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on Active Fundamental-Frequency Circulating
Current Injection to Realize Full-Range Operation
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Abstract—The extensive integration of new sources and loads
threatens the safe operation of the conventional ac distribution
networks. The soft normally open point (SNOP) is proposed as an
efficient solution. However, the mainstream back-to-back modular
multilevel converter (MMC) scheme requires numerous devices
and capacitances, which is not conducive to popularization. Lately,
a novel modular multilevel converter with multiple MVac ports
(MACP-MMUC) has been introduced, offering a significant reduc-
tion in the construction cost and volume. Nonetheless, the MACP-
MMC has some application limitations: when the MMC’s ac output
current is minimal, the MACP-MMC’s power balanced control
submodule has insufficient ability to maintain the internal energy
balance, leading to its failed operation. To address this issue, this
manuscript presents an enhanced MACP-MMC (eMACP-MMC)
that features wide adjustment range. The proposed eMACP-MMC
improves the connection structure between the MMC part and
the multiport interconnection module part with small cost, thus
offering an extra energy exchange path with the circulating current.
On the one hand, eMACP-MMC can work as “MACP-MMC mode”
under the joint supply or consumption scenario. On the other hand,
the internal energy balance can be achieved by actively injecting
fundamental-frequency circulating current under the flexible inter-
connection scenario. Consequently, the eMACP-MMC is suitable
for all the application scenario of SNOP. Meanwhile, the circulating
current’s other degree of freedom is used for eliminate the imbal-
ance between the MMC’s arms caused by the former component.
Additionally, considering the shortcomings caused by circulating
current, the eMACP-MMC’s redundant degrees of freedom are
used to minimize the injected circulating current. Then, the novel
operating principle and the control strategy of eMACP-MMC
are researched.

Index Terms—Energy balance, modular multilevel converter,
multiport converter, power regulation, soft normally open point.
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1. INTRODUCTION

ITH the widespread integration of distributed energy
W sources and dc loads with strong power fluctuations,
traditional distribution networks (DN) confront problems such
as voltage violations, bidirectional power flow, and complicated
protection design, which threaten the power quality and supply
reliability of distribution networks [1]. As an effective solution
with application prospect, soft normally open points (SNOPs)
based on power electronic devices is initially proposed in [2],
as depicted in Fig. 1. By substituting traditional tie switches,
the SNOP achieves precise control over both active power and
reactive power, and the voltage adjustment of feeders, thereby
enhancing the operational viability and controllability of the
DN [3], [4]. Typically, the SNOP consists of one or more
voltage source converters, which connect the ac and dc grids and
share a common dc bus. The medium voltage dc (MVdc) grid
established by SNOP has advantages of high supply reliability,
high power quality, and easy consumption of new dc sources
and loads [5].

Due to the advantages of modularity, scalability, and without
limitations of voltage withstand and series voltage equalization
technology of switching devices, modular multilevel converter
(MMC) has been widely used in multiterminal flexible inter-
connection projects [6], [7]. The generally adopted BTB-MMC
scheme consists of multiple MMC converters. The BTB-MMC
scheme require a large number of IGBTs and bulky capacitors,
which leads to high costs and a large area occupied for the
converter station, hindering further popularization, and appli-
cation [8].

Currently, in order to achieve compact and low-cost of ac—
dc converter stations, several methods have been proposed in
related research to improve control strategies [9], [10], [11] or
topology structures [12], [13], [14], [15], [16]. On the improve-
ment of control strategies, Kolluri et al. [9] reduced the sub-
module (SM) capacitor voltage fluctuations by injecting double-
frequency circulating current; Samajdar and Bhattacharya [10]
proposed an optimization strategy for circulating current injec-
tion without using lookup tables to optimize the SM capacitor
voltage; Younis et al. [11] presented a double-frequency circu-
lating current suppression strategy based on midpoint capacitor
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Fig. 1. Structure of DN with the multiport SNOP.

voltage, which can also significantly reduce the number of
sensors. In terms of improving topology structures, Li et al.
[12] proposed a modified MMC (M-MMC) topology with an
intermediate SM, and the top and bottom SMs are interconnected
through auxiliary cables. M-MMC can reduce the number of
SMs and suppress the double-frequency component of SM
capacitor voltage at the same output voltage level compared
to the conventional MMC. Huang et al. [13] and Jia et al.
[14] both proposed an improved MMC topology by adding a
middle SM and corresponding control strategy to reduce the SM
capacitance. Le and Lee [15] proposed a novel middle SM that
uses less components. Jia et al. [16] proposed an active power
decoupling MMC (APD-MMC) topology integrates the APD
circuit with the full-bridge SM to reduce the capacitance.

The aforementioned methods are all based on a single MMC
and do not alter the fundamental structure of BTB-MMC. The
SNOP with BTB-MMC scheme still includes several full-power
converters, requiring a large number of switching devices and
bulky capacitors, leading to high costs and large volumes.

To address the economic issue of the BTB-MMC scheme,
a modular multilevel converter topology with multiple MVac
ports (MACP-MMC) is introduced in [ 17], as shown in Fig. 2(a).
A multiport SNOP with MACP-MMC scheme requires only
one full-power MMC, which interconnects multiple ac feeders
through small-capacity half-bridge converters in the multiport
interconnection module (MIM), enabling flexible power flow
control. Accordingly, by adding small-capacity half-bridge con-
verters in the MIM, the ac ports expansion can be easily and
economically achieved. Therefore, the MACP-MMC scheme
offers advantages such as compactness, cost-effectiveness, and
ease of scalability. The MACP-MMC is an economical solution
but it has some limitations: under certain conditions, when the ac
output current of MMC is significantly low, the balance ability
of the power balanced control submodule (PBCM) becomes
insufficient, leading to fail operation of MACP-MMC.

According to power interaction mode between the MVac
feeders and MVdc, the application scenarios of SNOP is divided
into the joint supply or consumption scenario and the flexible
interconnection scenario. For the joint supply or consumption
scenario, the residual capacity of the ac feeders is used to joint
supply or consume the power of MVdc, where the distributed
energy sources and dc loads are integrated. In addition, the
flexible interconnection scenario is also vital and meaningful for
the SNOP’s application: through mutual power exchange among
multiple ac feeders, the load balancing, voltage regulation, and
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power quality improvement can be achieved [18]. The power
flow direction of two scenarios is depicted in Fig. 3.

Without considering the reactive current, whether there is
MMC'’s ac output current is other distinguishable feature be-
tween two scenarios. Therefore, due to the MACP-MMC'’s in-
ternal energy balance ability need to be guaranteed by relatively
large interaction current of PBCM, it can only apply to the
joint supply or consumption scenario but is not suitable for the
flexible interconnection scenario. To expand the MACP-MMC'’s
application scenario, this article proposes an enhanced modular
multilevel converter with multiple M Vac ports (eMACP-MMC),
which achieves full-range operation, as depicted in Fig. 2(b).
The key to improve the adjustment range of eMACP-MMC
is to improve the energy balance ability of PBCMs, which
is determined by the amplitude of their interaction current.
Therefore, the eMACP-MMC expands a new energy exchange
path with the fundamental-frequency circulating current. By
adjusting the injected circulating current, the PBCMs’ balance
ability is always sufficient. The improvements of eMACP-MMC
are summarized as follow.

In terms of circuit structure and operating principle, eMACP-
MMC improves the connection structure between MMC part
and MIM part: the PBCMs are added to two, which connect to
the upper and lower arms of the MMC, respectively, providing
increased control flexibility and more energy exchange paths.
The two PBCMs can interact with both the differential-mode
output current and the common-mode circulating current of
MMC to achieve the internal energy balance of the MIM part. On
the one hand, under the joint supply or consumption scenario,
the eMACP-MMC can work as “MACP-MMC mode” where
the PBCMs output same voltage. On the other hand, under the
flexible interconnection scenario, the energy balance of MIM
can be achieved by adjusting the injected the fundamental-
frequency circulating current. Consequently, eMACP-MMC can
not only apply to the joint supply or consumption scenario as
MACP-MMC, but also expand to the flexible interconnection
scenario, thus holding a potential application prospect.

Accordingly, aninternal energy balance control strategy based
on actively injecting circulating current is designed for eMACP-
MMC, which is completely different from the MACP-MMC’s.
The MIM’s dc-link voltage is maintained by adjusting the in-
jected fundamental-frequency circulating current through MMC
after the PBCMs’ output voltages are given based on the opti-
mization method introduced later. However, the aforementioned
circulating current may lead to energy imbalance between the
arms of the MMC. Therefore, the circulating current’s other
control degree of freedom is used to balance the upper and lower
arms of MMC. Consequently, the circulating current injection
control strategy is proposed to achieve function and control
decoupling of the circulating current’s two components.

Finally, considering that the circulating current has some
shortcomings, such as increased current stress, more power loss,
and arm currents distortion [19], the eMACP-MMC’s redundant
degrees of freedom can be used to reduce the actively injected
circulating current as possible. Based on the energy balance
mechanism of MIM part, the optimization method is proposed
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Fig. 3. Power flow direction of two scenarios. (a) Joint supply scenario.
(b) Flexible interconnection scenario.

from two aspects: 1) reducing the power exchange through
power flow control submodules (PFCMs) and 2) increasing the
power balance efficiency of PBCMs.

The rest of this article is organized as follows. Section II
presents the topology structure and power regulation princi-
ple. Based on the energy balance mechanism and optimization
method introduced in Section III, the corresponding control
strategies are designed in Section I'V. Section V give a compari-
son between eMACP-MMC and the existing schemes to further
verify its advantages. Section VI demonstrates simulation and

Converter station topological configurations. (a) Converter station with MACP-MMC scheme. (b) Converter station with eMACP-MMC scheme.
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Fig. 4. Hybrid distribution system based on eMACP-MMC scheme.

experimental results to validate the effectiveness of the proposed
topology and control strategies. Finally, Section VII concludes
this article.

II. TOPOLOGY AND POWER REGULATION PRINCIPLE

A. Topology Configuration

A SNOP with n ac feeders, as illustrated in Fig. 4, which
is based on the eMACP-MMC, has two parts: 1) MIM and
2) MMC. The MIM consists of multiple half-bridge SMs (HB-
SMs) sharing a low-voltage dc link, which can be further divided
into PFCMs and PBCMs based on their respective functions.
The ac ports of PFCMs connect to the ac feeders, while the
two PBCMs are, respectively, connected to the upper and lower
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Fig. 5. eMACP-MMC'’s single-phase equivalent circuits. (a) Overall equivalent circuit. (b) DC equivalent circuit. (c) AC equivalent circuit.

arms of the MMC. The eMACP-MMC exhibits the following
characteristics.

1) PFCMs form a series structure between the feeders. Based
on the power regulation principle of the series flexible
interconnection device [20], the decoupled control of
active and reactive power of feeders can be realized by
adjusting the series voltages provided by PFCMs between
the feeders.

2) PBCMs is used to maintain the internal energy balance
of MIM. By improving the connection structure between
MMC part and MIM part, a new energy exchange path
with PBCMs through circulating current is established in
eMACP-MMC. The energy balance of MIM is achieved
by injecting fundamental-frequency circulating current
through MMC after the PBCMs’ voltages is determined
by the optimization method, so as to realize the full-range
adjustment.

3) eMACP-MMC has economical and flexible ac feeder
expansion capability: only need to add small-capacity
half-bridge PFCMs on MIM to achieve ac ports expansion.

For the proposed eMACP-MMC topology, the reference di-

rections of variables are illustrated in Fig. 4. The symbols
are clarified as follows: k(1<k<n) is the corresponding feeder
number, representing Feeder 1 to n; j (j = a, b, ¢) denotes the
phase of the variable, corresponding to phases A, B, and C;
Vi, and iy, respectively, indicate the phase-j node voltage and
current of kth Feeder. v, represents the output voltage at phase
j of PFCM, while v,; and v, represent the phase-j output
voltages of PBCMS. Vi, denotes the phase-j dc-link voltage,
and i, and iy, represent the phase-j currents of MMC’s upper
and lower arms. L;, denotes the filter inductance on Feeder k, L
represents the bridge arm inductance of the MMC, and V. and
14., respectively, indicate the voltage and current on the MVdc.

B. Power Regulation Principle

Ignoring the switching-frequency harmonics, the HBSM
adopting fully controllable devices can be regarded as a con-
trolled voltage source, which includes dc and ac components, as
well as the MMC’s arms. The single-phase equivalent circuit of
eMACP-MMC is shown in Fig. 5(a). Based on the superposition
theorem, the ac equivalent circuit and dc equivalent circuit is

shown in Fig. 5(b) and (c), respectively. As for the dc circuit,
since SPWM is adopted, to make the most of the modulation
range, the dc components of the HBSMs’ output voltage are
equal to the half of the MIM’s dc-link voltage. The dc compo-
nents do not affect the currents of the feeders, and the power of
feeders is only related to the ac equivalent circuit.

In the equivalent circuit, V};20; and Iy; 2 py; represent the
phase-j node voltage and line current of Feeder k, Vxj; 20 x1;
represents the phase-j voltage on the equivalentimpedance Xy; of
Feeder k, and V.1 20 .1 represents the fundamental component
of the phase-j output voltage of PFCM connected to Feeder k.
Additionally, V¢p; 26 cpjs Venj£0 cnj represent the fundamental
components of the output voltages of the PBCMs. The induc-
tance of the MMC bridge arm is X, while V,; 20, V,; 20,5 and
1p; Zppjs Inj £ pry, respectively, denote the phase-j voltage and
current of the upper and lower arms of the MMC. For simplifi-
cation, the following analysis is carried out in single-phase and
ignores the subscript j.

In the multiterminal SNOP system, Feeder 1 is selected as the
balanced feeder, and its active power is self-balanced according
to the active power of the remaining feeders and the MVdc.
Therefore, the power of the ports should satisfy the following
relationship:

Py =Pg— Y Pi— Pos (1)
k=2
where Py, is the active power of the kth feeder, P is the power
of MVdc side, and Pjoss is the system operating loss. In the ac
equivalent circuit, the vector relationship between Feeder 1 and
Feeder k is shown in Fig. 6. Consequently, the power of the
feeder k can be calculated as

P+ Qi = (Puo + AP) + j(Quo + AQ) = Vi - T5
= ?k [(Vk - 71 + 7){1 + 7C1 - Vck) /ij,r(mj
=V [(Vk ViVt Ade) /iXy) )

The superscript conj represents the conjugate of the vector,
and AV, (= Vi1 — Vi) represents the series regulation volt-
age between Feeder 1 and Feeder k, which is the difference
value of the output voltages of the corresponding PFCMs. Py
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Fig.6. Phasor diagram of a single-phase ac circuit between feeder 1 and feeder
k (=23,...,n).

and Qy are the natural power flow of feeder k, which is only
related to the node voltages of Feeder 1 and Feeder k and the
line parameters. AP and AQj, are the controllable power flow
components regulated by the series regulation voltage AV,qy.
Py, Qo and APy, AQy, are expressed as

Pk() _ Vi Visin(0p—01)— Vi Vxisin(0p—60x1)

S (3)
Qro = V2~V Vi cos(0x—01)+Vi Vx1 cos(0,—0x1)
kO — Xr
— VkAVclk sin(@k—édk)
AP, = <. @
AQ _ Vi AVeyg cos(0p—0c1k)
k= X5 .

According to (3) and (4), by adjusting the series regulation
voltage AV, the active power and reactive power of 2-nth
feeders can be controlled continuously and independently, and
the adjustment range is a circle with the radius of Vi AV.1x/ X}.

III. ENERGY BALANCE MECHANISM OF EMACP-MMC

In eMACP-MMC, the MIM’s dc link consists of several par-
allel capacitors as energy buffer. While regulating the power of
the feeders through PFCMs, there are energy exchange between
MIM’s dc link and the ac feeders. To achieve normal opera-
tion of eMACP-MMC, its PBCMs conduct as an energy bal-
ance channel to maintain the MIM’s dc-link voltage. However,
while the internal energy balance is achieved by adjusting the
fundamental-frequency circulating current, it leads to imbalance
between the MMC'’s arms. Therefore, the circulating current’s
other control degree of freedom is used to balance the upper
and lower arms of MMC. Additionally, the eMACP-MMC'’s
redundant control degrees of freedom can be used to optimize the
operation by reducing the injected circulation current from two
aspects. Since the energy balance mechanism is same in each
phase, the following analysis is elaborated in the single-phase
case.

A. Energy Balance Mechanism of MIM’s Dc Link

According to the energy exchange relationship shown in
Fig. 7(a), the energy exchange path between MIM and MMC
is unique in MACP-MMC: by adjusting the output voltage of
PBCM, itinteracts with the MMC’s ac output current to maintain
the MIM’s dc-link voltage. When the phase of PBCM’s output
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Fig. 7. Energy exchange relationship of MIM. (a) Relationship of MACP-
MMLC. (b) Relationship of eMACP-MMC.

voltage is consistent with that of MMC’s output current, the
energy balance equation of MACP-MMC can be expressed as

1 m
Vi = To ; Ver Ik cos(0ck — pi) | 061 = po- (5)

In (5), Vy; and 6y, represent the amplitude and phase of the
output voltage of PBSM, respectively, while /, and p, is the
amplitude and phase of MMC'’s ac output current. From (5),
when [, is extremely small, the balance ability of PBCM is
insufficient, leading to fail operation of MACP-MMC.

The proposed eMACP-MMC expands a new energy exchange
path, and improves the balance ability of PBCMs by actively
injecting fundamental-frequency circulating current. If only the
dc and fundamental-frequency components are considered, the
average switching functions of PFCMs and PBCMs are shown
in (6), and the feeders’ current and the MMC'’s output current
can be expressed as (7)

Ver(t) = V2Vep sin(wt + 6ex) + Vi /2, k= 1,...,n
Ucp(t) = ﬁvcp sin(wt + 5@) + Vink /2

Ucn(t) = \@chn Sin(Wt + 6(,71) + ‘/link/z
(6)

{zk(t) = /2I} sin(wt + py,) o

io(t) = Y h_ ik (t)=V21, sin(wt + p,).

Considering the symmetry among the phases of MMC and
between the upper and lower arms, the MVdc current is evenly
divided into three phases, and the current of MMC’s ac port
is equally divided into the upper and lower arms. Therefore,
the circulating current can be expressed as (8), which includes
dc and fundamental-frequency components. Furthermore, the
current of upper and lower arms can be expressed as (9)

icir(t) = \/glcir Sin(Wt + pcir) + Idc/g (8)
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{ip(t) = 2] sin(wt + po) + V2Leir sin(wt + peir) + L

in(t) = glo sin(wt + po) + V2l sin(wt + peir) + %
)

The current flowing into the MIM’s dc-link capacitor is equal
to the product of the ac ports’ current and the average switching
functions of the HBSMs, which can be expressed as

n

ilink(t) = Z (Sck X Zk) —+ Sep X ip — Sen X in.
k=1

(10)

In addition to the dc component, there are fundamental-
frequency and double-frequency fluctuations in #j;,x. In order to
maintain the energy balance of MIM’s dc link, the dc component
in i}y, must be 0, as (11) depicted

n

Z Verdy cos(6ck — pr)

k=1
—0.5Vepl, cos(6ep — po) — 0.5Ven I, c08(0ern — po)

+ chIcir Cos(écp - pcir) - ‘/;njcir Cos(écn - pcir) = 0
(11

It can be seen from (11) that the energy exchange channels
between MIM and MMC is extended by improving the structure
between the MMC part and MIM part, as shown in Fig. 7(b).
Considering the fundamental-frequency component, based on
the reference direction shown in Fig. 5(c), on the one hand, the
common-mode component of the PBCMs’ output voltages can
interact with the output current of the MMC; on the other hand,
the differential-mode component can interact with the MMC'’s
circulating current.

When it applies to the joint supply and consumption scenario,
the proposed eMACP-MMC can also operate in “MACP-MMC
mode”. When the constraint in (12) is satisfied, the eMACP-
MMC'’s equivalent circuit is the same as the MACP-MMC'’s, so
as the internal energy balance mechanism

‘/cpéécp = ‘/cnlécn (12)

When it comes to the flexible interconnection scenario, the
MMC’s output current is quite small. Therefore, eMACP-MMC
maintains the energy balance of MIM by adjusting the injected
fundamental-frequency circulating current after the output volt-
ages of PBCMs are determined by the optimization method.
Base on the above internal energy balance mechanism, the
SNOP with eMACP-MMC scheme can operate in full range,
theoretically.

The circulating current component used for MIM’s dc-link
energy balance is recorded as ¢.;,. | . However, i.;,-; may lead to
energy imbalance between the upper and lower arms of MMC,
so it is necessary to apply the circulating current’s other control
degree of freedom to eliminate the flaw. The other component is
denoted as i.;,|, which is perpendicular to i, . The energy ex-
change relationship related to the two components of circulating
current is depicted in Fig. 8.
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B. Optimization Method for Minimizing the
Circulating Current

The circulating current has some shortcomings, such as in-
creased current stress, more power loss, and arm currents dis-
tortion [19]. Furthermore, there are several redundant control
degrees of freedom in eMACP-MMC, such as the output volt-
age of PFCM connecting to the balanced feeder, the PBCMs’
output voltages, and the phase of the circulating current. These
redundant degrees of freedom can be used to optimize the system
by reducing the injected circulating current. When the output
current of MMC is close to zero, the energy balance equation of
MIM is expressed as

2Ve_dif fLeir €08 (Oc_aiff — Peir)

== Vi cos 5k — pr) + Ploss
k=1

13)

where V. qip and 0. _qip represent the amplitude and phase
of the PBCMs’ differential-mode output voltage, I.;- and p;,
represent the amplitude and phase of the circulating current, and
P)oss represents the internal power loss of MIM part. Recording

n
AP = — Z Vcka COS(&Ck - pk)
k=1

(14)

where A P represents the power exchange between MIM and the
feeders through PFCMs. Therefore, the optimization method can
be considered as two aspects. On the one hand, the redundant
degrees of freedom of PFCM are used to reduce the power inter-
action between MIM and the feeders through PFCMs, namely
reduce A P. On the other hand, the PBCMs’ output voltages and
the phase of the circulating current are selected to increase the
energy balance ability through the PBCMs and the circulating
current.

First, the output voltage of PFCM connecting to the balanced
feeder is optimized to reduce the energy exchange between MIM
and the feeders. In eMACP-MMC, the PFCMs output several
equivalent series voltages to regulated the power of the feeders.
Then, the output voltage of each PEFCM can be expressed as

Ve =V — AV (k=2.3,....n) (15)
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Fig. 9. Phasor diagram of fundamental-frequency circulating current and the
related variables.

where A721 « Tepresents the series voltages, 7;1 is the refer-
ence output voltage of PFCM connecting to the balanced feeder,

*

and V7, represents the reference output voltages of PFCMs

connecting to the normal feeders. Therefore, the 7;1 can be
determined by the principle of reducing the power interaction
between MIM and the feeders (AP). The value of 721 in
different working condition can be obtained by look-up table.

Second, the PBCMSs’ output voltages and the phase of the
circulating current are optimized to increase the energy balance
ability through the PBCMs and the circulating current. When
the phase of PBCM’s output voltages is consistent with the
phase of 7., the amplitude of i, is lowest. Besides, since
icir| 18 perpendicular to the PBCMs’ output voltages, the energy
balance of MIM is not affected by i.;,|, and then the function
decoupling of 4¢;-1 and i, can be realized. Additionally,
when i.;,-) is perpendicular to MMC’s ac output voltage, the
energy transfer between MMC'’s the upper and lower arms can
be reduced, thereby significantly reducing i.;. In summary,
the PBCMs’ output voltages, the MMC'’s ac output voltage and
current, and the two components of the circulating current satisfy
the phase relationship in (16), as shown in Fig. 9. Furthermore,
the amplitude of PBCMs’ output voltage is given in (17), where
a certain margin is considered while making most of its modu-
lation range

6cp =0+ % Pcirl = 6(:1) (16)
Oen =0 — % Peir| = 0
0.9 * Vi

Combining (11) and (16), the energy balance equation of MIM
can be expressed as

> Vardy cos(Sek — pr) = (Vep + Ven) Ieirs =0. (18)
k=1
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TABLE I
CIRCULATING CURRENT OF MMC PART
Casel Case2 Case3 Case4
Cirg;‘:ig?zge g‘zréﬁg')’fiore 1191 2833 277 2542
o e 224 23 151

From (18), under the flexible interconnection scenario, the
energy balance of MIM can be realized by adjusting the
fundamental-frequency circulating current of MMC after the
PBCMs’ output voltages are given. Consequently, the eMACP-
MMC achieves full-range operation.

Based on the simulation results, the rms value of the
fundamental-frequency circulating current in each working case
is shown in Table I. The optimized results show that the proposed
optimized method can significantly reduce the injected circulat-
ing current.

C. Energy Balance Mechanism Between MMC Arms

The circulating current’s other control degree of freedom
is used to eliminate the imbalance between the MMC’s arms
caused by the former component. Aiming at analyzing the
energy balance mechanism between the MMC’s arms, the SM
capacitor currents of them are analyzed. The MMC'’s equivalent
output voltage is expressed as

e(t) = V2E sin(wt + 6). (19)

Ignoring the internal losses, the overall energy balance of the
eMACP-MMC satisfies (20). Equation (21) is given to simplify
the following expressions:

" Vel
Z Ver Iy cos (dex — pr) + EI, cos (0 — p,) + dCS e _ 9
k=1
(20)
AP = Vo Iy cos(der — pr) o
K = EI, cos(0 — p,) + Y.

The differential-mode component of PBCM’s output voltages
constitute a common-mode component in MMC, which is simi-
lar to the circulation. In order to avoid introducing unnecessary
circulating current, the PBCMSs’ output voltages are compen-
sated in the MMC’s arms. Additionally, the MMC also needs
the voltage component for injecting the fundamental-frequency
circulating current. Only considering the dc and fundamental-
frequency components, the average switching function of the
MMC upper and lower arms can be expressed as

S — 0.5Viac—e—veir1—Vep
g Ve (22)
S = 0.5Victe—veir1+vcn
n dc
where V. represents the voltage of MVdc, and e represents
the MMC’s differential-mode output voltage. The v ;-1 is the
voltage for circulating current injection, and v, and v, are the

PBCMs’ reference output voltages.
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Combining (9) and (22), the SM capacitor currents of the
MMC'’s arms can be expressed as

. o ducy, .
{ZCP—C 7> = Sp X ip

. A, .
ben = Cog5m = Sy X iy,

(23)

where u.,, e, and igp, i, are the SM capacitor voltages
and currents of the MMC’s upper and lower arms, respec-
tively. From (23), the SM capacitor currents of MMC includes
dc, fundamental-frequency, and double-frequency components.
Similar to the analysis of MIM’s energy balance, to achieve the
energy balance between the MMC'’s arms, the dc components in
the SM capacitor currents must be 0, as depicted in

% — % — EIcirH + [%WLIoIcirH Cos (9 + g — ,00)
f%wLIOIva cos (0 — po)]
_‘/cpIciTL + %V::p—[o Cos(écp - po) =0

G + sl 4 Bl — [3wLloLeir) cos (0 + 5 — po)
—%wLIOIm;M cos (0 — po)]
_‘/cn-[ci'rl + %chn-[o Cos(écn - po) =0.

(24)
Combining (16), (20), (21), and (24), the amplitude of i ;|
can be expressed as

Vil API,cos(8cp—po)
— sl — WLl Ieiry cos(0 — po) — =25

2E — wlLl,cos(0 + 5 — po)

IcirH =
(25)

IV. CONTROL STRATEGIES OF EMACP-MMC
A. Power Flow Control of Feeder 2-nth

The power flow control of eMACP-MMC adopts a classical
dual-loop control strategy. Taking the node voltage of feeder 1 as
the reference direction, through Park transformation, the power
flow of Feeder k is expressed as (26), where the reference value
of current inner loop is calculated

*x __ 3 - - ol gvkdplz+’ukqQL
P = 5(Vkdiyg + Vkqitg) Thd = 37 o2 402,
x« _ 3 e s o 2 Vg Pr—vka Q)
Qk = 5 (Vkqlikg delkq) kg = 37 o2 F02
°q
(26)

In (26), Pj, and Qy, are the Feeder k’s ( = 2, ..., n) reference
values of active power and reactive power, respectively, and the
subscripts d and q represent the d-axis and g-axis components.

The current inner loop for rapidly tracking the reference
current, is analyzed below. Based on KVL, the dynamic equation
between Feeder 1 and Feeder k is established as

diry
Yt

vij — Ryig; — L — Aveikj = vij — Riigg — Lkd;i
where Ry, and Ly, represent the resistance and filter inductance
of Feeder k, respectively. Av.y; represents the series voltage
generated by PFCMs between Feeder 1 and Feeder k. Then, Park
transformation is performed on (27) to obtain the expression in
the dg-axis. Furthermore, the control equation of the inner loop
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Fig. 10. Single-phase equivalent circuit of MIM part. (a) External output
equivalent circuit. (b) Internal capacitor dynamic equivalent circuit.

is obtained as

AvEy g = kp1(ifg — ika) + kir [ (ig — ira)dt
+V14 — Vkd — kaikq + leilq
AvE g = Fp1 (T4, = ikg) + kir [ (i3, — irg)dt

+U1g — Vpq + Whiipg —whliiig

(28)

where the reference series voltages Avgy,; and Avyy,  in the
dg-axis can be obtained. Through inverse Park transformation,
the reference value Av?,, .. in the abc-axis can be calculated.

B. Energy Balance Control by Actively Injecting
Fundamental-Frequency Circulating Current Through MMC

According to the control targets, the actively injected
fundamental-frequency circulating current is divided into two
mutually perpendicular components, so as to realize decoupled
control. The fundamental-frequency circulating current injec-
tion control adopts a double closed-loop control strategy: the
outer loop obtains the reference currents value in the dg-axis
according to the corresponding control target. The current inner
loop makes the actual fundamental-frequency circulating current
track its reference value quickly by adjusting the corresponding
voltage components of the MMC’s arms. Based on the control
targets: the energy balance of MIM’s dc link and the energy
balance between the upper and lower arms of MMC, the PI
controller is used to eliminate the error, and the voltage outer
loop can be obtained.

For a three-phase balance system, the MIM’s dynamic analy-
sis of each phase is similar. Therefore, according to the detailed
structure of eMACP-MMC shown in Fig. 4, the single-phase
circuit of MIM part is obtained in Fig. 10, where the external
output equivalent circuit and the internal capacitor dynamic
equivalent circuit is depicted in Fig. 10(a) and (b), respectively.
In Fig. 10, i,, (m = 12,...,k) are the currents of the feeders;
Uem (m = 12,...k) are the output voltage of PFCMs; i, and
i, are the currents of MMC’s upper and lower arms; u., and
Uy, are the output voltages of PBCMs; S, (m = 12,....k) are
the average switching functions of PFCMs; S, and S, are the
average switching functions of PBCMs; vy,  is the capacitor
voltage of MIM; Cyy i the capacitance of MIM’s dc link.
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The instantaneous power of MIM is expressed as

k
E Uem X Zm + Uep X Z.cp_|'ucn X icn = C(MIM‘/iink

m=1

dAvjink
dt -
(29)
The average switching functions of PFCMs and PBCMs is
expressed as

— Uem 1 —
Scm—ﬁ+§7m—1727...7k

_ Ucp 1

Sep = 2 + 1 (30)
__ Ucn 1

SC’I’L - \/link* + 2

where Vi 1S the reference value of MIM’s dc-link voltage. To
maximum the power interaction efficiency with the circulating
current, the PBCMSs’ output voltages satisfy

Uep = —Uep- (31)
The currents flowing into the MIM satisfy
k . . . .
1lm =1 =1p —in
:mfll ‘ ' P (32)
leir = §(Zp + Zn)

where i, represents the MMC’s equivalent output current;
icir is the circulating current of MMC. Combining (29)—(32),
the MIM’s capacitor voltage difference equation could be
expressed as

k
A .
AV _ 3" e X b+ 2uep X i (33)

Cvitv Viink FTa

m=1

Equation (33) shows that there is power interaction with
PFCMs and the currents of the feeders. By adjusting the cir-
culating current, it interacts with PBCMs to counteract the
former power interaction so that maintain the energy balance of
MIM part.

Superimposing (33) of three phases, and aligning the refer-
ence direction of Park transformation to the MMC'’s differential-
mode output voltage, the MIM’s total capacitor voltage differ-
ence equation could be rewritten as

A j—a b, Aviink;
dt

= PMIMffeeders + 3Ucpq ' Icirq

(34)
where u.,q = 0 since u., is perpendicular to the reference
direction of Park transformation. Finally, the MIM’s total energy
balance control equation can be obtained as

. ki
Icirq = <kp1 + S)

B MIM_feeders
3Ucpq

For a three-phase balance system, the MMC’s dynamic anal-
ysis of each phase is similar. Therefore, the single-phase circuit
of MMC partin Fig. 11 is used for analysis. In Fig. 11, u,, and u,,
are the MMC’s upper and lower arm voltages; i,, and i,, are the
MMC’s upper and lower arm currents; i, and i, are the output
voltages of PBCMs; i, is the output current of MMC; S, and S,
are the average switching functions of MMC’s upper and lower

Cvitv Viink

.
E Vlinkj — 3 Viink

J=a,b,c

(35)
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Fig. 11.  Single-phase equivalent circuit of MMC part.

arms; v, and v, are SM capacitor voltages of MMC’s upper
and lower arms; Cs = C/N is the equivalent arm capacitance.
The instantaneous arm power equations are derived as

. dvey
Up X iy = NCugp X jt 36)
Up X i = NCvep X S
The arm voltage in (36) could be expressed as
u, = N X S, X v,
P P P 37)
Uy = N X S), X Vep-

For S, and S, the dc and differential-mode ac components
are concluded. In addition, to inject fundamental-frequency
circulating current and counteract the PBCMs’ output voltages,
circulating voltage u.;,- and compensation voltage u.p, ey, (=
-U¢p) should be added

1 —e—Ucir—Ucp
{SP =3t —

- ir— (38)
1 E—Uecjir—Ue

The dynamic equation of the circulating current is derived as
follows:
dicir

dt

Recording that us. = Nvgy, + Nvg, and ua. = Nvg, —
Nu,, are the sum of the capacitor voltages and the difference
of capacitor voltages in two arms. Assuming uy. ~ 2V and
combining (37), (38), and (39), the circulating current dynamic
equation could be expressed as

2L = Ve — (up + upn + 2ucp). (39)

dicir UAc - €
= Ucir + .
dt 2Vie

Equation (40) indicates that the injection of the circulating
current could be achieved via u ;..

Superimposing (40) of three phases, and aligning the refer-
ence direction of Park transformation to the MMC'’s differential-
mode output voltage, the circulating current dynamic equation
could be rewritten as

d Icird wL Icird Ucird
L= - + :
dt Icirq —wL Icirq Ucird

(41)

L

(40)
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Therefore, the inner-loop circulating current control equation
can be obtained as
-1 cird
-1 cirq

Ucir * k; Ici'r ’

d* = (kp3 + 13) d*

Ucirq s Icird
wlL Leira

—wL Icirq .

Moreover, combining (36), (37), and (38), the capacitor en-
ergy dynamic equation could be expressed as

(42)

C dch ‘/chIdc V:icici’r‘
U ¢ =
e T Ty 3 2
Qe ], .
+ eio - M - 2ucpzcir (43)
d Viei, 2l
Cxuse - Z?" = - d;“’ — 63“ — 2y + Ueplo.  (44)

Equation (43) is the total capacitor energy equation, the power
term % is the ac component, and power term —2ucpicir
is the power transmitted from MMC to MIM to maintain the
energy balance of MIM. Therefore, the injection of fundamental-
frequency circulating current will not affect the total capacitor
energy of eMACP-MMC.

According to the different control targets, the fundamental-
frequency circulating current ., is decomposed into two mutu-
ally perpendicular components, namely i.;-, and i.;-|. Among
them, the i.;-, is used for overall energy balance of MIM part,
and the i is responsible for internal energy balance between
MMC'’s arms. Since i, is perpendicular to e, the power term
eiqiry 1s equal to 0. Equation (44) is rewritten as
dupc o Vaaeto 2el4c . .

% - 9 3 + Ucplo — 2€icip|-

Equation (45) is the arm capacitor energy difference equation.
The power term u.,%, will result in arm energy difference, i.e.,
the dc component of ua. is not 0 and the capacitor voltages of
upper and lower arms are deviated. Therefore, the power term
—2e 4, Which contains the other component (control degree of
freedom) of circulating current is used to counteract the energy
difference.

Superimposing (45) of three phases, and aligning the refer-
ence direction of Park transformation to the MMC’s differential-
mode output voltage, the arm capacitor energy difference equa-
tion is rewritten as

Csuse - —d Zj:a’b’c fae 3
dt 2

Finally, the MMC’s upper and lower arms energy balance

control equation can be obtained as

(45)

Csus. -

Ucpqloq - 3EdIcird- (46)

Leira" = <kp2 + S> Z (chp - N'Ucn) + %doq
47)

Consequently, based on the differential (33), (40), (43), and
(45), the MIM’s and MMC’s internal dynamics is revealed, and
the corresponding control (35), (42), and (47) are obtained. The

Jj=a,b,c
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proportional and integral coefficients of PI controller can be
calculated based on the stability criterion described in [21].

C. Indirect Power Flow Control of Feeder 1 by MMC

Feeder 1 is set as the balanced feeder, whose active power is
self-balanced according to the energy balance constraint of the
whole system, as expressed in (1). The other feeders can realize
decoupling control of active and reactive power, as shown in
Fig. 12(a). On this basis, the indirect regulation of the active
and reactive power of Feeder 1 can be realized through MMC'’s
control.

The outer loop control of active power is similar to the
conventional MMC’s: dc voltage control or dc-side active power
control can be adopted. Then, the active power of other ports
except feeder 1 is under control, and the active power of Feeder
1 is self-balanced with constraint of system energy balance. Sim-
ilarly, since that the reactive power of Feeder 2-n is determined,
the sum of the g-axis reference currents of all ac feeders is used
as the g-axis reference value of MMC'’s inner loop to realize the
indirect control of the reactive power of Feeder 1. Therefore,
when given the reactive power reference value ()7 of Feeder 1,
according to KCL and (26), the MMC'’s g-axis reference current
i°_can be calculated, as shown in

oq
{zoq - Zlq + Zk::Q qu

(48)
3 . . 3 .
Qi = 3 (vigify — v1aii,) = —3v14il,

D. Clustered Balancing Control of MIM

The internal energy balance among MIM’s three-phase is nec-
essary. Based on the method proposed in [22], a zero-sequence
voltage component is superimposed on the PBCM of MACP-
MMC to maintain the balance among three phases. However,
when the MMC’s output current is quite small under some
specific conditions, the method also fails.

To eliminate the limitation of MACP-MMC, a zero-sequence
voltage component is superimposed on one of the eMACP-
MMC’s PFCMs to interact with the feeder current, which can
avoid the insufficient adjustment ability caused by little current.
In order to reduce the amplitude of the injected zero-sequence
voltage, the zero-sequence voltages are injected into the PFCM
with the largest feeder current. The injected zero-sequence volt-
age is expressed as

2
vY = Aug sin (wt 4 p,) Auy sin (wt + po — 37r>

(49)

+ (—Au, — Aup) sin (wt + po + §7r>

where Au, and Au, are the output of the P controller, as given
in

Au, = —kps [(Zj:a,b,c Vlinkj) /3 — Viinka}
= —kp3AViinka

Aup = —kp3 {(Zj:a,byc Vlinkj) /3= Viinkb}
= —kp3AViinkp

(50)
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Fig. 12.

Control strategies of eMACP-MMC.

where k3 represents the proportional coefficient of the P con-
troller. The injected zero-sequence voltage interacts with the
corresponding feeder current iy, /c to transfer energy among
MIM’s three-phase dc link, and have no influence on the overall
energy balance, as (51) depicted

A]Dlinka = % fOT (ika : ,Ugl) dt :(3\@/4)kp3IkAviinka
APiny = & [if (i - %) dt =(3v/2/4) k3 I AViinks

APiinke = 7 foT (ike - vly) dt = — APjinka — APlinkb.-
(S1)

E. Control Strategy of MMC Part

For the control of the MMC part, the current reference values
ipq and iy, are regulated through the current inner loop. Addi-
tionally, the control block diagram of double-frequency circulat-
ing current suppression and SM capacitor voltage equalization
control is shown in Fig. 12(e). Therefore, the reference values
of MMC’s arm voltages are shown in (52), and the MMC adopts

the modulation strategy of carrier phase shift PWM

P 7 S Uy S 7 S
Upj = 2 €5 = Yeirj — Yeirzj — Uepj (52)
Upj = QC + €5 = Ugirj = Uciray + Uepje

V. ToPOLOGY COMPARISON

To further verify the advantages of eMACP-MMC, a quan-
titative comparison between the eMACP-MMC scheme and
the existing MACP-MMC and BTB-MMC schemes will be
described in the section. These three schemes are compared in
terms of the adjustment range, the number of active components,
semiconductor utilization (total installed die area), and the ca-
pacitance requirements.

According to the existing interconnection projects, the voltage
rating of the M Vac distribution network is typically 10 kV, and
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the MVdc distribution network is 20 kV (10 kV). Assuming
that the rated capacity of each MVac feeder is 3 MVA, the current
rating is 173.21 A. The rated capacity of the MVdc feeder is
3 MW, and the current rating is 150 A.

1) For the BTB-MMC scheme, the rated capacity of an

individual MMC is 3 MVA. The SM adopts a half-bridge
structure. The switching device is selected as 4500 V
IGBT, and the capacitor voltage is 2500 V. The number of
SMs of each MMC’s arm is 8.
For the eMACP-MMC and MACP-MMC schemes, the
rated capacity is 3 MVA, and the SM also adopts a half-
bridge structure. The switching devices are 4500 V IGBT,
and the capacitor voltages are 2500 V. Then, 30% of the
feeder voltage can be adjusted by MIM to regulate the
feeders’ active and reactive power. Besides, a single arm
of MMC contains 8 SMs, and the rated SM’s capacitor
voltage is 2500 V.

2)

A. Adjustment Range

For the BTB-MMC scheme, the active and reactive power
of each feeder can be controlled independently and decoupled,
enabling full-range power adjustment. For the MACP-MMC
scheme, taking a single phase as an example, when the sum of the
feeders’ currents approaches 0, due to the insufficient balance
capability of PBCM of MACP-MMC, the MIM’s dc-link voltage
cannot be maintained, resulting in the failed operation of MACP-
MMC. For eMACP-MMC, after making a great improvement
to the PBCMSs’ structure, the balance capability of PBCMs is
greatly improved by actively injecting fundamental-frequency
circulating current, thus achieving full-range adjustment.

Taking a two-feeder system as an example, the system param-
eters are shown in the Table II. The calculated adjustment range
of MMC, MACP-MMC, and eMACP-MMC schemes are shown
in Fig. 13. The results shows that eMACP-MMC compensates



5434

Q1 (p.u.)
Q1 (pu.)

P2 (p.u.) -1

P2 (p.u.) A4 4

(a) BTB-MMC
Fig. 13.
TABLEII

PARAMETERS FOR CALCULATION OF ADJUSTMENT RANGE OF MACP-MMC
AND EMACP-MMC

Parameter Symbol Value
Rated capacity of each ac feeder N 1pu/lpu
Rated capacity of dc feeder Ste 1pu
Rated capacity of MACP-MMC Sy 1 pu.
Node voltage of each AC feeder vilvs 0.9 p.u/l p.u.
Inductance of each ac feeder L/L, 0.1 p.u/0.1 p.u.
Reference capacitor voltage in MIM Vi 0.3 p.u.

TABLE III
COMPONENTS OF EMACP-MMC, MACP-MMC, AND BTB-MMC

Scheme Number of SMs in Number of SMs in Number of
the MIM the MMC IGBTSs
eMACP-
MMC 3n+6 48 6n+108
MACP-
MMC 3n+3 48 6n+102
BTB-MMC 0 48n 96n

for the adjustment range defects of MACP-MMC, and achieves
full-range adjustment as BTB-MMC scheme.

B. Number of Active Components

A comparison of the device numbers that make up the
eMACP-MMC scheme, MACP-MMC scheme and BTB-MMC
scheme is shown in Table III, where n is the number of ac
ports. Compared with the BTB-MMC scheme, the eMACP-
MMC scheme greatly reduce the number of required electronic
elements due to using a nonfull power type topology for port
expansion.

C. Semiconductor Utilization

In addition to device number, semiconductor utilization is also
a key factor that influences the cost, which is closely related to
voltage and current ratings. As mentioned above, the voltage
ratings of the semiconductors employed in these three schemes
are the same. In eMACP-MMC, the current flowing through
the semiconductors in the MMC and PBCMs is a superposition
of the ac and dc components, the current flowing through the
PFCMs’ semiconductors only contains the ac component. Thus,

-1

(b) MACP-MMC
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Fig. 14.  Comparison of total die area installed in the BTB-MMC, MACP-
MMC, and eMACP-MMC schemes.

the current ratings of semiconductors in the MIM and MMC are
different. According to [23], the total estimated die area installed
inside IGBT can be a comparative indicator of semiconductor
utilization, which is also a measure of the minimum initial
investment necessary for each topology’s semiconductors. The
total estimated die area installed inside Si-based IGBT packages
interpolated versus nominal current rating is given in (53) for
4500 V IGBT

Agie = 3.881 +60.23 (53)

where Ag;e 1S the estimated die area, and / is the nominal current
rating. The semiconductor’s current rating in the PFCMs is the
same as that of the MVac feeder, i.e., 173.21 A. Due to the
second-order current suppression control, only the fundamental-
frequency and dc components are considered when calculating
the rated current of semiconductors in the MMC and PBCMs. In
the supposed application scenario, the current rating of MMC'’s
armis 136.51 A. According to (53), the die area of semiconduc-
tors are 7.32 cm? in the PECMs and 5.90 cm? in the PBCMs and
MMC, respectively.

Considering the numbers of IGBTs shown in Table III, the
total estimated die area installed in multiple MMCs, MACP-
MMC, and eMACP-MMC is shown in Fig. 14. Although the
die area of the individual semiconductor in MIM is larger than
that of the semiconductor in MMC, the total installed die area
in the eMACP-MMC is much less than the area in the BTB-
MMC because the total number of IGBTs in eMACP-MMC is
much fewer. From Fig. 14, the reduction of total die area is
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Fig. 15.  Comparison of normalized energy storage in the BTB-MMC, MACP-
MMC, and eMACP-MMC schemes.

more than 40% in the two ac feeders’ flexible interconnection
application. The benefit will be more obvious as the number of
interconnecting ports increases.

D. Normalized Energy Storage

According to Siemens [24], in the case of MMC converters
used for different applications, about 75% of cell volume is
occupied by the capacitors installed inside of it, which signifi-
cantly affect the footprint, overall power density and initial cost.
The normalized energy storage (energy stored in capacitors /
converter capacity) is a typically indicator, which is propor-
tional to the device’s volume. The capacitance design method
of MACP-MMC is proposed in [7]. For eMACP-MMC, the
capacitance value is directly related to the energy fluctuation and
limited by the capacitor voltage ripple coefficient v. Assuming
that the average capacitor voltage of the MIM is controlled
stably, the capacitance in the MIM (Cyy) is calculated by

nCMIM * * * *
AFBax = — [( ik Vi) = (Vi — YVi)?
AEmaX
= C = " 54
M = 5 NV 2 (54

Consequently, the SM capacitances of the MMC and MIM
in eMACP-MMC can be determined by (55) so that the voltage
fluctuation can always be kept in the set range

_ Sn
Cyvme = 3wmN~V2

C V2 ) Iy SN
MIM = 8o ntr2) A Vi

link

(55)

where S is the apparent power of the converter, m is the voltage

modulation index, N is the number of SMs per arm, n is the

number of the feeders, w is the fundamental frequency, v is

the voltage ripper of the capacitor, V. is the rated value of the

capacitor voltage in the MMC, [ is the rated current of the ac

feeder, and V link is the nominal capacitor voltage in the MIM.
The normalized energy storage can be calculated as

1 2,1 2
Qe 30umc o Vemme” + 30MM _total Ve, Miv
S S )

Qn
(56)

Fig. 15 shows a quantitative comparison of the normalized
energy storage of the three schemes. The normalized energy
storage, which is proportional to the device’s volume, of the

5435
TABLE IV
SIMULATION PARAMETERS
Parameter Symbol Value
Rated capacity of ac feeder Siv/Sov/Ssy 3 MVA/3 MVA/3 MVA
Rated capacity of dc feeder Saen 3 MW
Rated capacity of the topology Sy 3 MVA
Voltage of ac feeders (line-to-line) VilV,IVs 9 kV/10 kV/10 kV
Voltage of MVdc Ve 20 kV
Inductance of each ac feeder L,/Ly/L; 0-1pu/0.1p.u.
/0.1 p.u.
Carrier frequency of HBSM S fs e 1 kHz/1 kHz
Bridge buffer inductor of MMC L 0.236 p.u.
Number of bridge arm SMs N 8
SM capacitance Crind/ Crinace 0.8 mF/1.6 mF
Reference capacitor voltage Vesisd Vesnic 2500 V/2500 V
TABLE V

SIMULATED CASES OF WORKING CONDITIONS

Case Pu/pu.  Qipau.  Plpu.  Q.pu.  Pspu.  Qs/pu.
1 0.75 Distributed naturally
2 0.75 0.3 0.3 -0.2 0.3 -0.1
3 0 0.6 0.3 -0.3 -0.2 -0.3
4 -0.6 0.4 -0.2 -0.2 -0.2 -0.2

eMACP-MMC scheme is much lower than that of the BTB-
MMC scheme. Meanwhile, the advantage will be more obvious
with the increase of interconnected feeders.

In conclusion, compared with MACP-MMC scheme, BTB-
MMC scheme, and eMACP-MMC scheme achieve full-range
power adjustment, which is suitable for more SNOP’s appli-
cation scenario includes joint supply or consumption scenario
and flexible interconnection scenario. Additionally, compared
with BTB-MMC scheme, the eMACP-MMC solution allow for
easy port expansion and have better performance regarding the
number of active components, semiconductor utilization, and
normalized energy storage. However, the operation principle and
the control strategies of eMACP-MMC are more complicated,
which are the main contributions of this article.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

Taking the eMACP-MMC with three ac ports as an exam-
ple, this section builds a simulation model based on MAT-
LAB/Simulink and a scale-down prototype to verify the feasi-
bility and effectiveness of the proposed topology and the control
strategy.

A. Simulation Verification

Based on the MATLAB/Simulink, a 10 kV eMACP-MMC
simulation model with three ac ports is built. According to the
standard TEC60038-2009, the voltage deviation of the three-
phase power grid system of 1 kV-35kV does not exceed +-10%.
Therefore, there is a voltage deviation of —10% in Feeder 1.
Other parameters are shown in Table IV. The MVdc side is a
dc voltage source and a resistor in series. Four different typical
operating conditions are conducted to verify the effectiveness



5436 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025
qCasel ~ Case2, Case3, Cased, P(p.u) Case 1 Case2 Case3 Cased O(p.u.) Casel Case 2 Case3 Case 4 iy o Casel Case2 Case3 Case 4
v i : | Ricy) - ’ ’ “) —a
0 0.9 —1 0.6 — 100 —c|
r———— P
2l o N
e 50
03 ‘ 02 4
— 0
0 E 0
i — 50
i2a 100A/div 0.3 \ -0.2
0.6 [ — 0.4 | -100
i3a_100A/div_i 0.9 4s/div 0.6 4s/div 150 4s/div
@ asidiv 1/s (b) ols © s (@ tls
Vv _Case 1 Case 2 Case 3 Cased Vanic.oCase 1 Case 2 Case 3 Cased Vi Casel Case 2 Case 3 Cased | dac VMM case Case 2 Case 3 Cased  Vyin
[} 7y x (V) “ M ) )
2900 lcl ‘c; 21 500 3750 =
2800 W[ ¥ N— 400 5509 i " 4‘ﬁ'~'
~ ~ 300
2700 m 19 Vie 1250 MACP-MMC f
(XAX 200
2600) N 18 / w °
' . P p—— . eMACP-MMC 0
2400 7Y I 100 t 2500
2300 ) _ 15 200 1250
2200 4s/div didiy 4s/div asdiv | o
© 1ls ® s ® s ® s
Fig. 16.  Simulation results of eMACP-MMC with three 10 kV AC ports. (a) Phase-a node voltage waveform of feeder 1 and the phase-a current waveforms of

three feeders. (b) Active power waveform of each feeder. (c) Reactive power waveform of each AC feeder. (d) Circulating current of MMC. (e) HBSM capacitor
voltage waveform of the MIM. (f) HBSM capacitor voltage waveform of the MMC. (g) MVdc voltage and current waveforms. (h) Contrast of the HBSM capacitor

voltage waveform of the MIM between eMACP-MMC and MACP-MMC.

and flexibility of eMACP-MMC, as shown in Table V, which
are as follows.

1) Case 1(0s-2s): The power of MVdc is 0.75 p.u. Without
operation of the power control, the power of each feeder
is naturally distributed.

Case 2 (2 s—4 s): The power of MVdc is 0.75 p.u. The
power control is activated so that the active power and
reactive power of the feeder are under control.

Case 3 (4 s—6 s): The power of MVdc is 0. The sum
of the active power and reactive power of the feeders
is 0, respectively, which is a typical condition to verify
that eMACP-MMC has full-range adjustment capability
compared with MACP-MMC.

Case 4 (6 s—8 s): The power of MVdc is reversed to
—0.6 p.u. The active power of the feeder is reversed and
evenly distributed, and the reactive power is under control.

The simulation results with three 10 kV ac ports are shown in
Fig. 16. Fig. 16(a) displays the voltage and current waveforms
of the ac feeders, while Fig. 16(b) and (c) shows the active
and reactive power, which illustrate that the simulation achieves
decoupling control of the active and reactive power with sat-
isfactory waveform quality of the currents. Fig. 16(d) shows
the three-phase circulating current waveforms of the MMC,
which matches the theoretical analysis and operates within the
allowable range. Fig. 16(e) and (f) presents the waveforms of the
MIM’s three-phase dc-link voltages and the three-phase capaci-
tor voltages of MMC’s SMs, respectively. Consequently, energy
balance of the eMACP-MMC is achieved in the simulation. Ad-
ditionally, Fig. 16(h) demonstrates the voltage and current wave-
forms of MVdc side with stable and normal operating. Finally,
Fig. 16(h) compares the operation capability of MACP-MMC
and eMACP-MMC: In case 3, MACP-MMC cannot maintain
the capacitor voltages of MIM’s dc link, while eMACP-MMC
has a satisfactory operation condition. Therefore, the full-range
operation capability of eMACP-MMC is verified.

2)

3)

4)

isolating  voltage Main circiut of
: transformer :
: [ 2 feeder 1 the prototype
1 breaker Xy,
H \ R 7
: < feeder 2 '.# eMACP- /
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sl
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Fig. 17.  System configuration diagram.

B. Experimental Verification

To further verify the feasibility and effectiveness of the pro-
posed topology, a scale-down prototype with a capacity of 3 kVA
is built for experimental verification. The prototype and its
equivalent circuit are shown in Fig. 17, where the device contains
a host controller, which operates the control strategy shown in
Fig. 12. The subcontroller of each power module is responsible
for modulation, status monitoring, and SM capacitor voltage
sampling. The optical fiber is used for communication among
the controllers and between the controllers and the sampling
module. The experimental parameters and conditions are shown
in Table VL.

The experimental results are shown in Fig. 18. Fig. 18(a)
shows the overall waveform of phase-a voltage of Feeder 1
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Experimental results of eMACP-MMC. (a) Node voltage waveform of feeder 1 and the current waveforms of three feeders (phase-a). (b) Expanded

result of case 1. (¢c) Expanded result of case 2. (d) Expanded result of case 3. (e) Expanded result of case 4. (f) Capacitor voltage waveforms of MIM. (g) Current
and SMs’ capacitor voltage waveforms of MMC'’s upper and lower arms and the calculated circulating current waveform. (h) Voltage and current waveforms of

MVdc.

TABLE VI
EXPERIMENTAL PARAMETERS

Parameter Symbol Value
Rated capacity of ac feeder Sinv/Sov/Ssy - 3 kVA/3 kVA/3 kVA
Rated capacity of dc feeder Saen 3 kW
Voltage of ac feeder (line-to-line) VilV/ V3 72 V/80 V/80 V
Voltage of MVdc Ve 240V
0.295 p.u./ 0.295 p.u.
Inductance of each ac feeder L,/Ly/L; 10.295 p.u.
Carrier frequency of HBSM Sodfs e 3 kHz/3kHz
Bridge buffer inductor of MMC L 0.295 p.u.
Number of bridge arm SMs N 4
SM capacitance Cund Crnic 10.8 mF/10.8 mF
Reference capacitor voltage Ve Vs 60 V/60 V
TABLE VII

EXPERIMENTAL CASES OF WORKING CONDITIONS

Case  Py/pu.  Qipau.  Plpu.  Qlpu.  Pipu.  Qs/pu.
1 0.75 Distributed naturally
2 0.75 0.3 0.3 -0.15 0.3 -0.15
3 0 0.6 0.3 -0.3 -0.2 -0.3
4 -0.6 0.4 -0.2 -0.2 -0.2 -0.2

and currents of the three feeders. Fig. 18(b)—(e) shows the
detailed current waveforms under various working conditions.
The currents of feeders achieve accurate and rapid regulation,
which verifies the effectiveness and feasibility of the power
flow regulation control. Especially for case 3, eMACP-MMC
realizes the operation under the condition that MACP-MMC
cannot operate, which further verifies its full-range adjustment
ability; Fig. 18(f)—(g) shows that the waveforms of MIM’s
dc-link capacitor voltages and MMC'’s capacitor voltages are
stable, respectively, which verifies the feasibility of the energy
balance control strategy based on fundamental-frequency cir-
culating current injection. Fig. 18(g) also shows the current of
the upper and lower arms of MMC and the circulating current
waveform. The amplitude of circulating current is consistent
with the theoretical calculation and is acceptable. Fig. 18(h)

shows that the voltage and current waveforms of MVdc are in
the normal operating range.

VII. CONCLUSION

This article presents a novel multiport SNOP topology called
eMACP-MMC, which realizes full-range adjustment, which is
suitable for not only the joint supply or consumption scenario
as MACP-MMC but also the flexible interconnection scenario
where the power is regulated among the ac feeders. The main
contributions can be concluded as follows.

1) The internal energy balance mechanism of eMACP-
MMC’s MIM based on actively injecting circulating cur-
rent is proposed. Meanwhile, the circulating current’s
other control degree of freedom is used to eliminate the
imbalance between the MMC'’s arms caused by the former
component. Meanwhile, the corresponding control strate-
gies are designed.

2) Considering the shortcomings caused by the circulat-
ing current, the redundant degree of freedom can be
used to optimize the system operation with the princi-
ple of minimizing the injected circulating current from
two aspects.

3) A quantitative comparison between the eMACP-MMC
scheme and the existing schemes of MACP-MMC and
BTB-MMC is conducted to further verify the advantages
of eMACP-MMC in cost, volume, and operating range.

4) Simulation and experimental results further validate the
effectiveness of the proposed topology and its control
strategies.
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