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Abstract—For grid-connected or interconnected microgrids, the
transition to an autonomous and decentralized architecture was
hampered by two perplexing issues: how to guarantee voltage-
supporting capacity, while fully and controllably utilizing local
power generation, and how to switch between islanded and grid-
connected modes flexibly and seamlessly. Through a combination
of benefits of interlinking converters and switches, the flexible
transfer converters (FTCs), positioned at the interfaces between
the utility grid and microgrids, are offered as a solution in this
article. The basic concepts and classifications of the FTC are first
presented, and a general-purpose FTC and a universal control
strategy for distributed generations are then proposed as an exam-
ple, which contribute to appropriate power dispatch and flexible
mode transfer in a communication-free design, leading to a fully
autonomous microgrid. Simple and economic operation rules, as
well as high interoperability with existing assets, makes this so-
lution promising for distributed microgrid applications. Further,
generalized small-signal models of the target system are derived
for stability analysis and parameter design. Finally, comprehensive
case studies in simulations and experiments are provided to validate
its effectiveness.

Index Terms—Autonomous control, flexible transfer converter
(FTC), microgrid, presynchronization, universal control.

I. INTRODUCTION

W ITH the progressive integration of distributed renewable
energy sources (RESs) into the power system, the micro-

grid, a localized group of sources and loads with the capability
to operate either as a grid-connected or as an islanded system,
was regarded as a key component of future power system and
has become one of research focuses in the last decades. A
real distributed microgrid may comprise numerous distributed
generations (DGs) and dispersed loads, which are usually lo-
cated far from each other and connected to the microgrid bus
through different wires or even a mesh structure. In this situation,
a peer-to-peer decentralized control strategy that relies only
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on local information naturally outperforms the centralized and
distributed ones in terms of reliability and cost, as it is unaffected
by any single point of failure at the DG or communication link
[1], [2]. Besides, the control rules should be simple and entirely
scalable, and accurate and real-time knowledge of the system
topology or state, as well as complex central computations,
should be avoided. Then, these desired attributes can generally
characterize the basic blueprint of an autonomous microgrid.

In islanded mode, DGs should work together to achieve
bus voltage regulation and supply local loads in the microgrid
according to their capacities, whereas in grid-connected mode,
they switch to power sources to meet their own financial objec-
tives, as the bus voltage is supported by the utility grid instead.
Then, a switch of control structure or power reference may
be necessary due to this discrepancy in the control target [3].
However, real-time operating mode awareness relies on com-
munication with the grid interface [4]–[7] or islanding detection
[8], [9], and the islanding detection methods suffer from low
reliability and time delays despite the fact that they eliminate
the need for communication. Alternative solutions are based on
a universal controller for both modes [10]–[12]. Unfortunately,
in these methods, there is always a tradeoff between the power
tracking performance in the grid-connected mode and the volt-
age quality in the islanded mode.

Aside from the control method, another significant duty for
DGs in the transition from islanded to grid-connected mode
is to presynchronize the microgrid with the utility grid before
reconnection, which can be divided into two types: passive and
active synchronizations [3]. The passive synchronization, on
the one hand, assumes that the microgrid and utility grid have
similar voltage magnitudes but slightly different frequencies,
and that the connection occurs when their phases overlap. Active
synchronization, on the other hand, means that all DGs in voltage
control mode must participate in the synchronization process and
adjust their output voltages according to the grid-side measure-
ments simultaneously [5], [7], [10], [13], [14]. As a result, a
quick and seamless connection is achieved, but high-bandwidth
communication links are essential to deliver compensation sig-
nals to each DG.

These two perplexing issues cannot be effectively addressed
without a link to communicate grid-side information among
DGs, which violates the communication-free feature and has
become a bottleneck to enabling an autonomous microgrid.
This is partly due to the fact that conventional grid interfaces
usually employ mechanical or static switches to transfer the
microgrid between islanded and grid-connected modes. Their
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TABLE I
COMPARISON OF GRID INTERFACES

Fig. 1. FTCs as interfaces between the utility grid and microgrids.

passive nature limits their influence on power dispatch and bus
voltage control, although they have obvious strengths in cost and
efficiency [15]. By contrast, power-electronic-converter-based
interfaces, i.e., interlinking converters (ICs), have the potential
to manage power flow and actively participate in the auxiliary
services even when the connected networks are not synchro-
nized, and thus are thought to be the key to integrating microgrids
into the power system [16]. The IC interfaces are more versatile
than switches, but they are also more expensive, inefficient,
and unreliable, and power dispatch at the interface is always
restricted by its capacity. Table I tabulates a simple comparison
between these two kinds of grid interfaces.

Therefore, in this work, the flexible transfer converter (FTC)
is provided as a solution for enabling autonomous control and
power dispatch of microgrids. The FTC is an auxiliary device
made up of a topology-specific IC integrated with a bypass
switch, which is installed at the interface between the utility
grid and microgrid, or between microgrids, as shown in Fig. 1. It
combines the benefits of IC and switch through reasonable coor-
dination of them, i.e., it can achieve a fast and soft reconnection,
dispatch power through the IC in response to grid demands or
based on local measurements, autosynchronize both sides and
smoothly transfer to the bypass switch for long-term connection
or IC capacity shortage. As a result, the target systems are most
of the time connected in a reliable and high-efficiency manner,
while the FTC can still perform all the functions when necessary.

As the switch shares a large portion of pressures on the IC, the
IC’s capacity can be reduced, and its service life can be greatly
extended, resulting in a lower cost per unit time compared with
pure IC interfaces.

The FTC is a broad concept that encompasses a variety of
possible topologies and the corresponding control strategies,
and because of its various operating modes, it necessitates
a higher level of coordination with the DGs. Following is a
summary of some related research. Autonomous power flow
control (PFC) methods of ICs for hybrid ac/dc microgrids were
discussed in [17]–[19], where the normalized bus voltage or
frequency was used to identify the output power condition on
each side, however they would lose accuracy in the cases of
distributed microgrids, for the voltage drops on transmission
lines could not be ignored. In contrast, in ac microgrids, the
fundamental frequency is a global variable that can be used
to coordinate the IC and DGs, allowing autonomous control
to be achieved [16], [20]–[22]. In these literatures, the IC and
DGs are somehow merged as a single entity, and the IC con-
trols its voltage or output power to reach a certain objective
based on the predefined DG characteristics. Since the DGs
were controlled as droop or inverse-droop sources, they can-
not perform well in both islanded and grid-connected modes
without the IC. Further, in [23] and [24], the soft open points
and similar devices were employed to energize an isolated
area and resynchronize it with its original feeder. In [5], [10],
and [25]–[27], a special DG was used to presynchronize the
microgrid with the grid in a master–slave manner, but the other
DGs relied too heavily on it in islanded mode [25], [26], and
additional communications were required to avoid it overloading
[5], [27]. In [28] and [29], special devices injected certain
power to affect the power balance, and then, the synchronous
generator (SG) or SG-based microgrid was accelerated to syn-
chronize with the utility grid. However, communicating with
multiple DGs to switch control modes is more difficult than with
an SG.

In a nutshell, while the solutions in previous works could
perform some of the functions of an FTC, they have not fully
established the basic framework of an autonomous microgrid
involving multiple prosumers, for the IC appears to play too
much of a leading role in the entire system and the DGs’
responsibilities are weakened. Therefore, in this article, the DGs
are designed to support the local bus cooperatively and achieve
their own financial targets through a universal control strategy
in both modes, and the FTC is employed to provide auxiliary
services and help deal with extreme situations.

This article focuses on how to develop a more flexible grid
interface for ac microgrids, i.e., the FTC, as well as how to
enable an autonomous microgrid with it, how to appropriately
coordinate it with the utility grid and DGs in the microgrid(s),
and how to coordinate the two power flow paths in it. The primary
contributions are summarized as follows.

1) Basic concepts, operating modes, and classifications of
the FTC are introduced. Compared with the conventional
interfaces, the FTC enhances the flexibility, reliability,
and efficiency of target system, while also extending the
IC’s service life to its maximum extent and making IC
maintenance easier.
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2) A general-purpose FTC and its basic control methods are
presented as an example, which can appropriately control
the power dispatch, and flexibly switch the microgrid
between different modes without communications with
DGs.

3) A universal control strategy for DGs in the connected mi-
crogrid is proposed, which can achieve good performance
in both modes and coordinate with the FTC in a completely
decentralized manner.

4) A comprehensive solution, which provides all necessary
characteristics of an autonomous microgrid, is obtained
based on reasonable coordination of the FTC and DGs.

5) Generalized small-signal models of the target system are
derived for stability analysis and parameter design. They
are also applicable to other kinds of FTCs, as well as
laying the groundwork for further enhancement of control
methods.

The rest of this article is organized as follows. Section II
introduces the basic operating modes and classifications of
FTC, followed by Sections III and IV, which detail the control
methods for the general-purpose FTC and DGs, respectively.
In Section V, the coordination of FTC and DGs and its salient
features are discussed. In Section VI, the generalized models of
FTC-connected system are derived and analyzed. Simulation
and experimental verifications are presented in Section VII.
Finally, Section VIII concludes this article.

II. OPERATING MODES AND CLASSIFICATIONS

In an autonomous microgrid, numerous DGs are always pur-
suing their own financial objectives, but for redundancy and
reliability reasons, the majority of them, especially those with
larger capacities, must work together to support the bus voltage,
while the FTC serves as a microgrid representative, coordinating
with the grid and providing auxiliary services for both sides.

A. Basic Operating Modes of FTC

Three basic operating modes of the FTC, their transferring
paths, and the corresponding functions that could be provided are
illustrated in Fig. 2. As shown in Fig. 2, the grid-connected mode
can be classified into synchronous connection mode (SCM) and
asynchronous connection mode (ACM) according to whether
the grid is connected through the switch or the IC. In the ACM,
the switch remains open, and the IC controls power dispatch in
response to the grid demands or based on local measurements.
The detailed control logics of these two modes will be discussed
in the next section. When the utility grid no longer requires a
specific power injection and allows a long-term free connection,
or the IC capacity is not enough to complete its control targets,
the FTC will control the power flow to autosynchronize with the
grid and seamlessly transfer to the SCM to reduce transmission
losses. Meanwhile, the IC can be shutdown to extend its service
life or reassigned to provide other auxiliary services, while the
grid demands and microgrid conditions are continuously moni-
tored. When any type of islanding occurs, the FTC immediately
stops power dispatching and transfers to the islanded mode,
leaving the DGs to supply local loads; however, during the

Fig. 2. Operating modes, transferring paths, and functions of the FTC.

reconnection process, the FTC must start from the ACM first.
Moreover, auxiliary services, such as reactive power regulation,
harmonic and unbalance compensation, fault protection, and
resonance damping, can all be provided by the FTC in any
mode [16]. It is worth noting that the FTCs that connect two
microgrids have the same operating modes, however, the SCM
is only activated when one side experiences a constant energy
shortage.

As a result, two power flow paths are available at the grid
interface: one is wide, efficient, but unforced, whereas the other
is relatively narrow, lossy, but controllable. The FTC will switch
between them based on the circumstances to form a more
flexible and cost-effective interface. A detailed example will be
presented in Section V.

B. Classifications of FTC

The FTC is a broad concept that encompasses a variety of
possible topologies and the corresponding control strategies,
and each must be designed adaptively based on the features
of the connected microgrids. Therefore, microgrids are roughly
classified into three types according to their operating modes
first: normally islanded, normally connected, and ordinary, with
their application scenarios, demands, and available FTCs listed
in Table II. Due to the restricted number of pages, only the
general-purpose FTC, which can handle more uncertainties, will
be discussed in detail in this article.

The general-purpose FTC must deal with highly uncertain
local generation and multiple individual prosumers, as well as
connect or disconnect from the grid flexibly and seamlessly,
making the connected microgrid a controllable load. Therefore,
when selecting a proper IC topology, it is critical to consider
not only the functions, but also cost and efficiency. According
to the connection scheme of IC and the connected system(s), the
possible topologies of the FTC are classified into shunt, series,
and cascaded types, and the cascaded type is further classified
into direct ac–ac, indirect ac–ac, and fractional-rated converters,
with their schematics, examples, and key properties illustrated
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TABLE II
CLASSIFICATION OF MICROGRIDS AND FTCS

TABLE III
CLASSIFICATION OF POSSIBLE TOPOLOGIES OF THE FTC

in Table III. Note that the series–shunt type is considered as a
special case of series type here.

Among the typical ICs, the shunt type [25] is a special one that
contributes to the presynchronization but cannot directly control
the power dispatch through the interface; some energy storage
(ES) is required to complete the presynchronization [42]. The
series type [30], [31] and fractional-rated converters integrated
with transformers [32]–[34] can start to work in the ACM, but
a larger rated capacity is required to interconnect two networks
with different frequencies. Matrix converters and their derivative
topologies with ac-links [35]–[37] can be employed to generate
asynchronous interfaces. They may save space and weight by
eliminating the dc-link, but this comes at the cost of higher
power couplings between two sides and a poorer voltage transfer
ratio; also, their efficiency for low-frequency applications is
relatively low [35]. The variable frequency transformer [38] is
bulky, costly, and has a slow dynamic response, making it unsuit-
able for the distribution networks. In indirect ac–ac converters,
the presence of dc-link is critical for isolating disturbances,
decoupling power flow, and reducing control complexity. As for
multistage converters, such as solid-state or smart transformers
[20], [39], although a medium-frequency transformer could be
built with a somewhat higher efficiency than a low-frequency

one, the losses of the additional conversion stages result in
a lower overall efficiency [39], so they are superior only in
connecting several ac and dc networks with different voltage
levels. The back-to-back (B-to-B) voltage-source converter with
two conversion stages [22], [29], [40]–[42], on the other hand,
can achieve a better balance between the controllability, power
losses, and cost, and is, hence, recommended as a choice for the
general-purpose FTC. It should be noted that simplified dc-link
converter topologies [40], [41] reduce the number of switching
devices at the price of higher voltage stresses on them, which
may not result in a reduced total cost.

The abovementioned comparison of possible topologies is
simply a theoretical analysis for the FTC to be built; any existing
asset near the grid interface could be modified to perform certain
functions of the FTC.

III. CONTROL OF GENERAL-PURPOSE FTC

A. Basic Ideas

The primary functions of the FTC are PFC in the ACM and
presynchronization control (PSC) during the transition to the
SCM. These are also the reasons why the FTC could free micro-
grid from communication links, allowing autonomous control
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Fig. 3. Control block diagram of a general-purpose FTC connecting a microgrid and the utility grid.

and power dispatch. The control methods must be derived from
the steady-state characteristics of the connected microgrid(s).

Normally, some small-scale RESs in the target microgrid are
controlled as grid-feeding sources, and their dynamics can be
neglected here since they behave like negative loads and can
hardly affect the bus voltage, while the majority of DGs are
controlled under different forms of droop control in order to
ensure their ability to cooperatively support the bus voltage in
islanded modes, and there is at least a droop relation to calculate
the frequency and voltage amplitude references for inner voltage
control loop as

ω∗ =ω0 − kp ·
(

ωf

s+ ωf
· P − P0

)
(1a)

E∗=E0 − kq ·
(

ωf

s+ ωf
·Q−Q0

)
(1b)

where ω0 and E0 are their nominal values, kp and kq are droop
coefficients (inversely proportional to the capacity), ωf is the
cutoff frequency of the low-pass filters (LPFs), and P0 and Q0

are the nominal powers. The following could be noticed from
(1).

1) The differences between DG output powers and nominal
powers can be partially reflected in the frequency and volt-
age amplitude on the bus. The FTC could then optimize
the power dispatch based on local measurements if P0 and
Q0 reflect the desired output of each DG.

2) By controlling the power flow at the interface, the FTC
may indirectly control the total output of DGs, and then,
the microgrid frequency and voltage amplitude will be
adjusted to realize presynchronization.

B. Control Architecture

The overall control block diagram of a B-to-B-type general-
purpose FTC connecting a microgrid and the utility grid is shown
in Fig. 3. The FTC under study consists of a B-to-B voltage-
source converter, static switch, and optional low-frequency
transformer for isolation. The B-to-B converter is controlled
as a current source, so both sides use an inner control loop to
track the current references and provide active damping, e.g., the

proportional–integral (PI) controllers in d–q frame and active
damping based on capacitor current feedback [43] are selected
in this article. Without loss of generality, the microgrid-side
converter takes the lead, generating the current references based
on FTC control modes, whereas the grid-side converter follows
it by regulating the dc voltage. Two basic PFC modes and one
PSC mode are provided here.

1) PFC-1: The PFC-1 mode is enabled when the grid re-
quires specific power support and the microgrid has sufficient
capacity to provide it. In this case, the recommended power
dispatch from upper level is available, and the reference im-
mediately follows grid demands i∗d to absorb power from the
microgrid.

2) PFC-2: In the studied microgrid, the bus frequency, as
previously stated, indicates the active power shortage (or sur-
plus), while the voltage amplitude reflects the reactive power,
allowing specially designed DGs to reach desired outputs when
they are restored. Therefore, under the conditions that the utility
grid is equivalent to a strong voltage source and capable of
handling any load variation, the references will autonomously
be determined by the frequency and amplitude of microgrid
voltage as

i∗od_mg = Gom
C (s)(ω∗

mg − ωmg) (2a)

i∗oq_mg = Gu
C(s)(U

∗
mg − Umg) (2b)

where Gom
C (s) and Gu

C(s) are the PI controllers to restore the
microgrid frequency ωmg and voltage amplitude Umg measured
from the phase-locked loop (PLL), and ω∗

mg and U ∗
mg are their

target values, which will be illustrated in Section V. The FTC
that connects two microgrids can be controlled using similar
rules [16]–[22], hence it will not be detailed here.

In normal situations, the active power is prioritized, and the
remaining FTC capacity can be used for reactive power and
harmonic compensation. However, a heavy reactive load can
sometimes limit the active power output of DG, and hence limit
the utilization of RES. In this case, the DG will decrease its
output voltage amplitude to reduce the reactive power it shares;
the FTC can then detect an irregular voltage deviation and
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Fig. 4. Control of the RES, ES, and VSI in each DG.

switch to reactive power compensation as a priority to restore
the voltage to a reasonable range [21].

3) PSC: The microgrid voltage should be synchronized with
the grid before the FTC transfers to the SCM to reduce its
operating losses; therefore, the phase and voltage amplitude
differences are fed into PI controllers to establish a power
dispatch as

i∗od_mg = Gth
C(s)(θg − θmg) (3a)

i∗oq_mg = Gu
C(s)(Ug − Umg) (3b)

where Gth
C(s) is the PI controller for phase synchronization, and

ωg and Ug are the grid frequency and voltage amplitude. Then
after some time, the FTC controller will send a close demand
to the switch when the synchronization conditions for phase,
frequency, and amplitude differences are met, and the B-to-B
converter can be shutdown gradually or continue to provide
auxiliary services utilizing its capacity.

Because the main responsibility of the grid-side converter is
to stabilize the dc voltage udc and maintain power balance, the
current reference is set as

i∗od_g = −i∗od_mg +Gdc
C (s)(udc − u∗

dc) (4)

where Gdc
C (s) is the PI controller for dc voltage regulation and

u∗
dc is its nominal value. Because the reactive power on both

sides of the B-to-B converter is decoupled, the reactive current
reference can be set within its capability to meet grid demands.

Note that advanced control methods for current tracking and
phase locking can certainly have better performance, and the
frequency difference can also be included in (3a) to introduce
another control degree of freedom for further improvement of
dynamics [28]; however, only the simplest forms are mentioned
here for understanding.

IV. UNIVERSAL CONTROL OF DGS

In the target microgrid, each DG comprises an RES, cer-
tain ES, and a voltage-source inverter (VSI) that serves as the
microgrid interface, as shown in Fig. 4. The RES converter is
controlled to inject power into dc link, it can be a solar panel with
dc–dc converter, a wind turbine with ac–dc converter, etc., while
the ES bidirectional dc–dc converter is controlled to regulate the
dc-link voltage with a reaction dead zone. Hence, the VSI can be

controlled to regulate the terminal voltage so that the available
power can be extracted.

The droop control in (1a) can achieve bus voltage regulation
and power sharing among DGs in an islanded microgrid; how-
ever, in grid-connected mode, the output power of these DGs will
be solely dictated by the bus frequency, making it impossible to
fully exploit local RES generation. Fortunately, if the P0 was
changed to represent the DG’s desired output active power, this
issue could probably be solved in the SCM or the PFC-2. The
state of charge (SoC) of ES, the power generated by RES, or
even generation cost [44] and real-time pricing [45] need to be
involved into the decision on P0.

To be more precise, a universal droop control for the DGs
considering RES generation and the SoC of ES is derived as

ω∗ = ω0 + kSoC(SoC − SoC0)− kp · ωf

s+ ωf
(P − Pin) (5)

where kSoC is the SoC droop coefficient, SoC0 is the nominal
value of SoC (0 ≤ SoC ≤ 1), and Pin is the power generated by
RES. As a result, four benefits can be obtained by introducing
an SoC-related term.

1) Each DG can track its RES power if the bus frequency
is regulated, making it applicable in both SCM and ACM
(only the average SoCs differ a little).

2) By monitoring bus frequency and its changing rate, it is
possible for the FTC to detect the average SoC and whether
supply exceeds demand or demand exceeds supply.

3) The FTC capacity is no longer a constraint on frequency
synchronization (compared with droop control).

4) The SoC of DGs can be balanced in any mode.
Rearrange (5), we have

ω∗ = ω0 − kp

⎛
⎜⎜⎜⎝

ωf

s+ ωf
· P −

(
Pin − kSoC

kp
· (SoC − SoC0)

)
︸ ︷︷ ︸

P0

⎞
⎟⎟⎟⎠ .

(6)
It can be noticed that (6) provides a possible expression for

P0 when compared with (1a). The VSI could then show certain
characteristics of a grid-feeding converter over a longer time
scale through changing P0, yet behaving like a grid-supporting
converter in a middle-frequency range to stabilize the system.
Further, several existing research works took the SoC into
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Fig. 5 Control curves of the RES.

account [4], [46], [47], however, they were intended for SoC
balancing in islanded microgrid instead of deriving a univer-
sal control for both modes; using SoC information to adjust
droop slope will introduce additional nonlinear couplings into
the system, and the performance of SoC balancing would be
degraded by the frequency restoration of PSC-2. Furthermore,
the power-related term in (5) is also essential, since it plays
an important role in synchronization of DGs and coordination
with the PSC, as well as helping to reduce the ES charging and
discharging losses by forwarding the generation information.

As long as appropriate power is dispatched at the interface,
the RES is normally managed at its highest output point to make
the most of its potential. However, when islanding occurs, or
the FTC adopts PFC-1, the SoCs of each DG may continue to
rise until they hit an upper limit. Therefore, the RES generation
must be limited in this case; also, it should be limited according
to the DGs’ capacities to ensure the power sharing, similar to
a conventional droop control. To address these concerns, the
reference power for RES is designed as

P ∗
in = min

{
Pmax

in , PC , PC · 1− SoC
1− SoCH

}
(7)

where Pmax
in is the maximum possible RES generation at this

moment, e.g., the power calculated by maximum power point
tracking algorithm for photovoltaics, PC is the active power
output capacity of DG, which is limited by its total capacity,
output reactive, harmonic, and unbalance power, and SoCH is
the warning upper limit.

For a better understanding, the control curves of RES are
depicted in Fig. 5. Due to the uncertain RES generation and
various loads in the microgrid, both the PC- and Pmax

in -curves
are floating. If the supply exceeds demand, the SoC will continue
to rise until it reaches the intersecting point A, at which point the
Pin will begin to droop with the SoC and eventually rest at point
B. In this situation, since the SoCs of DGs are equal in steady
state, the active power will be shared proportionally to the PC

according to (7), which provides the microgrid with the most
redundancy and the fairest manner for numerous prosumers.

Moreover, another possibility when islanding occurs is that
local RES generations are insufficient to feed the microgrid
loads and the SoCs are continuously lowering below a certain
threshold SoCL, at which point the FTC can capture this state
through the bus frequency and then urgently absorb energy from

Fig. 6 Equivalent control modes of FTC and DGs on different time scales.

the utility grid, or some noncritical loads has to be cutoff to
ensure stable operation.

V. COORDINATION OF FTC AND DGS

In Sections III and IV, some basic control mechanisms of
the FTC and DGs were described, while in this section, the
coordination of them and its salient features are presented to
construct a complete framework of an autonomous microgrid.

One of the core ideas of the proposed solution is to have
the FTC and DGs coordinate in different ways on different
time scales. As shown in Fig. 6, on a relatively short time
scale, the DGs always behave like grid-supporting sources to
cooperatively stabilize the microgrid voltage, whereas the FTC
follows and works as a power source that merely affects the
power balance. This design introduces several benefits, includ-
ing increased reliability and redundancy, as well as improved
immunity to islanding and other load disturbances. On a long
time scale, however, the DGs exhibit certain characteristics of
grid-feeding sources due to the SoC term, making their output
power slowly track the average RES generation when the bus
frequency is regulated below ωH by the FTC or the grid; oth-
erwise, the DGs will move toward the point B in Fig. 5 and
degenerate into fully grid-supporting sources, as the SoC in (5)
remains unchanged. To coordinate with the DGs, the FTC will
gradually regulate the bus voltage to determine a reasonable
power dispatch in the ACM; however, once upper level demands
arrive, it will have to switch to grid-feeding mode, and the bus
frequency may shift to another steady state after some time. The
detailed control logic of the FTC under grid-connected mode is
illustrated in Fig. 7.

As shown in Fig. 7, the FTC always starts from the ACM.
The specific control mode is determined by whether there is
a grid demand, a microgrid energy shortage or a permission
for the SCM. Normally, the PFC-2 regulates the bus frequency
to its nominal value, and the DGs’ output powers and SoCs
will likewise reach their desired values, while, when an energy
shortage occurs in the case of grid demands, it stays at ωL

to feed the grid as far as possible. It should be noted that, to
reduce transmission losses, a dead zone could be designed for
the PFC-2 [17], [22]. Further, if the FTC capacity is insufficient
to accomplish the control targets of PFC-1 or PFC-2, it could be
detected by the FTC from its output power and the bus frequency.
The PSC will then be activated to transfer the FTC to the SCM
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Fig. 7 Flowchart of the FTC under grid-connected mode.

after some time for confirmation, until the next grid demand
arrives. If the energy shortage occurs in islanded mode, some
noncritical loads has to be cutoff to ensure stable operation, as
shown in Fig. 6.

It is worth noting that the active power flow is normally
prioritized for DGs and FTC, unless the remaining FTC capacity
is insufficient to handle an irregular voltage drop, as mentioned
in Section III. In this case, the FTC must prioritize reactive power
compensation and restore the voltage to a tolerable range, e.g.,
0.93U ∗

mg. This action can possibly cause a shortage, requiring
the FTC to switch to the SCM.

As a result, an overall solution for autonomous microgrids
is provided, which can achieve cooperative voltage supporting
and accurate power sharing under islanded mode, reasonable
power dispatch under grid-connected mode, and flexible and
seamless mode transferring between them. Table IV compares
the proposed method with some typical control methods in
the literature. It can be noticed that the existing methods were
focused on one or two particular aspects of the problem; thus,
some only performed well in grid-connected or islanded mode,
some failed to fully exploit the ability of the special converter,
some might not coordinate it well with the DGs, and some were
limited by the system topology or communication links, whereas

the solution proposed in this article provides all the necessary
characteristics of an autonomous microgrid.

VI. MODELING AND ANALYSIS

A. Small-Signal Modeling

A comprehensive small-signal model of the ac microgrids
interconnected by B-to-B converter was presented in [48], which
includes all details of the network dynamics, and the inner loops
of DGs and FTC can be designed accordingly. However, as this
article concentrates on the control methods of power dispatch
and presynchronization in a generalized system, simplified mod-
els would be more appropriate. Given that the bandwidths of
inner loops are much greater than those of power control loops,
their tracking speed can be regarded high enough to ignore the
dynamics.

To begin, an equivalent model of the studied microgrid is
essential for investigating how power flow dynamics at the
interface influence the connected microgrid. In this case, only the
grid-forming DGs in this network controlled by (5) are involved
since the grid-feeding sources behave like negative loads and
are hardly influenced by the power flow.

Assuming that the system comprises n paralleled-connected
DGs with similar dynamics, as shown in Fig. 3, the microgrid can
be approximated by an equivalent droop source, and its droop
coefficients and output impedance are given as

kpmg ≈ 1/
n∑

i=1

1

kpi
, kqmg ≈ 1/

n∑
i=1

1

kqi
, Xmg ≈ 1/

n∑
i=1

1

Xi

(8)
where X represents the reactance (assumed dominant) of the
transmission line between DG output terminal and microgrid
bus, and the subscript i denotes the ith DG. In most cases, the
Xmg for distributed systems only needs to be roughly estimated,
or it can be calculated by the Kron reduction method [49].

Also, the dynamics of ω are influenced by the SoC term in
(5). Ignoring the power losses, the relation between P and SoC
can be approximately derived as

SoC(t) ≈ SoC(t0) +
∫ t

t0

1

UdcCe
(Pin − P )dt (9)

where Ce denotes the ES capacity and Udc here represents the
dc-link voltage of DG. Then, the small-signal form of (5) can
be written as

Δω ≈ −
(
kp +

kSoC

UdcCe

1

s

)
· ωf

s+ ωf
ΔP (10)

where Δ denotes the small deviation of the respective variable.
Therefore, an equivalent integral coefficient of the microgrid can
be expressed as

KSoCmg ≈ 1/
n∑

i=1

UdciCei

kSoCi
, (11)

which indicates the dynamics brought on by the SoC term.
Since a standard PLL is used to detect the frequency and

phase information here, its dynamics can be represented by a
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TABLE IV
COMPARISON OF TYPICAL CONTROL STRATEGIES

second-order transfer function as

Gth
ED(s) =

U0k
pll
p s+ U0k

pll
i

s2 + U0k
pll
p s+ U0k

pll
i

(12)

where kpll
p and kpll

i are the PI coefficients of the PLL, and U0 is
the bus voltage amplitude. If other error detection methods are
adopted, (12) can be rewritten accordingly. Also, any filter for
eliminating the effects of harmonics and ripples should also be
considered here.

Finally, the small-signal models of studied system in PSC
and PFC-2 are obtained in Fig. 8 by merging the dynamics of
controllers, power stages, and error detection modules in (1)–(3),
(5), (8), (11), and (12), where δθ and δU are the differences
between the microgrid voltage and grid voltage, Xg is the grid
impedance, and GLPF(s) represents the LPF in (1). Note that,
due to the decoupling of reactive powers on two sides, the
dotted line in Fig. 8(b) should only considered when the FTC
absorbs reactive power from the grid for presynchronization.
The reactive power control loop of PFC-2 is similar to that in
Fig. 8(b), hence it is not depicted.

B. Case Analysis and Parameter Design

Considering the PI controllers under PSC and PFC-2 have
significant impacts on system stability and dynamic response,
the root loci of each control mode when PI parameters change
are plotted, and the zoomed-in figures of dominant poles are
shown in Figs. 9–11, respectively. The parameters are chosen
consistent with the simulations in Table V.

First, in Fig. 9, the real parts of dominant pole or poles
are around −1, and in Fig. 10, they are around −10, which
indicate that the phase and amplitude synchronization loops of
PSC have different response speeds, and the phase difference is
usually what determines the total time required. Furthermore,
because dominant poles respond to changes in PI parameters
in different ways, a careful compromise must be reached. They
should be placed as far away from the imaginary axis as possible
to optimize system stability and dynamic response; they are
best positioned on the real axis to avoid unnecessary overshoots

Fig. 8 Small-signal model of (a) phase synchronization loop of PSC, (b)
amplitude synchronization loop of PSC, and (c) active power control loop of
PFC-2.

caused by an underdamped mode. Therefore, the intersection
point, e.g., A or B, is a reasonable choice, because if the param-
eter is increased further, at least one pole will shift toward the
imaginary axis. Then, we can fix this parameter and change the
other one, and repeat this until they are the best match for each
other. Finally, a proper design of the controller can be obtained
through the root loci.
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Fig. 9. Root loci of phase synchronization loop of PSC. (a) kth
p = 200,

kth
i = 1–5000. (b) kth

i = 200, kth
p = 1–5000.

Fig. 10. Root loci of amplitude synchronization loop of PSC. (a) kup = 3, kui
= 1–500. (b) kui = 30, kup = 1–50.

Fig. 11. Root loci of active power control loop of PFC-2. (a) kom
p = 500, kom

i
= 1–5000. (b) kom

i = 500, kom
p = 1–5000.

Moreover, a pair of poles around (−0.2, 0) can be seen in
Fig. 11, indicating that the PFC-2 has a very slow mode due to
the influence of SoC. However, they are not always dominant;
as shown in Fig. 11(b), there is another pair of poles sensitive to
the variations of kom

p , and they may cross the imaginary axis and

TABLE V
MAIN PARAMETERS OF SIMULATIONS AND EXPERIMENTS

Fig. 12. Topology of the simulation circuit.

move to the right-half plane as kom
p increases; therefore, kom

p has
to strictly constrained for stability considerations.

VII. VERIFICATIONS

A. Simulation Verifications

A typical general-purpose FTC connecting a distributed ac
microgrid to the utility grid was simulated in PSCAD/EMTDC
environment. The simulation topology and load information are
provided in Fig. 12. The main simulation parameters are listed
in Table V, with the first group being common to both the DG
and FTC, and the second and third groups being unique to one
of them.

Fig. 13 shows simulation results when the FTC works in the
ACM and the PFC-2 starts at t = 1 s. The SoCs are assumed
to be the nominal value to highlight the tracking accuracy. As
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Fig. 13. Simulation waveforms of (a) RES power, (b) FTC active power, (c) microgrid frequency, (d) DG active power, (e) FTC reactive power, (f) bus voltage
amplitude, (g) DG reactive power, and (h) dc-link voltage of FTC in the PFC-2.

Fig. 14. Simulation waveforms of (a) FTC active power, (b) phase difference, (c) DG active power, (d) FTC reactive power, (e) voltage amplitude difference,
(f) DG reactive power, and (g) bypass switch currents in the PSC.

shown in Fig. 13(b) and (c), the FTC autonomously controls
the power dispatch by regulating the bus frequency; then, as
shown in Fig. 13(a), the RESs change their generations one by
one, and the FTC can respond to these changes by outputting
varying power to make the most of local generations within its
capacity, with an exception that at t = 13 s, the FTC reaches
its preset maximum output active power. As a result, the DGs’
output powers in Fig. 13(d) can track their RES generation in
Fig. 13(a) as far as possible, although they are controlled as
grid-supporting sources. Also, in Fig. 13(e)–(g), the residual
capacity of FTC [indicated by the dotted line in Fig. 13(e)] is
used to compensate reactive power and regulate bus voltage. It
will only prioritize reactive power in case of irregular voltage
drops. Because the dc-link voltage in Fig. 13(h) is regulated by

the grid-side converter, all active power is transferred between
the two sides and no ES is required. Note that the power tracking
performance of PFC-1 could also be verified by Fig. 13(b) and
(f), thus it was not presented.

Fig. 14 shows the results when the FTC needs to transfer to
the SCM and the PSC starts at t = 1 s. As shown in Fig. 14(a)
and (b), the FTC uses its entire capacity to deal with phase
synchronization first by dispatching active power. Because it
is substantially slower than the amplitude synchronization, as
illustrated in Section VI, and outputting reactive power too
early would reduce available active power capacity, slowing the
process. After several seconds, its active power is reduced to
maintain the phase difference at zero, and the residual capacity
is used to synchronize the amplitudes by controlling reactive
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Fig. 15. Simulation waveforms of (a) RES power, (b) DG active power, (c) SoC, and (d) microgrid voltages in the SCM and in the case of islanding.

Fig. 16. Simulation waveforms of (a) SoC, (b) RES power, (c) DG active power, and (d) microgrid frequency in islanded mode.

power, as shown in Fig. 14(d) and (e). Finally, the synchro-
nization conditions are met (phase, amplitude, and frequency
differences are within acceptable ranges) at around t = 13.75
s, and the bypass switch is then closed, switching the FTC to
the SCM. The waveforms of inrush currents on the switch is
depicted in Fig. 14(g) to prove a smooth transition.

After switching to the SCM, the bus voltage frequency is
clamped by the utility grid. As a result, the universal DG control
gradually regulates the SoC of each DG to its nominal value, and
then each DG’s output will follow its generation, as shown in
Fig. 15(a)–(c). At t=16 s, the RESs change their generations one
by one, and the DGs provide equally good tracking performance
as in the PFC-2. At around t = 27 s, an unscheduled islanding
occurs and the power flow between the microgrid and the grid
is blocked, and, thanks to the grid-supporting characteristic pro-
vided by the universal DG control, the DGs naturally decrease
their output power to supply the local demands cooperatively,
just as if they were undergoing a normal load change, as illus-
trated by the waveforms of bus voltage in Fig. 15(d). Note that,
although the proposed solution is immune to islanding, in the
case of scheduled islanding, the FTC can switch to the ACM first,
then gradually decrease the power dispatch to mimic a ramp load
change; this action could certainly mitigate its impacts on the
microgrid, while it may not be a necessary step before islanding.

The performance of the universal DG control in islanded mode
is verified by Fig. 16. It is assumed that supply exceeds demand
in this case, and the initial SoCs and RES generations of DGs are
set to be different to highlight the convergence process. When
islanding occurs, the ESs are continuously charged until the
SoCs approach the upper limit in sequence, after which the DGs
gradually decrease their generations to a proper value one by one,

as shown in Fig. 16(a) and (b); as a result, their output powers
also converge to the same value in Fig. 16(c). Finally, the system
reaches a steady state in which the SoCs are balanced and local
loads are shared according to their capacities rather than their
generations, providing the microgrid with the most redundancy
and the fairest manner for numerous prosumers.

B. Experiment Verifications

To further verify the effectiveness of FTC control modes,
downscaled experiments were carried out in our lab on an FTC
prototype that connected a simplified microgrid to a grid simula-
tor, as shown in Fig. 17. The major components of the experiment
platform were four three-phase inverters with L–C filters and
line impedances, two of which were connected back to back
and combined with switches and isolation transformer to form
an FTC. The control algorithms were implemented using DSPs
(TMS320F28335) on each inverter, and some of the waveforms
below were exported by the digital-to-analog converters and
then displayed on the oscilloscopes. Main parameters are also
included in Table V.

The first case demonstrates how the PFC-2 autonomously
manages power dispatch and restores the microgrid frequency,
as well as how it reacts to RES generation variations. As shown
in Fig. 18, when the PFC-2 starts, a frequency deviation of about
0.1 Hz is detected by the FTC and gradually regulated to zero by
injecting power into the microgrid; after that, a step change in
RES generation is about to increase the frequency, but the FTC
change the output power to offset its influence in one second.

The experiment waveforms of microgrid and grid voltages,
as well as FTC output powers, before and after the PSC, are
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Fig. 17. Experiment platform: microgrid, grid, and FTC prototype.

Fig. 18. Experimental waveforms of DG reference power, FTC output power,
and microgrid frequency when PFC-2 starts and then a DG changes its generation
(P0 /PFTC: 2500 W/div, fmg: 0.08 Hz /div).

depicted in Fig. 19. By controlling the active and reactive
power flow, the FTC eliminates an initial frequency mismatch of
roughly 0.1 Hz and a phase difference of about 45° by managing
active and reactive power flow, resulting in a seamless transition
to the SCM. These two scenarios confirm the results of previous
simulations.

Furthermore, the response time of mechanical switches is
about 10–100 ms; static switches have a response time of less
than 1 ms and can, thus, be neglected, however their leakage
currents necessitate their use in conjunction with mechanical
switches. Therefore, in some conditions, the actions of the IC
and bypass switch need to be well coordinated to improve the
smoothness of transient process. If the IC stops earlier, there will
be larger inrush currents, while if switch is closed earlier, there
will be some currents circulating inside the FTC, as shown by
the inrush currents in Fig. 20(a). It also implies that, when both
sides of the FTC are not stopped after the PSC and employed to
provide auxiliary services in the SCM, further circulating current
suppression techniques will be required. To compensate for these
impacts introduced by switch action time, we can simply trigger
the IC with a certain time delay, as the microgrid operates in
a steady state synchronized with the grid after the PSC. In

Fig. 19. Experimental waveforms of microgrid and grid voltages, and FTC
output powers (a) before and (b) after PSC (PFTC: 600 W/div, QFTC: 600
Var/div, umg/ug: 250 V/div).

Fig. 20. Experimental waveforms of inrush currents on bypass switch when
the switch and FTC act (a) with a time difference or (b) at the same time (iSTS:
5 A/div).
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Fig. 20(b), the triggering timings are properly set, resulting in a
smoother transition.

VIII. CONCLUSION AND FUTURE WORK

Based on the scenario of autonomous microgrids, the FTC
and its basic knowledge are introduced in this study. As an
example, a general-purpose FTC and a universal DG control
strategy are presented to provide appropriate power dispatch
and flexible mode transition in a communication-free design.
As a result, a fully autonomous microgrid involving multiple
prosumers is obtained. Also, generalized small-signal models
and comprehensive case studies are provided to analyze the
target system and demonstrate the effectiveness.

Simple and cost-effective operation rules, as well as high
interoperability with existing assets, makes the FTC promising
for distributed microgrid applications. Based on the blueprint
described in this article, future research will mainly focus on
advanced controller design, simplified topologies, and control
strategies for normally islanded and normally connected FTCs,
and coordinated control of the FTCs.
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