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Abstract—Solid-state transformer-based smart transformer
(ST) can provide the dc connectivity and advanced services to
improve the grid performance and to increase the penetration of
the power electronics interfaced resources (e.g., distributed
generators and electric vehicle charging stations) in modern
electricity distribution grids. Since the ST is a new and effective
paradigm of the electricity grid evolution to well understand the
ST, this paper systematically presents the basic architecture and
the typical control schemes of the ST and then the advanced
services that ST can provide to improve the electricity grids
performances in terms of the power flow control, power quality
improvement, active damping and active contribution to improve
distribution grid resilience by means of enabling autonomous
microgrids operation as well as launching a restoration procedure
following a general blackout.

Index Terms—Smart Transformer, voltage control, power
quality, active distribution grid black start.

1. INTRODUCTION

THE development of low carbon technologies (e.g.,
generation and utilization of renewables), challenges the
modern electricity grids performances in terms of the stability,
power quality and reliability[1], [2]. Thus, the update of grid
assets, advanced monitoring and control techniques are needed
to improve the electricity grid performances, and to further
increase the penetration of renewables [3]-[5].

The solid-state-transformer-based smart transformer (ST)
was proposed to effectively solve the aforementioned
challenges caused by high penetration of renewables in the
distribution electricity grids, due to the advanced control
functions and the provision of dc connectivity as well [3].
Moreover, the ST represents a new semi-centralized scheme to
avoid extreme decentralization caused by the high penetration
of power -electronics-interfaced (PEI) distributed energy
resources (DERs).

The design of the hardware architecture (e.g. topology,
building blocks, component sizing) of the ST is determined by
the services that the ST should provide to the grid [6].The three-
stage configuration of the ST offers dc connectivity, which
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makes the ST an active, multi-port node, allowing for e.g.,
storage integration [7] and meshed, hybrid grid operation [8].
The meshed reconfiguration of the grid can help to increase the
renewable energy sources (RES) share, while keeping the grid
expansion effort low and the quality of power supply high.

In order to operate the ST in a proper way, the ST is
controlled either in grid-forming (GFM) or in grid-following
(GFL) mode, according to the network structure and the
required grid supports. In comparison, besides the different
synchronization mechanism, the GFM operation of ST
emulates the synchronous machine behavior while the GFL
operation is suitable for high current quality applications.

In grid applications, the ST can effectively control the power
flow in either the radial networks or meshed and hybrid
networks, where the optimal power flow control can avoid high
voltage violation, high line losses and overload of grid assets.
Based on the included power conversion stages, the ST can also
provide a full decoupling of the medium voltage (MV) and low
voltage (LV) side grids frequencies. Such frequency
decoupling can have an important role regarding the possibility
of exploiting power-frequency droop-based controllers in LV-
connected generators or specific loads (as for example electric
vehicle (EV)-chargers) in order to locally promote some form
of generation-load balancing [9]. Moreover, some coordination
strategies between the LV and MV side frequency can be
envision alongside a ST in order to allow LV-connected
resources to actively respond to frequency events occurring in
the upstream grid [9].

One of the new characteristics caused by high penetration of
PEI resources in the electricity grids is the harmonic interaction,
which degrades the power quality (voltage and current) of the
electricity grids [1], arises resonant issues and reduces stability
margin [10]. The output impedance of ST may be higher than
the conventional power transformer (CPT), because the
switching characteristics of the power converter in ST requires
an output filter to suppress the switching harmonics. The higher
output impedance is the main reason to cause the power quality
issues [11]. The resonant and stability issues are caused by both
the impedance gain and phase characteristics of the
interconnected systems, according to the impedance-based
stability criterion. These issues can be solved by improving the
control schemes of the interfaced power converters of DERs,
but such solution results in the customized function of the
DERs potentially increasing the cost and moreover the
effectiveness is degraded in case of the change of grid operating
conditions caused by the continuous increase penetration of
DERSs. Thus, the effective control solutions implemented inside
the ST instead of the DERs to improve the power quality [11]
and to stabilize [10] the grid will be presented in this paper.
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Aiming to contribute to increase the resilience of active
distribution grids, the ST can be envisioned as a key enabler of
the autonomous operation mode of MV and LV distribution
grid sections under a multi-micro-grid concept following
catastrophic events occurring upstream. The dc connectivity
provided to integrate a local energy storage system (ESS),
together with the flexibility to operate its power conversion
stages in GFM or GFL modes is fundamental in order to enable
autonomous operation mode of a multi-microgrid through a
(fleet of) ST. Moreover, the ESS envisioned to exist in future
active distribution grids together with locally available DERs
allows to properly coordinate a service restoration stage at the
MYV and LV level in case a general blackout occurs. Both
operation modes are key contributions within the scope of
increasing distribution grid resilience.

The rest of this paper is organized as follows. The voltage
and current source inverter-based architectures and their
possibility to enable an active node for ac, dc and hybrid grid
operation in radial and meshed network are briefly introduced
in Section II. The control mode of ST in GFL and GFM
operation, which allows the ST to be equivalent to a slack bus,
P and Q bus, is studied in Section III. The ST provided
advanced services in terms of power flow control, power
quality improvement, active damping, frequency support and
black start functions are studied in Section IV. Section V
concludes this paper.

II. GENERAL ARCHITECTURE

A. Hardware Solutions

Several authors proposed topologies for STs and several
reviews grouped them by certain characteristics, like power
conversion stages or the adopted converter architecture
[12],[13]. The installation of the ST in the electricity grid is
motivated by the services it can provide. Therefore, the
hardware needs to be designed in such a way that it meets the
requirements of the grid operator as well as the grid conditions.
These parameters are commonly power system related and may
be related to parameters such as:

*DC-connectivity and DC voltage range

*Efficiency

*Power quality

*Voltage range of the connected ac grids

*P/Q characteristics

+Grid synchronization dynamics

*Maximum space

setc.

Several of these parameters are linked to the design of the
system and compliance with certain requirements may be easier
for certain topologies than for others. Therefore, the
requirements need to be translated into the design of the ST
hardware. This covers the following aspects:

*Topology choice

*System modularity including the number of building blocks

*Component sizing

*Control system

+Grid synchronization algorithm

setc.
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Fig. 2. ST topology of the S4T.

As a practical example, a transformer substation shall be
replaced by an ST, which shall providedc-connectivity and
needs to fit the space where the substation was installed before.
Consequently, a medium frequency transformer is needed due
to the space requirements and the dc-connectivity, which
excludes several possible ST architectures. Nevertheless, there
is still a large range of possibilities: As an example, a three-
stage ST is shown in Fig. 1, which is commonly referred to be
most flexible for providing services. This topology has two dc
connections for connecting ESSs or possibly dc-grids. This
enables direct control of the grid voltage profile [7].

Moreover, the topology affects the required volume of the
system by means of the selected modularity and the frequency
of the isolation stage. For the three-stage ST topology the most
common use case is the operation of the LV side converter in
GFM, the isolation stage in LVdc control and the MV side in
GFL.

The component sizing determines the power transfer
capability of the grid and therefore a possible margin for a
future load increase, overload capability and the maximum
output voltage for controlling transients. As it has been
presented in [6], the sizing even impacts the potential for
providing services. For ensuring low losses during operation,
the target efficiency shall also be determined. In addition power
quality related measures like the Total Harmonic Distortion
(THD) of the output voltage (in GFM operation) or the output
current (in GFL operation) shall be defined. This point will be
examined in Section III A. Remarkably, the output voltage
range is another important measure to provide the demanded
voltage control range, which may be required to ride through
faults without disconnecting the grid.

Examples for ST topologies are examined in [3], where the
topologies have been grouped by the number of power
conversion stages. Moreover, the modularity is discussed and
solutions range from monolithic solutions to modular solutions
with a high number of building blocks. As an example for a
single stage ST, the S4T topology is shown in Fig. 2. The S4T
is a current source based converter topology [14], which has
significant less components in comparison to commonly
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proposed modular voltage source converter topologies.
Remarkable differences are the simple fault handling capability
of the S4T, because of the current source topology with few
bidirectional power semiconductors in contrast to the high
number of building blocks and transformers.

B. An Active Node Connecting AC to DC Grids

The ST enables to interconnect multiple ac and dc grids. As
inherently stated in a commonly used description of the ST,
Energy Router, a key functionality is the energy flow control.
This means, the ST can in contrast to a CPT-control the active
and the reactive power exchange with the connected grids. This
enables to obtain an intelligent node, scaling up to a system
with multiple intelligent nodes in the grid.

MV feeder | MV feeder 2
| 10/20k Vac
| 10/20k Vac
MV de
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Fig. 3 ST-enabled configurations of a meshed hybrid distribution grid.

Two architectures are commonly used to build the MV side
ac/dc converter of the ST. The MMC-based architecture, which
in contrast to the CHB one, is a truly multiport architecture and
offers an additional MV dc port. However, this comes at the
costs of an increased number of cells and semiconductor
devices.

In the configuration to interconnect ac and dc grids,
commonly meshed grids are obtained, which provide high
potential for reduced grid reinforcements or operation with
reduced losses. However, the control and the protection remain
challenging [8]. In general, a meshed grid refers to a system, in
which each grid node is supplied from at least two sides,
allowing for advanced power flow control by means of the ST.
As shown in Fig. 3 the ST enables the meshed hybrid
distribution grid in four different configurations. The first
option (shown in orange) is to connect two parallel feeders(e.g.
one ST-fed and one fed by CPT) at the low voltage ac busbar.
This allows for equal distribution of the load power demand
among the feeders and significantly improves the appliances
overload condition and feeder voltage profile [8]. Similar
benefits can be obtained, if the grid is reconfigured to a ring
grid by closing the normally open point (NOP) at the end of the
LV feeders (shown in red in Fig. 3).

The growing amount of DERs and ESS units increases the
number of power conversion stages in the grid. The use of
multiport ST facilitates the integration of these devices and can
help to keep the grid infrastructure light, providing advanced
services in both ac and dc grids. In [15], the use of an extra
LVdc line is proposed, which interconnects the ST LVdc link

with the dc bus of distributed generation converters and dc
loads (highlighted in green in Fig. 3). Several active power flow
paths are made available through this architecture, such that the
active power supply is near to the load points and is drawn from
ST, only in times where the DERs are absent. This reduces the
size of the ST’s LV ac/dc converter, improves the utilization of
DERs converter and ensures reverse power flow at higher
efficiency. In [16], a novel interconnected design of a multiport
ST is proposed to further increase the efficiency in the meshed
hybrid ac and dc grid.

As fourth option, in a scenario with two distinct MV grid
with different supply structure, i.e. one DG-dominated and one
load-dominated, the MVdc links of two ST can be coupled via
an additional MVdc line (in blue in Fig. 3). This improves the
supply redundancy and provides the possibility to fulfill the
power demand of the two MV feeders by a single storage unit
in case of grid fault emergency.

III. CONTROL OF ST

According to the control scheme and corresponding physical
mechanism, the operation of ST can be defined as GFL and
GFM mode, with the equivalent physical models as shown in
Fig. 4.

A. Control of ST in GFL Operation

In the GFL mode, the ST is controlled as a current source to
inject a controllable current into the electricity grid. The phase
angle information of grid voltage at the connected point of the
ST is needed in order to decouple the active and reactive
component of the injected current accurately, and various
phase-locked-loop (PLL) techniques were proposed in
literature to detect the grid voltage phase information, as shown
in Fig. 4(a).
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Fig. 4. Equivalent circuit of the ST operating in (a) GFL and (b) GFM.

The detailed control block diagram of ST operating in GFL
mode is shown in Fig. 5, where Gi is the current controller, Gi¢
is the transfer function of the ac filter inductor, G¢r is the
transfer function of the ac filter capacitor, Gy is the transfer
function of delay.

The current reference, i*, can be computed by the active and
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reactive power reference, p* and ¢*, directly,
i = |ld 1q| = CM

where C =i
P 3y,

rq (1)

1 0
0 -1

[P 1}

, subscripts “d” and “q

represent the

d- and g-axis component in the synchronization reference
frame.

Fig. 5. Control block diagram of GFL operation.

B.  Control of ST in GFM operation

In the GFM mode, the ST is controlled as a voltage source,
as shown in Fig. 4(b). The active and reactive power are
controlled by adjusting output voltage amplitude and phase
angle of the ST, with respect to power synchronization
mechanism, when the line is more inductive. Based on the two
sources model as shown in Fig. 6, the active and reactive power
flow at the receiving end can be obtained as:

U (Ecos5 - U)cosﬂ + EUsindsinf

p =
y ®)
EUsindcos —U(Ecos5— U)sinﬂ
q =
z

where p and g are the active and reactive power, respectively,
E and ¢ are the amplitude and angle of voltage at the sending
end, U is the voltage amplitude at the receiving end, z and /5 are
the amplitude and angle of line impedance.
z/B
L

Fig. 6 Model of two-source system.

In (2), the active and reactive power are coupled with voltage
amplitude and angle. Generally, they are approximately
decoupled with respect to the x/r ratio of power line (q—1f(d)
and p—v for resistive lines, and p—1(5) and q—v for inductive
lines). It is assumed that the line is inductive for the study in
this paper.

The motion/droop characteristic of the GFM in Fig. 4(b) is
derived by emulating the conventional synchronous generators.
The swing equation of conventional synchronous generators is
shown as,

d(0-a,)

= +D(0-,) 3)

Pn—r=J s
where pin is the input power, @, is the synchronous frequency,
w is the grid operating frequency, J is the inertia, D is the

damping coefficient.
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Due to the assumption of only inductive line, f=n/2, and
linearizing (2) and (3) at the equilibrium points d,, @, and p,, it
can be obtained that,

Ap =798 L Ao
dt @
pp - EUA®
z

where A represents the increment. The reactive power in (2) can
be further simplified as,

UE-U’
g=-——— )
z
Similarly, when a voltage droop is used, the “g-v”
characteristic is obtained as,
dt z

where 7, is the time constant of voltage droop.

Based on (3), (4), (5) and (6), the control block diagram of
the GFM inverter is shown in Fig. 7(a), in which Gcy is the
closed-loop of voltage control as shown in Fig. 7(b), G, is the
voltage controller. In case AE=0 and Ad=0, the references of ST
output voltage amplitude and angle are both fixed, and ST is
operating as a slack bus (constant voltage and constant
frequency). In case AE#0 and AJd#0, as shown in Fig. 7(a), the
ST is operating as a constant PQ bus.

A\‘
o] =S
[ | {1}~ T

Fig. 7. Control block diagram of (a) overall system of GFM, and (b) voltage
loop.

IV. IV. ADVANCED SERVICES PROVIDED BY ST

A. Power Flow Controllability

1) Meshed LV networks: In the meshed LV ac grid operation,
as shown in Fig. 8, the ST (T;) and CPT (T>) can operate either
in equal power sharing control or in optimal power flow control
[17]. The sensitivity coefficients for different bus voltages to
active and reactive power variation are computed as,

ov
k A ==
" apst
(7
ov,,
k,, =
moq,

where m=L,, L,...L1o, representing the number of the critical bus
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as shown in Fig. 8.
Based on (7), the minimum bus voltage variation control is
obtained by the active and reactive power flow control in ST.

10 2
min {; (v, +k, . Ap,, +k,,Aq, V') } (8)

To simplify analysis, by assuming that the active power flow
in the meshed LV ac grid is equally shared between the ST and
CPT, i.e., ps=pcpt, as shown in Fig. 8(a), the minimum voltage
variation optimization in (8) only involves the reactive power
flow control and the simulation results under three different
scenarios are compared in Fig. 8(b)-(d).

In case S2 is open, the high DG penetration leads to the bus
voltages at L4 and Ls higher than 1.05pu, as shown in Fig. 8(b)
and (d), while the high load demand results in the bus voltages
at Ly, Lg, Loand Lo lower than 0.95pu, as shown in Fig. 8(b)
and (c).
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Fig. 8(a) structure of ST operating in meshed LV ac network, adapted from
CIGRE LV benchmark mode, and voltage profile at different buses for different
control schemes under (b) scenario 1: high DG penetration and high load
demand, (c) scenario 2: low DG penetration and high load demand, and (d)
scenario 3: high DG penetration and low load demand [17].

2) Hybrid MV AC/DC networks: Apart from the LV grids,
the ST can also provide significant improvements in power
flow controllability in hybrid MV ac/dc networks, and in both
MYV ac and dc sub-networks. Regarding reactive power flow
controllability in MV ac networks, the ST’s MV inverter
provides great flexibility since it can be dispatched with total
decoupling from the reactive power demand in ST’s LV ac
network [6]. Regarding active power flow controllability, the
integration of ESS capacity in the ST enables the power
dispatch of the ST’s MV inverter, while meeting the power
demand in ST’s fed distribution networks [7].

However, the regulation of ST’s MV dc bus voltage levels
can also be exploited to control the active power flow in both
MV ac and dc sub-networks. In order to exemplify the
potentialities offered by ST in this subject, the hybrid MVac/dc
network illustrated in Fig. 9 is considered here. In this example,

L; Ly Ly Ly

only the modulation of the dc voltage in ST’s MVdc bus is
exploited to control the active power flow in the MV dc and ac
sub-networks. In order to do so, a droop-based controller
capable to adjust the dc voltage in ST’s MV dc bus as a function
of the active power exchanged by the ST’s MVdc bus with the
MYV dc sub-network is incorporated Vg (Pac) droop, where
droop slope and offset can be properly adjusted.

In the example illustrated in Fig. 9, the active power levels
assigned to ST’s LV networks and MV dc distributed resources
originate a non-optimal active power flow in both ac and dc
sub-networks if Vac(Pac) droops are not activated, as shown in
the results presented in Fig. 10 - No Droop”. By activating only
the slope curve of Vac(Pac) droops (droops’ offset is zero),
significant improvements in active power flow can be obtained,
as shown in Fig. 10 - “Slope on”. This shows that active power
flow in hybrid MV ac/dc networks can be improved by locally
embedded automatic control mechanisms. However, further
improvements can be obtained by combining the locally
embedded automatic control mechanisms. In case of Vc(Pdc)
droops with additional control actions coming from higher-
level control entities (e.g. System Operator), the regulation of
the dc voltage offset parameter available in the Vy(Pqc) droop
controllers, as depicted in Fig. 10 - “OffsetOpt”.

B. Power Quality Improvement and Active Damping

Unlike a CPT, the ST can not only isolate the harmonics at
both the LV and MV ac grids, avoiding propagating from one
side to another side, due to the existence of the dc-link, but also
further improve the grid quality in terms of harmonics and
resonance, due to the advanced control of the ST.

1) MV ac grid current quality improvement: Since the
MVac/dc stage is always operating as an active front end and
the ST is convenient to compensate the distorted current at the
MYV ac grid. Two cases are defined here (MV ac grid current is
distorted defined as case 1, and MV grid current is distorted and
unbalanced defined as case 2) to show the capability of ST to
improve the MV ac current quality, as shown in Fig. 11(a). In
case 1, with ST, the MVac current THD is reduced from 10.24%
10 5.22%, and in case 2, the MVac current THD is reduced from
10.32% to 5.31%. In case2, for the CPT, the asymmetrical
three-phase loads in LVac grid results in the unbalanced degree
of MVac current is about 14.29%. In contrast, the ST can
control the unbalanced degree of MVac current to almost 0%,
as shown in Fig. 11(b) [18].

2) LV ac grid voltage quality improvement. The high
penetration of power electronic interfaced sources (DERs, EV
charging stations and other loads) results in the harmonic
interaction among the power electronics and nonlinear loads,
significantly degrading the L'V ac grid voltage quality. Based
on the Thevenin model of ST Fig. 12(a) and the Ohm’ Law, the
ST output voltage is polluted by the distorted load currents in
case the output impedance of ST is not zero, as shown in (9).
Apart from the voltage harmonic issue, the dynamic
performance of grid voltage during load step change is also
degraded.

v =v —iz ©)

pce o g7 st

where vy is the ST output voltage at PCC, v, is the Thevenin
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Fig. 9. Example of a hybrid MV network, with STs providing the interface
between the ac MV network (black) and the dc MV network (blue).
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Fig. 10. Active power profiles in STs’ MV dc and ac grid terminals, with
nominal dc voltage in STs” MV dc-link (blue), with STs” MV dc-link voltage
modulation using Vy(Pa) droop control (red) and with ST’s MV dc-link
voltage modulation using Vy.(Pq.) droop control plus Vg offset control(yellow).
internal voltage of ST, zy is the Thevenin output impedance of
ST, i, is the grid current.

Inspired by this law, the output impedance reshaping
approach was proposed to improve the ST-fed LV ac grid
voltage quality [19]. The experimental results of the ST-fed LV
ac grid with diode loads and with and without DGs are
compared in Fig. 13(a). In case of no DGs connection, the grid
voltage is polluted by the diode load, and the THD is 10.85%,
and the voltage THD is increased to 11.65% when the DGs is
integrated due to the harmonic interaction between DG and
diode loads. In contrast, the LV ac grid voltage is improved to
4.52% with nonlinear loads, and 5.39% with DGs and nonlinear
loads, respectively, when the power quality control is
implemented in ST.

The dynamic performance of rapid voltage change during
load step change is shown in Fig. 13(b). Without the output
impedance reshaping approach, the depths of voltage sag and
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Fig. 13. Comparison o(f I)~V ac voltage quality, (a) witlj n)onlinear diode loads
and without and with DGs integration, (b) amplitude of rapid voltage change.
swell are both 7.00%, as shown in Fig. 13(b), while with the
output impedance reshaping, the grid voltage is robust to load
step change and the rapid change of voltage is almost 0.0%
during the load step change, as shown in Fig. 13(b).

3) Resonance damping in LV ac grid: Based on theThevenin
model of ST and Norton model of DG as shown in Fig. 12(b),
the PCC voltage can been computed as,

1

1+z, /ng

Ve = (Va2 ) (10)
where zgg and iqg are the output impedance and injected current
of the DG.

Based on zg/z¢, the bode diagram or Nyquist-based
impedance stability criterion can be used to study the system
stability of (10). Based on the impedance stability criterion, the
low pass filter (LPF) and lead element filter (LEF) based active
damping approaches were used to damp the resonance by
reshaping either the ST output impedance amplitude or phase
or both the output impedance amplitude and phase [10].The
experimental results are shown in Fig. 14. When without the
LPF-based active damping approach, the ST output voltage and
DG injected current are distorted seriously as shown in Fig.
14(a), while the LFT-based active damping approach can
stabilize the grid voltage and DG injected current, as shown in
Fig. 14(b). Similarly, the performances of the LEF-based active
damping approach are compared in Fig. 14(c) and (d).

C. Frequency Control in Islanding Operation Mode

The development of operation strategies for islanding mode
requires the existence of ESS. Therefore, ST can play an
important role to develop new control strategies for islanding
operation, mainly, assuming that it is possible to connect ESS
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Fig. 14. Comparison of the system stability, (a) without and (b) with LPF-based
active damping, (c) without and (d) with lead element filter (LEF)-based active
damping active damping method [10].

in the dc-link. Following this approach, the ST leverages then
the development of control strategies for islanding mode in
Multi-Microgrids (MMG), by coordinating the operation of the
ST power converters with the DERs connected to the grid. A
MMG corresponds to a MV grid interconnecting several LV
microgrids (MG) where distributed generators can be
connected, as described in Fig. 15. At the LV level the MG
integrates microgeneration units, local loads and energy storage
systems. In the approach presented in [20], it is considered that
in some secondary substations (SS), the traditional
electromagnetic transformer is replaced by ST with a three-
stage (ac/dc/ac) configuration. At the ST level, the MV and LV
power converters will operate as a GFM unit or a GFL unit
based on the existence of ESS in the dc-link. In this regard, with
ESS connected to the dc-link, MV and LV grids can operate
decoupled. Thus, the two grid interfaces correspond to GFM
units creating voltage and frequency references for both sides.

When the dc-link does not have ESS, only the LV inverter is
a GFM unit. This arrangement allows that the frequency at the
LV side is decoupled from the MV grid. However, the MV
inverter is operated as GFL unit, injecting or absorbing active
power into/from the MV taking into consideration the load-
generation balance within the MG. In what concerns there
active power, there is a decoupling between the two sides of the
ST.

1) Frequency Coordination Control at the ST level: For the
second case described above (ST without ESS), the LV units
connected to the LV grid will not be able to participate in the
frequency control due the decoupling caused by the dc-link.
Aiming to induce the participation of the LV DERs in the MV-
side frequency control, a new droop-based control approach is
proposed to modulate LV MG frequency as function of the MV
frequency. Indeed, as LV ST inverter operates always as GFM,
it is possible to change the ideal value of the angular frequency
w, for the LV grid, as described in the following set of
equations:

Oy Ky Sy > S02H:
w,, = woi, 50.2> fMV >49.8Hz (1 1)
Oy —kpy Sy <49.8Hz

HV HV

‘DMS

MV

Fig. 15. MMG concept incorporating the ST.

By changing the ideal value of the frequency for the LV grid
as function of the MV frequency, it is possible to induce the
participation of the DERs located at the LV side in the power-
frequency control strategy for the MMG. This modulation of
the LV frequency is enabled whenever the MV frequency gets
out of the dead-band (for example in the range of [49.8 50.2]
Hz). As described previously, as soon as the MV frequency is
within the dead band, the LV frequency cannot reach the
nominal frequency as a result of the centralized secondary
frequency control. Thus, a local integral controller (secondary
frequency control) is included in order to eliminate the
frequency deviation in the MG fed by a ST.

2) Primary and Secondary Frequency Control for Multi-
Microgrid Autonomous Operation:

In the envisioned frame work for the autonomous operation
of the MMG, the ST equipped with ESS will be the key enabler
for the islanding operation, since their grid-inverters operate as
GFM. Furthermore, to support the frequency control, other
DERs located at the MV and LV grids are also able to
participate in the primary control level. For that purpose, the
distributed generation and the distributed energy storage are
equipped with P-f droop characteristics in order to adapt the
active power response according to the frequency deviation.
The secondary frequency control is based on the computation
of new set-points for the DERs connected to the MMG, aiming
to bring the frequency to the nominal value (50 Hz). The set-
points are defined by participation factors considering the
reserve capacity provided by assets connected to the MV grid
and by each MG. This control is supported by a communication
infrastructure, which allows bidirectional communication
between the control levels of the hierarchical architecture.

3) Multi-Microgrid Application-Examples: To exemplify the
feasibility of the islanding operation for a MMG with ST, it was
used a 15 kV MV feeder connected to the HV grid (60kV)
through a HV/MV transformer. For simulation purpose, it was
considered that in secondary substations 1, 4 and 8 STs have
been installed. SS 1 has ESS operating as a GFM unit for both
sides LV and MV. This MV feeder has also a small power
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Fig. 16. MMG test system.

plant with an installed capacity around 1 MW, as described in
Fig. 16.

Fig. 17 presents the simulations results for a scenario in
which the MMG is exporting power to the HV grid prior to the
islanding transient. When an intentional islanding occurs the
MYV frequency increases and the DERs connected to the MMG
with P-f droop characteristics change their active power as
response to the frequency variation. At t=18s, the centralized
secondary frequency control is enabled, and from then on, the
MV inverter is continuously reduced until to be zero. This
means that from the MV side the grid is balanced (generation
matches the load) by the definition of the set-points performed
by the substation controller (SC). The droop characteristic LV
frequency/MV frequency allows to transpose the MV
frequency wvariations for the LV side to promote the
participation of the local DERs in the global frequency control,
as one can see in the moments subsequent to the disconnection
from the upstream grid.

Although the MV frequency is stabilized in 50Hz, the
simultaneous actuation of the centralized secondary frequency
control and droop characteristic LV Angular frequency-MV
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Fig. 17. MV, MG 4 and MG 8 frequencies during the transition to the islanded
mode.
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frequency lead to the frequency in the MG 4 and MG 8 to be
different from the nominal value. When the centralized control
stops its intervention, at the ST level, the local secondary
frequency control is activated to conduct the LV frequency to
the nominal value (t=22s).

D. Support to blackstart in active distribution grids

The presence of ST within the MMG, provides an
environment where the control strategies described previously
for the islanding operation can be adapted and extended to
launch black start (BS) procedures.

When a blackout at the upstream voltage level or a fault in
the HV grid occurs, an automatic transition to the islanding
mode may not be successful. In this case, the DERs connected
to the MMG associated with the ST inverters are coordinated
to launch a service restoration procedure. The ST will then play
an important role, especially if equipped with ESS once their
grid inverters will operate as GFM units creating references for
frequency and voltage within the MMG.

Besides, the service restoration procedure will be supported
by a hierarchical control architecture and communication
infrastructure. For this purpose a head controller of the MMG-
the SC installed the HV/MV substation-will manage the BS
procedures in accordance with a set of rules stored in its
database. The SC will launch the BS procedure aiming to
recover the system for pre-fault conditions (load levels,
generation and distributed storage injection). After checking
with Distribution Management System (DMS) that it is
impossible to restore the service through the upstream grid, the
SC will start a BS procedure following a top-down approach,
characterized by sequence of actions:

1. Disconnect MV/LV transformers, DG units, distributed
energy storage (DES) units, microgenerators and loads after the
general blackout.

2. Sectionalizing the MMG around each ST with BS
capability (equipped with ESS) to verify its capability to launch
a local black start procedure.

3. Building MV/LV islands following a step-by-step process
to avoid large inrush currents: The ST with BS capability will
energize the MV lines and MV/LV electromagnetic
transformers.

4. Soft start of the STs without storage trough the MV side,
for example [21].

5. Disabling the local secondary frequency control in the ST
without storage to allow the LV DERs participating in the
power-frequency control.

6. Connecting of the DES with a pre-defined initial set-point
(P=0) for supporting power-frequency control.

7. Connection of loads and distributed generation through the
interaction among the three control layers: SC, Microgrid
Central Controller (MGCC) and local controllers.

8. Enabling the centralized secondary frequency control
based on the computation of participation factors for each MG
and MV generation unit.

9. Activating the local secondary frequency control in the
MG fed by a ST bringing the LV frequency to the nominal
value.
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Fig. 18. MV, MG 4 and MG 8 frequencies during BS procedure.

10. Re-synchronization to the HV grid.

For the MV feeder presented in Fig. 17, a BS procedure as
described previously was simulated. Fig. 18 describes the time
evolution of the grid frequencies (MV, MG 4 an MG8) inside
the MMG during the service restoration procedure. Those time
evolutions reflect the behaviour of the control systems through
the connection of loads and generation units. In this approach,
neither the fast dynamics associated with the inrush currents
resulting from the magnetization of the electromagnetic
transformers nor the phenomena associated with the soft start-
up of the ST are addressed.

After the connection of loads and generation is finished, at
t=85, the SC sends a new set-point to the solar plant to inject
the remaining active power (100 kW). From the figure, it is
possible to observe that the frequencies are not in the nominal
value (50Hz) at t=85s. Then, the centralised local secondary
frequency control is activated and, consequently, MV
frequency comes back to the nominal value (50 Hz) while the
frequencies keep a deviation in MG 4 and MG 8. Those
frequency deviations in MG 4 and MG 8 are afterwards
eliminated. The top-down approach described previously
assumes that the existing MGs do not have BS capability.
Nevertheless, some secondary substations fed by
electromagnetic transformers can be equipped with ESS. ESS
connected to the LV busbar can operate as GFM unit for the LV
grid. This allows islanding operation when it is not possible to
keep the service through the MV level. In those cases, the
MGCC can manage a parallel BS inside this MG,
independently of the conditions in the MV grid. As further
development of this top-down approach, one can design a
combined BS strategy: a top-down process supported at the MV
level by the ST and a local restoration procedure performed in
MGs with BS capability. For those purposes, proper
coordination strategies should be adopted for ensuring the
synchronization of the LV grids to the MV grid. An important
issue for designing the coordination strategies is to define the
conditions for the synchronization. Still, the combined strategy
will also be supported by the hierarchical control and
communication infrastructure described.

V. CONCLUSIONS

In this paper, the smart transformer architecture and the
provided advanced services, which improves the grid
performances of the ac, dc and hybrid grid operating in radial
and meshed networks-fed by smart transformer. The smart
transformer can be controlled in either grid-forming or in grid-
following mode, in which the smart transformer can be

equivalent to a slack bus or PQ bus.

The ST will play an important role in the future distribution
grids by providing significant operation flexibility
improvements to the grid. It will enable the interconnection
between AC and DC distribution grids, allowing the
exploitation of meshed distribution networks where power
flows can be con-trolled, and a more efficient direct integration
of distributed DC resources such as PV power plants and
electric vehicle DC charging stations. The ST’s power
converters can also be exploited to improve power quality in
the AC grid sides by mitigating the harmonic distortion
resulting from non-linear loads and DG units based on power
converters, a phenomena expected to worsen in the coming
years.

Apart from these features, the presence of ST serving as
interface between MV and LV AC grids will enable other key
functionalities when energy storage capacity is made available
at ST’s DC link, such as frequency and voltage control in the
these grids, islanded operation and black-start supported by the
ST’s electronic power converters. Distribution System
Operators need to look further to the potential of this new
device as a mean to improve controllability of active
distribution grids within the framework of the usage of new
control and efficient management strategies to be adopted in the
coming years.
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