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Abstract—Distributed generation (DG) inverters can op-
erate in the islanded mode and the grid-connected mode.
When these DG inverters operate in the islanded mode,
they often form a microgrid. The magnitude and phase of
the main grid voltage deviate from the microgrid voltage.
If the microgrid is connected to the main grid under such
condition, it results in a high transient overcurrent which is
harmful to the system. This paper presents a new, simple
and effective resynchronization mechanism for the univer-
sal droop control (UDC) DG inverters to achieve a seamless
transfer from the islanded mode to the grid-connected
mode. Simulation and experimental results are provided to
verify the effectiveness of the proposed method. The result
shows that the high transient overcurrent can be avoided
and a seamless connection/reconnection to the main grid
can be achieved.

Index Terms—Resynchronization, seamless transfer, is-
landed mode, microgrid, universal droop control inverter,
distributed generation.

I. INTRODUCTION

OWER electronics inverters are the enabling technology

for integrating renewable energy such as wind power,
solar power-based distributed generation (DG) to the grid [1]-
[5]. They often form a microgrid before being connected to
the main grid [6]. A simplified structure of such microgrid is
shown in Fig. 1. Both the inverter and local load are connected
to the main grid through an active switch S7. The state of
the switch Sp, as well as the operation mode of the DG
inverter, depend upon the state of the main grid. Considering
this study case, two operating modes of the DG inverter can be
achieved. The first operating mode is the grid-connected mode.
In this mode, the main objective of the inverter is to export
the available power from the renewable sources to the grid.
Moreover, the inverter offers ancillary services to the grid. In
particular, the ancillary services provided by these inverters are
the voltage and frequency support [7], [8]. Such application
is gaining popularity and even becomes mandatory in the new
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grid code at the state level and upcoming IEEE Standards.
Another operation mode of the inverter refers to the islanded
mode or microgrid operation. During the grid fault or other
abnormal operation, the inverter is disconnected from the main
grid when the inverter supplies power to the local load. Under
such condition, the inverter works in the grid forming mode
and regulates the voltage and frequency of the microgrid [9],
[10]. When the grid voltage is restored, the magnitude and
phase of the microgrid voltage deviate from the main grid.
If the inverter is connected to the grid under such condition,
it results in a high transient overcurrent which is harmful to
the system. Therefore, before turning on the switch Sy, it is
necessary to resynchronize the microgrid voltage to the main
grid to avoid such a high inrush current.

Many researches have been conducted for a seamless
transfer between operation modes of the DG inverter-based
microgrid [11]-[26]. The transfer from the grid-connected
mode to the islanded mode can be obtained with a mechanism
embedded in the control of the inverter by simply turning off
the switch S; and inverters share the load naturally based on
their droop setting in the islanded mode [27], [28]. However,
the reconnection of the microgrid to the main grid is not
that straight forward as only turning on the switch S;. For a
smooth transfer from the islanded mode to the grid-connected
mode, the voltage of the microgrid must be synchronized with
the grid before connection. The synchronization is usually
accomplished by detecting the phase difference between the
main grid and microgrid voltage, where the phase is detected
using a phase-locked-loop (PLL) [13]-[18]. The PLL presents
a proper performance under a balance voltage condition, how-
ever, its performance deficits significantly under an unbalanced
and distorted condition of the grid voltage. Moreover, its
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Fig. 1: A simple microgrid: a DG inverter with a local load.
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performance is very sensitive to a sudden change of phase
of the voltage, even sometimes, it introduces an instability
problem in DG inverters [29]. Frequency-locked-loop (FLL)
is often used for synchronization purpose [19]. However,
the FLL brings a computational complexity in tuning the
parameters and is difficult in hardware realization. A droop-
based synchronization mechanism is proposed in [13] where
it needs a dedicated dispatch unit only for the purpose of
mode transfer. Hu et al in [12] proposed a virtual impedance-
based mode transfer. The virtual impedance takes into action
to limit the inrush current when it detects a high current in the
inverter, however, a resynchronization is not achieved before
connection.

Recently, a universal droop controller (UDC) is proposed in
[30] for inverters where an initial synchronization mechanism
is embedded with the UDC to form a self-synchronized UDC
without a PLL or FLL [31]. The UDC inverter operates
both the grid-connected mode and islanded mode. The UDC
presented in [30], [31] can transfer its operation mode from the
grid-connected mode to the islanded mode, however, it cannot
switch its operation mode from the islanded mode to the
grid-connected mode due to lack of resynchronization of the
microgrid voltage with the main grid voltage. This paper fills
this gap by proposing a voltage resynchronization mechanism
that allows the UDC a smooth mode transfer from the islanded
mode to the grid-connected mode. The contribution of this
paper to the state-of-the-art comprises the following:

o Proposing a new, simple and effective resynchronization
mechanism for DG based on the UDC to achieve seam-
less transfer from the islanded mode to the grid-connected
mode.

« Developing a line-frequency-averaged small-signal model
considering both frequency and voltage control loops of
the inverter to investigate the dynamic stability of the
integrated resynchronization loop.

Extensive simulation and experimental results are provided
to verify the effectiveness of the proposed resynchronization
method. The result shows that the high transient overcurrent
can be avoided and a seamless connection/reconnection of the
DGs based on the UDC to the grid is achieved. Though the
proposed resynchronization mechanism is embedded for the
UDC, the proposed method can be extended to other con-
trollers for a smooth transfer of modes between the microgrid
and the grid-connected mode. Future work will focus on such
applications.

The rest of the paper is organized in the following. Section
II presents the proposed resynchronization mechanism. Section
IIT presents the realization of the proposed resynchronization
mechanism with the UDC inverter. The frequency domain
analysis of the resynchronization-loop is discussed in Section
IV. The simulation and experimental validation are presented
in Section V. Finally, this study is concluded in Section VI.

[I. THE PROPOSED RESYNCHRONIZATION MECHANISM

During an abnormal operation and fault conditions of the
grid, the DG inverter is disconnected from the main ac grid
when the inverter supplies power to the local load. Under such

Fig. 2: A simplified circuit diagram for power flow calculation.

condition, the inverter forms a microgrid and regulates the
voltage and frequency of the microgrid. When the grid voltage
is restored, the magnitude and phase of the microgrid voltage
deviate from the main grid. The voltage error between the
microgrid and the main grid can be given by

Verr = Vo — Vg. (D

For the purpose of implementing the resynchronization mech-
anism, a virtual impedance Z, = sL + R is introduced in
between the microgrid ac bus and main grid. A virtual current
1, can be generated via passing the voltage error v.,, through
the virtual impedance as

. Vo — Vg
1y = .

" sL+R

As shown in Fig. 2, the virtual active power and reactive power

flow between the microgrid and the main grid due to this
virtual current can be calculated as

2

Pv +ij:vo7;:~ (3)

Thus, the virtual real power and reactive power can be given
by

P, | | cosf, —sinb, V%‘U/g cos (0, —0,) — ‘%02
Qv o sin 91, COS Hv _ V%‘v/g sin (90 _ eg)

(4)
where V, and V, are the RMS value of the microgrid ac
bus voltage and the main grid voltage, respectively, and 6,
and 0, are their corresponding phase angle, Z, and 0, is the
magnitude and angle of the virtual impedance.

The virtual impedance can be selected to be an inductive or
resistive depending on the control implementation of the resyn-
chronization loop. 6, is 7/2 rad for an inductive impedance,
thus, the active power and reactive power resulting from the
virtual current can be given by

{ P, } - V%—‘:gsin(é'o—Hg) 5)
Qv | %008(90709)7‘% .

If the virtual impedance is assumed to be resistive, the
impedance angle becomes 6, = 0. Hence, the active power
and reactive power resulting from the virtual current can be

given by
|: ‘Z’U
Q’U

The equations (5) and (6) indicate that the virtual active power
P, and reactive power @, can only be zero when

:||‘V%‘f7cos(00_9g)_‘éz‘|. (6)

—% sin (0, — 6,)

Vo=V, and 0, = 0, 7
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Fig. 3: Self-synchronized universal droop controller with the resynchronization mechanism

in other words, when the microgrid voltage v, is synchronized
with the grid voltage vg4. In order to achieve this, the current
carried by the virtual impedance will be regulated to zero
in the steady-state by the inverter controller. Hence, both P,
and @, will be eventually driven to zero as required for the
resynchronization condition.

[1l. REALIZATION OF THE RESYNCHRONIZATION
MECHANISM WITH THE UDC

A. Overview of the Self-synchronized UDC

The self-synchronized universal droop controller (UDC) is
shown in Fig. 3 without the dashed box. The UDC is proposed
as [30]

1
E 3 [0 (Pset — P) + SpK. (E* — V)]

wt — m(Qset — Q) (1 + SQIS()

where E* is the reference RMS value of the output voltage;
w* is the rated system frequency; n and m are the droop
coefficient; P,.; and (). are the reference active and reactive
power, respectively; K. and K are positive gain, and Sp and
Sq are switching states, 1 for ON and 0 for OFF. The UDC
is applicable to inverters with an impedance angle of —7 /2 to
/2 rad [30].

Before turning on the PWM, the inverter voltage e should be
synchronized with the terminal voltage v,. In order to achieve
that, the switch S¢ is put at the position “s” and the power
reference values Ps.; and Q4e; are set zero, respectively. A
virtual current ¢, is generated via passing the voltage error
e — v, through the virtual impedance sL + R as shown in
Fig. 3 for the initial synchronization. More detailed on this
self-synchronization mechanism can be found in [31].

®)

(©))

w

B. Resynchronization Process

When the grid voltage is restored, the voltage magnitude
may or may not remain the same and it is usual that the
phase will not be the same. The transient overcurrent results
in mainly for the phase difference between these two voltages

[19]. The magnitude of the virtual current can be as high as
several times of the rated current depending on the phase dif-
ference and magnitude of the virtual impedance. Such a high
transient current may introduce an instability problem with
the controller. Therefore, a positive constant &, is introduced,
which value is kept in between 0 < k; < 0.5, in order to
limit the virtual current. Moreover, an additional switch Sg
is added with the UDC for enabling the resynchronization
mechanism. Fig. 3 depicts the self-synchronized UDC with the
resynchronization block in the dashed box. When the switch
Sk is ON, the total current of the controller is

(10)

iy = e + iy

where i, is the inverter actual current. The actual power send
by the inverter is calculated using the ac bus voltage v, and
inverter current i, as S = P + jQ) = v,i}, when the virtual

power is calculated using the virtual current 7, as given by
(3). Hence, the total active power and reactive power are

P=PF +P, and Q=Q;+ Qu (1)

where P; and (); are the actual active power and reactive
power drawn by the connected local load during the resyn-
chronization period. Since no active power and reactive power
will be exchanged between the main grid and microgrid at the
steady-state, the current carried by the virtual impedance is
regulated to zero. Both P, and @, will eventually drive to
zero. P, and @, become zero when V, = V, and 6, = 0,
meaning that the microgrid voltage v, is synchronized with
the grid voltage v,. Now, the switch S; can be turned on, any
time to reconnect the inverter to the grid.

IV. RESYNCHRONIZATION LOOP ANALYSIS

Improper design of the resynchronization-loop parameters
such as the virtual impedance and the positive gain may bring
an instability problem. Therefore, proper design and control-
loop analysis need to be carried out before the hardware
realization of the resynchronization mechanism. In order to
investigate the performance and stability of the resynchro-
nization loop, a line-frequency-averaged small-signal model
is derived. The small-signal model has been derived based on
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Fig. 4: Line-frequency-averaged small-signal model of the
UDC for the resynchronization-loop.

the mathematical model of the UDC and the resynchronization
mechanism described in previous sections.

With a proper design of the control loop, the capacitor
voltage can accurately track the reference voltage, thus, it can
be written as

ExV,. (12)

During the resynchronization period, the inverter operates in
the droop mode. Thus, the output voltage of the UDC in (8)
can be given in the small-signal form by

~ n ~ ~ ~
‘/o: (Pse_Pi_Pv>
s+ K, !
where the tilde sign ~is used to represent the variables in the
small-signal form.
The frequency of the inverter from (9) can be given in the
small-signal form by

(13)

W = Wy <Qset Qz - Qv) .
As shown in Fig. 3, the phase of the output voltage of the
UDC is obtained by applying Laplace transformation to (14).
In the small-signal form, the phase can be given by

o:§<&]g_m<Qset_Qi_Qv))~
Eqgns. (13) and (14) give a voltage to the active power and a
frequency to the reactive power relationship, respectively. In
order to complete the model, it needs a voltage-power transfer
function. Note that the UDC (8-9) takes the form of the droop
controller for R-inverters, i.e., the impedance is dominantly
resistive. The virtual impedance is also assume dominantly

resistive. Therefore, the active power and reactive power in
(6) can be presented in the small-signal form as

(14)

™

(15)

=~ VonVgnsiny, = Vo, cos Oy
R 7 (V V) (16)
~ - VornVgncosOy, ~ V,psind,
Q = g 7 (V +V)(17)

e

where 6 = 0, — 0, the subscript "n” is used to represent the
value of the varlable at a steady-state point. Assumed that the
phase of the grid voltage is the reference phase, i.e., 8, = 0,
hence, it can be written as 8 = 6.

TABLE I: Parameters of the experimental system.

Parameters Values
Rated phase voltage ( RMS), V, 120 V
Rated dc voltage, V. 400 V
Rated frequency, f 60 Hz
Inverter series inductance, L. 2.2 mH
Filter capacitance, C'y 22 uF
Virtual inductance, L 2.2 mH
Virtual Resistance, R 80
Positive gain, k- 0.5
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Fig. 5: Frequency response of the APR and RPL for different
phase difference between the microgrid voltage and the main
ac grid voltage.

During the resynchronization process, the actual active
power P; and reactive power (Q; of the inverter will be constant
if we assume that the local load remains unchanged for this
short period. Therefore, when deriving the small-signal model
for the resynchronization loop, PZ and QZ are assumed to
be disturbances, and they are set to zero in (13) and (15).
Hence, based on (13)-(17), a line-frequency-averaged small-
signal model of the UDC for the resynchronization-loop is
derived as shown in Fig. 4.

According to Fig. 4, if the coupling terms are ignored, the
open-loop gain of the active power loop (APL), T,(s) and

dc source

__Oscilloscope

4 \\\m M Sn .‘|
|n||4ln ational Kit

® Inverter

Fig. 6: Experimental setup.
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Fig. 7: Experiment of the resynchronization and mode transfer from the islanded mode to the grid-connected mode.

reactive power loop (RPL), T,(s) can be obtained as

Voncosl, n

Ty(s) = 7 T K (18)
Vo Vyn cos 8,, m
Ty(s) 927? (19)

When deriving the APL transfer function, 179, wg and Qset are
assumed to be disturbances, and they are set to zero. Thus,
considering the coupling effect, the loop-gain of the APL is

obtained as
Tpo(s) = Ty (s) (1 + 11;"’2) sin? en) .

(20)
Sjmilarly, when deriving the RPL transfer function, f/g, wg and
P, are assumed to be disturbances, and they are set to zero.
Considering the coupling effect, the loop-gain of the RPL is
obtained as given by

Tyo(s) = Ty (s) (1 v ﬁﬁ“sﬁ en) .

The APL and RPL should have a sufficient phase margin to
ensure a robust resynchronization for a seamless transfer of the
operation modes. Frequency responses of the APL and RPL
have been studied to ensure a sufficient phase margin of the
control-loop for different phase difference of the voltage with
the designed parameters. The virtual impedance is selected in
such a way that the impedance becomes dominantly resistive.
The parameters of the experimental system are given in Table
I. The virtual inductor is selected L = 0.5x L. ~ 1 mH and the
virtual resistor is set to R = 10 X wy L. ~ 8 in order to have
a dominant resistive impedance. Fig. 5 shows the bode plot of
the APL and RPL for two values of the phase difference, i.e.,
0 = 0.1 rad and 1.0 rad between the microgrid and main grid
voltage. As can be seen, both APL and RPL have a sufficient
phase margin, which ensures the robustness and the stability
of the resynchronization loop. Eqns. (18) and (19) indicate

21

that a higher value of the virtual impedance increases the
stability margin, on the other hand, it decreases the response
time. Therefore, the selection of the virtual impedance is a
trade-off between the response time and the stability of the
resynchronization loop.

V. VALIDATION OF THE RESYNCHRONIZATION
MECHANISM THROUGH EXPERIMENT AND SIMULATION

In order to verify the effectiveness of the proposed resyn-
chronization method for mode transfer, simulation and exper-
iments are carried out. First, experiments have been carried
out for a single-phase system having one inverter. After
successfully validated for one inverter, it has been tested for
a system having three inverters.

A. Experimental Results from a Microgrid with one In-
verter

The investigated microgrid system is shown in Fig. 1. The
self-synchronized UDC together with the resynchronization
mechanism is implemented on a TMS320F28335 DSP with
the sampling frequency of 10 kHz. Some signals are sent
out via a DAC chip and recorded with an oscilloscope. A
photo of the experimental setup based on a SYNDEM smart
grid research and educational kit is shown in Fig. 6. The
parameters of the inverter system are given in Table 1. The
local load is 300 W. The experimental result is shown in
Fig. 7. As can be seen, initially, the inverter operates in the
islanded mode and supplies power to the local load, while
regulating the rated voltage and frequency. The first transient
at 800 ms in Fig. 7 is for turning on the switch Sy to start
the resynchronization. A zoom view of the resynchronization
is shown in the right-top plot of Fig. 7. As can be seen, before
starting the resynchronization, there is a large phase difference
between the voltage of the microgrid and main grid. When the
switch Sg is on, the phase difference and v, start reducing.
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grid frequency is higher than the microgrid frequency.
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grid frequency is lower than the microgrid frequency.

After some cycles, v, becomes nearly zero, which means that
the microgrid voltage synchronizes with the main grid. When
the synchronization is completed, the active switch S7 can be
turned on anytime to connect the microgrid to the main grid.
The grid connection is also shown in Fig. 7. The right-bottom
plot shows the grid connection. The microgrid is smoothly
reconnected to the main grid without any transient overcurrent.

The next two experiments are carried out for the case when
the frequency of the microgrid is not the same as the main grid.
In the first experiment, the microgrid operates with a frequency
lower than the main grid frequency. The experimental result is

presented in Fig. 8. The resynchronization is started when the
microgrid frequency is 59.75 Hz. As the switch Sg is turned
on for resynchronization, the controller quickly responded to
synchronize with the grid. Within a few cycles, the microgrid
is able to track the frequency of the main grid. The voltage
error v, becomes nearly zero. A zoom view of the resyn-
chronization is shown in the right-top plot of Fig. 8. As can be
seen, before starting the resynchronization, there is a big phase
difference between the voltage of the microgrid and main grid.
When the switch Sg is on, the phase difference and ve,.. start
reducing. After some cycles, ve,. becomes nearly zero. The
microgrid voltage has synchronized with the main grid. When
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Fig. 10: Microgrid: DG inverters with a local load.

TABLE II: Parameters of the simulated system.

Parameters Values
Rated Power of the inverter 20 kVA
Rated phase voltage ( RMS), V, 120 V
dc voltage, V. 400 V
Rated frequency, f 60 Hz
Inverter series inductance, L. 1.4345 mH
Inverter series resistance, R, 0.1082 2
Filter capacitance, C'f 22 uF
Virtual inductance, L 0.14 mH
Virtual Resistance, R 0.1082 )
Positive gain, k- 0.5

the synchronization is complete, the switch S; is turned on to
connect the microgrid to the main grid. The grid connection
is shown in the right-bottom plot of Fig. 8. The microgrid
is smoothly connected to the main grid without any transient
overcurrent.

The last experiment is for the case when the main ac grid
frequency is lower than the microgrid frequency. The exper-
imental result is presented in Fig. 9. The resynchronization
is started when the microgrid frequency is 60.2 Hz. When
the switch Sg is turned to start the resynchronization, the
controller quickly responded to synchronize with the grid.
Within a few cycles, the microgrid voltage is able to track the
voltage of the main grid. Before starting the synchronization,
there is a big phase difference between voltages. When the
switch Sr is on, the phase difference starts reducing. After
some cycles v.,. becomes zero. When the synchronization
is complete, the active switch S; is turned on to connect
the microgrid to the main grid. The right-bottom plot of
Fig. 9 shows the grid connection. The microgrid is smoothly
reconnected to the main grid without any transient overcurrent.

B. Microgrid with Multiple DG Inverters Connected in
Parallel

The resynchronization method can be applied to a microgrid
having multiple DG inverters operating in parallel. A simula-
tion example of a such microgrid is shown in Fig. 10 which has
three three-phase 20-kVA DG inverters connected in parallel.
The parameters of inverters are given in Table II. The UDC is
used as the control of these inverters. The active power is set
to 20 kW for inverter 1, 15 kW for inverter 2 and 10 kW for
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Fig. 11: Simulation of an extended microgrid: Initially, the
inverter is OFF. The PWM is enabled at 0.5 s. A single-phase
to ground fault occurs at 3.0 s. The switch S1 is opened at
3.1 s to isolate the faulty grid. The grid is restored at 4.5 s.
The resynchronization started at 4.90 s and the islanded mode
transferred to the grid-connected mode at 5.05 s.

inverter 3, respectively, and the reactive power is set to 3 kVar,
2 kVar and 1 kVar, respectively. The local load power is 30 kW.
The microgrid has been implemented in MATLAB/Simulink
association with the SimPower blockset. A simulation has been
carried out and the simulation results are presented in Fig. 11.
The simulation scenario is divided into four parts: i) inverter
OFF; ii) grid-connected operation, iii) islanded operation and
resynchronization and iv) grid-reconnected. Fig. 11 shows the
ac bus voltages, grid voltages, voltage error, inverter currents,
inverter output active power and reactive power. Initially, all
inverters operate in the self-synchronization mode when the
PWM of inverters is off. The local load is powered by the
main grid. At 0.50 s, the PWM of the inverters is enabled
and inverters start sending power according to their set power.
At 3.0 s, a single-phase to ground fault occurs. The switch
S1 is opened at 3.1 s to isolate the faulty grid. The inverters
supply power to the local load and share the load according
to their droop gain and set power. At 4.50 s, the main grid is
restored. As can be seen, there is a large voltage error ve,,
when the main grid is lost which remain consistent after the
grid appeared. A zoom view of the resynchronization and grid
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Fig. 12: Simulation of resynchronization and grid reconnec-
tion: at 4.90 s, the switch Sy is on to start the resynchroniza-
tion process; at 5.05 s, the switch S; is turned on and the
islanded mode transferred to the grid-connected mode.

connection is shown in Fig. 12. The top plot of Fig. 12 shows
the phase-A voltage of the main grid and microgrid. As can be
seen, the voltage magnitude and phase are different. At 4.90
s, the switch Sg is turned on to start the resynchronization.
The microgrid voltage is able to track the main grid. Within a
few cycles, the microgrid ac bus voltage is synchronized with
the main grid. Since the voltage is synchronized, the active
switch S can be turned on anytime to connect the microgrid
to the main grid. At 5.05 s, the active switch .S7 is turned on
to connect the microgrid to the main grid. Since the voltages
are synchronized properly, there is no transient overcurrent.
The islanded mode has transferred to the grid-connected mode
smoothly.

VI. CONCLUSION

The paper presents a simple and effective resynchronization
mechanism for DGs based on the universal droop controller
to achieve a seamless transfer from the islanded mode to the
grid-connected mode. A line-frequency-averaged small-signal
model is developed considering both frequency and voltage
control loops of the system involving the proposed control
and synchronization to investigate the dynamic stability and
behavior of the integrated resynchronization loop. Extensive
simulation and experimental results are provided to verify the
effectiveness of the proposed resynchronization method. The

result shows that the high transient overcurrent can be avoided
and a seamless connection/reconnection to the main grid can
be achieved.
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