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Abstract—The Smart Transformer (ST) is a solid-state trans-
former with control and communication functionalities, inter-
facing medium voltage and low voltage grids. The ST can
independently operate in a radial network configuration, and
also in a meshed grid operation. The meshed operation has high
potential to optimize the power flow in the network, avoiding or
postponing the reinforcement of distribution grids. Nevertheless,
the control and synchronization during the meshed operation
are not trivial. The perturbation of the voltage in transition
between the two operations is inevitable. This could lead to
uncontrolled power flow and endanger the meshed operation.
Moreover, the stability of the meshed grid has seldom been
studied. To address these issues, this paper proposes a voltage
control with power-based synchronization for the ST. This allows
the universal operation of both radial and meshed grids, while
ensuring smooth transition. Modeling and stability analysis of
such a system are investigated to make sure of safe operation.
Simulation and experimental results are provided to validate the
effectiveness of the proposed control and theoretical analysis.

Index Terms—Meshed operation, smart transformer, solid-
state transformer, stability, synchronization, voltage control.

I. INTRODUCTION

THE Smart Transformer (ST) is essentially a power-
electronics-based solid-state transformer, being adopted

as an intelligent substation with control and communication
functionalities, which interfaces medium voltage (MV) grid
and low voltage (LV) one [1]. Compared to the conventional
distribution grid, the ST-fed grid offers connection to hybrid
grid and is able to improve the demand-response balance.
Besides, various ancillary services can be provided to MV/LV
grids, which make it possible to increase the reliability and
hosting capacity of the electric grid [2]. More importantly,
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the ST can mesh the LV grids, being ringed at the LVAC
buses or at the terminal of the LV ac feeders. This offers high
potential to optimize the power flow in the network, avoiding
or postponing the reinforcements of distribution grids. As
reported in the “LV-ENGINE” project funded by Scottish
Power [3], it is estimated that the ST can save up to £60 M in
grid upgrade costs by 2030, and avoid construction of 16 %
new substations.

To achieve meshed operation, the control and synchroniza-
tion of ST is not trivial [4]. The ST-fed grid and the feeder to
be meshed are usually not synchronized in terms of different
voltage amplitudes, frequencies, and phase sequencing. This
could lead to an uncontrolled power flow in the network
after closing the switch between the two feeders [5]. Similar
problems can be found in the reconnection of microgrid to the
utility, from the islanding mode to the grid-connected mode. It
is expected that the microgrid can transit seamlessly between
these two modes. Several approaches have been proposed to
achieve the smooth operation during transition. One of the
most common ways is to control the power converter as a grid-
forming converter during islanding mode, and then switch it
to be a grid-following converter when connecting to the grid
[6]–[9]. In the application of ST, some similar works have
been done by using two sets of control strategies in different
scenarios to guarantee seamless transition between radial and
meshed operation [10], [11]. However, these approaches re-
quires a complex control structure and parameter tuning is not
trivial to guarantee high performance and stability before and
after the mode transition.

On the other hand, in recent literature, a power converter can
behave as a grid-forming converter before and after the recon-
nection of the microgrid [12]–[14]. With respect to the grid-
forming converter, several control strategies including droop
control [12], [13], self-synchronized synchronverter [14], can
be employed. Most of these control strategies do not require a
PLL-based synchronization, but power-based synchronization
instead [15]. Comparing to the scheme switch between grid-
forming and grid-following converter, the complex control
structure and parameter tuning can be saved by using this
type of approach, and thus the perturbations associated with
the control transition can be largely reduced. Nevertheless,
the perturbation of the voltage in terms of phase angle is
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still inevitable, which could endanger the meshed operation
of the distribution grid. Moreover, the power setpoints of a
grid-forming converter before and after reconnection must be
dedicatedly given to ensure 1) the expected power flow and 2)
synchronization during transition. The design criterion of the
power setpoints with these considerations is still missing.

To address these issues, this paper proposes a voltage
control strategy using power-based synchronization for the
ST-fed grid, allowing universal operation in both radial and
meshed grids. In particular, the synchronization mechanism
before and after the NOP closure is presented, which facilitates
seamless transition. The design of power setpoints of the ST
LV converter in different scenarios is given to ensure grid-
forming capability, and power flow regulation. Moreover, the
modeling of the ST LV converter as well as the meshed grid is
developed, and the system stability is studied, especially when
converter-interfaced devices are being connected to the grid.

The paper structure is organized as follows. The system
configuration of an ST-fed grid for radial and meshed operation
is given in Section II. Then, the control and synchronization
mechanism of the ST LV converter for the universal operation
are proposed in Section III. Modeling and stability analysis of
the grid as well as the connected grid converters are presented
in Section IV. Simulation and experimental results are pro-
vided in Section V to validate the effectiveness of the proposed
control scheme. Conclusions are drawn in Section VI.

II. SYSTEM CONFIGURATION

The system configuration of a two-feeder radial distribution
grid is presented in Fig. 1, where the two feeders are fed by an
ST and a conventional power transformer (CPT), respectively.
Different types of devices including loads, electric vehicles
(EVs) and distributed energy resources (DERs) are connected
to the feeders. Two normally open point (NOP) switches are
utilized to connect the two feeders, one at the LVAC buses
and the other at the terminal of the feeders. During normal
operation, the NOP switches are open so that each feeder is
fed by its own transformer. Under some circumstances, for in-
stance, current congestion or maintenance, one of the switches
can be closed to achieve meshed operation. This facilitates the
power flow regulation between the two substations, so that the
voltage profile and current flow can be better managed.

AC
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DC

DC

DC

AC

Loads EV Storage PV
NOP NOP

Conventional power

transformer (CPT)

MVAC LVAC

Smart transformer (ST)

MV grid

Fig. 1. Two-feeder radial distribution grid fed by ST and CPT.

The whole procedure of the closure of NOP switch is illus-
trated in Fig. 2. The control and synchronization requirements
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Fig. 2. Control and synchronization requirements of ST LV converter with
different NOP conditions.

at each stage are given in the figure as well. Initially, the ST,
or more specifically, the ST LV converter imposes three-phase
sinusoidal voltage waveforms on its LV grid, and the CPT
feeds the connected feeder(s) independently. In case of CPT
being overloaded (i.e., CPT current exceeds the security limit),
an NOP closure signal will be sent to the ST. As soon as the ST
receives the signal, it has to not only impose voltage as usual
but also synchronize its voltage amplitude and phase angle
with the CPT side. At this stage, the amplitude and phase of ST
voltage should be modified in a smooth way complying with
the grid codes, to ensure normal operation of the connected
devices. When the amplitudes and phases of the two feeders
are identical, the NOP switch can be effectively closed without
any problem.

After the effective closure of NOP switch, the power flow
between the two feeders can be regulated. At this stage, the ST
LV converter has to impose voltage to the connected devices
while optimizing the power flow of the distribution grid. In the
scenario of overloading CPT, the ST can increase the power
transmission from the MV grid to the LV one, reacting to the
CPT current. The increasing of power transmission allows the
ST to alleviate the CPT overload issue by transferring power
from ST side to the CPT feeder. Eventually, the power flow
of the overall distribution grid reaches a new equilibrium and
an overload of the CPT can be avoided. It is worth noting that
the power flow through the NOP switch is bidirectional. This
indicates the ST overload can be avoided as well by absorbing
power from the CPT side through the NOP switch.

III. PROPOSED CONTROL STRATEGY FOR UNIVERSAL
OPERATION

To achieve the control and synchronization targets, the
control strategy of ST LV converter is proposed in this section.
For the sake of simplicity, the impact of the MV converter
as well as dc/dc converter have been neglected thanks to the
decoupling effect of dc-links. A simplified model of the CPT
is used, where an equivalent voltage source is in series with
inductor.

The detailed control strategy is presented in Fig. 3, where
∆P and ∆Q indicate the active and reactive power exchanges
between the two sub-grids (or two feeders). Since the power
exchange through the NOP switch is bidirectional, ∆P and
∆Q can be both positive and negative. To synchronize with
the CPT side, the power-based synchronization (power sync.)
and its auxiliary controller (highlighted in blue in Fig. 3)
are proposed. After the effective closure of NOP switch, the
power setpoints block and the power-based synchronization
are responsible for power flow regulation. The output of
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Fig. 3. Proposed control scheme of ST LV converter.

the power-based synchronization is the three-phase reference
voltage for the ST LV converter, which is regulated by the
voltage control during the whole process.

A. Power-based Synchronization

The functionalities of the power-based synchronization in-
clude: 1) allowing the ST LV converter to presynchronize with
the CPT voltage before the switch is closed; 2) synchronization
and facilitating power flow regulation after the switch is
closed. In this regard, the power-based synchronization design
is derived from the virtual synchronous machine concept [15].
The back electromotive force (EMF) refers to the average
value of the terminal voltage of the LV converter, which is

eabc = Mf ifωg s̃inθg (1)

where Mf is the mutual inductance, if is the rotor excitation
current, ωg is the rotor speed, θg is the rotor angle, and s̃inθg =
[sin θg, sin(θg − 2π/3), sin(θg + 2π/3)]T .

The swing equation can be defined by

dωg

dt
=

1

J
(Tm − Te −Dpωg) (2)

where J is the moment of inertia, Tm is the mechanical torque,
Te is the electromagnetic torque, and Dp is a damping factor.
For the LV converter, Tm can be regarded as the control input,
and Te can be given by

Te = Mf if 〈iabc, s̃inθg〉 (3)

where iabc is the three-phase converter current, 〈·, ·〉 denotes
the conventional inner product in R3. By combining (1)–(3),
the power-based synchronization of the ST LV converter using
the virtual synchronous machine concept can be developed and
presented in Fig. 4.

One of the main control objectives of the ST LV converter is
to regulate the power flow between the two feeders. The power
flow can eventually refer to the power increment or decrement
of the ST LV converter. For this reason, the difference ∆T
between the control input (e.g., Tm) and its measurement (e.g.,
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Fig. 4. Power-based synchronization of ST LV converter using virtual
synchronous machine concept.

Te) can be directly used as the input of the active power loop,
which is obtained by

∆T = Tm − Te =
1

ωg
(Pref − P ) =

1

ωg
∆P (4)

On the other hand, in order to obtain Mf if , the control loop
of reactive power is designed, as shown in Fig. 4. Likewise
active power loop, the increment or decrement of reactive
power ∆Q is used as the control input, which indicates the
reactive power flow between the two feeders. Moreover, to
guarantee the grid-forming capability, the error between the
voltage reference and the actual voltage amplitude is regulated
by means of the reactive power loop. The error is multiplied
with a voltage-drooping coefficient Dq and added to the
reactive power loop, which is described by

Mf if =
1

Ks
[∆Q+Dq(Vref − Vamp)] (5)

where Vref is the nominal amplitude of voltage, and Vamp

is the actual amplitude, which can be measured by various
amplitude detectors, and K is the K factor for the reactive
power loop.

B. Phase Detection and Deviation

Before the switch is closed, a presynchronized procedure is
required to align the ST voltage (specifically its phase angle)
with the CPT voltage. To achieve the target, the phase detec-
tion and deviation blocks are employed to obtain the amplitude
and phase angle of the CPT secondary voltage and to calculate
the phase/amplitude deviation between the ST and the CPT
voltage. A synchronous reference frame phase-locked loop
(SRF-PLL) is adopted as the phase detection block. Ignoring
the sampling delay, both the amplitude vCPTd and phase angle
θCPT of the CPT secondary voltage can be measured online
by means of the SRF-PLL, and then compared with those of
the ST voltage during the presynchronized procedure.

When the ST starts to presynchronize with the CPT side,
vCPTd can be used as the voltage reference amplitude of the
ST LV converter. Meanwhile, the phase deviation between θg
(of ST) and θCPT (of CPT) has to be calculated by using the
proposed phase deviation block. The phase deviation can be
further utilized to calculate the active power setpoint of the
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ST during this stage. The phase angles are usually triangular
waveforms and phase deviation can not be calculated by
subtraction. To address this issue, a multiplication of trigono-
metric functions of the two phase angles is first calculated as
follows:

sin θg cos θCPT =
1

2
[sin(θg + θCPT) + sin(θg − θCPT)] (6)

Assuming phase deviation between the two feeders is small
enough, one can get sin(θg−θCPT) ≈ θg−θCPT, and (6) can
be rewritten by

sin θg cos θCPT ≈
1

2
[sin(θg + θCPT) + θg − θCPT]

=
1

2
sin(θg + θCPT) +

∆θ

2
(7)

where ∆θ is the phase deviation between the two sub-grids.
The result of the multiplication includes two terms: dc

component ∆θ/2 and a twice fundamental frequency sinu-
soidal component 1

2 sin(θg + θCPT). To remove the sinusoidal
component, a low-pass filter can be used and the output is
pure dc component ∆θ/2, which is proportional to the actual
phase deviation.

C. Design of Power Setpoints

During the normal operation, the NOP switch is open.
The power flow between the two feeders do not exist and
is not required, and thus the setpoints for the active and
reactive power loops (∆P , ∆Q) are both zero. Under this
circumstance, the ST voltage is controlled with fixed frequency
ω0 and amplitude Vref . The power flow from the MV grid to
the LV one is adaptive to the load condition of the ST-fed grid.

When the ST receives the NOP closure signal, the presyn-
chronized procedure begins. Since the switch is open, the
power flow between the two feeders physically does not exist.
Nevertheless, in order to adjust the phase angle and amplitude
of the ST smoothly, virtual power flow (i.e., power setpoints)
are required. Assuming the line impedance is inductive, active
and reactive power setpoints are proportional to phase devia-
tion and voltage amplitude, respectively, and can be described
by

∆P =
VSTVCPT

Xeq
sin ∆θ ≈ VSTVCPT

Xeq
∆θ = Kp∆θ

∆Q =
VSTVCPT cos ∆θ − V 2

CPT

Xeq
= KqVCPT (8)

where Xeq is the equivalent line impedance, Kp and Kq

are the proportional gains of the active and reactive power
setpoints.

According to (8), the active and reactive power setpoints
during the presynchronized procedure are calculated by multi-
plying ∆θ and VCPT with Kp and Kq. It is worth noting that
the power setpoints at this stage are used for synchronization
but not for power control. They do not refer to physical power
exchange through the switch and will not affect the actual
power flow in the distribution grid. In this regard, the gains of
Kp and Kq do not have to be rigorously calculated based on
(8) in practice. In general, higher Kp and Kq lead to faster
convergence rate of phase and amplitude deviations between

the two feeders, while on the other hand could incur instability.
Therefore, a trade-off between convergence rate and stability
has to be made for optimal Kp and Kq.

When phase and amplitude deviations become zero, the
NOP switch can be effectively closed. As soon as the switch
is closed, the power flow between the two feeders can be
regulated by means of the ST LV converter. At this stage, as
shown in Fig. 4, the measured active and reactive power (P
and Q) of the ST side are regulated by the active and reactive
power loops, following the setpoints Pref and Qref . Different
active power setpoint curves can be employed depending on
different scenarios and grid codes. In this paper, the scenario
of overload CPT and power setpoints will be discussed. In
case of CPT overloading, while the ST is under partial load
condition, power can be delivered from the ST LV bus to the
CPT side so CPT overloading can be mitigated, and vice versa.

IV. STABILITY ANALYSIS OF MESHED OPERATION

Devices with PLL-synchronized converters are widely used
in distribution grids [16], for instance, DERs, EV chagrining
stations. It has been confirmed in literature that the PLL-
synchronized converters suffer from stability issues particu-
larly in weak grid conditions [17], [18]. For this reason, the
interaction between the PLL-synchronized converter and the
ST LV converter, as well as the CPT, will be analyzed in this
section.

The impacts of the control loops of a PLL-synchronized
converter on an ST LV converter (or grid-forming converter)
have been already studied in literature [19], [20]. Instead, this
paper focuses on the influence of the PLL-based synchro-
nization on the ST LV converter and therefore, a simplified
representation of a PLL-synchronized converter is given in
Fig. 5(a). The PLL-synchronized converter is simplified as
a controlled current source, whose current is calculated by
transforming the current reference Iref from the dq to the abc
frame. On the other hand, the ST LV converter is assumed
to behave as a controlled voltage source, whose voltage is
regulated by the proposed voltage control strategy presented
in Section III. Zl1/Zl2 and Zlo represent line impedance and
load impedance of the grid.

Based on the system representation, equivalent impedance-
based model of the system is shown in Fig. 5(b), where Ieq
and Yeq are the equivalent current source and admittance of the
PLL-synchronized converter, Veq and Zeq are the equivalent
voltage source and impedance of the ST LV converter. The
impedance-based modeling of both PLL-synchronized con-
verter and ST LV converter are given as follows.

A. System Modeling

The equivalent impedance-based model of a PLL-
synchronized converter is highlighted in blue in Fig. 5(b).
Using the linearization of PLL reported in [18], the model
in dq frame can be represented by

Yeq(s) =

[
0 IqGPLL(s)
0 −IdGPLL(s)

]
(9)
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where Id and Iq are the dc quantities of the converter current
in the dq frame, and GPLL is the q-axis transfer function of
SRF-PLL, which is

GPLL =
Θ(s)

Vq(s)
=

HPLL(s)

1 + Vd ·HPLL(s)
(10)

Here, Vd is the dc quantity of the d-axis PCC voltage,
and HPLL(s) = HPI(s)/s, HPI is the transfer function of
PI controller of SRF-PLL.

Then, the equivalent impedance-based model of the ST LV
converter highlighted in green in Fig. 5(b) will be derived.
According to the power-based synchronization and the voltage
control, one can easily get[

∆vd
∆vq

]
= Veqc

[
∆vrefd
∆vrefq

]
+ Zeqc

[
∆id
∆iq

]
+ Θeq∆θg

=

[
V eqc
dd 0
0 V eqc

qq

] [
∆vrefd
∆vrefq

]
+

[
Zeqc
dd Zeqc

dq

Zeqc
qd Zeqc

qq

] [
∆id
∆iq

]
+

[
Θeqd

Θeqq

]
∆θg (11)

where Veqc represents the nature of the voltage control, which
is essentially the closed-loop transfer function matrix of the
voltage control of ST LV converter; Zeqc is the equivalent
impedance when only considering the effect of voltage control;
Θeq has the feature of power-based synchronization.

According to Fig. 4, the transfer function from ∆P to ∆θg
can be derived as follows:

Gvsg(s) =
∆θg
∆P

=
1

ωgs(Js+Dp)
(12)

The small-signal equation of active power calculation can
be obtained by

∆P = [Id Iq]

[
∆vd
∆vq

]
+ [Vd Vq]

[
∆id
∆iq

]
(13)

and ∆θg can be rewritten by

∆θg = Gvsg[Id Iq]

[
∆vd
∆vq

]
+Gvsg[Vd Vq]

[
∆id
∆iq

]
(14)

Substituting (14) into (11), the full model of ST LV con-
verter is obtained:[

∆vd
∆vq

]
= Veq

[
∆vrefd
∆vrefq

]
+ Zeq

[
∆id
∆iq

]
=

[
Vdd Vdq
Vqd Vqq

] [
∆vrefd
∆vrefq

]
+

[
Zdd Zdq

Zqd Zqq

] [
∆id
∆iq

]
(15)

where Veq and Zeq are the equivalent voltage source and
impedance including the effect of power-based synchroniza-
tion.

It can be seen that ∆θg-related terms of (11) contribute
to the equivalent impedance Zeq. This indicates features of
equivalent impedance can be changed when considering the
effect of power-based synchronization. Comparisons of Bode
plots of Zeqc (without the effect of synchronization) and
Zeq (with the effect of synchronization) are carried out. It
is observed that both the magnitude and the phase of Zqd

in the low-frequency range have been significantly modified
when the effect of power-based synchronization is included,
and they can be further altered by varying the damping factor
Dp, shown in Fig. 6. In this regard, the effect of power-
based synchronization has to be considered in the stability
evaluation.

B. Stability Evaluation

The impedance ratio between the grid impedance and
impedance of PLL-synchronized converter is

L = Zg · Yeq (16)

where Zg is the equivalent grid impedance seen from the PCC
of PLL-synchronized converter. According to the impedance-
based model of Fig. 5(b), it can be calculated by

Zg = Zl2 + (Zeq + Zl1)//Zlo (17)

in the case of ST-fed grid, while in a CPT-fed grid the Zeq can
be formed by the equivalent inductance (LT ) and resistance
(rT ) of CPT.

Using (15) and applying generalized Nyquist criterion to
(16), one can obtain the system characteristic loci of an ST-fed
grid with PLL-synchronized converter. None of them encircles
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the critical point (−1, j0), indicating the system is stable.
When using the CPT, the system characteristic loci of a CPT-
fed grid with PLL-synchronized converter can be obtained and
one of them (λ2) encircles the critical point, which indicates
the system is unstable. The comparisons of λ2 of both case
studies are presented in Fig. 7. It is shown that the ST-fed
grid can offer a stronger network for the PLL-synchronized
converter with the concern of stability.
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Fig. 7. System characteristic locus (λ2) of PLL-synchronized converter being
connected to different grids (blue – CPT-fed grid, orange – ST-fed grid).

In case of meshed operation, the ST LV converter and
the CPT are in parallel and thus Zeq in (17) should be
updated by the parallel impedance of ST and CPT. The system
characteristic loci of a meshed grid with PLL-synchronized
converter are presented in Fig. 8. It can be seen that none
of the them encircles the critical point (−1, j0), showing the
meshed grid is stable. This indicates the meshed operation
can not only optimize the power flow in the distribution grid
but also enhance the hosting capability of PLL-synchronized
converters.
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V. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the proposed voltage control, as well as
synchronization mechanism, will be verified by simulation
and experimental results, in the scenario of overload CPT.
Moreover, the stability of PLL-synchronized converter being
connected to such a grid under different conditions will be
assessed.

A. Simulation Results

First, the CPT overloading case will be studied. In this case
study, the passive load being connected to the ST-fed grid is
1.5 kW, while the one being connected to the CPT-fed grid is
6 kW. The security limit of the CPT is 10 A (rms). Initially,
the CPT current is 12.4 A (rms) which indicates the CPT is
overloaded. The switch between the two feeders will be closed
so that the ST can support the CPT-fed grid and alleviate
the CPT overloading issue. The timeline of the NOP closure
procedure is given in Fig. 9.

t

NOP closure

signal
NOP effective

closure signal

0.1 s 1 s
Open Closed

Fig. 9. Timeline of the NOP closure procedure in the case studies.

As seen in Fig. 9, the ST receives the NOP closure signal
at 0.1 s, and the ST LV converter starts to regulate the voltage
waveforms in terms of amplitude and phase to presynchronize
with the CPT side. At 1 s, the NOP effective closure signal
is sent and the NOP switch will be closed. The voltage and
current of the LV ST-fed grid during the whole NOP closure
procedure is given in Fig. 10. From 0.1 s to 1 s, the amplitude
and the phase of the ST voltage are smoothly adjusted, and the
amplitude of the ST current depends on the loading condition.
After 1 s, the switch is closed and the ST LV converter delivers
power from the ST side to the CPT-fed grid through the closed
switch. Following the power setpoint curve, the ST current
increases from 3.11 A to 8.83 A and therefore, more power
can be delivered to the CPT side.
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Fig. 10. Simulated waveforms of the LV grid during the whole NOP closure
procedure when CPT is overloaded.
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Fig. 11. Voltage waveforms (phase A) of ST- and CPT-fed grids during the
presynchronized stage.

The ST and CPT voltage waveforms (phase A), as well as
their phase angles in the presynchronized stage, are presented

in Fig. 11. The phase of ST voltage can gradually synchro-
nize with that of the CPT side and the two waveforms are
completely overlapping at 0.45 s, showing that the voltage
waveforms of the two feeders are well synchronized before
the NOP effective closure signal.

B. Experimental Results

To verify the effectiveness of the theoretical analysis, ex-
perimental validations have been carried out in a laboratory
grid fed by ST and CPT, as shown in Fig. 12, using the
configuration of Fig. 3. The voltage of the CPT-fed grid
is formed by the utility grid through a CPT. Two Danfoss
converters are used to emulate the ST LV side converter and
the PLL-synchronized converter. The control strategy of Fig. 3
for the ST converter has been implemented in a digital control
system using TI digital signal processors. For the sake of
convenience, the control of the PLL-synchronized converter
has been achieved by the same processor board. Linear loads
are connected to the PCC of CPT-fed grid in the beginning,
and the security limit of the CPT is 1 A in the scenario.

NOP

DC power supply

Digital controller

Danfoss converters

STLV
converter

PLL−based
converter

Filters

Loads

CPT

Measurements

Fig. 12. Experimental setup.

First, the CPT overloading scenario has been tested. Ini-
tially, as shown in Fig. 13, the CPT current is 1.2 A (rms)
which indicates the CPT is overloaded. At the same time, the
ST current is zero since no load is connected to the ST-fed
grid. To alleviate CPT overloading, the NOP closure signal

Unsynchronized

CPT current(2A/div)

ST voltage

(100V/div)
ST current

(2A/div)

CPT voltage

(100V/div)
ST voltage

(100V/div)
ST current

(2A/div)

Synchronized CPT current

(2A/div)

CPT voltage

(100V/div)

Fig. 13. Experimental waveforms (phase A) of ST- and CPT-fed grids during the presynchronized stage.
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will be sent to the ST so that it can start to presynchronize
with the CPT voltage and later on support the CPT-fed grid.

As soon as the ST receives the NOP closure signal, the
amplitude and the phase angle of the ST voltage are smoothly
adjusted as shown in Fig. 13. It can be seen that the two
voltage waveforms (ST and CPT voltage) can be well synchro-
nized after a few cycles, where the displacement between the
CPT and the ST voltage disappears and the two waveforms
are overlapping. Under this circumstance, the NOP can be
effectively closed and the waveforms during the transition are
given in Fig. 14. It can be seen that the transition from the
radial grid to the meshed one is smooth by using the proposed
control scheme, where the perturbation is not detected during
the whole transition. The voltage waveforms before and after
the closure of NOP remain the same, while the CPT current
reduces after the closure due to the power sharing of the ST.

NOP effective closure signal

CPT voltage (100V/div) ST voltage (100V/div)

NOP closed

ST current (2A/div)

CPT current (2A/div)

Pre−synchronized

Fig. 14. Experimental waveforms (phase A) of the transition from the radial
grid to the meshed operation.

Then, the stability conditions of a PLL-synchronized con-
verter have been evaluated, when it is connected to different
grids. The PCC voltage and converter current waveforms are
shown in Fig. 15(a) when the PLL-synchronized converter is
connected to the CPT-fed grid. In this scenario, the set of
control parameters leads to the voltage and current oscillations,
indicating the overall system is unstable. However, with the
same control parameters, when the converter is connected
to the ST-fed grid, the PCC voltage and converter current
waveforms are shown in Fig. 15(b). It can be seen the overall
system is stable where both the voltage and the current have
relatively high power quality.

VI. CONCLUSION

This paper proposes a voltage control strategy using power-
based synchronization for the ST LV converter. The proposed
control scheme allows smooth transition between the radial
and the meshed operation of a grid fed by both ST and
CPT. In this way, the ST in a distribution grid is able to
support other feeders and regulate the power flow of the overall
network. Moreover, the design criterion of the power setpoints
of ST is presented, to guarantee good presynchronization
(when it receives NOP closure signal) and good power sharing

CPT voltage (50V/div)

Converter current (5A/div)

(a)

ST voltage (50V/div)

Converter current (5A/div)

(b)

Fig. 15. PCC voltage and converter current (phase A) when the PLL-
synchronized converter being connected to different grids: (a) CPT-fed grid
and (b) ST-fed grid.

(when NOP is effectively closed). Furthermore, the model and
stability of such a system are studied. It shows that the ST-
fed grid/feeder can offer a more stable condition to the PLL-
synchronized converter, while the CPT-fed grid/feeder cannot.
Simulation and experimental results are provided to verify the
effectiveness of the proposed control scheme and the stability
analysis.
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