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Abstract— Bidirectional ac–dc power converters are essential
in emerging smart grids with increasing renewable energy pen-
etration. This article presents a bidirectional ac–dc power con-
verter system comprising modular multilevel converters (MMCs)
and dual active bridges (DABs) with medium-frequency trans-
former isolation designed for linking an ac distribution voltage
of 6.6 kV to a dc grid of 800 V for future electric vehi-
cle (EV) charging infrastructure. The novel contributions include:
1) a modular method to power EV charging infrastructures
in multistorey carparks without mains-frequency transformers
and 2) the incorporation of a front-end control with electric
spring (ES) functions that enable the dc power grid with battery
energy storage to interact dynamically with the ac power grid
at the distribution voltage level to achieve instantaneous power
balance and hence system stability. The long-term aim is to
use large EV charging infrastructures to stabilize increasing
intermittent renewable energy via the proposed ac–dc converter,
consequently accelerating the adoption of large-scale renewable
energy and EV as a complementary solution to combat climate
change. This article focuses on the bidirectional ac–dc converter
of this overall idea based on the MMC and DAB technologies as
an example. Results on the power converter operation level and
ac microgrid level are included.

Index Terms— Demand-side management (DSM), electric
springs (ESs), power system stability, smart grids.
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I. INTRODUCTION

POWER electronics converters are increasingly being con-
nected to ac power systems with increasing renewable

energy penetration. The Paris Agreement under the frame-
work of the United Nation on Climate Change [1] has
prompted many governments to set targets to drastically
reduce greenhouse gas emission. In March 2021, the Singapore
Government announced the 2030 Green Plan [2], which con-
tains major initiatives of increasing renewable energy genera-
tion and replacing combustion vehicles with electric vehicles
(EVs).

Two technical hurdles must be overcome to realize these
Green Plan initiatives. First, replacing combustion vehicles
with EV is only meaningful if the EVs are charged by renew-
able energy. Charging the EVs with fossil-fuel electricity gen-
eration defeats the Green Plan purpose. Means to equip many
existing multistorey carpark buildings with electric power
infrastructure for EV charging is urgently needed. Second,
solar energy is preferred because the wind energy resource
is limited in Singapore. However, solar power generation is
highly weather-dependent and intermittent in nature. It has
been reported [3] that the rate of solar power change of a
1000 m2 photovoltaic (PV) array can be as high as 5 MW/s
for cloud moving at 20 m/s. For faster cloud movement,
such power variation rate can be doubled to 10 MW/s. For
power system stability, it is essential to maintain instantaneous
balance between power supply and load demand [4]. With
the increasing use of intermittent renewable energy resources,
there is a need to change the control paradigm from “power
supply following load demand” to “load demand following
power supply” [5], [6].

Several methods can be considered for meeting the power
balance requirement. They can be broadly classified as supply-
side management (SSM), demand-side management (DSM),
and energy storage. SSM refers to actions taken to ensure
that the generation, transmission, and distribution of energy
are conducted efficiently. In the past, the control of power
generation was primarily carried via the control of the genera-
tors, which have relatively large inertia and thus time constant.
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Recently, fast control of renewable energy sources has become
an emerging research area. Although maximum power point
tracking of PV panels and wind turbines (WTs) has been well
conceived, curtailing renewable energy generation has gained
more attention [7], as the prices of renewable energy sources
such as PV panels continue to drop. Similar SSM argument
can be considered for curtailment of wind power [8].

DSM has been adopted by power companies to reduce
peak power. Examples of traditional DSM are scheduling of
delay-tolerant power demand tasks [9], [10], real-time pricing
[11], [12], and direct load control or ON–OFF control of smart
loads [13], [14]. However, these traditional methods have
relatively long response timescales (i.e., tens of minutes to
days ahead) and cannot deal with instantaneous power balance
of supply and demand. Therefore, the emerging power grids
require a new control paradigm and advanced technologies,
such as power electronic facilities and energy storage systems.
In recent years, power-electronics-based technology such as
electric spring (ES) technology with response time of millisec-
onds [15], [16] has been proposed as the fast and real-time
DSM solutions. ESs have been associated with noncritical
loads such as thermal loads to form smart loads that can
consume power adaptively at the low-voltage ac mains level.
If distributed widely over the low-voltage ac mains network,
smart loads with ES technology can absorb power fluctuations
arising from intermittent renewable power generation. Energy
storage is an obvious solution to balance the differences
between power supply and demand. Examples are batteries,
flywheels [17], and water reservoirs. However, safety, costs,
and geographical limitations are the considerations for energy
storage.

The global push for EVs is expected to create a demand for
large-scale EV charging facilities [18], [19]. Such infrastruc-
tures should be capable of charging hundreds of 1000 EVs
and will require high-power installations in the multimegawatt
range. Recent proposals of high-voltage-ratio dc–dc converters
based on multilevel converters (MLCs) [20] and modular
multilevel converters (MMCs) [21]–[23] open a door to power
large EV charging infrastructures at the distribution level. This
article illustrates the idea of using the MMC with ES functions
at the power distribution systems to stabilize the ac power grid
with the energy storage in the EV charging infrastructure. In
Section II, the basic concept of the ES and possible topolo-
gies are briefly explained. Section III explains the controller
design of the ES. Section IV provides the simulation results
under different power system scenarios. Finally, this article is
concluded in Section V.

II. NOVELTY OF THE PROPOSED BIDIRECTIONAL POWER

CONVERTERS WITH ELECTRIC SPRING FUNCTIONS

The novel contributions of this article include:
1) a flexible and modular method with the potential to
power EV charging infrastructures in multistorey carparks
without mains-frequency transformers and 2) the use of the
ES functions in the ac–dc power converter at the distribution
voltage level to enable the dc power grid with battery
energy storage to interact dynamically with the ac power

grid at the distribution voltage level to achieve instantaneous
power balance and hence system stability. The long-term
aim is to use large EV charging infrastructures to stabilize
increasing intermittent renewable energy via the proposed
ac–dc converter, consequently accelerating the adoption of
large-scale renewable energy and EV as a complementary
solution to combat climate change.

In this article, a bidirectional ac–dc MMC with ES functions
is proposed and investigated. There are four major differences
between previous ES works and this project.

1) ESs were previously connected to the low-voltage ac
mains voltage (i.e., typically 110 V for 60 Hz or
220–240 V for 50 Hz), while the new ES is connected
to the medium-voltage distribution voltage network.

2) Previous ESs were primarily based on two-level inverter
associated with noncritical loads, while this project
involves a bidirectional ac–dc MMC/MLC with dual
active bridges (DABs) for association with a 800-V dc
power grid suitable for powering large EV charging
infrastructure with both EV batteries and second-life
batteries.

3) The modular feature of this MMC proposal enables the
power supply capability to be flexibly expanded for the
dc-grid-powered EV charging infrastructure according
to the parking capacities in the multistorey carpark
buildings without using mains-frequency transformers.

4) The control loops in the ES in this project involve both
input voltage and frequency control of the ac distribution
network and voltage regulation of the dc power grid.

Since the semiconductor switch can withstand a limited
voltage rating, the previous two-level voltage source inverter
for low-voltage ES is not suitable for the medium-voltage
distribution system (typically at 6.6–22 kV). Therefore, two
feasible circuit topologies will be introduced. Fig. 1 illus-
trates the core concept of the bidirectional MMC linking
the ac distribution lines of a power system with a mixture
of intermittent renewable and traditional energy sources. The
distribution lines have a lot of nodes that contain different
kinds of loads and renewable energy sources. One of the
nodes is connected to the proposed ac–dc power converter
that converts the ac distribution voltage to an 800-V dc link
for a dc power grid. The dc power grid can be used for large
EV charging infrastructure with EV batteries and preferably
second-life batteries as energy storage.

The focus of this article is the use of the ES functions
embedded on the ac side of the bidirectional MMC to turn
the dc-grid-power EV charging infrastructure into a form of
smart load that can consume energy from or deliver energy
to the ac power system at the distribution level [24]. The
purpose of this research is to provide a unit model that will
be used in future studies with hundreds of such ES-based EV
charging infrastructures in the multistorey carparks, which can
help to support and stabilize the power grid in megacities
(such as Singapore) with a large percentage of renewable
energy penetration. While MMC circuits have previously been
reported, the incorporation of ES functions [15], [16], [24]
adds new control of active and reactive power compensation
for mains-frequency and mains-voltage regulation for the ac
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Fig. 1. Schematic of the proposed bidirectional ac power converter linking the ac distribution line of the ac power system to voltage link of the dc power
grid.

Fig. 2. Example of using an MMC as the front-end power converter for the proposed bidirectional power converter (evaluated in this study).

power system, respectively, at the distribution level. In this
way, the large EV charging infrastructure with the bidirectional
MMC neutralizes the problems arising from renewable energy
generation. It forms the new ES system to stabilize the ac
power system with intermittent renewable energy generation.

A. Modular Multilevel Converter (MMC)

One natural family of power electronic circuits suitable
for the first ac–dc power conversion stage of the proposed
idea is the MMC circuits [25]–[27]. Since the publication
of [25], various research efforts have led to a family of
MMC topologies [26], [27], including those with high-voltage
ratios [20]–[23]. In this article, we suggest a new version
of such implementation, which is shown in Fig. 2. In this
example, the bidirectional converter consists of: 1) a front-
stage ac–dc MMC; 2) an intermediate dc–ac power converter
with a medium-frequency isolation transformer for voltage

reduction; and 3) a third ac–dc power converter to create
the voltage source for the dc power grid. DAB [28] can
be used in the intermediate power stage. The loads in this
system are assumed to be battery loads in EV charging
infrastructure.

In each module of the MMC example in Fig. 2, an inductor
and a full-bridge inverter with an output capacitor are used
for power-factor-correction (PFC) front-end power conversion.
The number of MMC modules is determined by the distribu-
tion line voltage and the voltage ratings of the power devices.
Presently, Si-based insulated-gate bipolar transistors (IGBTs)
are suitable for MMC implementation. In the future, SiC
power devices will have the potential for MMC implementa-
tion due to their high-voltage ratings. In the intermediate dc–ac
power conversion stage, a medium-frequency power inverter
is used to turn the dc voltage into a medium-frequency ac
voltage through a step-down isolation transformer. The step-
down secondary ac voltage outputs of the isolation transformer

Authorized licensed use limited to: San Diego State University. Downloaded on December 08,2022 at 20:03:46 UTC from IEEE Xplore.  Restrictions apply. 



7592 IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 10, NO. 6, DECEMBER 2022

Fig. 3. Example of using an MLC (three-level neutral-point-clamed MLC) as the front-end power converter for the proposed bidirectional power converter
(for future study).

are converted into a dc voltage in the final-stage ac–dc power
converter. The three dc voltage outputs in Fig. 2 can be
connected in parallel to form one dc voltage for the dc power
grid.

B. Multilevel Converter (MLC)

An alternative family of power electronic circuits is the
MLCs [29]. Like the circuit shown in Fig. 3, this bidirectional
ac–dc power conversion system has three power stages. One
example of using a three-level neutral-clamped power con-
verter as the first ac–dc power converter in the proposed bidi-
rectional ac–dc power conversion system is shown in Fig. 3.
The dc voltages across the two dc capacitors are stepped down
into medium-frequency ac voltages by the intermediate dc–ac
power inverter with transformer isolation. The ac voltages
from the secondary of the isolation transformers are then
converted into a dc voltage in the third ac–dc power conversion
stage to form the dc power grid. Again, the DAB topology can
be used in the intermediate power stage.

III. CONVERTER OPERATION AND POWER

SYSTEM STUDIES

Due to the limited space in this article, the MMC topol-
ogy (see Fig. 2) is used as an example for demonstrating
the proposed idea. The MLC topology (see Fig. 3) will be
addressed in future work. This section presents the circuit
composition, the controller design, and the average model of
the proposed bidirectional ac–dc power conversion system and
its interactions with a micro power grid in a stage-by-stage
manner for the MMC system in Fig. 2. The purpose is to
study the feasibility of the proposal on a relatively small scale
before system evaluation in large-scale power systems. The
6.6-kV distribution line voltage in Singapore is taken as the
first design study. Such a design can be extended to 11 or
22 kV in principle.

A. Bidirectional AC–DC Power Converter System With
Front-End MMC With Electric Spring Functions

1) First AC–DC PFC Power Conversion: The ac–dc stage
is a cascaded full-bridge rectifier, which supports bidirectional

TABLE I

REQUIRED VOLTAGE RATINGS OF SWITCHES FOR A 6.6-kV POWER GRID

power flow as required for achieving ES functions. The
number NHB of the full-bridge modules is determined by the
voltage level of the distribution network. According to [30],
NHB can be calculated by

NHB =
√

2 Vg

uVsw,max
(1)

where Vg is the line-to-line rms voltage of the distribution
network, Vsw,max is the maximum voltage that each semicon-
ductor switch can bear, u is the utilization of Vsw,max, and u
is the utilization rate of the voltage rating of semiconductor
switches and satisfies u ≤ 1. For a 6.6-kV grid voltage
(i.e., Vg = 6.6 kV), the value of Vsw,max is listed in Table I,
in which u = 55% and NHB = 1–3 [30]. Table I indicates
that three full-bridge modules are needed in the rectifier
with 6500- V IGBTs or two modules are needed with the
10-kV silicon-carbide metal–oxide–semiconductor field-effect
transistors (SiC MOSFETs) [31].

In our simulation study, the rectifier that consists of two full-
bridge modules is used as an example to demonstrate the idea
of this article, as shown in Fig. 4. An operating frequency of
20 kHz is chosen for the switches as the latest SiC MOSFET
can operate up to 48 kHz [32]. In Fig. 4, x (=AB, BC,
and CA) denotes the phases of the power grid to which the
rectifier is connected. For example, x = AB means that the
rectifier is connected to the Phase-A and Phase-B lines. vgx and
iMMCx represent the input voltage and current of the rectifier,
respectively; Vdc−x1 and Vdc−x2 are the dc-link voltages of the
two full-bridge modules; idco−x1 and idco−x2 denote the output
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Fig. 4. Cascaded two H-bridge active rectifier of Phase x (x = AB, BC,
and CA) in the MMC system.

TABLE II

SPECIFICATIONS OF THE CASCADED FULL-BRIDGE RECTIFIERS

Fig. 5. Block diagram of the voltage and current control of the ac–dc active
rectifier.

currents of the two modules. The rectifier parameters [33] are
listed in Table II.

Fig. 5 shows the control block diagram for the cascaded
full-bridge rectifier. First, the difference between the sum of
the dc-link voltages (Vdc−x1 and Vdc−x2) and its setpoint value
V ∗

dc-x is processed by a proportional-integral (PI) controller to
produce the magnitude reference I ∗

MMCx of the MMC current,
i.e.

I ∗
MMCx = k p1

(
V ∗

dc-x − Vdc-x1 − Vdc-x2
)

+ki1

∫ (
V ∗

dc-x − Vdc-x1 − Vdc-x2
)
dt . (2)

Next, the phase information θx of the grid voltage vgx is
extracted with the phase-locked loop (PLL). By multiplying
I ∗
MMCx and sinθx , the reference i∗

MMCx of the MMC current
is obtained. Then, the error between the MMC current iMMCx

and its reference i∗
MMCx is processed with a PI controller to

Fig. 6. ith (i = 1, 2) DAB module of Phase x (x = AB, BC, and CA) in
the MMC system.

TABLE III

SPECIFICATIONS OF THE DAB MODULE

obtain the modulation indices Mx1 and Mx2 , i.e.

Mx1 = Mx2 = k p2
(
i∗
MMCx − iMMCx

)
+ki2

∫ (
i∗
MMCx − iMMCx

)
dt . (3)

Finally, Mx1 and Mx2 will be modulated into pulses to
control the switching patterns of the two full-bridge modules,
respectively.

2) Second DC–AC–DC Power Conversion With a Stepped-
Down Transformer: The dc–ac–dc stage is a typical DAB that
utilizes two full bridges at both the primary and secondary
sides. The output of each full-bridge module of the rectifier
is connected to a DAB module, as shown in Fig. 6. Here,
iDABo−xi denotes the output current of the secondary-side full
bridge. vo−xi and io−xi are the output voltage and current of the
DAB module, respectively. The turns ratio of the transformer
is N1: N2. The circuit structure of Fig. 6 supports reversible
power flow and provides galvanic isolation. The parameters of
the DAB module are listed in Table III.

For simplicity, the conventional single phase shift control
method in [34] is adopted for the DAB. The duty cycles
of the two full bridges are fixed at 0.5, and the pulses of
the two full-bridges are phase shifted relative to one another.
Fig. 7 illustrates the controller for the DAB output voltage,
where DPS−xi is the phase shift duty cycle. The controller
first calculates the voltage error between the DAB output
voltage Vo−xi and its setpoint value V ∗

o−xi . Then, a PI controller
generates the required phase shift duty cycle DPS−xi for
the DAB.
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Fig. 7. Block diagram of the DAB voltage control.

Fig. 8. Block diagram of the input voltage control of the MMC with ES
functions.

Fig. 9. Block diagram of the input frequency control of the MMC with ES
functions.

B. Bidirectional AC–DC Power Converter System With Input
Electric Spring Control

1) Input Voltage Control of ES-Based MMC for Regulating
the Voltage of the Distribution Network: The block diagram
of the input voltage control of the MMC with ES functions is
shown in Fig. 8. The control of the input voltage is achieved
by controlling the reactive power generation of the MMC.

First, the peak value Vg of the line-to-line input voltage
vgx is detected and compared with a preset reference V ∗

g

(e.g., V ∗
g = 6.6 × √

2 = 9.334 kV for a 6.6-kV distribution
line). Then, the difference between Vg and V ∗

g is processed by
a voltage-droop controller to produce the magnitude reference
I ∗
MMC,Q of the MMC reactive current, i.e.

I ∗
MMC,Q = − 1

kv2

(
Vg − V ∗

g

)
. (4)

In Fig. 8, an integration path is added in the voltage-droop con-
troller to limit the bandwidth of the controller, thus enhancing
the system stability. The time constant of the voltage-droop
controller is determined by

τv = 1

kv1kv2
. (5)

On the other hand, the phase information θx of the power
grid is extracted from vgx with a PLL (see Fig. 5). By mul-
tiplying I ∗

MMC,Q and cosθx , the reference i∗
MMC,Q of the MMC

reactive current is obtained.
With the input voltage control, i∗

MMCx,Q in Fig. 8 should be
added into the reference current i∗

MMCx for the MMC in Fig. 5.
2) Input Frequency Control of ES-Based MMC for Regulat-

ing the Frequency of the AC Power Grid: The input frequency
control is achieved by adjusting the power consumption of the

MMC, as illustrated in Fig. 9. The grid frequency f is first
estimated from the input voltage vgx with a PLL. Then, f
is compared with a preset reference f ∗, which should be the
nominal frequency value of the power grid (e.g., 50 Hz in
Singapore). A frequency-droop controller is designed to yield
the power adjustment value �P∗

MMC of the MMC from the
error between f and f ∗, i.e.

�P∗
MMC = 1

k f 2
( f − f ∗). (6)

When f > f ∗, we have �P∗
MMC > 0, meaning to increase

the power consumption of the MMC; when f < f ∗, we have
�P∗

MMC < 0, meaning to reduce the power consumption of
the MMC. In particular, if the total power consumption of
the MMC satisfies PMMC + �P∗

MMC < 0, then the MMC will
operate in the reverse-power-flow mode.

Similar to the voltage-droop controller, an integration path
is also added to the frequency-droop controller to enhance
stability. The time constant of the frequency-droop controller
is determined by

τ f = 1

k f 1k f 2
. (7)

3) Average Model of the MMC: To facilitate the study of
the behavior of the microgrid, the average model of the MMC,
which neglects all switching details, is built below. As the
MMC system in Fig. 2 consists of three parts (i.e., the
rectifiers, the DABs, and the load), its average model can be
obtained by deriving the average models of these three parts
separately.

a) Average model of the active rectifiers: The rectifier of
Phase x (x = AB, BC, and CA) in the MMC system, which
is displayed in Fig. 4, can be described by the following state
equations:

LMMC
diMMCx

dt
= v3x − Mx1vdc-x1 − Mx2vdc-x2 (8)

Cdc-x1
dvdc-x1

dt
= Mx1iMMCx − idco-x1 (9)

Cdc-x2
dvdc-x2

dt
= Mx2iMMCx − idco-x2. (10)

b) Average model of the DABs: Reference [34] gives the
equation regarding the output current iDABo−xi of the DAB
module. Considering the reversible-power-flow requirement
of the MMC system, the unidirectional equation of iDABo−xi

in [34] is extended into a bidirectional version, i.e.

iDABo-xi = N1vdc-xi DPS-xi (1 − |DPS-xi |)
2N2 fs LDABp

. (11)

A positive DPS−xi corresponds to power flowing from the
primary side to the secondary side, while a negative DPS−xi

indicates a reverse power flow.
The state equation of the output capacitor Co−xi is given by

Co−xi
dvo−xi

dt
= iDABo-xi − io−xi . (12)

According to the principle of conservation of energy, the DAB
module is also governed by

vdc-xi idco-xi = vo−xi iDABo-xi . (13)
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Fig. 10. Load part in the bidirectional ac–dc MMC system.

c) Average model of the load: Fig. 10 gives the circuit of
the load part. Here, a small wire resistance ro is considered,
so that the six voltages vo−AB1, vo−AB2, . . . , vo−CA2 can be
connected in parallel. The battery load is modeled as an
adjustable voltage source Vb in series with a resistor Rb. The
value of Vb determines the charging/discharging power of the
battery.

According to Kirchhoff’s current and voltage laws, one has

vo = vo−xi − roio−xi (14)

vo = Vb + Rbio (15)

io =
∑
x,i

io−xi . (16)

In summary, the set of equations from (8) to (16) forms the
average model of the MMC system, which can be combined
with the control laws given in Figs. 5 and 7–9 to describe
the closed-loop performance of the bidirectional ac–dc power
converter system.

IV. BIDIRECTIONAL POWER CONVERTER OPERATIONS

AND ITS INTERACTIONS WITH AN AC MICROGRID

A. Bidirectional AC–DC Power Converter Operations

The steady-state performance, transient performance, and
bidirectional-power-flow operation of the MMC system are
examined with power circuit simulation based on the PSIM
software package. The high-frequency switching operation of
the full converter system is included in the simulation.

1) Steady-State Performance of Input Power Factor and
Output DC Voltage Control of the ES-Based MMC: The power
flow from the ac grid to the dc grid is first considered. In this
converter test, the MMC draws a rated power of 150 kW from
a stiff 6.6-kV grid to the 800-V dc power grid with a resistive
load. The input current and power factor, the intermediate
dc voltage link, the voltage and current of the DAB with
the medium-frequency isolation transformer, and the output
dc grid voltage are examined. The simulation waveforms
of the power converter system are shown in Figs. 11–13.
Fig. 11 shows the three-phase input voltages and currents of

Fig. 11. Waveforms of the three-phase input voltages and currents of the
MMC at rated output power.

Fig. 12. Waveforms of the dc-link voltages of the rectifiers at rated output
power.

the MMC at rated power. The power factor is 0.998, and the
total demand distortion (TDD) of the currents is 4.34%, which
complies with the IEEE 519 standard of harmonic regulation.

The dc-link voltages of the three-phase rectifiers are shown
in Fig. 12. The peak-to-peak voltage ripples are less than
0.5% for all six full-bridge modules, which indicate good
regulation of the dc-link voltages at the rated output power.
Fig. 13 displays the primary-side and secondary-side voltages
and currents of a single DAB module. An obvious phase delay
of the secondary-side voltage with respect to the primary-side
voltage can be observed, enabling power delivery from the
primary side to the secondary side.

2) Transient Performance of Input Power Factor and Output
DC Voltage Control of the ES-Based MMC: In the second
converter test, the output power of the ac–dc power converter
is changed from 150 to 75 kW at t = 0.15 s. The simulation
waveforms are shown in Figs. 14 and 15. Fig. 14 shows the
three-phase input voltages and currents of the MMC. Note
that unity power factor is maintained in both the full-load and
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Fig. 13. Waveforms of the primary-side and secondary-side voltages and
currents of a single DAB module at rated output power.

Fig. 14. Waveforms of the three-phase input voltages and currents of the
MMC when the power changes from full load to half load at t = 0.15 s.

half-load conditions. The dc-link voltages of the three-phase
rectifiers are displayed in Fig. 15. These voltages are well
maintained within 5200 ± 50 V during the transient operation.
Figs. 14 and 15 indicate that the rectifiers reach the steady state
at around 0.2 s.

Fig. 16 illustrates the output voltage and current of the ac–dc
power converter system. It can be observed that a spike appears
in the output voltage at the transient instant. Nonetheless, the
voltage spike is less than 5% of the nominal value and the
output voltage returns to 800 V in 0.1 s. The result verifies
that the output voltage of the ac–dc power converter system
is well regulated.

3) Bidirectional-Power-Flow Operation of the ES-Based
MMC With Both Input Power Factor and Output DC Voltage
Control: In this converter test, the ac–dc power converter
system initially draws 75-kW power from the ac grid to charge
the dc battery load. At t = 0.15 s, the direction of the power
flow is reversed, and the ac–dc power converter system feeds

Fig. 15. Waveforms of the dc-link voltages of the rectifiers when the power
changes from full load to half load at t = 0.15 s.

Fig. 16. Waveforms of the output voltage and current of the MMC when
the power changes from full load to half load at t = 0.15 s.

Fig. 17. Waveforms of the three-phase input voltages and currents of the
MMC in the reversible-power-flow test.

the power of 75 kW back into the ac grid by discharging the
battery. The simulation waveforms are shown in Figs. 17–19.
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Fig. 18. Waveforms of the dc-link voltages of the rectifiers in the reversible-
power-flow test.

Fig. 19. Waveforms of the output voltage and current of the MMC in the
reversible-power-flow test.

Fig. 17 shows the three-phase input voltages and currents of
the MMC. The voltage and current of each phase are initially
in phase, respectively. After t = 0.16 s, they become out
of phase, indicating the reverse change of the power flow
direction. The power factor keeps unity throughout the whole
process. Fig. 18 shows the output voltage and current of the
ac–dc power converter system. They are kept within ±2%
of the nominal value and reach the steady state in about
0.3 s. Fig. 19 shows the output voltage and current of the
ac–dc power converter system. The output current changes
from +93 to −93 A at t = 0.15 s, confirming the change
of the battery operating mode from charging to discharging.
A voltage spike of 26 V can be observed in the output
voltage. Nonetheless, the output voltage is controlled back
to its nominal value after 0.1 s. These results verify the
effectiveness of the proposed converter system structure and
the controller design.

B. AC-Microgrid to DC-Power Grid System Interactions
Through the ES-Based MMC

Fig. 20 shows a 6.6-kV three-bus ac microgrid for illustra-
tion of the ES functions of the MMC. The microgrid consists
of a generator G on Bus 1, a WT and a resistive load on

Fig. 20. 6.6-kV three-bus ac microgrid linked with the 800-V dc grid via
the bidirectional ac–dc power MMC converter with ES functions.

Fig. 21. Simulation waveforms of Scenario 1 using ES-based ac–dc MMC
to stabilize the power grid with fluctuating renewable power.

Bus 2, and an MMC-fed battery load and a resistive load
on Bus 3. There are two 5-km distribution lines between
Bus 1 and Bus 2 and between Bus 2 and Bus 3, respectively.
The wire resistance and inductance of the distribution line are
0.237 �/km and 1.064 mH/km, respectively, with reference
to [35]. The initial power of each element is also marked in
Fig. 20. Two scenarios are considered in the simulation study
below.

1) Scenario 1: Microgrid Stabilization by ES Against Power
Fluctuations of Renewable Power: In the first system test,
the output power of the WT begins to fluctuate between
100 and 200 kW in a sinusoidal fashion from t = 5 s. This
power fluctuation has a period of 10 s and lasts for 20 s.
The simulation waveforms without and with ES functions are
compared in Fig. 21.

The power fluctuation of the WT (the first plot of Fig. 21)
causes the power generator to alter its output. Without ES
functions, the output power of the generator swings signifi-
cantly (blue trace in the second plot) when the load consump-
tion remains constant (blue trace in the third plot). As a result,
the grid frequency swings from 49.4 to 50.3 Hz (blue trace in
the fifth plot). Moreover, the bus voltages in the microgrid are
also disturbed by the fluctuating wind power (blue trace in the
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Fig. 22. Simulation waveforms of Scenario 2 using ES-based MMC to
stabilize power grid with both fluctuating renewable power and sudden load
change.

sixth plot). The reactive power of the MMC remains constant
(blue trace in the fourth plot) because there is no ES function.

With ES functions activated, the power consumption of
the MMC-fed load is adaptive to the wind power fluctuation
(orange trace in the third plot) to dynamically compensate the
power change in the microgrid. This fast DSM significantly
mitigates the power fluctuation of the generator (orange trace
in the second plot) and stabilizes the voltage and frequency of
the microgrid (orange traces in the sixth and fifth plots). The
ES functions are illustrated in the active and reactive power
compensations provided on the ac side of the MMC (orange
traces in the third and fourth plots) to regulate the ac grid
frequency and voltage, respectively. As a result, the variation
range of the grid frequency is reduced to 49.9–50.0 Hz, and the
fluctuation of the Bus-3 voltage magnitude is largely mitigated
to 1 V. The results in Fig. 21 verify that the ES control of the
MMC can effectively regulate its input voltage and the grid
frequency.

2) Scenario 2: Grid Stabilization by ES Against Power
Fluctuations of Renewable Power and Sudden Load Change:
To evaluate the ES functions, the second power system test
involves both power fluctuations of renewables and large load
change. The wind power drops from 200 to 100 kW at t =
5 s and then rises to 300 kW at t = 12 s. The resistive load
on Bus 3 also increases from 250 to 400 kW at t = 7 s.
Fig. 22 presents the simulation waveforms.

Without ES functions, the battery load consumes constant
power (blue trace in the second plot of Fig. 22). When the wind
power drops at t = 5 s, the generator power has to increase
(blue trace in the first plot) to feed the constant battery load,
but the governor control fails to regulate the grid frequency
within a tight tolerance. As shown in the blue trace in the
fourth plot in Fig. 22, the grid frequency temporarily drops to
about 49.2 Hz from 5 to 7 s. When the load demand increases

at 7 s, the grid frequency drops further to 48.3 Hz. When the
wind power rises to 300 kW at 12 s, the grid frequency rises
to 50.7 Hz. Such a large frequency deviation can exceed the
acceptable range in some countries (e.g., 49.5–50.5 Hz in the
U.K. [36]). In addition, there is a voltage drop of 110 V (1.2%)
on Bus 3 (blue trace in the fifth plot), which is undesirable.

With ES functions activated, the battery load consumes
power adaptively as shown in the orange trace of the second
plot. This fast DSM absorbs most of the power fluctuation
of the WT and reduces the power variation of the generator,
as shown in the orange trace of the first plot. Consequently,
the frequency variation range is significantly narrowed down
to 49.7–50.0 Hz (orange trace in the fourth plot), and the
Bus-3 voltage magnitude is successfully maintained around its
nominal level (orange trace in the fifth plot). The ES actions
are illustrated in the active and reactive powers in the second
and third plots in Fig. 22, respectively. The active power of the
bidirectional ac–dc MMC drops below zero between t = 7 s
and t = 12 s, indicating that the MMC temporarily reverses its
power flow direction and operates as a power source to support
the frequency stability of the ac microgrid. The reactive power
provided by the ES-based MMC is successful in maintaining
the voltage stability. The effectiveness of the MMC with ES
functions in voltage and frequency control in the microgrid is
once again verified.

V. CONCLUSION

The urgent need for large-scale EV charging infrastructure
in big cities such as Singapore imposes new challenges
in increasing electric power supply capability in existing
multistorey carparks built before the EV era. The need for
large-scale intermittent renewable energy generation also leads
to power fluctuation and potential power system stability prob-
lems. This study proposes the combined uses of EV charging
infrastructure with ES functions and renewable energy as
a complementary solution to combat climate change. The
novelty of this article involves a bidirectional ac–dc power
converter system with ES functions installed on the ac side
at the distribution voltage level. It can generate a dc voltage
link for a dc power grid directly from the distribution network
of an ac power grid. The concept is demonstrated with the
use of an MMC with DAB modules. Because of the modular
nature, the power capability of the proposed ac–dc power
converter system is expandable based on the parking capacity
of the multistorey carparks. It is a feasible solution to provide
the dc power grid for large-scale EV charging infrastructure
in multistorey carparks in order to accelerate the adoption
of EVs. With the bidirectional power flow capability and
ES functions (i.e., active and reactive power compensation
control on the ac side of the ac–dc power converter system),
the proposed solution can mitigate frequency and voltage
fluctuation of the ac power grid, and therefore, it enables
power companies to adopt more renewable energy generation.
The proposal has been evaluated in both converter tests and
ac microgrid tests through comprehensive simulations. The
results confirm the feasibility and validity of the proposal in
a small microgrid. The bidirectional MMC for large battery
load, such as large EV-charging infrastructure, will form the
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core element for future large-scale power system stability
studies.

APPENDIX

For the transformer in the DAB module, the inductance
LDABp is most significant as it has a large impact on the output
current iDABo−xi of the DAB according to (11) in this article,
which is rewritten as follows:

iDABo-xi = N1vdc-xi DPS-xi (1 − |DPS-xi |)
2N2 fs LDABp

. (17)

Large values of LDABp will reduce the DAB’s output current
and thus limit the maximum transferrable power, while too
small values of LDABp will make the DAB’s output current
sensitive to disturbances of the input voltage vdc−xi and the
phase shift DPS−xi , and thereby resulting in noisy current and
even system instability.

In this study, the nominal values of the DAB module are as
follows: I n

DABo-xi = 31.25 A, V n
dc-xi = 5.2 kV, fs = 20 kHz,

and N1/N2 = 7. The range of DPS−xi is between −0.5 and 0.5.
To meet our power requirement, it should be satisfied that

max(iDABo-xi ) ≥ I n
DABo-xi . (18)

Substituting (17) into (18) gives

LDABp ≤ 7.28 mH. (19)

Therefore, we set LDABp to be 7 mH in our design. This
inductance can be achieved either with the leakage induc-
tance of the transformer alone [37] or with the help of an
external inductor [33]. In our DAB module, we employ an
external inductor and LDABp includes both the inductance
of the external inductor and the leakage inductance of the
transformer. For DABs, the magnetizing inductance of the
transformer is typically much larger than the inductance LDABp

[32], [38], [39]. Therefore, we follow this common practice in
this study.
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