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Abstract: A microgrid is defined as a local electric power distribution system with diverse DG (distributed generation) units, energy

storage systems, and loads, which can operate as a part of the distribution system or when needed can operate in an islanded mode.
Energy storage systems play a key role in improving security, stability, and power quality of the microgrid. During grid-connected
mode, these storage units are charged from various DG sources as well as the main grid. During islanded mode, DG sources along with
the storage units need to supply the load. Power electronic interfaces between the microgrid buses and the storage units should be able

to detect the mode of operation, allow seamless transition between the modes, and allow power flow in both directions, while
maintaining stability and power quality. An overview of bidirectional converter topologies relevant to microgrid energy storage

application and their control strategies will be presented in this paper.
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1. Introduction

Microgrid is defined as a network of local electric
power sources, energy storage units, power conversion
systems, and communication systems which operate in
parallel with the utility grid (grid-connected mode) or
independently as a stand-alone system (islanded mode)
to supply a network of local loads [1-16]. Fig. 1 shows
a typical microgrid setup. Depending on the number or
different types of DERSs (distributed energy resources),
DESs (distributed energy sources) and distributed
loads, power electronic converters are used as
interfaces to connect DERs to a DC or an AC bus and
the microgrid can be classified as a DC microgrid, an
AC microgrid, or a hybrid microgrid. During normal
operation, microgrid operates in the grid-connected
mode. In the grid-connected mode, the utility grid
determines the voltage and frequency of the microgrid
and supports any deficit energy; and any excess energy
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from the microgrid is supplied to the power grid. In
case of utility grid failure, the microgrid disconnects at
the PCC (point of common coupling) and operates in
the islanded mode. During the islanded mode, DERs
and DESs are responsible for supplying the loads and
balancing the power in the microgrid.

Having reliable energy storage systems is critical in
improving the stability, robustness, and power quality
of the microgrid. Energy storage systems or batteries
can be connected to the microgrid independently or
work in conjunction with a distributed energy resource.
Bidirectional DC-DC power converters (BDC) play a
key role in interfacing DES (distributed energy storage)
units with the microgrid, irrespective of the microgrid
type. During the grid-connected mode, the utility grid
as well as the DERs meets the load demand. During
this time, power flows from the DC bus to charge the
energy storage device. When the microgrid operates in
the islanded mode, the load demand must be met and
balanced by the DERs and the energy storage devices.
When the power generated by DERs is greater than
the load, the BDC connected to the storage device will
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Fig. 1 A typical microgrid [1].

transfer power to charge the storage unit. When power
generated by DERSs is not enough to supply the loads,
the BDC will transfer the stored energy from the
storage unit to the DC bus.

Thus, the bidirectional DC-DC converter interface
connecting DESs to the microgrid has two main
objectives: (1) to control the direction and amount of
power to and from the storage device and (2) to control
the DC link. Batteries are integral to maintaining the
stability and resiliency of the microgrid. However, the
stability and response time of the system is dependent
on the dynamic characteristics and control of the
bidirectional converter. Power electronic interfaces
between the microgrid buses and the storage units
should be able to detect the mode of operation, allow
seamless transition between the modes, and allow
power flow in both directions, while maintaining
stability and power quality. An overview of
bidirectional converter topologies for interfacing
various energy storage units to microgrid and their
control strategies will be presented in this paper.
Different topologies suitable for different load
requirements will be reviewed along with their
steady-state characteristics. In addition, characteristics
of various control systems will be discussed.

2. Bidirectional DC-DC Converter

Topologies

DES units in microgrids can be batteries connected

independently to the microgrid, batteries working in
conjunction with DERs, or batteries as part of a hybrid
storage system [2-4]. Bidirectional power converters
play a key role in interfacing DES units to the
microgrid. These converters transfer power from the
DC bus to the DES unit during normal mode of
operation and transfer power from the DES unit to the
DC bus when DERs and/or utility grid are not available.
To facilitate bidirectional power flow capability, the
converters need bidirectional power devices as
switches. Controllable semiconductor devices with
anti-parallel diodes will provide the bidirectional
capability; including positive and negative current flow
as well as positive and negative voltage blocking
Ref. [2]
non-isolated bidirectional DC-DC converters, which is

capabilities. presented a review of
especially attractive in applications where size and
weight are the main concerns. Basic non-isolated
converters, converters with coupled inductors, and
interleaved converters were reviewed with focus on
topologies that provide constant current to the battery,
thus prolonging the battery life. Selected non-isolated,
DC-DC

converter topologies relevant to interfacing various

isolated, and interleaved bidirectional

energy storage units to the microgrid will be reviewed
in this section.
A. Bidirectional Buck-Boost DC-DC Converter

Fig. 2 shows a bidirectional buck-boost DC-DC
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converter that can be used to interface a battery to the
microgrid [3]. The combination of transistor Q; and
antiparallel diode D, forms the switch S, as well as the
combination of transistor Q, and antiparallel diode D,
forms the switch S,. This topology is able to step up or
step down the voltage with power flow in both
directions. During the charging mode, the converter
operates as a buck converter and charges the battery
from the DC bus at a voltage Vpc with a conversion
ratio of

VBattery — D, (1)
Vbpc 1-D;

where, D, is the duty cycle of S,. During the
discharging mode, the converter operates as a buck or
boost converter to transfer power from the battery to
the DC bus, depending on overvoltage or undervoltage
state of V¢, respectively. In this mode, the DC voltage
conversion ratio is given by

Vpc Dy

= 2

VBattery 1-Dy

where, D; is the duty cycle of the switch S;.

Appropriate  control algorithms will determine
charging and discharging modes as well as buck and

boost operating modes of the converter.

B. Bidirectional Buck/Boost DC-DC Converter for
Hybrid Storage Systems

A typical set up to interface a hybrid storage system,
including a battery and a super capacitor, to the
microgrid is depicted in Fig. 3. Super capacitor is a
typical high-power device with fast response, high
output power capability, and high energy conversion
efficiency. Battery is a typical high-energy device with
slow response, long-time power output capability, and
high energy density. A hybrid storage system is
suitable for low-cost, power balance control in
microgrids [4]. A bidirectional buck/boost converter is
used as the power electronic interface. Both the battery
and the super capacitor are connected to the low
voltage side of the converter. Let D; be the duty cycle
of Sy, D, be the duty cycle of S, D5 be the duty cycle of

S;, and Dy be the duty cycle for S4. During the charging
mode, the converter operates as a buck converter and
power flows from the DC bus to the storage units with a
DC voltage transfer function of

Mypc = D, and Mypc = D, 3)
for the battery and the super capacitor, respectively.
During the discharging mode, the converter operates as
a boost converter with a conversion ratio of

1

1
M = — and M, = —
vDC 1-D, vDC 1-D,

“4)

and transfer power from the battery or super capacitor
to the DC bus, respectively. As the storage units have
different charging and discharging characteristics and
have different balancing capabilities, the converters
should be able to address these requirements. Control
schemes need to be employed to choose the appropriate
storage unit depending on the type of disturbance or
unbalance that needs to be mitigated.

C. Bidirectional Full-Bridge DC-DC Converter

In some cases, storage units are dedicated to provide
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Fig. 3 Bidirectional buck-boost converter for a hybrid
storage system [4].



14 An Overview of Bidirectional DC-DC Converter Topologies and Control Strategies
for Interfacing Energy Storage Systems in Microgrids

power to sensitive and critical loads, where galvanic
isolation is necessary. Isolated bidirectional DC-DC
topologies are preferred in such situations [5-7]. Such
topologies also provide high step-up or step down
conversion ratios by utilizing the transformer turns
A Dbidirectional FB (full-bridge) DC-DC
converter circuit is shown in Fig. 4. The battery is

ratio.

usually connected to the low-voltage side of the
converter. A transformer with a turns ratio of n:1
provides isolation between low-voltage and
high-voltage sides and extra conversion ratio if needed.
The four switches Sy, S,, S;, and S4 form Bridge A and
the four switches Ss;, S¢, S;, and Sg form Bridge B.
During the charging mode of the battery, power flows
from high-voltage side to low-voltage side and the
converter operates as a buck converter. At this time,
Bridge B acts a FB inverter and Bridge A acts as a FB

rectifier. The conversion ratio for this mode is

VBattery _ &
Vpe  n’ )

where, D; is the duty cycle of the switches in Bridge A.
During the discharging mode, Bridge A acts as a FB
inverter and Bridge B acts a FB rectifier. In this case,
the power flows from the battery to the DC bus and the
converter operates as a boost converter with a
conversion ratio of

Vbe n

= (6)

2(1-D,)

VBattery

where, D, is the duty cycle of the switches in Bridge B.
An isolated dual active bridge converter using wide
band gap GaN devices to improve converter efficiency
was presented in Ref. [8].

D. Multi-phase Interleaved Bidirectional DC-DC
Converter

Power electronic interfaces are expected to have
high efficiency and high power density. In order to
obtain high power density, it is a common practice to
operate the converters in DCM (discontinuous
conduction mode). However, this may result in very

high current ripple, which may be hazardous for the

battery or other storage devices. One solution to this
issue is to use multi-phase interleaved DC-DC
converters [9]. A three-phase interleaved bidirectional
DC-DC converter is shown in Fig. 5. The DC voltage
transfer functions in both modes of operation, as in
traditional buck and boost converters, are given by Egs.
(3) and (4). However, by dividing the current between
the three phases, current stresses as well as inductor
and capacitor sizes are reduced; thereby increasing the
power density. Moreover, the interleaved topology
ripple;
improving battery life. By adding appropriate phase

minimizes the battery current thereby
differences between the three phases, the total inductor
current can be minimized. Soft-switching techniques
were used in Ref. [9] to further reduce the switching

losses and increase the converter efficiency.

E. Floating Interleaved Bidirectional DC-DC

Converter

Fig. 6 shows a floating interleaved bidirectional
DC-DC converter, with double non-floating positive
branch and double floating negative branch [10].
This configuration enables higher efficiency, higher
voltage gain, and lower current ripple compared to the

Fig. 4 Bidirectional full-bridge DC-DC converter [7].
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Fig. 5 Bidirectional three-phase interleaved DC-DC
converter [9].
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multi-phase interleaved converters in Section II of part
D. The high voltage gain, the battery banks can be of
relatively low voltage and as a result, fewer series
connected battery units are needed. This improves
system reliability in parallel-connected systems.

3. Control Strategies

While the choice of appropriate bidirectional
converter topology is crucial to ensure efficient power
transfer between the DC bus and the storage units,
choosing the appropriate control strategy is paramount
in detection of the mode of operation, controlling the
direction and amount of power transfer to and from the
storage unit, and ensuring seamless transition between
modes; while maintaining stability and power quality.
This is especially imperative in the islanded mode of
operation. A review of control methods, its challenges
and needs for energy storage systems in microgrids was
presented in Ref. [11].

A. Current-Mode Control

As already mentioned, the bidirectional converter
control is expected to maintain the DC bus voltage a
constant as well as to regulate charging/discharging
current. Current-mode control with two feedback loops,
an inner current loop and an outer voltage loop, is a
popular control method suitable in this case. Fig. 7

buck
current-mode control [12]. The current controller

shows a synchronous converter  with
controls the inductor current, which essentially is the
charging/discharging current of the battery. The
voltage controller controls the DC link voltage, which
is the input voltage during the charging mode and the
output voltage during the discharging mode.

which

accommodates different modes of microgrid operation,

An energy management architecture,
state-of-charge of the battery as well as power levels of
DERs and battery, was also presented in Ref. [12].
Current-mode control has inherent advantages such as
faster response time and short-circuit protection over
traditional voltage-mode control. However, it also
suffers from inherent instability and sub-harmonic
oscillations.

B. Power Control

In the grid-connected mode, the controller should
focus on the SOC (state-of-charge) of the battery. On
the other hand, during islanded mode, the microgrid
stability and power quality should be the highest
priority for the controller. Taking this into account, a
power control algorithm, as shown in Fig. 8, was
presented in Ref. [3]. From the figure, it can be seen
that during the grid-connected mode, battery control is
based on SOC control. During the islanded mode,
fuzzy control or advanced droop control is chosen
based on the amount of voltage disturbance.
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Fig. 7 Bidirectional DC-DC buck converter with

current-mode control [12].



16 An Overview of Bidirectional DC-DC Converter Topologies and Control Strategies
for Interfacing Energy Storage Systems in Microgrids

State of charge
control
Voltage

iL no L ivie | P
- g AN ﬁ ﬁ ﬁ | — — i
il |
Vﬂ e | i i
™ L (Al
C_" A = 1{% !P [‘] :
:.‘i i i \
& . l |
i T I g
T
Washout Filter i
SMC:
u=1, hiz)>+6
u=0, hiz)<-4

h(z) = v, — Vyer + kip

Fig. 9 Synchronous buck converter with sliding mode
control including washout filter [14].

C. Non-linear Control

In cases where the DC bus is supplying CPLs

(constant power loads) with highly non-linear
characteristics, traditional lineal control schemes may
not ensure the required performance. One popular
method to stabilize the DC bus voltage is sliding mode
control; known to be robust against system variations
mode control based on a washout filter (low-pass filter)
was proposed in Ref. [14] to regulate the bidirectional
converter against the non-linear load characteristics.

The circuit schematic is shown in Fig. 9. Control

objectives included regulating the BDC output voltage
ensuring robustness under variations of the load and
input and minimizing the transient response during
load variations during the islanded operation. In Ref. [4]
sliding mode control was implemented on a DC
microgrid with CPLs to handle large variations in load
demand.

4. Conclusions

Energy storage systems play a key role in improving
security, stability, and power quality of the microgrid.
Power electronic interfaces between the microgrid
buses and the storage units should be able to detect the
charging or discharging modes as well as
grid-connected or islanded modes of operation, allow
seamless transition between the modes, and allow
power flow in both directions, while maintaining
stability and power quality.

A review of bidirectional DC-DC converter
topologies relevant to microgrid energy storage,
including non-isolated, isolated, and interleaved
topologies has been presented. Voltage conversion
ratios for each of the topology with bidirectional power
flow have been presented. Non-isolated topologies are
suitable for applications that require lower DC voltage
transfer functions. Isolated converters are preferable
where galvanic isolation is necessary. These converters
are also suitable for applications that require high
step-up or step-down ratios, since the turns ratio of the
transformer can be utilized to improve the DC transfer
function. Despite the complexity of the interleaved
converters, they are more suitable for high power
applications. Since the current is divided between
multiple phases; the current stress on the devices and
inductors, size of the passive components, and the
battery current ripple can be reduced. To improve the
battery life, it is preferred to have converter topologies
that deliver an almost constant current to charge the
battery.

While the choice of appropriate bidirectional
converter topology is crucial to ensure efficient power
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transfer between the DC bus and the storage units,
choosing the appropriate control strategy is paramount
in maintaining the resiliency, reliability, and stability
of the microgrid. These control units should be able to
determine the modes of operation, determine the
amount of power transfer to and from the storage units,
and control the DC bus voltage. Several control

strategies including current-mode control, power

control, and sliding mode control have been reviewed
in this paper. One main challenge in designing an
effective control strategy is the lack of complete
models for the bidirectional converters, especially for

advanced topologies with different modes of

operations.
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