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Abstract—Large-scale renewable energy transmission via the
voltage source converter (VSC) based high-voltage direct current
(HVDC) is a crucial development direction for constructing a
new-typed power system in China. However, renewable energy is
characterized by volatility, intermittency, and randomness. When
the sending-end modular multilevel converter (MMC) cannot
adapt to the rapid fluctuations in renewable energy output, its
energy balance will be disrupted by the active power difference
between the AC and DC sides, causing issues such as wideband
oscillations and exacerbated circulating currents. To solve the
problem mentioned above, a novel energy balance-based control
method for MMCs connected to wind farms is proposed in this
paper, enabling the MMC to effectively adapt to fluctuations
in renewable energy output and naturally maintain circulating
current at a relatively low level. Firstly, the evolution principle
illustrating topology decomposition and reconfiguration of the
MMC is revealed. Secondly, the control method for AC internal
voltage is proposed, which combines the energy balance between
the half MMCs and voltage amplitude support. Thirdly, the DC
internal voltage is defined, and its control method is proposed
based on the MMC’s overall energy balance. Then, independent
control of each bridge arm is achieved by integrating the energy
balance of the bridge arms with both the AC and DC internal
voltages. Finally, an electromagnetic transient simulation model
is built with PSCAD/EMTDC, and the efficacy and practicality
of the proposed method are demonstrated through extensive
simulation experiments.

Index Terms—DC current control, energy balance control,
renewable energy, VSC-based HVDC system.

I. INTRODUCTION

N the present global energy transformation, such renewable
energy sources as wind and solar power are regarded as
strategic industries capable of addressing both the financial and
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climate crises, which are critical in promoting global energy
transition and sustainable economic and social development
[1]. VSC-based HVDC transmission technology provides an
efficient solution for seamlessly integrating, reliably transmit-
ting, optimally configuring, and flexibly utilizing large-scale
renewable energy [2]-[4]. Therefore, in constructing a new-
typed power system with enhanced capacity for renewable
energy consumption, the renewable energy delivered by VSC-
based HVDC is one of the important methods.

However, renewable energy has significant characteristics
such as randomness, intermittency, and volatility [5]. When
the output of the renewable energy power station changes
rapidly, the inability of the converter station to transmit energy
promptly results in energy accumulation, thereby disrupting
the overall energy balance. Moreover, the DC outlet voltage
of the converter station also rises due to the accumulation
of surplus energy, resulting in a DC voltage difference in
the DC path between stations. The sudden change of DC
voltage between stations causes the uncontrolled DC current to
fluctuate, and the DC current causes the energy of submodules
to fluctuate through the DC path. As a result, the energy
balance of the bridge arms is disrupted, which may induce
problems such as wideband oscillations that compromise the
system’s stable operation [6]. What’s worse, the circulating
currents resulting from energy imbalance will be exacerbated
with the integration of renewable energy, leading to increased
system power losses and higher operational expenses [7], [8].

At present, grid-following control is adopted by the majority
of renewable energy stations. Thus, VSC-based HVDC trans-
mission technology must apply the voltage and frequency (V/f)
control to the sending-end converter station [9]. References
[10] and [11] propose a V/f control method based on direct
current control, which applies both a voltage outer loop and
a current inner loop and provides AC voltage for renewable
energy stations. To improve the transmission capacity and
reliability, reference [12] proposes a double V/f droop control
strategy for bipolar converter stations, which ensures reliable
AC voltage output in a bipolar system. Circulating current
suppression must be incorporated into the MMC control to
maintain stable operation. References [13] and [14] propose
circulating current suppressors based on the proportional-
integral (PI) controller, which decomposes the detected three-
phase circulating current into a direct current component in
the dq coordinate system for suppression. Reference [15]—[17]
establish mathematical models of the MMC under different
operating conditions, calculate the circulating current’s ampli-
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tude and phase, and propose a circulating current suppression
method by injecting a double-frequency current component
into the MMC bridge arms. In summary, the existing V/f
control methods are designed based on direct current con-
trol, which utilizes the regulation of differential-mode and
common-mode voltages across bridge arms to facilitate power
transmission. Given the difficulty of independently controlling
the energy of each bridge arm, additional control methods,
such as intricate circulating current control, must be passively
introduced to address the problems caused by energy imbal-
ance.

Based on existing MMC'’s control methods, the bridge arms
of each phase unit operate in a coupled control state. In
terms of modulation, a few methods integrate the dynamic
voltage of the DC reactor with the DC line voltage to provide
real-time feedback modulation. Thus, the energy transmitted
through the MMC cannot be precisely controlled in real-time,
nor can the overall and internal energy balance of the MMC
be maintained. Therefore, this paper proposes a novel energy
balance-based control method for MMCs connected to wind
farms. MMC’s energy balance is achieved, enabling MMC to
effectively adapt to the fluctuation of renewable energy output
and allowing the circulating current to be naturally maintained
at a lower level.

The remaining sectors of this paper are organized as fol-
lows. The control methods for the typical topology of wind
power transmission through a VSC-based HVDC system are
introduced in Section II. A new perspective on MMC topology
decomposition and reconstruction is proposed in Section III.
A novel control method for MMCs in light of the whole
energy balance of each bridge arm is proposed in Section IV.
Extensive simulation verifications are conducted in Section V.
Eventually, some worthwhile conclusions are put forward in
Section VL.

1I. BASIC PRINCIPLES
A. Topology

The topology of wind power transmission through a VSC-
based HVDC system is shown in Fig. 1. PCC is the point

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 11, NO. 2, MARCH 2025

x T T
# | ! | |
| ! | i
Leg Reg 1 | T |
: 67| 7@
% # } | _|T : AC
| ! | !
PCC S S
Fig. 1. Topology of wind power transmission through a VSC-based HVDC
system.

of common coupling between the wind farms and converter
station Si. Leq and R, denote the AC line’s equivalent
inductance and resistance, respectively. .S; and S5 are MMC-
based converter stations. AC stands for the receiving-end
power system.

In Fig. 1, large-scale wind power, featuring “fluctuation,
intermittence and randomness”, is transmitted to PCC. The
power is collected at converter station .S;, where it is converted
from AC to DC before being sent over the DC line of the
VSC-based HVDC system. Finally, at converter station .S, the
power is reconverted from DC to AC to supply the receiving-
end power system for consumption.

B. Control Strategy of Wind Turbines

Generally, the wind farms shown in Fig. 1, consisting of
permanent magnet synchronous generator (PMSG)-based wind
turbines, adopt grid-following control strategies. The control
diagram of PMSG-based wind turbines is presented in Fig. 2.

The machine-side converter (MSC) regulates the generator’s
speed and the current’s d-axis component to achieve maximum
power tracking. To minimize the loss of the generator, the d-
axis component of the current reference is set to 0. DC voltage
and reactive power are managed by the grid-side converter
(GSC). Since the wind farms utilize the grid-following control
method, a phase-locked loop is needed for the grid-side
converter to track the phase of the AC voltage provided by
station S7. Therefore, the wind farms can be regarded as an
AC current source.

C. Traditional Control Method

Due to a lack of black-start capability of wind farms shown
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Fig. 2. The control diagram of PMSG-based wind turbine.
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in Fig. 1, a stable synchronous AC voltage source needs to be
provided by S; through V/f control. The control diagram of
MMC connected with wind farms is displayed in Fig. 3. Sy
separately controls the d-axis and g-axis components of the
AC voltage to equal the voltage amplitude and O to provide a
stable AC voltage on the valve side of the transformer. Since
the V/f control was adopted, S7 can be regarded as an AC
voltage source on the AC side.

MMC DC line
PCC Req Leq | -~~~
Ugpe :ﬁ‘ _____
iabc
dqabc «—0 NLM
i v Vaberef
4 [“Inner loop | ‘" [N\abd
| controller dq
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Fig. 3. The traditional control diagram of converter station S7.

Moreover, the controller gives the phase of AC voltage
provided by S;. After the phase is tracked by GSC, the wind
farm will automatically adjust the phase of its AC voltage to
guarantee the reliability of power transmission. After receiving
the power transmitted by the wind farm, the converter station
S1 will transmit the same amount of power to converter
station S to maintain the whole energy balance of converter
station Sj.

III. NEW PERSPECTIVE OF MMC TOPOLOGY ANALYSIS
A. Topology Decomposition and Reconstruction

A complete MMC can be depicted in Fig. 4(a) as three-
phase units, and each unit contains two bridge arms with
symmetrical structures and identical parameters. Each bridge
arm contains /N cascaded submodules and a reactor in series.
The MMC structure is highly modular and can accommodate
varying power and voltage levels.

The reconstruction of the MMC topology is shown in
Fig. 4(b). Firstly, a bridge arm is configured with N sub-
modules and a reactor, all connected sequentially. Secondly,
considering the DC reactor, H-MMC comprises three parallel
bridge arms in series with a DC reactor. Finally, two H-MMCs
with the same design and parameters are connected to form a
complete MMC. The DC reactor and H-MMC are involved in
the control of MMC together.

B. Operation Principle

The proposed structure of H-MMC is presented in Fig. 5,
where g,y 1S the AC voltage source, Uy, is the voltage on
the DC side, T is the converter transformer, e; (j = a, b, ¢)
represents the voltage across each arm of the bridge, and i;
denotes the current of each bridge arm, v; and V. indicate
AC and DC internal voltages of the H-MMC, respectively.
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Fig. 4. Topology decomposition and reconstruction of modular multilevel
converter. (a) Decomposition. (b) Reconstruction.

Fig. 5.

Proposed structure of H-MMC.

Based on the proposed structure shown in Fig. 5, the power
transmitted between ug,,. and H-MMC can be derived as:

P= % sin((51 — (52)
1
_ Usabc(Usabc - Vabc COS(61 - 62)) ( )
@= X

where Ugap. is the RMS value of the AC voltage source ugapec,
Vabe 1s the RMS value of the H-MMC'’s internal voltage, X
denotes the equivalent impedance between AC voltage source
and H-MMC, §; and J, are the phase angle of Ug,p. and
Vabe, respectively. Therefore, the power transmission between
the AC system and the H-MMC can be controlled by adjusting
the H-MMC’s AC internal voltage.

The power transmitted between 7,1, and H-MMC can also
be derived as:

(@)

p=1v-1=dot(v,1)
q=v % %= cross(v,1)
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where v and ¢ are the voltage vector and current vector
respectively. Thus, when the H-MMC is connected to a system
that can be equivalent to an AC current source, such as wind
farms, the power transmission is achieved by regulating the
AC internal voltage of the H-MMC.

The simplified equivalent structure of H-MMC connected to
wind farms can be shown in Fig. 6. Each bridge arm’s output
voltage reference of each bridge arm can be expressed by

Ejref = Vdc — vy

3)

Labe T

Fig. 6. Simplified equivalent structure of the H-MMC.

Therefore, by modulating the MMC and balancing the
submodule capacitor voltage, the output voltage e; is nearly
consistent with the output voltage reference €;ycr.

C. Verification

To validate the feasibility of the proposed H-MMC, an
electromagnetic transient model of H-MMC connected to
power systems is built with PSCAD/EMTDC, adhering to the
configuration depicted in Fig. 5. The simulation model’s main
parameters are displayed in Table I. The power transmitted
from ugype to H-MMC is controlled by adjusting the H-
MMC’s internal voltage output phase.

TABLE I
PARAMETERS OF H-MMC

Items Value
Voltage of the AC system (kV) 230
Frequency of the AC system (Hz) 50

DC rated voltage (kV) 250
Transformer ratio 230/290.88
Rated capacity (MVA) 850

SM capacity rated voltage (kV) 2.2
SM capacitance (mF) 8

Arm inductance (mH) 100
Number of SMs per arm 244

An AC voltage source of which the amplitude and frequency
are 230 kV and 50 Hz respectively is interfaced with the H-
MMC via a transformer. The active power is transmitted to the
DC voltage source with an amplitude of 250 kV. In Fig. 7(a)
and (b), the current and voltage in the bridge arms of the
H-MMC exhibit symmetry and equilibrium. As depicted in
Fig. 7(c), the reference value can be precisely tracked by each
bridge arm’s output voltage.

IV. PROPOSED NOVEL CONTROL METHOD

Taking into account S; in Fig. 1 as a controlled source, the
topology of MMC connected to the wind farm in the form of
a controlled source is presented in Fig. 8, where i, is the
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Fig. 7. Simulation Result of H-MMC. (a) Arm current. (b) AC internal
voltage. (c) Arm voltage of phase A.

equivalent current source of the wind farm, u; (kK = p, n) is
the DC external voltage of MMC. Considering the analysis in
Section II, station S; needs to adopt a “grid-forming” control
with constant voltage amplitude and frequency to ensure power
transmission. Besides, in the existing system research shown
in Fig. 1, the DC line voltage is generally controlled by S5.
Thus, an appropriate and feasible control method, based on the
equivalent current source 7,1, and DC external voltage u;, of
MMC, is crucial to ensuring the converter station’s continuous,
steady operation.

A. AC Voltage Control

Disassembling the converter station shown in Fig. 8 into a
combination of upper H-MMC and lower H-MMC, the AC
internal voltage reference of H-MMC:s is displayed as:

Vapref = Vanref = Un COS(27Tft + 0)

2
Ubpref = Ubnref = U, cos <27Tft - ?ﬂ— + 9) 4)

2
Ucpref = VUcnref = U, cos (27Tft + ?ﬂ- + 9)
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where 6, Uy, and f represent each internal voltage’s phase
angle, amplitude and frequency, respectively.

Moreover, in Fig. 9, by representing the H-MMC as a
controlled voltage source, the power transmission between two
H-MMC:s is managed by adjusting the H-MMC'’s phase angle.
By defining the sum of submodules’ energy in each bridge arm
as bridge arm energy F, the overall energy of MMC can be
expressed by the sum of all bridge arm energy. The bridge
arm energy can be calculated as:

N
Ej =) Lot )
jk — 9 sSmM?~ smi

i=1

where N represents the number of submodules in series in
each bridge arm.

Uy 2. (0,+A0)

P+Q

Uy 26,

Fig. 9. Power transmission between two H-MMC.

Therefore, a control method for H-MMC energy balancing
is proposed to achieve the energy balance of two H-MMCs.
The phase angle Af would be adjusted by comparing the
energy difference between H-MMCs, as shown in Fig. 10,
where Exvmcp and Ex.vmvcn represent the overall energy of
upper H-MMC and lower H-MMC. When Ey.nwcp is greater
than Ey.mmcn, A0 will be a positive value so that the energy
will flow from H-MMC,, to H-MMC,,.

Besides, to preserve the voltage on either side of the
transformer at the specified value, a voltage amplitude support
controller for the transformer’s valve side is proposed based
on the negative feedback control theory. In Fig. 11, Varncres
represents the voltage amplitude reference on the valve side

AE
Eymmcp —P(Jr %)—> AO

Eyvmcn
Fig. 10. Structure of H-MMC energy balance controller.
+ AV
VMmcrer 4’(%_’ Un
Vamce
Fig. 11.  Voltage amplitude support controller for the transformer’s valve
side.

of the transformer, whereas Ve is the actual voltage am-
plitude. With the PI controller, the voltage reference Vamvicrer
can be tracked precisely.

The equivalent diagram of the MMC’s AC side connected
to wind farms is shown in Fig. 12, and v, is the AC output

internal voltage of each phase.
Y()A o
D@D
= Vabe

iabc
Fig. 12. Equivalent diagram of the MMC’s AC side connected to wind farms.

According to (2), when the current source 7,1, operates at its
rated state, the power transmission between 7,1, and the MMC
can be achieved by controlling the AC internal voltage of the
MMC. Furthermore, in the wind power transmission through a
VSC-based HVDC system depicted in Fig. 1, the AC internal
voltage of S7 maintains a steady amplitude and frequency,
which causes the variations in the current’s amplitude in
response to the power sent by the wind farm.

B. DC Current Control

Based on the principle of energy balancing, the structure of
DC current controller can be shown in Fig. 13, where Fioa)
and Fyvicser are the real value and rated value of the whole
energy of MMC, respectively. i y denotes the DC current’s real-
time tracking value, which is obtained by dividing the active
power by the DC voltage. ¢qcer is the DC current reference
of MMC. In addition, Envicset and ¢y can be calculated as

EMMCsct = 6NEsm

6
Z.f:—Pac/-Edc ( )

where Ej, is the rated energy of the submodule, Fq. is the
DC voltage of the MMC, and P, is the active power flowing
into the MMC.

+ AE + K :
Etmal .:‘ m .:‘ 7&. Tdcref

1+sT

Eyveset It

Fig. 13. Structure of DC current controller.

In Fig. 13, the DC current reference iqcef is related to the
whole energy of MMC and the energy flowing into MMC’s AC
side. Thus, the proposed DC current controller could stabilize
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the MMC’s energy fluctuation. Moreover, to ensure the DC
current operates within a safe range, a limiter is added to limit
the amplitude of 7gcref-

C. Bridge Arm Voltage Reference Control

1) DC Internal Voltage Calculation
With reference to Fig. 8, the DC internal voltage V., can
be described as:
Viep = urp + up ™
Vdcn = ULn + Un
where ur,, and uy,, are the voltage across the DC reactors.
The voltage across the reactor can be written as:
Ai
=L— 8
ur, AT (8)
where AT is the sampling period, Ai is the variation of current
in the sampling period. Thus, (5) can be transformed to

Aige
Vaco = Lp o2 + up
v - I Aidcn (9)
den — Lin AT n

where Adgep and Adgen are the variation of current flowing
via the DC reactors during the sampling period. The structure
of DC internal voltage calculation controller is introduced in
Fig. 14, where iqcrof is the current reference generated by DC
current controller shown in Fig. 13.

Up +
-—>?—> 0 Vi
+

Uy

Aldcp

. + c D
Tdcref I/AT

ldcp

(2)

— Ai uy,
idcref 4’?& I/AT ot .:‘ Vdcn
- +

Tden U
(b)

n

Fig. 14. Structure of DC internal voltage calculation controller. (a) Positive
pole. (b) Negative pole.

2) Voltage Reference Adjustment

To guarantee the whole energy balance of each bridge arm,
monitoring all arm energy of MMC and involving the surplus
or loss of energy in voltage reference control of each bridge
arm is crucial. The control structure of the voltage reference
adjustment controller for each bridge arm can be shown in
Fig. 15. Ej;, and E are the real value and rated value of
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Fig. 15. Structure of voltage reference adjustment controller.

the total energy of the bridge arm, respectively. Awv;;, serves
as the voltage reference correction of bridge arms.

3) Voltage Reference of Bridge Arms Generation

As seen in Fig. 16, the voltage reference of bridge arms for
the upper H-MMC can be generated by subtracting internal
voltage reference vjprer from DC voltage Vycp of H-MMC
and adding the correction value Aw;,. For the lower H-
MMC, the voltage reference of bridge arms can be produced
by subtracting DC voltage Vg, of H-MMC from internal
voltage reference vjnrer and adding the correction value Avjy,.
Moreover, the voltage reference e;.or should be limited for
safety and stability of operation. Based on the operating
characteristic of MMC, the upper and lower bounds of €yt
should be set to NV, and O respectively.

+ +
4 dep ejpref
- +
vjpref Avj P
(2)
— +
V den ?/“fef.
+ +
Vinref Avjn
(®)

Fig. 16. Voltage reference of bridge arms generation. (a) Upper H-MMC.
(b) Lower H-MMC.

It is worth mentioning that the bridge arm will selectively
input the submodules in accordance with the voltage reference
upon receiving the voltage reference command and then output
the real voltage of the bridge arms.

D. Overall Control Structure

The entire control structure of station S; can be shown in
Fig. 17. The control objectives for S; are DC current and
AC voltage. Firstly, the DC current reference iqcref and AC
internal voltage reference vjir are generated by outer loop
controller. Secondly, the inner loop controller obtains the DC
internal voltage Vjycr with DC current reference ¢4crer, DC
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Fig. 17. Overall control structure.
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outlet current 74q.; and DC external voltage u. Then, the volt-
age reference correction Awv;y, is generated based on voltage
reference adjustment. Finally, the voltage reference of each
bridge arm is calculated with the DC internal voltage Ve,
AC internal voltage vjirer and voltage reference correction
Avj k-

Station S performs nearest-level modulation to determine
the number Nj,s of submodules to be inserted in each bridge
arm based on the voltage reference ejircr and the correspond-
ing voltages of all cascaded submodule capacitors. The valve
base controller then determines the control instructions for
each bridge arm according to Vj,s. Finally, the working state
of each bridge arm submodule is controlled by MMC with the
control instructions.

V. SIMULATION VERIFICATIONS

To verify the effectiveness and feasibility of the proposed
control method, a wind power transmission through a =+
500 kV two-terminal VSC-based HVDC system electromag-
netic transient model, as shown in Fig. 18, is built with
PSCAD/EMTDC. Each wind farm adopts the wind turbines
depicted in Fig. 2, and the full power converter parameters are
given in Table II. Each wind farm transmits 800 MW of active
power to converter station S; respectively. The VSC-based
HVDC system operates in bipolar mode with a metallic return
grounded through a resistance of 15 ) in converter station
S5. S1 and Sy are modular multilevel converters with half-
bridge submodules, and the main parameters are illustrated in
Table III. S; adopts the proposed novel control method and
Sy adopts the conventional Vj./@Q control method. Without
loss of generality, the analysis in this section centers on the
positive pole of the VSC-based HVDC system.

MMC, HA#-CGD)
AC,
E o mme, HA#CDHY)
AC,

SZ

Fig. 18. 'Wind power transmission through a &+ 500 kV two-terminal VSC-
based HVDC system.

TABLE II
PARAMETERS OF THE FULL POWER CONVERTER

Converter Machine side Grid side
Converter Two-level PWM  Two-level PWM
RMS value of AC side line 0.69 0.69

voltage (kV)

Voltage ratio of transformer - 0.69 kV/35 kV
Leakage reactance of - 0.08
transformer (p.u.)

Rated capacity of transformer — 5.8

(MVA)

DC side rated voltage (kV) 1.45

DC side capacitance (mF) 50

A. Normal Operation
In Fig. 19(a), the active power is transmitted from the

TABLE III
SYSTEM PARAMETERS OF THE VSC-BASED HVDC SYSTEM

Items S1 So
Topology Bipolar Bipolar
AC system voltage (kV) 220 525

DC rated voltage (kV) 500 500
Control mode Tac + Vac  Vie + Qac
Transformer ratio 220/275 290.88/525
Rated capacity (MVA) 850 850

SM capacity rated voltage (kV) 2.2 22

SM capacitance (mF) 15 15

Arm inductance (mH) 100 100
Number of SMs per arm 244 244

wind farm at 3 s, and reaches its rated power of 800 MW
at approximately 3.4 s. At 4 s, the active power transmitted
from the wind farm starts to decrease and eventually drops
to 0 at around 4.4 s. Then, the active power increases again,
reaching 800 MW at about 5.4 s. As shown in Fig. 19(b), it
can be observed that the RMS value of the line voltage on the
transformer’s valve side is maintained at the specified 275 kV
with the voltage amplitude support controller. As shown in
Fig. 19(c), the change of the valve side current is identical
to that of the active power due to the constant valve side
line voltage. Similarly, the variation trend of the DC current
reference iqcret, Shown in Fig. 19(d), also parallels the active
power with the proposed DC current control method, and the
DC outlet current 4. can achieve accurate real-time tracking
of i4cret With the proposed novel control method. In addition,
Fig. 19(e) and (f) demonstrate that the energy of MMC only
fluctuates slightly as the active power varies, and the energy
of upper and lower H-MMCs remains balanced owing to the
energy balancing control.

B. Circulating Current Analysis

This section conducts a comprehensive analysis of the
circulating current to further improve the proposed novel
control method.

Without loss of generality, the current of Phase A upper
bridge arm is employed for circulation analysis. As depicted in
Fig. 20, the bridge arm’s current consists of DC and AC com-
ponents. The arm current’s fast Fourier transform (FFT) results
are shown in Fig. 21. The dominant frequency component is
identified at 50 Hz, with a magnitude of 1.229 kA, aligning
with the system’s fundamental frequency. The magnitude of
the second harmonic component is 0.022 kA, whereas the DC
component is recorded with 0.52 kA.

As summarized in Table IV, the second harmonic ratio,
defined as the ratio of the RMS value of the second harmonic
component to the DC component, is compared with two
distinct circulating current suppression methods described in
Reference [18] and [19]—the conventional circulating current
suppressing controllers (CCSC) and the internal model control

TABLE IV
FFT HARMONIC ANALYSIS PARAMETERS UNDER DIFFERENT MMC
CIRCULATION MODELS

Control Method
Second harmonic ratio

CCSC [18]
2.80%

IMC [19]
3.07%

Proposed method
3.00%
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Fig. 20. Phase A upper bridge arm current.

(IMC). With the energy balance of bridge arms, the proposed
method maintains a relatively low circulating current level,
achieving a second harmonic ratio of 3.00%, nearly identical
to those of the conventional CCSC method (2.80%) and the
IMC control (3.07%). Notably, no other circulating current
suppression methods are included in the proposed method.
Therefore, further optimization of the proposed method could
reduce circulating currents to even lower levels, providing a
more effective solution.

VI. CONCLUSION

To achieve energy balance in the MMC and facilitate the
large-scale integration and consumption of renewable energy, a
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Fig. 21. Fast Fourier transform results of arm current.

new perspective on topology decomposition and reconstruction
for the MMC is presented first, based on which a novel energy
balance-based control method for MMCs connected to wind
farms is proposed in this paper. A series of typical simulation
results sufficiently validate the effectiveness and practicality
of the proposed method. Some valuable conclusions can be
drawn as follows.

1) Based on the topology decomposition and reconstruction
of the MMC, the H-MMC’s basic operation and control
principles are proposed. Therefore, a complete MMC can be
envisioned as a combination of two H-MMCs with identical
structure and parameters.

2) The whole energy balance of the MMC is achieved and
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no longer affected by fluctuations in renewable energy output.
Additionally, rapid changes in renewable energy output can
be effectively tracked by the DC-side active power output,
ensuring the smooth integration of renewable energy.

3) The independent control of the bridge arms is achieved
with the proposed method. As a result, the circulating current
of MMC is naturally maintained at a low level, reducing power
losses and system costs.

The proposed method will be further improved to ensure it
functions well when applied to MMC under various applica-
tion requirements.
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