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Abstract—The virtual synchronous control is regarded as an 

effective solution for grid-tied converters to operate under weak 

grid conditions and provide inertia support. However, for those 

grid-tied converters which control the DC voltage, e.g., the 

receiving end converter (REC) in modular multilevel converter 

based high-voltage direct-current (MMC-HVDC) transmission 

systems with wind farm integration, the application of virtual 

synchronous control is difficult due to the cascade control loops. 

The dynamic performance of DC voltage control may also be 

degraded. To address these issues, a novel grid-forming control 

strategy with real-time inertia support and fast DC voltage 

control is proposed for the REC. The cascade control loops of 

the virtual synchronous control are simplified by utilizing the 

internal energy stored in sub-module capacitors to emulate 

synchronous generator rotors. Moreover, the DC voltage is 

decoupled with the submodule capacitors voltage, thus being 

robust to sudden power change. Simulation results in 

PSCAD/EMTDC show that the proposed control realizes fast 

inertia support and desired dynamic control of the DC voltage, 

especially in weak grid operation. 

Keywords—VSC-HVDC, MMC, wind farm, frequency 

support, grid-forming control 

I. INTRODUCTION 

Modular multilevel converter-based high-voltage direct-
current (MMC-HVDC) transmission system[1] is regarded as 
an alternative solution for integrating large-scale offshore 
wind farms (OWFs) compared to its HVAC counterpart which 
has the capacitive charging effect of HVAC submarine cables. 
However, the replacement of synchronous power sources by 
MMC-HVDC system with OWF integration will reduce the 
inertia of the local power grid, which may lead to frequency 
stability issues. Moreover, the weak grid with a large 
penetration of inverter-based power sources may not be able 
to provide a stiff voltage at the point of common coupling. In 
this case, the conventional grid-following control strategy, 
which utilizes the phase-locked loop (PLL) to align the current 
reference of the vector current control, may suffer from 
oscillation issues if the parameters of PLL are not properly 
designed. 

The grid-forming control is an effective solution for grid-
tied converters to operate under weak grid conditions and 
provide inertia support. Different synchronization methods 

have been designed to replace the PLL [1]-[5]. However, most 
of the grid-forming control strategies only include the active 
power loop, and the DC side is simplified as a constant voltage 
source. For the receiving end converter (REC) in the MMC-
HVDC system with OWF integration, an additional Udc-P 
loop is needed to regulate the DC voltage. Such a multiloops 
control structure poses a great challenge in tuning the 
parameters. 

In order to simplify the converter control loops, the 
inherent dynamics of the DC side capacitor can be used to 
emulate the rotor of the synchronous generator (SG) [6]. In [7], 
a lead-lag transfer function is proposed in the converter 
control system to enhance the damping capability. In [8], the 
amplitude of the output AC voltage is regulated to perform the 
damping capability. These methods are mostly designed for 2-
level voltage source converters (VSCs). A common 
shortcoming of them is that the control of DC voltage is 
coupled with the grid-synchronization process. The DC 
voltage may be sensitive to sudden power change from the 
sending end, and cannot be controlled rapidly and precisely. 
Therefore, these control strategies cannot be easily extended 
to multi-terminal HVDC systems, in which the power flow 
may change frequently. In addition, when the DC voltage is 
utilized to deliver grid frequency information and facilitate 
OWFs to provide communication-less inertia support [8], this 
feature will influence the accuracy of grid frequency 
information and cause unexpected inertia response.  

In this letter, a novel control strategy for the REC in 
MMC-HVDC system with OWF integration is proposed. The 
proposed control consists of two parts. At the AC side, the 
overall stored energy of sub-module (SM) capacitors is 
calculated and used to emulate the SG’s rotor dynamics. This 
part will achieve the grid-synchronization of the REC without 
using a PLL, meanwhile the total energy of SM capacitors can 
remain balanced. At the DC side, the DC voltage is controlled 
to track grid frequency variation, thus delivering the grid 
frequency information to the SEC. In addition, the decoupled 
DC voltage control method is proposed and compared to the 
conventional DC voltage control method in this part. The 
results show that the decoupled DC voltage control method 
has a better dynamic performance of DC voltage regulation 
than the conventional method, as well as a higher accuracy 
when delivering grid frequency information. Thanks to this 
feature, the SEC can help the OWFs to sense grid frequency 
variation and provide communication-less inertia support to 
the onshore grid.  
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Number: 2018YFB1501300), and the Natural Science Foundation of 
Shanghai (Grant Number: 20ZR1427100)  



II. THE AC SIDE CONTROL: AUTONOMOUS-
SYNCHRONIZING CONTROL OF RECS  

As shown in Eq. (1), the total stored energy Wtotal in SM 
capacitors of the MMC can be calculated by: 
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where CSM is the SM capacitance and USMn is the SM voltage. 
In order to emulate the swing equation of the SG, a link 

between Wtotal and ωrec is established: 
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where Hv is the virtual inertia. 
The dynamic response of the Wtotal to input and output 

active power is: 
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Pdc is the DC side input active power of REC, and Pac is 
the AC side output active power of REC. It should be noted 
that the internal energy of SM capacitors is only used for grid-
synchronization. The inertia that the total SM capacitors can 
provide is very limited. Due to this physical constraint, the 
virtual inertia coefficient Hv should not be much larger than 
the equivalent time constant of all SM capacitors, which is 
usually in the range: 30~50 ms.  

Moreover, the damping capability can be achieved by 
regulating the AC voltage: 
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where Dv is the damping coefficient.  

The change of AC voltage will lead to the change of 
REC’s output AC power Pac: 
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Using Pac_new to replace Pac in Eq. (3), the output equation 
of the REC can be written as: 
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Therefore: 
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The Eq. (7) of the REC performs like the swing equation 
of the SG. Therefore, the REC will achieve the self-
synchronizing characteristic like an SG, i.e., the following 
correlations can be established: 

g ac total recP Wω δ ω↑ ↓ ↓ ↑ ↑ .       (8) 

The diagram of this internal energy based autonomous 
synchronizing control is shown in Fig. 1. 
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Fig. 1. Internal energy based autonomous synchronizing control of REC. 

The output active power of the REC is: 
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Considering Pdc and Pac as constants. the transfer function 
between ωg and ωrec can be derived from Eq. (7) and Eq. (9): 
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Taking the parameters in Table I for an example. The 
short-circuit-ratio (SCR) is set to 2.5, i.e., the equivalent grid 
impedance X�Σ is 0.4 p.u. Hv and Dv are set to 0.05s and 13, 
respectively. It can be calculated that the cut-off frequency of 
G(s) is 85 rad/s, which is much larger than the speed of grid 
frequency variation (usually 6rad/s). Therefore, ωrec can keep 
synchronized with ωg in approximately real time. 

 

III. THE DC SIDE CONTROL: DC VOLTAGE CONTROL OF RECS 

Two different methods can be utilized to control the DC 
voltage: the conventional DC voltage control and the 
decoupled DC voltage control[10].  

A. Conventional DC Voltage Control of REC 

In the conventional DC voltage control method, the DC-
link voltage of the MMC is usually controlled by the AC side 
active power, which is similar to the two-level VSC. The sum 
of the inserted submodules of the upper and lower arms is a 
constant N. Therefore, the DC-link voltage Udc is coupled with 
the average submodule capacitor voltage USMav: 
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The internal energy of SM capacitors can be written as: 
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TABLE I 
PARAMETERS OF THE HVDC SYSTEM  

Parameters Values 

Rated DC voltage ±320 kV 
Rated AC voltage (line-to-line) 333.13 kV 
Transformer leakage inductance 0.14 p.u. 

Rated active power 1000 MW 
REC and SEC  

SM number 412 
Redundant SMs  31 
SM capacitance 11 mF 
Arm inductance 80 mH 

 



CSM is the submodule capacitance. TMMC is the time 
constant of MMC submodules, which is usually 30-50ms in 
practical project. 

It can be observed from Eq. (10), (11) and (12) that: 
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Therefore, the DC voltage can keep synchronized with the 
grid frequency autonomously. Since the grid frequency 
variation is very small, the DC voltage can be controlled 
within the acceptable range. Moreover, the grid frequency 
variation is reflected on DC voltage according to Eq. (13), and 
the SEC can be informed with the grid frequency information 
without communication. Considering that the grid frequency 
variation is usually less than ±1%, and the DC voltage 
deviation is usually less than ±5%, Hv/TMMC should be less 
than 5.  

However, the DC voltage is coupled with the output 
frequency ωrec and the internal energy Wtotal of the REC with 
the conventional control strategy. The transfer function 
between Udc and Pdc, and between Udc and Ug can be derived 
from Eq. (7): 
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Pac and ωg are considered as constants in Eq. (14). Pdc and 
ωg are considered as constants in Eq. (15). Both transfer 
functions in Eq. (14) and Eq. (15) have a high gain at around 
100rad/s, which means that the DC voltage is sensitive to the 
change of Pdc and Ug. When there is a disturbance, e.g., wind 
power fluctuation or grid voltage variation, the accuracy of 
grid frequency information delivered by DC voltage will be 
largely influenced, and may cause unexpected inertia response. 
In order to solve this problem, the decoupled DC voltage 
control of REC can be utilized. 

B. Decoupled DC Voltage Control of REC 

In the decoupled DC voltage control, the sum of the 
inserted submodules of the upper and lower arms is no longer 
a constant and considered as a controllable value Ninsert. The 
DC voltage generated by the SMs Edc is: 

dc insert SMavE N U= .                        (16) 

The DC side equivalent circuit of the REC is shown in Fig. 
2. Leq is the equivalent inductance of the DC link inductance 
and MMC arm inductance. 0.5Cline is the equivalent 
capacitance of the DC link capacitance. Udc is the output DC 
voltage.  

Leq

EdcUdc

Idc

0.5Cline

 
Fig. 2. DC side equivalent circuit of REC. 

A closed-loop control structure is established in Fig. 3. By 
regulating Ninsert and Edc, Udc can be controlled rapidly and 
precisely.  
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Fig. 3. Decoupled DC voltage control of REC. 

In order to realize the communication-less inertia support 
from the SEC and the OWF, the grid frequency deviation ωg-
ω0 is converted to the change of the DC voltage reference ΔUdc. 
The grid frequency ωg can be obtained from the local SCADA 
or the PLL. Also, according to Eq. (10), ωrec can be applied 
here instead of ωg. If ωrec is applied here, a low-pass filter is 
required to filter out the disturbances mentioned in Eq. (14) 
and Eq. (15). 

With the decoupled DC voltage control, the DC voltage is 
decoupled with the internal energy of the MMC, thus being 
robust to the disturbance of grid voltage variation and wind 
power fluctuation. And the accuracy of grid frequency 
information delivery will be improved. 

IV. OVERALL CONTROL STRUCTURE OF MMC-HVDC 

SYSTEM WITH WIND FARM INTEGRATION 

The overall control structure of the MMC-HVDC system 
and wind farms is shown in Fig. 4. For the REC, the total 
energy of SM capacitors Wtotal is calculated and used for 
synchronization. The output AC voltage Uac is utilized to 
control the reactive power Qrec as well as provide damping 
term as is shown in Eq. (5). In order to decouple Udc with Wtotal 
and enhance the dynamic control performance of Udc, the 
decoupled DC voltage control method is applied. 

As mentioned earlier, the REC is mainly responsible for 
achieving the autonomous grid synchronization while the 
process itself has limited inertia support to the grid. This issue 
can be resolved by coordinating the SEC control and the OWF. 
As shown in Fig. 4, when the SEC is informed with grid 
frequency variations by detecting the DC voltage, the grid 
frequency variation will be immediately reflected on the AC 
frequency of the wind farm. 
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For the wind turbines, an additional value associated with 
the rate-of-change-of-frequency (ROCOF) is attached to the 
active power reference (PMPPT) given by the MPPT control. 



The additional power Padd is provided by accelerating or 
decelerating the wind turbine and utilizing the kinetic energy 
stored in rotating blades. Assuming that the virtual inertia of a 
wind farm is HWF, the value of Padd is: 
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V. SIMULATION RESULTS 

In order to verify the effectiveness of the proposed control 
strategy, a simulation model is built in PSCAD/EMTDC. The 
model is based on the Rudong OWF MMC-HVDC system in 
China. The parameters of the HVDC system can be found in 
Table I. The AC grid is equivalent to a 10 GVA SG and a 
4GW load. The SCR is set to 2.5, which represents a weak 
grid. The OWFs are aggregated to a 1000MW PMSG.  

 

Case1: Dynamic performance of the DC voltage control 

The output active power of the wind farm suddenly drops 
from 1 p.u. to 0.2 p.u. at t = 2 s, and increase from 0.2 p.u. to 
1p.u. at t = 5 s. The dynamic responses of the conventional DC 
voltage control and the decoupled DC voltage control are 
compared in this case. Hv and Dv of these control strategies are 
set to 0.05s and 13, respectively. 

It can be observed from Fig. 5 that the DC voltage 
variation of the decoupled DC voltage control is 1.5 %, which 
is much smaller than the conventional DC voltage control. The 
simulation results prove that the decoupled DC voltage control 
method has excellent dynamic responses under sudden active 
power changes. 
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Fig. 5.  Dynamic response of different control strategies in Case1. 

Case2: Inertia support  

Both decoupled DC voltage control and conventional DC 
voltage control are applied in this case. At t = 2 s, the load 
increase from 4 GW to 5 GW. It can be observed from Fig. 6 
and Fig. 7 that, with both control strategies, the DC voltage 
tracks the grid frequency rapidly. With this feature, the wind 
farm can provide fast inertia support, i.e., approximately 10% 
of its rated active power can be delivered to the grid. 
Compared to those inertia-less control strategies, the ROCOF 
of the grid is reduced. 

With conventional DC voltage control, it can be observed 
in Fig. 6 that at the beginning of inertia response, the DC 
voltage experience a transient dynamic. It is because that 
when the DC voltage tracks the grid frequency and decrease, 
the increase of active power from wind turbines will make DC 
voltage increase. This transient dynamic does not happen in 
Fig. 7, since the dynamic performance of DC voltage control 
with the decoupled DC voltage control is much better. 
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Fig. 4.  Overall control diagram of REC. 
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Fig. 6.  Responses of the MMC-HVDC system and the wind farm with 
conventional DC voltage control in Case2. 

0 5 10 15 2049.5

49.6

49.7

49.8

49.9

50.0

50.1
without inertia support

with inertia support
(decoupled DC voltage control)

G
ri

d 
fr

eq
ue

nc
y/

H
z

Time/s  

600

610

620

630

640

650

0 5 10 15 20
Time/s

D
C

 v
ol

ta
ge

/k
V

 

800

900

1000

1100

1200

0 5 10 15 20
Time/s

R
E

C
 a

ct
iv

e 
po

w
er

/M
W

 

Fig. 7.  Responses of the MMC-HVDC system and the wind farm with 
decoupled DC voltage control in Case2. 

VI. CONCLUSION 

This letter presents an autonomous grid-synchronization 
control strategy using MMC’s SM capacitor energy and 

applied to a practical test system of MMC-HVDC with OWF 
integration. Analysis has shown that the proposed method 
exhibits some superior performances in weak grid operation 
and particularly in achieving fast and autonomous inertia 
support compared to conventional control strategies. 

The key control techniques developed enabling the above 
superiorities mainly lie in twofold: 1) the DC voltage control 
is decoupled from the SM capacitor voltage, which results in 
an excellent dynamic performance; 2) the grid frequency 
variation can be delivered to the wind turbines in an almost 
real-time manner, therefore, the synthetic inertia response 
from the wind farm can be delivered to the grid with a fewer 
time-delay. 
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