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The energy storage modular multilevel converter (MMC-ES) has been widely

studied for its excellent performance in solving the problems of power

difference, voltage fluctuation and effective improvement of power quality in

the grid caused by the integration of new energy caused by new energy grid

connection. Aiming at the problems that energy storage units of the traditional

distributed MMC-ES are scattered, inconvenient to assemble and maintain,

complex system control, and the traditional centralized MMC-ES has poor

capacity selection flexibility, in this paper, a centralized local energy storage

modular multilevel converter (MMC-CLES) between the distributed MMC-ES

and the centralized MMC-ES is proposed. On the premise of not affecting the

advantages of MMC-ES, by reducing the number of energy storage units, the

switching loss is reduced, and the problems of complex SOC (state of charge)

balance control strategy, large power conversion system loss, the AC side

current imbalance caused by the grid connection of new energy sources and

high system cost caused by too many energy storage units are solved. Matlab/

simulink simulation shows that compared with traditional distributed MMC-ES,

MMC-CLES reduces a total of 52 power devices, and under the condition of

three-phase voltage unbalance, MMC-CLES effectively suppresses power

fluctuations, the SOC balance control and the fast balance of the three-

phase current are realized. The unbalance degree of the three-phase

current is 8.16%, and the total harmonic distortion rate of the current is 3.11%.
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1 Introduction

Currently, vigorously developing renewable energy has become the core direction of

energy upgrading in all countries in the world, and the electric energy Internet, which uses

electric energy as the energy transmission carrier, has received extensive attention from

academic and industrial circles (Al Haj Hassan et al., 2015; Chen et al., 2019). Due to the

complexity of various energy sources in many local area grids, it is difficult for traditional

converters to cope with and effectively control large-scale distributed energy access. The

modular multilevel converter (MMC) has become a research hotspot due to their easy

expansion, simple implementation of redundancy and fault tolerance (Wang et al., 2016).
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The modular multilevel converter was first proposed by

Professor R. Marquardt in 2001 (Perez et al., 2015). With the

continuous development of MMC, it has become an important

converter topology for renewable energy grid connection. However,

renewable energy power generation generally has the characteristics

of geographical dispersion and randomness (Lawder et al., 2014).

The large-scale grid connection will have a greater impact on the

power system. Voltage imbalance on the three-phase network side

or large ac/DC load mutations will make the system bus voltage

unstable and the system circulation increase. Cause damage to users’

electricity products, power grid protection malfunction, distribution

network operating equipment service life reduction and other

problems. The traditional MMC is no longer suitable for the

increasingly complex new energy grid connection. In 2011,

Remus Teodorescu and his collaborators added an energy storage

system to the traditional MMC, that is, the topology of the energy

storage modular multilevel converter (MMC-ES) was proposed

(Trintis et al., 2011), which achieved a stronger grid connection

effect (Zhang et al., 2008; Liang et al., 2021). The combination of

MMC with lithium batteries with high energy density, high power

density and high energy conversion efficiency can give full play to

the ability of MMC-ES to adjust power quality and smooth power

fluctuation output in medium and high power applications. MMC-

ES can not only complete the storage and release of large-capacity

energy, but also suppress the power fluctuation caused by new

energy power generation, make up for the power difference between

AC andDC sides, and improve the system power quality (Karwatzki

and Mertens, 2018; Li et al., 2019).

One of the research hotspots of MMC-ES is its topology. At

present, its topology can be divided into two types: the

centralized MMC-ES and the distributed MMC-ES (Zhang

and Tao, 2012). The two topologies are distinguished by

different locations of accessing the energy storage system. The

centralized MMC-ES is a parallel energy storage system on the

high-voltage DC side of the MMC, while the distributed MMC-

ES is a small energy storage system connected in parallel to the

DC side of each sub-module (Coppola et al., 2012). Compare the

centralized MMC-ES with the distributed energy storage

topology of the same energy storage capacity, and it is found

that the centralized MMC-ES is affected by the DC current of

MMC, with low energy storage efficiency, low system stability,

and high system cost (Baruschka and Mertens, 2011). In the

distributed energy storage topology, due to the increase of the

number of energy storage modules, the control difficulty is

gradually increased, and it is more difficult to accurately

control the state of the energy storage elements of each sub-

module. Especially because of the increase in energy storage

batteries, the utilization rate of energy storage capacity and the

life of the battery are linked to SOCs, and the SOC balance

between multiple batteries will be difficult to control.

In the research of the centralized energy storage topology,

literature (Soong and Lehn, 2014) introduced the centralized

energy storage topology in which the single large battery was

directly connected in parallel to the common DC bus of the

MMC. This topology DC bus voltage was not fixed but

depended on the SOC, which would lead to an increase in

the rated voltage of the converter. Literature (Ciccarelli et al.,

2013) used a battery energy storage unit as an energy buffer in

an electric vehicle charging station, and the battery was directly

connected to the DC side of the sub-module in parallel.

Although the centralized energy storage topology is simple to

control and easy to implement, it is not the optimal choice for

the current MMC-ES due to its high cost and unsatisfactory

output effect. In the research of the distributed energy storage

topology, literature (Soong and Lehn, 2014) used the battery as

the energy storage unit, and pointed out that the parallel

connection of the DC/DC has many advantages, which can

decouple the battery and the sub-module’s capacitor, reduce the

DC filter requirement of the battery, increase the battery life and

allow the sub-module capacitor voltage to be moderately

reduced. The main disadvantage of introducing DC/DC was

that the energy conversion efficiency of the entire system would

be reduced. Literature (Schroeder et al., 2013) pointed out that

the oscillating current cannot be used to charge the battery, so

DC/DC which is capable of bidirectional power flow was added.

In order to avoid the low-frequency components of the sub-

module from flowing into the battery, literature (Vasiladiotis

and Rufer, 2015) used a non-isolated DC/DC to connect the

battery to the DC side of the sub-module in parallel, and

mentioned that the energy storage unit provided additional

freedom for the sub-module capacitor voltage balance control,

which was achieved by the DC/DC interface on the battery side.

Although the distributed energy storage system has stronger

topology performance than the centralized one, most of the

current distributed energy storage topologies use more DC/DC

to connect the energy storage system, resulting in higher

switching losses and energy loss.

In order to solve the problem of high cost of centralized

energy storage topology and high difficulty of controlling

distributed energy storage topology, a centralized local

energy storage modular multilevel converter (MMC-CLES)

is proposed in this paper. Based on the traditional MMC

topology, MMC-CLES combines six sub-module topologies

of three phases on the upper and lower DC bus sides and

reduces them to one sub-module on the upper and lower DC

bus sides, that is, two shared sub-modules of three phases are

connected to the DC bus side. The purpose of reducing

switching loss and improving energy conversion efficiency

is achieved through a large reduction of power switching

devices. The MMC-CLES topology solves power quality

problems such as power fluctuations caused by large-scale

new energy grid connection and imbalance of three-phase AC

current. Based on mathematical modeling, the corresponding

control strategy of MMC-CLES is designed to

make it run smoothly under three-phase unbalanced

conditions.
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The structure of this paper is as follows: Section 1

introduces the composition of the new centralized local

energy storage topology and the operation mechanism of

its sub-modules; Section 2 introduces the power flow

analysis of MMC-CLES in this paper; Section 3 introduces

the control system and system modeling used in this topology;

Section 4 analyzes the simulation verification in the Matlab/

simulink environment; Section 5 summarizes this paper and

makes a prospect.

2 New MMC-ES topology

2.1 Topology

The topology proposed in this paper is shown in Figure 1.

The three-phase sub-modules near the common DC bus side,

as shown in Figure 2B are shared, and the energy storage

battery is connected through the single-phase Buck-Boost,

forming a MMC-CLES topology between the distributed

FIGURE 1
MMC-CLES topology.

FIGURE 2
CLES-MMC using sub-module topology. (A) shows the SM sub-module topology. (B) shows the ESM sub-module topology.
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MMC-ES and the centralized MMC-ES. In this topology, each

bridge arm has k−1 SM sub-modules, and a total of 6(k−1) SM

sub-modules for three phases. Three phases share an energy

storage sub-module ESM (Gu et al., 2016) near the common

DC bus, as shown in Figure 2B. And each bridge arm has only

one common energy storage sub-module. There are two

energy storage sub-modules and 6(k−1) SM sub-modules in

six bridge arms of three phases. And the number of Esm

submodules in the MMC-CLES mentioned in this question is

always only two as shown in Figure 1.

FIGURE 3
ESM topology current flow. (A) shows the in buck mode. (B) shows the in boost mode.

TABLE 1 SM sub-module mechanism.

Sub-module states Topological current flow direction

Input state

Cut-off state

Blocking state
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The SM sub-module is composed of two anti-parallel power

switching tubes and a capacitor module C; the ESM sub-module

is connected to a bidirectional DC-DC circuit and an energy

storage battery Lb on the other side of the capacitor C on the basis

of the SM sub-module.

2.2 SM sub-module mechanism analysis

The structure of the SM sub module can be a half-bridge,

a full-bridge and a multi-level structure. This paper takes the

sub-module of the half-bridge structure as an example

to analyze its working principle. As shown in Table 1,

there are three working states of the sub-module: the

input state, the cut-off state and the blocking state (Jiang

et al., 2020).

2.2.1 VT1 is turned on and VT2 is turned off
There are two current flow directions: Flowing clockwise, the

current flows in from port 1, charges capacitor C through VD1,

and flows out from port 2; flowing anticlockwise, the current

flows in from port 2, discharges capacitor C, and flows out from

port 1 through VT1. In both states, the capacitor voltage of the

sub-module is equal to its port voltage, and it is called the input

state.

2.2.2 VT1 is turned off and VT2 is turned on
There are two current flow directions: The current flowing

clockwise flows through VT2; the current flowing anticlockwise

flows through VD2. When VT1 is turned off and VT2 is turned

on, the capacitor is always bypassed regardless of the current

directions, so the port voltage is always 0. In this state, the sub-

module is out of operation from the MMC system, and it is called

the cut-off state.

2.2.3 Both VT1 and VT2 are turned off
There are two current flow directions: when the current is

clockwise, it flows through VD1 to charge the sub-module

capacitor C; when the current is anticlockwise, it flows

through VD2 to bypass the sub-module capacitor C. In this

state, the sub-module capacitor can only be charged and cannot

be discharged, so this state is usually used for pre-charging the

sub-module capacitor before the MMC is officially put into

operation.

2.3 ESM sub-module and bidirectional
DC-DC mechanism analysis

As shown in Figure 2B, the ESM sub-module is composed of

the half-bridge sub-module and the energy storage system.

Among them, by controlling the switching states of the half-

bridge sub-modules VT1 and VT2, the charge and discharge of

the capacitor Cm is changed to maintain the stability of the DC

voltage of each phase; the energy storage system includes

bidirectional DC-DC (Montesinos-Miracle et al., 2013), energy

storage filter inductor Lbat and lithium battery (Lb).

As shown in Figure 3, when the bidirectional DC-DC works

in the Buck mode, the half-bridge sub-module capacitor charges

the Lb. When the bidirectional DC-DC works in the Boost mode,

the Lb charges the half-bridge sub-module capacitor. From the

above analysis of the bidirectional DC-DC working mode, it can

TABLE 2 Relationship between working state and the number of input sub-modules.

Running state Input number of
upper arms (p)

Input number of
lower arms (n)

Output voltage amplitude

1 2 2 0

2 1 3 Udc/4

3 0 4 Udc/2

4 1 3 Udc/4

5 2 2 0

6 3 1 −Udc/4

7 4 0 −Udc/2

8 3 1 −Udc/4

FIGURE 4
MMC output characteristics.

Frontiers in Energy Research frontiersin.org05

Li et al. 10.3389/fenrg.2022.1018721

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1018721


be seen that when the Lb of the energy storage system operates in

a low-voltage environment, the charge and discharge current is

highly controllable.

Combining the two states of the bidirectional DC-DC circuit

and three states of sub-modules in Section 2.2, respectively, a

total of six working states of the energy storage sub-module of the

MMC-ES can be obtained. That is, by controlling the on-off of

the switches of VT3 and VT4, the charging and discharging of the

Lb is controlled to stabilize the voltage of the sub-module

capacitor, so as to improve the stability of the whole system.

2.4 The relationship between the input of
the sub-module and the voltage output

Taking five levels as an example, one power frequency cycle

can be divided into eight operating states. Among them, the

relationship between the operating state and the number of sub-

module input is shown in Table 2. Different from the working

mode of the traditional two-level converter, the sub-modules of

the upper and lower arms work at the same time when the MMC

is working, and the total number of sub-modules put into the

upper and lower arms at any time is n. For example, the number

of sub-modules put into the MMC phase unit at any time in

which the bridge arm is cascaded with four sub-modules is 4, and

the sub-modules of the upper bridge arm and the lower bridge

arm are put in and cut off according to the complementary rule

that is, the number of sub-modules put into the lower bridge arm

at a certain time is +1, the number of sub-modules put into the

upper bridge arm is −1, and the AC side can output n+1 levels.

Based on Table 2, it can be seen that the output voltage

waveform of the AC side of the MMC at 5-level is shown in

Figure 4. The eight modes of operation in Table 2 correspond

sequentially to the eight voltages in Figure 4.

As shown in Table 3, on the premise of outputting the same

waveform, MMC-CLES reduces the use of 22 bidirectional DC-

DC circuits and 22 lithium batteries compared with the

traditional distributed MMC-ES. Therefore, the topology

proposed in this paper has smaller switching losses and higher

energy utilization.

The reduction in the number of IGBT in MMC-CLES is

mainly reflected in two aspects: One is to achieve a smaller

number of submodules than the two topologies by sharing the

three-phase DC bus side submodules common. The second is to

reduce the number of energy storage components and

bidirectional DC-DC systems by adding energy storage

systems only to common submodules.

In terms of cost, centralized energy storage MMC is the

largest, followed by distributed energy storage MMC, and MMC-

CLES is the smallest. In terms of control strategy, MMC is the

simplest, distributed energy storage MMC is the most complex,

and MMC-CLES is simpler than distributed energy

storage MMC.

3 MMC-CLES system modeling

3.1 Differential equation model

Youmay insert up to five heading levels into your manuscript

as can be seen in “Styles” tab of this template. These formatting

styles are meant as a guide, as long as the heading levels are clear,

Frontiers style will be applied during typesetting.

The differential equation modeling of MMC-CLES is derived

from the MMC-CLES equivalent circuit established in Figure 5.

Assuming that the DC voltage is Udc, the phase voltage of the

AC system is:

TABLE 3 Comparison of two system topologies.

Name/Item Traditional distributed energy
storage

New topology proposed
in this article

Number of common sub-modules 24 20

Number of energy storage system 24 2

Number of lithium batteries used 24 2

Number of IGBT in common sub-modules 48 40

Number of IGBT in energy storage system 48 4

The total number of IGBT 96 44

FIGURE 5
MMC-CLES equivalent circuit.
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usj � Usm sin(ωt + θj) (1)

where the reference phases of the three phases a, b and c are θa =
0,θb = −2π/3, θc = 2π/3. Usm is the fundamental wave amplitude

of the equivalent phase electromotive force of the AC system.

The j-phase AC side current isj and the j-phase upper and

lower arm currents ipj and inj satisfy the KCL equation:

isj � ipj − inj (2)

The differential mode voltage of the upper and lower bridge

arms is defined as udiffj, and the common mode voltage of the

upper and lower bridge arms is ucomj. Their expressions are:

udiffj � −1
2
(upj − unj) � 1

2
(unj − upj)

� usj + Larm

2

disj
dt

+ Rarm

2
isj

(3)

ucomj � 1
2
(upj + unj)

� Udc

2
− Larm

dicirj
dt

− Rarmicirj

(4)

3.2 Switching function modeling

When the MMC-CLES is running stably, the capacitor of the

energy storage sub-module flows through not only the bridge

arm current for energy interaction with AC and DC sides, but

also the charge and discharge current of the energy storage

system. Taking one phase as an example, the switching

function s of the energy storage sub-module is defined as:

s � { 1(whenVT1onVT2of f)
0(whenVT1offVT2on) (5)

Thus, the output voltage expression of a single energy storage

sub-module is established:

⎧⎪⎪⎨⎪⎪⎩
uijk � sijkUsmk

Cm
dUsmk

dt
� sijkiij + iLbk

(6)

Where uijk is the output voltage value of the k-th sub-module

in the upper or lower bridge arm of a phase; Usmk is the

capacitor voltage of the sub-module; sijk is the switching

function; iij is the upper or lower arm current of a phase;

iLbk is Lb charge and discharge currents of the energy storage

system. Among them, i = p (upper bridge arm) or n (lower

bridge arm), the number of phases j = a, b, c, k = 1 ~ n

representing the number of sub-modules in the same bridge

arm. Therefore, the bridge arm output voltage uij and output

current iij can be expressed as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

uij � ∑n

k�1sijkUsmk

Cm
d∑n

k�1sijkUsmk

dt
� iij +∑n

k�1sijkiLbk
(7)

Ignoring the equivalent impedance of the bridge arm,

establish the KVL equation about the upper and lower bridge

arms, shown as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
upj � 1

2
Udc − Ea sin(ωt)

unj � 1
2
Udc + Ea sin(ωt)

(8)

Where upj and unj are the upper and lower arm voltages of j-th

phase, respectively; Ea is the peak value of the AC voltage; Udc is

the DC side voltage.

3.3 Power flow analysis

The internal characteristics of the phase unit and the bridge

arm unit are analyzed, and the upper and lower bridge arm

voltages are:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

upj � ∑n
k�1Usmk

2
− ∑n

k�1mUsmk sin(ωt + θj)
2

� Udc

2
− Udc

2
msin(ωt + θj)

unj � ∑n
k�1Usmk

2
+ ∑n

k�1mUsmk sin(ωt + θj)
2

� Udc

2
+ Udc

2
msin(ωt + θj)

(9)

Wherem is the modulation ratio; Usmk is the capacitor voltage of

the energy storage sub-module put into operation in the j-th

phase. According to the single-phase equivalent circuit, the KAL

equations of the upper and lower bridge arms are established as

follows:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
ipj � 1

3
Idc + Ij sin(ωt − φ)

2

inj � 1
3
Idc − Ij sin(ωt − φ)

2

(10)

Where ipj and inj are the currents flowing through the upper and

lower bridge arms respectively; Idc is the DC output current; Ij is

the peak value of the phase AC current; φ is the impedance angle.

From Eqs 9, 10, the power expressions of the upper and lower

arms can be obtained:
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ppj � UdcIdc
6

− UdcIdc
6

msin(ωt + θj) + UdcIj
4

sin(ωt − φ)
−UdcIj

4
msin(ωt − φ) sin(ωt + θj)

Pnj � UdcIdc
6

+ UdcIdc
6

msin(ωt + θj) − UdcIj
4

sin(ωt − φ)
−UdcIj

4
msin(ωt − φ) sin(ωt + θj)

Pj � UdcIdc
3

− UdcIj
2

msin(ωt − φ) sin(ωt + θj)
Pjx � UdcIdc

3
− UdcIj

2
sin(ωt − φ)

(11)
The power of the phase unit in Eq. 11 can be simplified to get

Eq. 12:

Pj � UdcIdc
3

+ UdcIj
4

m[cos(2ωt + θj − φ) − cos(θj + φ)] (12)

It can be seen from Eq. 12 that the main influences of the

MMC-CLES circulation are the fundamental frequency

circulation and the double frequency circulation, so the

suppression of the circulation should also be focused on

these two circulations. The SOC is controlled by

controlling the flow of power by controlling the circulating

current.

4 New topology control strategy

The MMC-ES main control system is shown in Figure 6.

First, according to the instantaneous active/reactive power

theory, the active/reactive power reference values Ps*, Qs* are

transformed to obtain the d and q-axis current reference

values id*, iq*; Secondly, three-phase AC currents ia, ib, and

ic are separated from active power and reactive power by abc/

dq coordinate transformation, and the actual values of the d

and q-axis currents isd and isq are obtained; make a difference

with the actual value respectively, and obtain the reference

value voltages urd* and urq* of axes d and q; in order to

accelerate the operation of the system and release the voltage/

current coupling effect of axes d and q on the AC side, add a

FIGURE 6
MMC-CLES main control system.

FIGURE 7
Bidirectional DC-DC control system. (A) shows the buck mode control chart. (B) shows the boost mode control chart.
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feedforward decoupling. Three-phase AC voltages ua, ub, and

uc are transformed by abc/dq to obtain usd and usq; urd*, urq*

and the coupling currents of axes d and q jointly complete

feedforward decoupling to obtain the ideal values ud*, uq* of

the voltages of axes d and q; Finally through the dq/abc inverse

coordinate transformation to obtain the three-phase AC

voltage modulation waveform.

4.1 Energy storage module control

For the single-phase Buck/Boost DC converter, the

double closed-loop control of the voltage outer loop and

the current inner loop is adopted. Taking Esm as an example,

the Buck mode and the Boost mode are controlled separately.

The control diagram is shown in Figure 7, where Usmref is the

terminal voltage of the lithium battery; ibat is the current

flowing through the lithium battery.

The error between the sub-module capacitor voltage Usm and

its reference value Usmref is obtained through the PI controller to

obtain the lithium battery charge and discharge current reference

value i*bat, and then if multiplied by −1, the circuit will work in

the Boost mode. If not multiplied by −1, the circuit will work in

the Buck mode, the system modulation wave can be obtained

through the current inner loop and charge-discharge

compensation. Compared with the triangular carrier, it can

generate the corresponding PWM control switching tube VT3

and VT4 to turn on and off to realize the charging and

discharging of the lithium battery.

FIGURE 8
SOC balance control system of upper and lower bridge arms.

TABLE 4 System simulation parameter table.

Parameters Value

Rated capacity S/MVA 1.6

Grid phase voltageEj/kV 8

DC side voltageUdc/kV 20

Bridge arm filter inductanceLEm/mH 2

Sub-module capacitanceCm/mF 9.4

Grid side filter inductanceLs/mH 2

DC/DC inductanceLbat/mH 3

Switching frequencyf/Hz 1,000

FIGURE 9
Three-phase voltage and current on the AC side.
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4.2 SOC balance control

The essence of the traditional distributed MMC-ES SOC

equalization control is to correct the phase-to-phase power of the

three phases and the power of the upper and lower bridge arms

and their sub-modules, respectively. MMC-CLES simplifies the

SOC control strategy by reducing the number of ESM, it only

needs one-level SOC control and sub-module battery SOC

balance between the upper and lower bridge arms. In this

way, the purpose of fully utilizing the energy storage capacity

of the lithium battery is achieved.

By calculating the average value of the two energy storage

lithium batteries of the upper and lower bridge arms as the reference

value of SOC, making a difference with the SOC value of the upper

and lower bridge arms and passing through two PI controllers to

balance the SOC value, and the control diagram is shown in

Figure 8. When the system is in a power-starved state, the

bidirectional DC-DC circuit is controlled to be in the Boost

state, and the upper and lower arms are discharged at the same

time. The PI controller is used to suppress the discharge speed of the

upper arm battery to achieve the SOC balance effect. When the

system is in a power-overflow state, the bidirectional DC-DC circuit

is controlled to be in the Buck state, and the upper and lower arm

batteries are charged at the same time, and the PI controller is used

to suppress the charging speed of the upper arm battery to achieve

the SOC balance effect. At the same time, the phase unit power

derived from Eq. 12 can be used to achieve the purpose of balancing

the SOC by controlling the circulating current (Cheng et al., 2021).

5 Simulation experiment verification

In order to verify the feasibility of the new centralized local

energy storage topology based on MMC and the effectiveness of

the control strategy proposed and used in this paper, a three-

phase five-level MMC-CLES system in the Matlab/Simulink

environment is built which operates under the condition of

the three-phase unbalance, that is, B and C-phase voltages

drop by 50%, and comparative simulation verification is

carried out. Table 4 is the simulation parameter table used in

this simulation.

The biggest difference in hardware parameters is the size of

the energy storage battery and the size of the DC side

capacitor, the centralized energy storage topology will be a

number of energy storage units in series parallel composition

of the energy storage module directly parallel or indirectly

paralleled by the DC-DC converter on the DC side of the

MMC, the structure is simple and easy to control, but its entire

system only uses an energy storage module, because its energy

storage module often uses a larger capacity. The distributed

energy storage topology uses more small energy storage

modules in parallel on the submodules, which solves the

problem of poor flexibility of the centralized energy storage

topology to a certain extent, but it is difficult to make full use of

each energy storage module due to the use of more energy

storage modules. It will cause waste of energy storage capacity

to a certain extent. The MMC-CLES uses only two energy

storage modules to use a smaller battery capacity than

centralized and distributed energy storage.

TABLE 5 FFT analysis of AC side three-phase current and analysis of three-phase unbalance degree.

Time (s) THD content/% Three-phase
unbalance degree/%

Phase A Phase B Phase C

2.5 4.13 5.15 4.23 12.78

5 3.11 3.87 3.35 11.89

7.5 3.11 3.86 3.31 9.68

10 3.24 4.03 3.24 8.16

FIGURE 10
DC side voltage/current.
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As shown in Figure 9A, the topology proposed in this

paper, the A-phase voltage, i.e., the blue line, remains

unchanged. B and C-phase voltages, that is, the red and

green line, drop by 50% at 1 s, from 8,000 to 4,000 V. As

shown in Figure 9B, the waveform of three-phase AC current

is 0–4 s, and the voltages of phases B and C drop by 50% at 1 s,

because the rapid discharge of the battery of the energy storage

system makes up for the power difference of the two-phase

drop, so that B and C-phase voltages drop. The phase current

reaches the three-phase current steady state again within 0.5 s.

It further guarantees the safety and reliability of power grid

operation.

Figures 9C,D are the detailed diagrams of the three-phase

voltage and current at 14.5–14.6 s, respectively. It can be seen that

when the system runs at 14.5 s, the current has basically made up

the power difference caused by voltage drop.

As shown in Table 4, the three-phase currents were taken

five cycles at 2.5, 5, 7.5, and 10 s for fast Fourier analysis. In

this paper, the harmonic content of the fundamental

frequency current was not affected on the basis of greatly

reducing the switching elements, and its THD content meets

the requirements of the national standard.

The rapid balancing of the three-phase current is mainly due to

the energy storage system in the topology, which can provide

sufficient power support for the AC side. Thanks to the addition

of the energy storage system, a better balance effect of current than

that of traditional MMC is achieved. According to the calculation

formula of the three-phase current unbalance degree: MAX

difference phase current ÷ three-phase average current effective

value, the three-phase current unbalance of the topology proposed

in this paper can be calculated, as shown in Table 5. The analysis is

carried out at 2.5, 5, 7.5, and 10 s.

The submodule voltage balancing strategy used in this paper

is the NLM sorting algorithm, according to the number of

submodules that need to be invested according to the NLM,

the submodule with the lowest number of voltages is invested

when the bridge arm current charges the submodule capacitor,

and the submodule with the highest number of voltages is

invested when discharging, thereby suppressing the imbalance

between the capacitor voltages.

Figure 10 is a waveform diagram of the DC side voltage and

current of the converter. It can be seen from the figure that the

voltage and current fluctuate slightly when the system starts. When

the energy storage system is connected to the converter at 1 s, the

system voltage and current tend to be stable after 3 s, the DC voltage

is stable at 20,000 V, the DC current is stable at 80 A, and the system

runs stably. It can be seen that the topology proposed in this paper

has good stability after the battery is connected. The overshoot of the

10DCvoltages andDC currents in Figure 10 is controlled below 5%,

and the reason for the steady-state fluctuations is mainly the charge

and discharge behavior of the battery.

Figure 11 shows the three-phase circulating current of the

system. The results show that when the energy storage system

does not start to discharge, the three-phase circulating current

value is very large. After the energy storage battery begins to

discharge at 1 s, the three-phase circulating currents are all

reduced to negligible levels. The topology used in this paper

can effectively suppress the three-phase circulating current.

FIGURE 11
Three-phase circulation current.

FIGURE 12
Fitting curve of SOC difference change between two
batteries.
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Figure 12 is a fitting curve of the SOC difference change of the

two energy storage batteries added to the topology. It can be seen

from Table 6 that the two batteries start to discharge synchronously

from 1 s to make up for the power shortage on the AC side, and the

difference decreased from 1% at 1 s to 0.95549% at 9 s, and the

difference fitting curve is a first-order curve, showing a decreasing

trend. The effectiveness of the SOC balance control method used in

this paper is verified. Table 6 is a change table of the SOC values of

two energy storage batteries. The initial value of the battery SOC

added to the upper bridge arm energy storage sub-module is set to

50.5%; the initial value of the battery SOC added to the lower bridge

arm energy storage sub-module is set to 49.5%. Combining

Figure 12 and Table 6, it can be seen that after loading the SOC

balance control of the upper and lower arms, the SOC curves of the

two batteries are gradually approached by discharging through the

bidirectional DC-DC circuit. The purpose of prolonging the service

life of the battery is achieved by balancing the utilization rate of the

two batteries of the upper and lower bridge arms.

6 Conclusion

This paper proposes a new topology MMC-CLES between

the centralized MMC-ES and the distributed MMC-ES, which

indirectly reduced the use of power switching tubes and energy

storage batteries by reducing the number of sub-modules. The

problem of high switching loss and high cost of the energy

storage module used in the existing MMC-ES was solved.

Through theoretical analysis and simulation verification, it

could be seen that MMC-CLES had the following

characteristics:

1. The power switching tube and energy storage battery were

greatly reduced, which brought about the reduction of cost

and switching loss.

2. It had better and faster power difference compensation

ability. MMC-CLES could achieve a three-phase current

unbalance of 8.16% under three-phase unbalanced

conditions.

3. The complemented three-phase current had lower total

harmonic distortion. At 14 s, the harmonic content of

three-phase current was 3.11%.

The effective operation of MMC-CLES in complex working

conditions with low cost and high efficiency verified the prospect

of topology in the field of flexible power transmission.

In addition, only the most basic control strategy is selected for

SOC and circulating current suppression in this paper, which

restrains the topology performance of this paper. Later, based on

theMMC-CLES topology, the control methodmore suitable for this

topology will be studied further.
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