PI-based DVC in comparison to a reference case where DC batteries are
connected on the DC-side with all DVC dynamics eliminated. It can be clearly
observed that with the reference case the INP is reaching the expected constant
value at the steady-state yet with the DVC dynamics imposed, it reaches 0
W at the steady-state.

B. The Master Station in SFO tests

In this test, the Master-Slave configuration and the reference
case is identical to the one in the C-RoCoF test but with the
frequency in Grid 2 being disturbed by a small sinusoidal
signal as described in (3). It can be observed in Fig. 4 that
with the reference case, the power response is indeed leading
the injected frequency oscillation by 90◦ yet without the DC
batteries and with the DVC dynamics imposed, the power

response from Station 2 is lagging the oscillation by 90◦.
This implies a negative inertia behavior by which larger virtual
inertia constants lead to larger negative inertia behavior and
worst frequency stability. Although, it can also be seen in Fig.
4 that the magnitude of such negative inertia power response,
compared to the reference case, is much smaller, which means
that its frequency destabilizing effects are limited.

The mechanism of such phase modification by the DVC
can be understood by a simplified model of the control in Fig.
2, in which the dynamics of TDR, VPSS are neglected since
they are not active within the ultra low frequency range of
grid frequency oscillation (generally below 1 Hz). Plus, the
dynamics of CCSC can be neglected and the MMC can be
approximated by a 2-level voltage source converter [7] for
studying its LF dynamics. Then, Assuming that the VSM
of Station 2 is well synchronized with the grid, (4) and
sequentially (5) can be derived, from which it can be observed
that the double integral dynamics formed by the DC arm
capacitance (Cdc) and the PI integrator are what introduces the
180◦ phase shift to the power and thereby forms the negative
inertia. Additionally, it can be deduced that if the integrator of
the PI gets reduced, the phase shift will approach 90◦ instead
and constitutes a negative damping on the frequency, which
is also undesirable. The third conclusion can be drawn is that
increasing the DC voltage control gains generally reduces such
negative effects on the frequency stability by reducing the
magnitude of the active power response.

Gdc(s)∆v2dc2 = Gdc(s)
−2∆pe2
sCdc

≈ ∆pe2 + 2H∆θ̈e2 (4)

∆pe2 =
−sCdc

sCdc + 2Gdc(s)
2H∆θ̈e2 ≈ −s2Cdc

2(sKp +Ki)
2H∆θ̈e2

(5)

C. Load jump test in finite AC Grid

To further illustrate the effects of negative inertia, a load
jump test are designed with Grid 2 rated as 1 GW instead of
infinite bus and its frequency characteristics are determined
by a simplified governor + turbine + inertia model as shown
in Fig. 5. A sudden load jump of 0.5 GW is introduced by a
constant power load modeled by a GFL converter. It can be
observed in Fig. 6 that a larger inertia constant indeed leads
to a slightly worst frequency nadir in Grid 2 and a far worst
the DC voltage nadir at the same time, which matches the
negative but limited inertia measured by the SFO tests and
drives to the conclusion that increase the virtual inertia in a
single Master Station brings only deterioration of stability, on
both AC and DC side.

V. INERTIA PROVISION WITH THE ENHANCED DC
VOLTAGE DROOP CONTROL

In this section, similar tests described in Section V will
be applied to a 2 or 3 terminal system with each station
participating the DVD with the control strategy illustrated
in Fig. 2. It is found that real INP is made possible with



Fig. 4. The power response to a SFO from the Master Station employing
a PI-based DVC in comparison to a reference case where DC batteries are
connected on the DC-side with all DVC dynamics eliminated. It can be seen
that with the reference case the INP is leading the SFO by 90◦ as expected yet
with the DVC dynamics imposed, the power response is lagging the frequency
disturbance by 90◦, suggesting that it exhibits a negative inertia behavior.
Increasing the virtual inertia leads to stronger negative inertia effects and
reducing the integrator in the PI leads to a mixture of negative inertia and
negative frequency damping.

Fig. 5. The load jump test setup by performing a 0.5 GW load increase from a
GFL converter connected to Grid 2, which is replaced by a finite grid rated at
1 GVA with a simplified inertia plus primary control dynamics. Rf = 0.04;
TN = 1; TN = 6; Hg = 6.175.

this control by dynamically dispatching power from other
AC areas with negligible disturbances introduced to the DC
voltage. Numerical relationships between the effective inertia,
the droop gains and the number of terminals are also analysed
and validated by simulations.

A. Inertia power response in C-RoCoF tests

With the same control strategy depicted in Fig. 2 imple-
mented in all stations, C-RoCoF is again applied to Grid 2
and the power response of Station 2 is captured in Fig. 7. It
can be seen that a constant power is reached at the steady-
state in this case, implying that the INP is delivered with this
control.

Next, to understand the effective inertia formed by dispatch-
ing power from other AC areas, a generalized analysis for

Fig. 6. The simulation results of the load jump test. It can be seen that with a
single DVC station, increasing the virtual inertia leads to a slightly WORST
frequency nadir due the increased negative inertia effects, and a much worst
DC voltage nadir as well. Whereas with the improved droop control, frequency
nadir is improved with negligible disturbance on the DC voltage. It can also
be observed that whether Grid 1 and 3 are infinite bus (blue) or not (purple),
has no impact on the inertia formed at Station 2.

a N-terminal MTDC is performed by describing the system
approaching the quasi-steady-state during C-RoCoF or LF-
SFO. When the active power of the ith Station reaches a
quasi-steady-state, it is well synchronized with the ith grid
and the rest of the N-1 stations follow their own references
generated by the DC voltage deviation, which gives (6) and
(7) based on Fig. 2. Then, considering the losses in the system
has negligible effects on its dynamics, another two boundary
conditions can be set as (8). Combining (6), (6) and (8), gives
(9) and (10). which means that the magnitude of the INP is
the expected value defined by Hi scaled by the DC droop gain
relations.The second half of (9) is derived assuming that the
same PCom is applied to all stations, and it is valid during
both C-RoCoF and LF-SFO. (9) and (10) is then verified in
the simulation results in Fig. 7 – in the 2-terminal case the
effective inertia is 1

2H and in the 3-terminal case it is 2
3H and

the DC voltage deviation also scales down according to (10)
as the number of terminals increases.

2Gdc,i(s)∆vdc,i ≈ ∆pe,i + 2Hi∆θ̈e,i (6)

2Gdc,j(s)∆vdc,j = ∆pe,j , j ∈ [1, N ], j ̸= i (7)

N∑
j=1

pe,j = 0, ∆vdc,j = ∆vdc,i (8)

∆pe,i = −
∑j=N

j=1 Gdc,j(s)−Gdc,i(s)∑j=N
j=1 Gdc,j(s)

2Hi∆θ̈e,i

= −
∑j=N

j=1 Kdp,j −Kdp,i∑j=N
j=1 Kdp,j

2Hi∆θ̈e,i

(9)



∆vdc =
Hi∆θ̈e,i∑j=N

j=1 Gdc,j(s)
(10)

Fig. 7. The simulation results of C-RoCoF test with the improved DVD. Real
INP is formed by dispatching power from other AC grids via DC voltage
deviations. Given that H = 6s, CRoCoF = 0.02 p.u./s and Kdp = 5 p.u.,
(9) and (10) are also verified by the simulations.

B. Inertia power response in Sinusoidal frequency oscillation
Tests

SFO is applied again to Grid 2 and the active power
response of Station 2 is depicted in Fig. 8, from which it can
be observed that its phase is leading the SFO by 90◦, namely,
the correct phase of INP. Plus, its magnitude and the deviation
of DC voltage also match the prediction by (9) and (10).

Fig. 8. The simulation results of the SFO tests with the improved DVD. The
phase of the INP is correctly leading the SFO by 90◦.

C. Load jump test in finite AC Grid

At last, the improved control is also tested in a load jump
test with the same configuration as in Fig. 5 and compared
to the results obtained by the single U-station, where the
improvement on frequency nadir in Grid 2 is clearly visible
while the DC voltage disturbance is negligible. Additionally,

same tests are repeated with Grid 1 and 3 also being finite
AC grids with the same dynamics as Grid 2 and the obtained
results are identical, since Station 1 and 3 are still able to
followed their power references generated by DC voltage
deviation despite of the frequency variations in their AC areas.

VI. CONCLUSIONS AND FUTURE WORKS

This paper has demonstrated that if there is only one
DVC station in a HVDC system, such as the Master Station
in a Master-Slave control configuration, then applying GFM
control to this station cannot improve AC frequency stability.
On the contrary, increasing the virtual inertia in this station
brings increased negative inertia effects, or a combination of
negative inertia and negative frequency damping effects, which
deteriorates the frequency stability and the DC voltage stability
at the same time. An improved DC voltage droop control
in combination with GFM resolves this issue by dispatching
power from other AC areas to form the inertia response, while
introducing negligible disturbances to the DC voltage, which
makes it a good control candidate to share inertia reserves
from different AC areas.
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