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Abstract—This paper systematically investigates the
multi-degree-of-freedom (Multi-DoF) control framework of high
voltage direct current (HVDC) converters based on their
topological characteristics and control requirements. First, this
study reveals that the control degrees of freedom (CDoF) of a
converter are determined by its topology. Specifically, a
line-commutated converter (LCC) possesses only one CDoF, a
voltage source converter (VSC) has two, and a modular multilevel
converter (MMC) can theoretically achieve up to eight. However,
only six CDoF are practically necessary for MMC. Despite this,
existing MMC control strategies utilize only four CDoF, limiting
control flexibility. To overcome this issue, this paper proposes a
six-degree-of-freedom (6 DoF) control framework for MMC,
which enables asymmetric and precise regulation of DC voltage
and SM capacitor voltage compared to the existing MMC control.
Based on this framework, corresponding control strategies are
designed for MMCs in HVDC systems with different control
objectives. Finally, a two-terminal MMC-HVDC system is built on
the PSCAD/EMTDC to verify the effectiveness of the proposed 6
DoF control.

Index Terms—DC transmission, line commutated converter,
voltage source converter, modular multilevel converter, control
degree of freedom.

I. INTRODUCTION

odern high-voltage direct current (HVDC) transmission
technology began to develop in the mid-20th century and

has advanced rapidly. It has evolved into two main types:
conventional HVDC transmission and flexible HVDC
transmission, both of which have been widely applied in
large-scale projects. Conventional HVDC transmission uses
thyristor-based line commutated converter (LCC). LCC offers
advantages such as low cost and strong resistance to transient
disturbances. However, they lack self-commutation capability
and rely on the AC grid for commutation. In addition, the risk
of commutation failure remains a major threat to grid security.

In contrast, flexible HVDC transmission uses fully
controllable insulated gate bipolar transistor (IGBT) devices.
The main topologies include voltage source converters (VSC)
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and modular multilevel converter (MMC). These converters
offer self-commutation, decoupled active and reactive power
control, and the ability to connect to passive networks.

LCC uses thyristors, which can only be turned on but not
actively turned off. By adjusting the firing time of the thyristors,
LCC regulates the DC voltage and controls active power.
Therefore, its control method is primarily based on firing angle
regulation [1]. For instance, many studies have proposed
improved control strategies to prevent commutation failures
under grid faults [2]-[9]. Further research has introduced
frequency control and damping control to support the AC grid
during steady-state operation [10]-[16].

VSC uses IGBTs, which can be both turned on and turned off.
This gives VSC greater flexibility than LCC. The existing
control strategies of VSC can be classified into indirect current
control [17]-[19] and direct current control [20]. Most practical
VSCs use direct current control in the synchronous rotating
reference frame (dq-reference frame), also known as vector
current control. To improve stability performance in weak AC
grids, researchers have developed grid-forming control
strategies that do not rely on phase-locked loops (PLL)
[21]-[44]. These strategies allow VSCs to establish voltage
amplitude and frequency independently, ensuring fast response
to grid fluctuations while providing voltage and frequency
support.

MMC has a modular topology that allows independent
modulation of the upper and lower bridge arms. Traditional
MMC control strategies are similar to those of VSCs. The main
objectives are active/reactive power control, DC voltage
control, and grid-forming control. Therefore, most MMC
control systems use a vector current control structure, similar to
VSCs. However, different from VSC, the modulation of
sub-module (SM) capacitors in MMC generates second
harmonic circulating currents, which require additional
circulating current suppression control [20].

With the increasing demand for long-distance DC power
transmission, current limiting under DC faults has become a
major challenge for the MMC that is only based on the vector
current control. To reduce the requirements for DC circuit
breakers and improve fault ride-through capability, researchers
have modified the conventional vector control structure. By
introducing a DC current control loop, they enable direct
regulation of the DC voltage, allowing MMC to limit the fault
current to continue operating during DC faults [45]-[49].

With the large-scale integration of renewable energy and
power electronics-based devices into AC grids, the strength and
inertia of power systems are gradually decreasing. MMCs
contain hundreds or thousands of SM capacitors, which can act
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as energy storage devices and actively support grid stability.
Early studies proposed differential-mode and common-mode
control of MMC capacitor energy to balance arm and phase
energy separately [50]. However, these strategies relied on
indirect current control and lacked fault current limiting
capability. Later research addressed these limitations by adding
differential-mode and common-mode energy control into
vector current control [51][52]. Nevertheless, capacitor energy
must be regulated to maintain its rated value, ensuring stable
operation. Referring to the control strategies of hybrid MMCs,
reference [53] proposed a capacitor energy control method
based on a DC current controller. This approach introduced
variable nearest level modulation (NLM), allowing MMC to
manage capacitor energy flexibly. Building on this control
framework, many studies have explored MMC capacitor
energy-based support strategies, including AC fault
ride-through [54][55], frequency/inertia support [56][58], and
weak AC grid integration [59]-[61].

The above analysis shows that HVDC converter topologies
and control strategies continue to evolve to meet the needs of
new power systems. However, most research focuses on
improving control functions and applications, while the
relationships between different control strategies and the
evolution of control structures remain insufficiently explored.

To address this gap, The main novelty and contributions of
this paper are listed:
 A new perspective from control degree of freedom (CDoF)

is presented to propose the viewpoint that converter
topology determines its control flexibility. On this basis,
multi-degree-of-freedom (Multi DoF) control framework is
developed to evaluate the control capability of different
HVDC converters, systematically identifying their inherent
limitations and guiding control architecture evolution.

 A novel 6 DoF control strategy for MMCs is developed,
which extends traditional control methods by enabling
asymmetric regulation of arm DC voltages and submodule
capacitor voltages. This added flexibility significantly
improves the operational reliability MMC-HVDC,
especially under DC faults.

The paper is organized as follows. Sections II, III, and IV
analyze the control requirements, objectives and schemes of
LCC, VSC, and MMC, respectively. Section V introduces the
CDoF-based classification, summarizes the existing limitations
of MMCs, and proposes the 6 DoF control strategy. Section VI
validates its enhanced flexibility through simulation. Section
VII discusses the CDoF requirements for grid-forming MMCs
in future power systems. Conclusions are drawn in Section
VIII.

II. LINE COMMUTATED CONVERTER

A. Control Requirements of LCC
Fig. 1 illustrates the topology of an LCC converter. In Fig. 1,

XT represents the equivalent commutation reactance, vs is the
voltage of the AC grid, and Vdcp and Vdcn denote the positive and
negative-pole DC-side voltages, respectively. Since thyristors
can only be actively turned on but not turned off, the AC side
must provide a stable AC voltage to maintain a stable DC-side

voltage.

Fig. 1 Topology diagram of LCC.
During normal operation, when the LCC triggers the

thyristors, the DC-side voltage waveforms can be modulated
based on the circuit topology, as shown in the red and blue
curves in Fig. 1. It is evident that different triggering times
result in different DC-side voltage. Therefore, the LCC can
adjust the firing angle α to control the turn-on timing of the
thyristors, thereby regulating the DC voltage. The relationship
between the firing angle and the DC voltage is given by:
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dc ac i T dc

31.35 cos    Rectifier

31.35 cos    Inverter

V V X I

V V X I







  

  


，

，

(1)

where Vac is the RMS value of the line voltage on the valve side
of the transformer.

From the above analysis, it is evident that due to the
semi-controlled characteristic of thyristors, LCC has only one
control variable, which is the firing angle �. During normal
operation, the LCC’s control system must determine the
appropriate firing angle based on the given control objectives.

To quantify the control flexibility of converter, the concept
of CDoF is proposed in [60], which characterizes the number of
control variables and serves as an indicator to measure the
control ability. Thus, according to the definition of CDoF, LCC
has one CDoF.

B. Existing Control of LCC
To determine the firing angle α, the typical control structure

of rectifier and inverter stations in LCC-HVDC system is
shown in Fig. 2. The detailed definition of the variables in Fig.
2 can be found in reference [62]. On the rectifier side, the
control strategy adopts constant DC current control. While on
the inverter side, the control strategy includes constant DC
current control and constant extinction angle (γ) control.
Additionally, the inverter side is equipped with a
Voltage-Dependent Current Order Limiter (VDCOL). The
VDCOL control adjusts the DC current reference (Idref) based
on the DC voltage. During AC transient faults, it dynamically
manages reactive power consumption, helping to reduce AC
overvoltage [63][64].

To prevent instability caused by simultaneous operation of
current controllers at both terminals, the reference value of the
inverter-side current regulator is typically set at 0.1p.u., lower
than that of the rectifier-side (current margin Imargin). This
method, known as the “current margin method”, was first
applied in the 1954 Gotland HVDC project in Sweden.
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Fig. 2 Control of LCC at the rectifier and inverter stations.
Since LCC relies on the external AC grid to provide

commutation voltage, faults in the receiving-end AC system or
switching operations near the inverter station can lead to
voltage dips, making commutation failure highly likely
[65]-[67]. Commutation failure can temporarily interrupt the
HVDC link, causing a large power disturbance in the power
system. One of the common methods to mitigate commutation
failure is to improve control strategies. Despite various
improved control strategies being developed in [1]-[9], all of
these are implemented by regulating the firing angle.

Beyond commutation failure mitigation, efforts have also
been made to enhance the grid support capabilities of
LCC-HVDC systems. Some system-level control functions,
such as frequency control [10]-[13] and damping control
[14]-[16], were also designed by adding outer-loop controllers
to the basic control shown in Fig. 2. Although the control
structures of these schemes are quite complex, the ultimate
control variable remains the firing angle.

In summary, due to the inherent thyristor-based
characteristics, the CDoF of LCC is constrained to regulating
the firing angle. Hence, all the control strategies of the LCC can
be referred to as 1 DoF control.

III. VOLTAGE SOURCE CONVERTER

A. Control Requirements of VSC
In 1990, Boon-Teck Ooi and his team at McGill University

in Canada first proposed the concept of VSC [17]-[19]. Take
the two-level VSC (TL-VSC) as an example, the topology is
shown in Fig. 3. As can be seen, VSC replaces the thyristors in
Fig. 1 with fully controllable IGBTs. Consequently, the VSC
does not require commutation voltage from the AC side. By
controlling the switching actions (turning on and off) of the
IGBTs, VSC can generate an AC voltage wave automatically.

Fig. 3 Topology diagram of TL-VSC.
When the VSC operates, the control system should first

determine the desired AC voltage waveform to be output at the
AC side, i.e., mj in Fig. 3 (per unit value, j = a, b, c). Further, the
pulse width modulation (PWM) method is employed to use mj

as the modulation wave and compare mj with the triangular
carrier wave ur to generate the trigger pulses required for the
IGBT. By applying the turn-on and turn-off signals to the
IGBTs multiple times within one power frequency cycle, a
pulse wave vc with two levels (Vdc/2 and -Vdc/2) is produced on
the AC side. According to the impulse equivalence principle, vc

can be equivalently represented as the fundamental frequency
voltage vc0. Here, vc0 shares the same characteristics as the mj.

Taking phase a as an example, mj can be expressed as:
a ac 0 accos( )m M t   (2)

where, Mac and φac are the amplitude and phase of the voltage
modulation wave mj, respectively. Hence, the relationship
between vc0 and mj satisfies:

c0 a a dc a dc 0_ ac

ac

1 0.5 cos( )
2

V

v m V M V t    (3)

where Vac is the amplitude of the AC side voltage of the VSC.
From the above analysis, it can be concluded that the control

objective of the VSC is to determine the required AC voltage
modulation wave mj, including 2 control variables: the voltage
amplitude Mac and phase φac. Therefore, the CDoF of the VSC
can be increased to 2 compared to LCC.

B. Existing Control of LCC
1) Indirect current control

To determine the AC voltage modulation wave mj,
references [17]-[19] present the basic control structure of VSCs,
as shown in Fig. 4. In this control framework, the VSC directly
sets the amplitude Vac and phase φac of the AC modulation
voltage. Using a three-phase sine wave generator, VSC can
then generate the required voltage modulation waves mj.

To regulate power, power control loops are applied at the
outer loop of the control architecture shown in Fig. 4. Based on
the mathematical model of VSC, control of active power Pac

and DC voltage Vdc can be achieved by directly adjusting the
phase angle φac of the AC voltage. Meanwhile, reactive power
Qac and AC voltage Vm can be regulated by directly controlling
the amplitude Vac of the AC voltage.

During normal operation, the VSC dynamically calculates
the required output voltage amplitude Vac and phase φac based
on the deviation between the actual and reference values of
active and reactive power. This indirectly adjusts the output
current of the VSC, thereby achieving power regulation. Due to
this indirect relationship, this control method is referred to as
indirect current control. However, it has certain drawbacks,
including slower current response, high dependence on system
parameters, and increased risk of VSC valve overcurrent during
external grid disturbances [68].

Fig. 4 Indirect current control of VSC.
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2) Direct current control
To achieve fast control of the AC output current of the

converter and ensure fault current limiting, the control
architecture of VSC has gradually evolved into a direct current
control. There are three implementation methods, each
corresponding to a different reference frame (abc, αβ, and
dq-reference frame). Among them, the vector current control
method, which is based on the dq-reference frame combined
with PI controllers, is the most practical, as shown in Fig. 5.

Fig. 5 Vector current control of VSC.
Unlike indirect current control shown in Fig. 4, the voltage

modulation wave mj in vector current control is not generated
by the sine wave generator, but is obtained through the inverse
Park transformation from the dq-axis modulation signals (Md

and Mq). The relationship between Md, Mq, and mj is given by
the following equation:

2 2
a d q 0 q d

acac

cos( ( arctan( )))
V

m M M t M M


    


(4)

As can be seen, the amplitude Vac of the AC modulation
voltage is adjusted by modifying the size of dq-axis modulation
signals (Md and Mq). Additionally, since the reference phase θ
for the inverse Park transformation is determined by the PLL
based on the measured grid voltage, the phase φac of the AC
modulation voltage can be controlled by adjusting the ratio
between Md and Mq. Thus, the modulation signals (Md and Mq)
are equivalent to these (Vac and φac) in Fig. 4.

To obtain the modulation signals Md and Mq for fast AC
current regulation, the vector current control introduces a
decoupling control branch. This allows independent control of
active and reactive power, as illustrated by the gain Leqpu in Fig.
5. Under this control framework, active power control and
reactive power control are achieved through d-axis and q-axis
current control, respectively.
3) AC grid-forming control

With the increasing integration of power electronic devices
and renewable energy sources into AC grids, power systems are
gradually exhibiting low short-circuit ratio (SCR)
characteristics. The PLL-based vector current control strategy
(also known as grid-following control, as shown in Fig. 5) faces
stability risks due to parameter sensitivity and lack of grid
support capability. To address this issue, references [21]-[44]
proposed grid-forming control strategies for VSC that do not
rely on PLL. These grid-forming control schemes
autonomously establish AC voltage amplitude and frequency,
enabling instantaneous response to grid dynamics and
providing voltage and frequency support. The basic framework
of grid-forming control can be summarized in Fig. 6.

In Fig. 6, grid-forming control consists of an autonomous
synchronization loop and a voltage control loop. The

autonomous synchronization loop determines the phase of the
converter output voltage, thus regulating the output frequency.
It can be implemented using various methods, including: 1.
Power synchronization control [23]-[31]. 2. Matching control
[32]-[35]. 3. Virtual oscillator control [36]-[44].

Power synchronization control mimics the power
characteristics of synchronous generators (SGs) by replicating
the SG’s rotor motion equation and excitation control. This
allows autonomous regulation of AC voltage amplitude and
frequency. However, this method requires a stable DC source,
making it unsuitable for constant DC voltage stations.

To address this limitation, researchers have developed
matching control, which draws an analogy between the DC
capacitor of the converter and the dynamics of an SG’s rotor,
allowing regulation of DC-side voltage.

Virtual oscillator control models the converter as a weakly
nonlinear oscillator, enabling it to autonomously generate
sinusoidal voltage amplitude and frequency [69]. This method
enhances synchronization stability among multiple converters.

In terms of the voltage control loop, there are two main
structures: dual-loop voltage control and single-loop voltage
control. Reference [21] suggests that when the AC-side
reactance is large, single-loop voltage control provides better
dynamic performance and stability. However, when the AC
reactance is not very large, these advantages become less
significant. Additionally, since single-loop voltage control
lacks a current regulation loop, dual-loop voltage control is
more effective in limiting current during AC faults [69].
However, the presence of current control may prevent the
converter from fully exhibiting voltage source characteristics
during grid disturbances. Regardless of the voltage control
method used, the implementation of voltage regulation still
follows either the indirect current control framework (in Fig. 4)
or the vector current control framework (in Fig. 5).

Fig. 6 AC grid-forming control of VSC.
Based on the analysis, the existing control structures for VSC

mainly include indirect current control, vector current control,
and AC grid-forming control. The control principle of these
methods relies on determining two key parameters of the VSC
AC voltage: its amplitude Vac and phase φac. Therefore, these
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control structures can all be referred to as 2 DoF control.

IV. MODULAR MULTILEVEL CONVERTER

A. Control Requirements of MMC
Unlike the VSC converter, which uses centralized IGBT in

its arms, the MMC converter adopts a modular design, as
shown in Fig. 7 (a). Each SM consists of at least two IGBTs,
allowing MMC to insert and bypass SMs. Additionally, the
upper and lower arms of an MMC can be modulated separately,
providing greater control flexibility than VSC.

Taking a single-phase as an example, the single-phase
equivalent circuit of MMC is illustrated in Fig. 7 (b). To
simplify theoretical analysis, the leakage reactance XT of the
coupling transformer, as well as the resistance and inductance
of the MMC arms, are neglected in Fig. 7.

(a) Topology of MMC

(b) Single-phase equivalent circuit of MMC
Fig. 7 Operational schematic diagram of MMC.

The operating principle of MMC can be summarized as
follows: During normal operation, the MMC should first
determine the desired modulation voltage waveforms for the
upper and lower arms (vpj and vnj) based on the control
objectives. Then, the NLM method is applied to calculate the
number (Npj and Nnj) of SMs required to be inserted in each arm.
The controller selects the appropriate SMs and applies trigger
pulses, thereby generating the AC-side voltage vcj and DC
voltage Vdc through modulation on both the AC and DC sides.
The relationship between the arm modulation voltage and the
AC/DC-side voltages can be approximately expressed as:

pn
c

pdc n

2
jj

j

jj

v v
v

V v v





  

(5)

Therefore, the core of MMC control lies in determining the

arm modulation voltage. Since MMC primarily converts
between the fundamental-frequency AC voltage and DC
voltage, the arm modulation voltage in (5) can be further
decomposed into fundamental-frequency AC components ( ac

pjv
and ac

njv ) and DC components ( dc
pjv and dc

njv ). Additionally, as
shown in Fig. 7 (b), the arm modulation voltages are also
influenced by the average SM capacitor voltage (VCavgpj and
VCavgnj) and the number of inserted SMs (Npj and Nnj), satisfying
the following relationship:

p p Cavgp

n n Cavgn

j j j

j j j

v N V

v N V


 

(6)

In summary, topological characteristics of MMC determine
that its control system must have the ability to determine the
following six electrical quantities (eight control variables): The
amplitude (Vacp, Vacn) and phase (φacp, φacn) of ac

pjv and ac
njv ; The

amplitude of dc
pjv and dc

njv ; The SM capacitor voltages VCavgpj

and VCavgnj. Thus, MMC has eight CDoF theoretically.

B. Existing Control of MMC
Based on the above analysis, although MMC arms can be

modulated separately, existing MMC-HVDC projects adopt a
symmetric modulation method. Under this condition, the AC
and DC components of the upper and lower arm modulation
voltages are identical, where the AC components are equal in
magnitude but opposite in sign ( ac ac

pn jjv v ), the DC components
are equal ( dc dc

p nj jv v ), and the SM capacitor voltages are also
equal (VCavgpj=VCavgnj). Therefore, MMC’s control only needs to
determine the following three electrical quantities (four control
variables): The amplitude (Vacp, Vacn) and phase (φacp, φacn) of

ac
pjv or ac

njv ; The amplitude of dc
pjv or dc

njv ; The SM capacitor
voltages VCavgpj or VCavgnj.
1) 2-Degree-of-Freedom Control

Fig. 8 illustrates the mainstream MMC control structure. The
key difference between MMC control and VSC control lies in
the arm voltage calculation and NLM.

To determine the AC component of the arm modulation
voltage ( ac

pjv or ac
njv ), the control must determine both its

amplitude and phase. This control objective is identical to the
generation of modulation wave mj in VSC, as discussed in
Section III.B. Therefore, MMC can adopt the same 2 DOF
control as VSC, including indirect current control, vector
current control, and AC grid-forming control. Fig. 8 illustrates
the vector current control, in which the amplitude and phase of
mj are determined by adjusting Md and Mq.

Fig. 8 2-degree-of-freedom-control of MMC.
To determine the DC component ( dc

pjv or dc
njv ), existing

MMC control methods typically assume a constant DC voltage.
As a result, the DC component of the arm voltage is fixed at 1.0
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p.u. in Fig. 8. Although this assumption does not affect the
steady-state operation of MMC, it makes flexible DC voltage
regulation more challenging. It should be noted that while the
control method illustrated in Fig. 8 enables DC voltage
regulation, it is achieved by regulating the AC components of
the arm modulation voltage (Md andMq in Fig. 8) to control AC
power and finally control DC voltage. Thus, this approach will
cause a control coupling between DC voltage and AC voltage.

Additionally, according to the NLM principle, the number of
inserted SMs must be calculated. To simplify control, it often
assumes that the average SM capacitor voltages (VCavgpj and
VCavgnj) are constant at the rated value VCN. Therefore, in Fig. 8,
NLM typically uses VCN as the denominator. However, to
ensure the accuracy of the SM insertion count, this will prevent
MMC from regulating the SM capacitor voltage.

In summary, although MMC offers greater topological
flexibility, the control strategy shown in Fig. 8 only has two
control variables, Md and Mq, which allow regulation of the AC
voltage amplitude and phase but not the DC voltage or SM
capacitor voltage. Therefore, this control approach is also
referred to as MMC’s 2 DoF control.

Based on this 2 DOF control framework, studies [70]-[72]
introduced third-harmonic voltage injection in the arm voltage
calculation of Fig. 8, improving the power transfer capacity and
DC voltage utilization. To balance SM capacitor voltages
between phases and arms, studies [50]-[52] proposed an MMC
energy balancing control framework. Further considering AC
system support, various enhanced control strategies were
developed for MMCs, all based on the vector current control.
These strategies include frequency and inertia support control
[73]-[76], voltage support control [77]-[80], and damping
support control [81]-[87].

Although third-harmonic injection control, energy balancing
control, and grid support control serve as enhancements to the
control shown in Fig. 8, their basic principle remains the same:
achieving control objectives by adjusting the amplitude Vac and
phase φac of the AC component of arm modulation voltage.
2) 3-Degree-of-Freedom Control

As analyzed in Section IV.B.1), when using the 2 DoF
control shown in Fig. 8, the MMC cannot flexibly regulate the
DC voltage independently of the AC voltage. Under DC line
short-circuit faults, the fault current can surge to extremely high
levels within milliseconds, posing a severe threat to system and
equipment safety [20][88]. Typically, the fault is isolated by
tripping circuit breakers or blocking the converter [89]-[91], as
seen in the Zhangbei DC grid project in China.

With the introduction of full-bridge SMs, hybrid MMCs
combining full-bridge and half-bridge SMs gain the ability to
output negative voltage, enabling active fault current limiting.
Leveraging the flexibility of hybrid MMC topology, references
[45] and [46] broke through the traditional 2 DoF control by
introducing a DC current control, as shown in Fig. 9.

Compared to the 2 DoF control in Fig. 8, the control in Fig. 9
no longer maintains the dc

pjv at rated value. Instead, it adds a
third modulation signal Mdc to adjust dc

pjv , which can be termed
MMC’s 3 DoF control. In this way, the MMC can not only
regulate AC voltage amplitude and phase but also directly

regulate DC voltage. However, since the NLM still uses VCN as
the denominator, the 3 DoF control cannot actively regulate the
SM capacitor voltage.

Fig. 9 3-degree-of-freedom-control of MMC.
By directly controlling DC voltage, the MMC can rapidly

reduce the DC output voltage during a DC fault, suppressing
the DC fault current and enabling fault ride-through without
blocking MMC [47]-[49]. References [92] and [93] further
designed online entry/exit strategies for MMC, enhancing
operational flexibility and reliability [94]. This control
architecture has been successfully applied in the Kunliulong
DC project in China [95][96].

Additionally, since DC current control can independently
regulate DC voltage apart from vector current control, studies
[97]-[100] proposed a dual-port voltage control structure based
on 3 DoF control, as shown in Fig. 10. This control achieves
simultaneous regulation of DC and AC voltages. Although the
2 DoF control architecture in Fig. 8 can also regulate both DC
and AC voltages [20], the DC voltage control is coupled with
the AC voltage control through the d-axis current control,
resulting in slower response times.

Fig. 10 Dual-port voltage control of MMC.
3) 4-Degree-of-Freedom Control

As analyzed above, in the NLM of 3 DoF control, the rated
SM capacitor voltage (VCN) is used as the denominator, which
makes it challenging to regulate the SM capacitor voltage. To
address this issue, references [59] and [60] propose active
energy control to achieve regulation of the SM capacitor
voltage. The inner loop control block diagram is shown in Fig.
11. As can be seen, active energy control introduces a capacitor
voltage modulation coefficient (MC) to replace VCN in the 3 DoF
control. The MC is expressed as:

 C Cavga Cavgb Cavgc
1
3

M V V V   (7)

where VCavgj (j = a, b, c) represents the average SM capacitor
voltage per phase.
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Fig. 11 4-degree-of-freedom control of MMC.
In Fig. 11, the MMC converter includes four modulation

coefficients in its control: Md, Mq, Mdc, and MC. Thus, it can be
referred to as the 4 DOF control of MMC. The function of these
coefficients can be summarized [60]:
 Md and Mq are used to regulate the amplitude Vac and phase

φac of the AC component of arm voltage ac
pjv (or ac

njv ).
 Mdc is responsible for adjusting DC component dc

pjv (or dc
njv ).

 MC is to manage SM capacitor voltage VCavgpj (or VCavgnj).
Based on the energy regulation capability of the 4 DOF

control architecture, an inertia support method utilizing MMC
energy has been developed. References [102] and [103]
introduced the frequency-energy (f-W) droop control for MMC
to emulate the rotor kinetic energy characteristics of SGs under
frequency deviations. Further, references [56] and [57]
incorporated short-term frequency regulation control into the
f-W control strategy. However, the duration of energy
utilization is very short under major frequency disturbance,
leading to a rapid interruption of inertia support, thereby
weakening its effectiveness. To address this issue, reference
[58] proposed an energy regulation curve based on the rate of
change of frequency (RoCoF), which can enhance the inertia
support capability of MMC by more than 10%.

V. ANALYSIS OF MULTI-DEGREE-OF-FREEDOM CONTROL
FRAMEWORK OF HVDC CONVERTERS

A. Control Degree of Freedom of HVDC Converters
As analyzed above, continuous advancements in power

electronic devices and topologies have significantly enhanced
the control flexibility of DC converters. Therefore, this section
provides a comprehensive summary of the CDoF in HVDC
converters, integrating their topological characteristics and
control requirements. A summary of existing
multi-degree-of-freedom control strategies for converters is
presented in the green-shaded areas of TABLE I.

The LCC adopts thyristors, which can only be actively
turned on but cannot be turned off autonomously. As a result,
LCC can only achieve DC voltage regulation by adjusting a
single control variable, i.e., the firing angle. Consequently, the
control objective of LCC is only to determine the firing angle,
which means that the maximum CDoF of LCC is 1.

Compared to LCC, the VSC utilizes fully controllable IGBT
devices and PWM technology to generate an AC voltage
waveform that matches the AC voltage modulation wave. Thus,
the control objective of VSC is to determine AC modulation

voltage. Since the AC voltage modulation wave has two
variables-amplitude and phase that need to be determined, the
maximum CDoF of VSC is 2. Thus, 2 DoF control strategies
such as indirect current control, vector current control, and
grid-forming control, have already reached the control limits of
VSC.

For MMC, each arm is designed with a modular structure
and employs NLM techniques. The voltage modulation wave of
each arm contains four control variables: AC component
(including amplitude and phase), DC component, and SM
capacitor voltage. Considering both the upper and lower arms,
MMC theoretically has a maximum of 8 CDoF. However, due
to the symmetrical modulation approach adopted in current
MMC control schemes, the maximum CDoF is limited to 4 in
practice. Therefore, the 4 DoF control method illustrated in Fig.
11 represents the control limit of MMC under symmetrical
modulation conditions.

B. Control Framework Expansion of MMC
Further considering the asymmetric modulation of MMC,

the flexibility of the existing MMC control can be enhanced.
From the previous analysis, under symmetric modulation
operation, a single arm modulation voltage must be determined,
including the amplitude and phase of the AC component, the
DC component, and the SM capacitor voltage. In contrast,
asymmetric modulation requires determining the voltage
modulation waves of both the upper and lower arms separately.
1) AC component modulation: For asymmetric modulation

of the AC component, the condition ac
pjv ≠ ac

njv arises. According
to Fig. 7 and (5), MMC’s AC-side voltage can be regulated by
adjusting either ac

pjv and ac
njv , with a control effect equivalent to

that of symmetric modulation. However, it will simultaneously
introduce a voltage containing both AC and DC components at
MMC’s DC side. This may result in a significant fundamental
frequency AC current flowing between the upper and lower
arms, drastically increasing converter valve losses.
Additionally, the AC current on the DC side can propagate
along the DC transmission line, negatively impacting the
stability of other MMCs. Thus, although technically feasible,
asymmetric modulation of the AC component is impractical for
real-world applications due to its severe impact on system
economic efficiency and operational safety. Therefore, this
paper does not further explore control structures based on
asymmetric AC component modulation.
2) DC component modulation: For asymmetric modulation

of the DC component, the condition dc
pjv ≠ dc

njv arises. According
to (5), MMC’s DC-side voltage regulation can be achieved by
adjusting either dc

pjv and dc
njv . Since DC transmission generally

operates in a pseudo-bipolar or bipolar mode, asymmetric
modulation of the DC component can be used to regulate the
positive and negative DC voltages (Vdcp and Vdcn), enabling
independent pole operation under a single-pole fault. However,
under this condition, MMC’s AC-side voltage will exhibit a DC
offset. To mitigate this, the MMC transformer should adopt a
high-resistance grounding configuration on the valve side to
reduce ground current and minimize operational losses.

In symmetric modulation, the DC component of the arm
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modulation voltage is controlled by Mdc. Therefore, under
asymmetric modulation, independent regulation of the DC
components of the upper and lower arms requires two separate
control variables, Mdcp and Mdcn. By analogy with the 4 DoF
control shown in Fig. 11, the control structure can be extended
to the 5 DoF control illustrated in Fig. 12. This expanded
control architecture includes five control variables: Md, Mq,
Mdcp, Mdcn, and MC.

Fig. 12 5-degree-of-freedom control of MMC.
3) Capacitor voltage modulation
For asymmetric modulation of the capacitor voltage, the

condition VCavgpj≠VCavgnj arises. According to (6), since SMs can
be dynamically inserted or bypassed, variations in the SM
capacitor voltage do not affect the arm voltage modulation
waves. Consequently, it also does not impact MMC’s AC and
DC voltage. This indicates that asymmetric modulation of the
SM capacitor voltage is feasible.

As analyzed above, in a symmetric modulation structure, the
SM capacitor voltage in the NLM is determined by MC.
Therefore, under asymmetric modulation, to further regulate
the SM capacitor voltages of the upper and lower arms, two
separate control components, MCp and MCn, are required for
independent adjustment, respectively:

 

 

Cp Cavgp Cavgpa Cavgpb Cavgpc

Cn Cavgn Cavgna Cavgnb Cavgnc

1
3
1
3

M V V V V

M V V V V

   

   
(8)

Based on the 5 DOF control shown in Fig. 12, a similar
control architecture can be derived to achieve asymmetric
modulation of the SM capacitor voltages in the upper and lower
arms, as illustrated in Fig. 13. Since this control strategy
introduces six independent control variables (Md,Mq,Mdcp,Mdcn,
MCp and MCn), it is referred to as the 6 DOF control of MMC.

In summary, under asymmetric modulation conditions, the
MMC control architecture can be classified as shown in the
yellow-highlighted section of TABLE I. From a topological
perspective, MMC possesses 8 CDoF. However, asymmetric
modulation of the AC voltage would negatively impact the
stability of the DC system, making it unsuitable for real-world
applications. Therefore, in practical implementations, the
maximum achievable control structure for MMC is limited to 6
DOF control.

Regarding the application scenarios of the proposed 6 DoF
control strategy, two key advantages can be identified:

Firstly, in MMC-HVDC systems integrating offshore wind
farms, when a pole-to-ground DC fault occurs, the proposed 6
DoF control enables the reduction of the faulty pole voltage,

TABLE I
EVOLUTION OF MUTI-DEGREE-OF-FREEDOM CONTROL OF HVDC CONVERTER

Converter
Type

Converter
Topology Control Requirements Control Framework Control Variables Control

Characteristics

Thyristor-
Based

Converters

LCC
(Centralized) Requires determination of firing angle (1 CDoF) Firing angle control

(1 DOF control) αr/αi Only control Vdc

IGBT-
Based

Converters

VSC
(Centralized)

Requires determination of AC voltage modulation
wave (2 CDoF) Indirect current control,

Direct current control
Grid-forming control

(2 DOF control)

Vac, φac
(or Md, Mq) Control Vac and φac

MMC
(Modularized)

Requires
determination of
upper and lower

arm voltage
modulation waves

Symmetrical
modulation, unified

upper and lower arms
modulation
(4 CDoF)

AC
component

DC
component 3 DOF control Md, Mq, Mdc Control Vac, φac, Vdc

Capacitor
voltage 4 DOF control Md, Mq, Mdc, MC

Control Vac, φac, Vdc,
VCavg

Asymmetrical
modulation,

independent upper
and lower arm

modulation
(8 CDoF)

AC
component

DC
component 5 DOF control Md, Mq, Mdcp, Mdcn, MC

Control Vac, φac, Vdcp,
Vdcn, VCavg

Capacitor
voltage 6 DOF control Md, Mq, Mdcp, Mdcn,

MCp, MCn

Control Vac, φac, Vdcp,
Vdcn, VCavgp, VCavgn
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allowing the healthy pole to continue transmitting up to 50% of
the nominal power. This ensures partial power delivery and
avoids complete system shutdown. In contrast, conventional
control schemes lacking unipolar operation capability typically
lead to full power interruption during such faults.

Secondly, during pole-to-ground faults, the capacitor energy
of the faulted arm can be discharged to a lower level than that of
the healthy arm. However, conventional symmetric control
(e.g., in lower-DoF schemes) limits the energy discharge of the
faulted arm to that of the healthy arm, restricting its
contribution to fault ride-through. The 6 DoF control relaxes
this symmetry constraint and enables asymmetric modulation
of arm energy, allowing deeper utilization of the faulted arm’s
capacitor energy and providing stronger grid support during
disturbances.

Fig. 13 6-degree-of-freedom control of MMC.

VI. VERIFICATION OF 6 DOF CONTROL FOR MMC
Section V provides an outlook on the development of control

architectures for MMC. The 6 DoF control of MMC enables
separate modulation of DC voltage and SM capacitor voltages.
Therefore, to verify the control capability of 6 DoF control, a
two-terminal half-bridge MMC-HVDC system, as shown in
Fig. 14, was built in the PSCAD/EMTDC. In this system,
MMC1 operates as a constant power station, while MMC2
functions as a constant DC voltage station. The system
simulation parameters are provided in TABLE II.

Fig. 14 Two-terminal MMC-HVDC system.
Both MMC1 and MMC2 adopt the 6 DoF control shown in

Fig. 13. The outer-loop control structures for MMC1 and
MMC2 are illustrated in Fig. 15 (a) and (b), respectively. In
particular, MMC1 not only employs constant power control but
also incorporates capacitor energy control for the upper and
lower arms, allowing independent regulation of the SM
capacitor voltages in the upper and lower arms. Meanwhile,
MMC2 is designed with independent DC voltage control for the
positive and negative poles, enabling separate regulation of the
positive and negative-pole DC voltages. The detailed design of
the controllers can be found in [59], which discusses capacitor

energy and DC voltage control under symmetric modulation.
Hence, it will not be elaborated further in this paper.

TABLE II
SYSTEM PARAMETERS OF MMC-HVDC
Parameters MMC1 MMC2

Rated capacity/MVA 1100 1100
DC voltage/kV ±400 ±400

Number of SMs per arm 400 400
SM capacitance/μF 9000 9000
Arm reactance/mH 133 133

Transformer Voltage ratio 230/416.41 230/416.41
Leakage reactance /% 17 14

DC line Length/km 108
Capacitance/μF 19.53

(a) Power station MMC1

(b) DC voltage station MMC2
Fig. 15 6-degree-of-freedom control for MMC-HVDC system.

A. Performance of Asymmetric DC Voltage Control
To verify the independent pole control capability of the 6

DoF control, the control reference of the constant DC voltage
station MMC2 was adjusted at t=2.0s and t=2.4s. The
positive-pole DC voltage was increased from the rated value of
400 kV to 460 kV and decreased to 340 kV, respectively.
Meanwhile, the negative-pole DC voltage was maintained
constant. The results are shown in Fig. 16.

Fig. 16 (a) presents the waveforms of the positive and
negative DC link voltages. It can be observed that the positive
DC voltage changes according to the predefined regulation,
while the negative DC voltage remains stable at its rated value
of -400 kV. This confirms that under 6 DoF control, the MMC
can achieve asymmetric control of the positive and negative DC
voltages.

Fig. 16 (b) and (c) show the AC voltage waveforms on the
transformer grid side and valve side of MMC2, respectively. It
can be seen that during asymmetric DC voltage operation, there
is a DC offset in the valve-side AC voltage (Vc). However, due
to the isolation effect of the transformer, the grid-side AC
voltage does not exhibit a DC offset, ensuring the stable
operation of the system.

Fig. 16 (d) displays the capacitor voltage waveforms of the
MMC upper and lower arm SMs. During asymmetric DC
voltage operation, the SM capacitor voltages remain unaffected.
Fig. 16 (e) presents the waveforms of the positive and
negative-pole DC currents of the MMC. Since the system
transmission power remains unchanged, the DC current varies
accordingly with changes in the positive-pole DC voltage, and
the variations in the positive and negative-pole DC currents are



10

identical.

(a) Positive and negative-pole DC voltage

(b) AC voltage at grid side of the transformer

(c) AC voltage at valve side of the transformer

(d) SM capacitor voltage

(e) Positive and negative-pole DC current
Fig. 16 Results of asymmetric DC voltage control.

B. Performance of Asymmetric SM Capacitor Voltage Control
To further verify the capability of the 6 DoF control in the

asymmetric operation of SM capacitor voltages, the energy
control reference of MMC1 was adjusted at t=3.0s and t=3.4s.
Decrease the upper arm capacitor energy from the rated value
of 0.5p.u. to 0.4p.u. and then increase to 0.6p.u., respectively.
Meanwhile, the lower arm capacitor energy remained
unchanged. The simulation results are shown in Fig. 17.

Fig. 17 (a) and (b) present the upper and lower arm capacitor
energy and SM capacitor voltage of MMC1. The results show
that MMC1 accurately regulates the upper arm capacitor
energy to the predefined values while maintaining the lower
arm capacitor energy and SM capacitor voltage at the rated
value. This confirms that under 6 DoF control, MMC1 can
achieve asymmetric control of the upper and lower arm SM
capacitor voltages.

Fig. 17 (c) and (d) illustrate the AC voltage at the grid side
and valve side of the MMC1 transformer. It can be observed

that during the energy regulation process, neither the grid-side
nor the valve-side AC voltage exhibits a DC offset, ensuring
stable system operation. Fig. 17 (e) shows the positive and
negative-pole DC voltages. The results indicate that the DC
voltage experiences only transient fluctuations at the moment
of energy variation and then quickly stabilizes at the rated value.
This confirms that the asymmetric adjustment of capacitor
voltage (energy) does not affect the AC and DC side voltages.

Fig. 17 (f) presents the positive and negative-pole DC current
of MMC1. It can be seen that significant fluctuations occur in
the DC currents to facilitate the asymmetric adjustment of
upper and lower arm capacitor voltages, and the variation
trends of the positive and negative DC currents are different.
Fig. 17 (g) displays MMC1’s AC and DC power. The AC
power Pac remains steady at the rated value of 1.0 p.u., while
during the decrease (or increase) of MMC1’s energy, the DC
power Pdc decreases (or increases) accordingly. During this
period, the power imbalance between Pac and Pdc is entirely
from the upper arm capacitor energy of MMC1.

(a) Upper and lower arm capacitor energy

(b) SM capacitor voltage

(c) AC voltage at grid side of the transformer

(d) AC voltage at valve side of the transformer

(e) Positive and negative-pole DC voltage
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(f) Positive and negative-pole DC current

(g) AC and DC power
Fig. 17 Results of asymmetric SM capacitor voltage control.

VII. CONTROL DEGREE OF FREEDOM REQUIREMENTS FOR
GRID-FORMING MMC-HVDC

As the penetration of renewable energy continues to rise, the
grid-forming control of MMC will become a key factor in
ensuring stable operation when integrating weak AC power
grids. The essence of grid-forming control lies in the
converter’s ability to autonomously establish AC voltage, and
maintain its amplitude and frequency to support the power grid.

Grid-forming control primarily mimics the operating
characteristics of SGs. Fig. 18 (a) shows the principle of grid
support from an SG under grid disturbances. During voltage
disturbances, the SG regulates the rotor flux linkage ψ via the
excitation system to stabilize the stator-induced EMF (Eq),
thereby automatically generating reactive power Qac to support
the stability of terminal voltage Vac. Simultaneously, the
generator relies on the release of kinetic energy WK from the
rotor to provide active power Pac support in the short term,
ensuring the stability of terminal frequency ωac.

According to the above analysis, to achieve the gird forming
capability, the devices must have an energy reserve to provide
support power for the grid to maintain stable AC voltage and
frequency.

Fig. 18 Energy sources for grid support in grid-forming devices.
By analogy with SGs, the existing grid-forming control for

MMC-HVDC is primarily based on 2 DoF control, which
autonomously establishes AC voltage. It provides frequency
and voltage support through power synchronization control
(Pac~ωac) and reactive power-voltage control (Qac~Vac). This

principle is illustrated in Fig. 18 (b). When the converter’s
output voltage Vac experiences disturbances, the MMC adjusts
its reactive power Qac to provide voltage support, as indicated
by the black dashed line in Fig. 18 (b). Similarly, when the
frequency ωac fluctuates, the MMC adjusts its active power Pac

to provide frequency support, as shown by the red dashed line.
Although 2 DoF grid-forming control has been widely

applied, its limitations are becoming increasingly apparent.
First, it underutilizes control flexibility since it does not
leverage the energy stored in MMC capacitors. Instead, all the
energy required for grid-forming depends on the DC side or the
sending-end power source, as illustrated by Pdc in Fig. 18 (b).
This means that if the DC side or sending-end power source is
unstable, the grid-forming capability of the HVDC system will
be constrained. Additionally, in power systems with a high
penetration of renewable energy, both the sending and
receiving ends of an HVDC system may be weak grids,
requiring simultaneous support at both ends. However,
traditional 2 DoF control relies on external power sources,
meaning that if the HVDC system lacks an external power
supply, it will struggle to effectively provide grid support. Thus,
future power systems will need to rely on the intrinsic
grid-forming capability of the HVDC itself rather than external
power sources.

MMC multi-DoF control enables regulation of internal
capacitor energy, allowing MMC capacitor energy to provide
short-term support power for grid-forming. By drawing an
analogy with SGs, the relationship between kinetic energy WK

and frequency ωac (rotor speed) is established:
2

K ac0.5W J (9)
where J represents the rotor inertia of the generator rotor. To
utilize internal energy for frequency stability like SGs, the
MMC capacitor energy WC can be coupled with AC grid
frequency ωac, as shown in Fig. 18 (c).

Considering that 4 DoF control allows for energy regulation,
studies [99] and [59] have proposed two different energy
synchronization control methods (WC~ωac) based on 4 DoF
control, as illustrated in Fig. 19 (a) and (b). Both methods
introduce an additional energy control loop, enabling MMC to
fully utilize capacitor energy for short-term power support,
thereby enhancing grid-forming capability and reducing
reliance on external energy sources. The comparisons between
these two energy synchronization control schemes can be
summarized in Table III according to reference [59].

TABLE III
COMPARISONS BETWEEN TWO ENERGY SYNCHRONIZATION CONTROL

Category Type I Type II

Principle Based on rotor–capacitor
energy analogy

Based on energy–power
dynamics

Frequency
Dependence Dependent on grid frequency Independent of grid

frequency

Flexibility Limited under large
frequency changes

High; allows optimized
energy use

Complexity Simple to implement Requires more complex
parameter tuning

Limitation Risk of energy exceeding
limits during frequency drift Higher tuning burden

In summary, traditional 2 DoF grid-forming control is
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constrained by its limited control flexibility, which can solely
achieve power-based grid-forming. This control has inherent
limitations in terms of independent grid-forming capability,
making it insufficient to meet the operational demands of weak
grids. To address this issue, the MMC control architecture must
adopt an energy-based grid-forming method, which requires
the use of at least 4 CDoF to effectively utilize SM capacitor
energy.

(a) Type I

(b) Type II
Fig. 19 Energy synchronization control of MMC.

VIII. CONCLUSION

By analyzing the topological characteristics and control
requirements of different converters, this paper summarizes the
control architecture of existing HVDC converters as follows:
1) LCC converters use thyristor-based semi-controlled devices,

which can only be turned on but not actively turned off. As a
result, LCCs have only 1 CDoF, the firing angle (α). All
control strategies for LCCs are designed around this single
control variable, allowing only DC voltage regulation.

2) VSC converters use fully controllable IGBT devices and
PWM technology. During normal operation, the control
system generates an AC modulation wave (mj) to create the
corresponding voltage wave at the AC side. Therefore, VSC
control strategies are all designed based on 2 CDoF (i.e., the
amplitude Vac and phase φac).

3) MMC converters adopt a modular topology and NLM
technology. During operation, the control system must
determine modulation voltages of the upper and lower arms,
which consists of eight control variables: the amplitude
(Vacp and Vacn) and phase (φacp and φacn) of the AC
components, the DC components ( dc

pjv and dc
njv ), and the

average capacitor voltages of the SMs (VCavgpj and VCavgnj).
As a result, all MMC control strategies must be designed
around these 8 CDoF.

However, current MMC control adopt symmetrical
modulation of the upper and lower arms, restricting MMC
control to only 4 CDoF. To overcome this limitation while
ensuring operational feasibility, this paper proposes a 6 DoF
control framework. Simulation results demonstrate that,
compared to the conventional 4 DoF control, the proposed 6
DoF control enables asymmetric regulation of DC voltage and
SM capacitor voltage, improving control flexibility.

Finally, this paper discusses the CDoF requirements for
grid-forming MMC. The analysis reveals that existing
grid-forming control strategies rely on 2 DoF control, which
only supports power-based grid-forming and lacks independent
grid-forming capability. To address this, at least 4 CDoF are
required to achieve an energy-based grid-forming capability of

MMC to fully utilize the internal energy for enhancing grid
support performance.
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