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ABSTRACT: The development of new power systems has put
forward higher demands for flexible DC transmission
technology. With the proposal of the heterogeneous series
converter, the flexible DC converter has been unified at the
topology level. However, at the control level, athough the
traditional control has the power decoupling ability, there is a
close coupling between AC voltage, DC voltage, and
submodule capacitor voltage, which makes it difficult to fully
utilize the advantages of flexible operation of fully controlled
devices based converters. This article first proposes the concept
of control degree of freedom based on traditional DC converter
control structures, and introduces a characterization method of
modulation ratio to construct a multi-degree of freedom control
system for MMC converters. By analyzing the voltage coupling
mechanism inside MMC and its relationship with modulation
ratio, the correlation between various MMC control strategies
is systematically revealed, forming a 4-degree of freedom
unified control structure for MMC converters with “unified
function and unified structure”. And the applications and
potentials of the 4-degree of freedom control structure are
analyzed for MMC converters with different control objectives
in flexible DC transmission systems. Finaly, the performances
of MMC 4-degree of freedom control in typical application
scenarios are verified in a single-end MMC physical dynamic

EEWAE: HXKEARIEEEEIH (52237004).
Project Supported by National Natural Science Foundation of China
(52237004).

simulation experimental system.

KEY WORDS: flexible DC transmission systems; modular
multilevel converter; voltage coupling; 4-degree of freedom
control; modulation ratio; dynamic simulation experiment
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With the proposal of the heterogeneous series
converter, MMC has been unified at the topology level.
At the control level, although MMC control is constantly
developing and improving, existing research mainly
focuses on expanding MMC control functions and
applications, lacking in-depth exploration of the internal
connections and the deep evolution mechanism between
different MMC control architectures.

As shown in Fig. 1, this paper proposes a 4-degree
of freedom control architecture for MMC converters
with “unified function and unified structure”. The
comparisons of different control schemes are
summarized in Table 1:

1) At the control function level, in addition to having
the ability to adjust the two state variables (AC voltage
amplitude and phase) of 2-degree-of-freedom control,
4-degree of freedom control can aso directly regulate the
DC voltage amplitude and sub-module capacitor voltage
amplitude, achieving “unified control functions”.

2) At the control structure level, based on the AC
modulation ratios (Mg, Mg) of 2-degree of freedom
control, 4-degree of freedom control introduces the DC

2-Degree-of-freedom control

modulation ratio Mg and the capacitor voltage
modulation ratio Mc. By respectively setting My and Mc
to 1, it can flexibly switch to 3-degree of freedom control
and 2-degree of freedom control, possessing the
downward-compatible “unified control structure”.

For multiple typical application scenarios of
MMC-HVDC systems, the 4-degree of freedom control
enables MMC to have capacitor energy regulation
capabilities similar to energy storage devices without
affecting the original control objectives of the converter
station. The results of dynamic simulation experiments
also verify the control effectiveness of the 4-degree of
freedom unified control architecture, indicating its
engineering applicability and feasibility.

In summary, the 4-degree freedom control
architecture of the flexible DC converter constructed in
this paper unifies the existing control of the flexible DC
converter. This unified control architecture paves the way
for the unified flexible DC converter technology
(including unified topology architecture and unified
control architecture), which provides robust support for
constructing new power systems.
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Fig. 1 Unified control structureof MMC
Tablel Comparison of different control methods

degree of Modulation ratio . o .
Control structure ———————— \Voltage coupling characteristics Functions
freedom Mg~ Mg Mc
DC voltage, AC voltage and ® Regulate capacitor energy precisel
4-degree of freedom control 4 \ v \/ voltede, & eguate cap nerwyp y
capacitor voltage are decoupled ~ ® Downward compatibility
DC voltage and AC voltage ® Cope with DC short circuit faults
3-degree of freedom control 3 \ R 1 & & P .
are decoupled ® Downward compatibility
2-degree of freedom control 2 \ 1 1 All voltages are coupled ® Decoupling control of active power and reactive power
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