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Abstract—The Smart Transformer, with its high control ca-
pability, offers new features for optimizing the management of
the distribution grid. The ST, controlling the voltage in each
phase independently, is able to manage the operations during
grid faults, and in particular in the single-phase ones. The ST,
when a single-phase to ground fault occurs, can rapidly reduce
the voltage in the phase under fault. Thus, it guarantees system
safety and operates with the remaining two healthy phases to
avoid unnecessary interruption in the healthy lines. However,
the two-phase asymmetrical operation challenges the system
performances due to the high power2nd harmonic ripple in the
DC voltage, that reduces the capacitors lifespan, and the high
current flowing in the neutral conductor. These issues would force
the grid operator to increase the ST maintenance, in order to
avoid unplanned faults in the ST hardware, due to failure of
aged capacitors. This paper presents a flexible control strategy,
based on the phase-shift angle control between two healthy-phase
voltages, that reduces the impact of the power2nd harmonic
oscillation and thus can delay the maintenance intervention.
The proposed strategy aims to improve system performances by
avoiding neutral-line current overload and attenuating AC side
active power (low voltage DC-link voltage) oscillation. Depending
on the grid conditions (small DC link capacitance or low ampacity
of neutral cable), the voltage angle can be adapted, minimizing
the impact of the two-phase operation system in the ST-fed grid.
The effectiveness and feasibility of the proposed approach have
been validated experimentally with a simplified microgrid setup.

I. I NTRODUCTION

I N electric power grids, the continuity of the service is a
basic requirement to ensure safe operative conditions for

critical loads [1]. However, it is affected by grid faults that
force the disconnection of any faulty3-phase feeder from
the main grid. The impact of a fault on a LV grid varies
depending on the grid short circuit power: this differs from
the line impedance, the grid typology (urban, suburban or rural
grid), and the load installed [2].

The Smart Transformer (ST) [3], a power electronics-based
transformer that substitutes the conventional transformer (CT)
in the MV/LV substation, is able to control the LV grid
and shape the load consumption to offer ancillary services
to the distribution grid [4]. The ST has already passed the
design stage and6 demonstrators are planned to take place
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in the Scottish distribution grid, as described in the OFGEM-
funded LV-ENGINE project [5], to demonstrate the achievable
higher system controllability. Applying a controlled voltage or
frequency variation (within the range allowed by grid rules),
the ST can estimate in real time the load power sensitivity [6].
It can use this information for applying accurate power control
actions, such as soft load reduction [4], the ST is able to
reduce instantaneously the load power consumption, offering
an alternative to classical load shedding. In case of Single
Phase-to-Neutral Fault (SPNF), the ST clears the fault rapidly,
blocking its semiconductor in the faulty phase. As advantage
with respect to the CT, the ST can still operate with two
remaining phases. Instead of disconnecting all the three phases
and clearing the fault, or supplying the load with uncontrolled
voltage unbalance, the ST continues to supply the connected
loads. This possibility goes along with the request of having a
self-healing smart grid, that, in case of fault, can supportthe
system restoration and at the same time preserve the system
integrity in the two remaining phases [7]. However, during
the two-phase operations, a2nd harmonic power oscillation is
generated by the unbalance load power provision among the
phases. In the case of CT, high current unbalance increases
the transformer temperature, accelerating its aging [8]. In the
ST case, the power oscillation causes DC-link voltage2nd

harmonic ripple, that can surpass the manufacturers suggested
limit (i.e., 5% of nominal voltage [9]), which is set to preserve
the lifetime of DC-link capacitors.

Moreover, due to the imbalance among the phases, the
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Fig. 1. Bi-phase grid operation concept in case of (a) three-stage ST, (b)
two-stage ST.
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current flowing in the neutral conductor can reach values
comparable to the phase current [10], and, in extreme cases,it
can exceed the cable ampacity. Furthermore, the high neutral
current makes the neutral voltage oscillating and increases the
grid power losses [11], [12]. These reasons force the operator
to increase the maintenance for the ST, in order to avoid
unplanned hardware outage, due to the failure of aged DC
capacitors, increasing the maintenance costs, as shown in [13].

In this paper, a Single-Phase Fault Management strategy is
proposed. The goal of the proposed strategy is to postpone
the intervention time for maintenance, limiting the impactof
the 2nd harmonic power oscillation and of the neutral line
current. Compared to the CT, whose phase-shift among phases
is fixed at120◦, the ST can actively control the phase-shift
between the two remaining healthy phases from the initial
120◦ to any value between0◦ and 360◦. If a SPNF occurs
near the substation at the main bus bar (point A in Fig. 1), the
phase-shift controller allows two-phase operation, shifting the
healthy phases’ angles. However, if the fault occurs in a lower
branch of the grid (Point B in Fig. 1), the ST can continue the
three-phase operation, keeping the angles to the nominal value,
due to the minor impact of the load disconnection. Therefore,
the flexible phase-shift control offers possibilities to optimize
system performances, avoiding large neutral line current and
consequent neutral conductor overload, while attenuatingac-
tive power oscillations and preserving the DC-link capacitor.
This work is structured as follows: Section II describes the
ST operations during single-phase to neutral faults; in Section
III the simulation of the Single Phase Fault Management
(SPFM) controller are shown, aiming to minimize DC-link
voltage ripple, while Section IV discusses of the impact of
the SPFM controller on the connected loads. Following, an
optimal tuning of the function weights is proposed in Section

V. The experimental validation of the SPFM controller with a
simplified microgrid setup is carried out in Section VI, while
Section VII is dedicated to conclusions.

II. ST-FED DISTRIBUTION GRID PERFORMANCES DURING

SPFM

A. ST-fed distribution grid

The ST as shown in Fig. 2 can be composed of three or
two stages. In the three-stage configuration, a MV AC/DC
converter manages the power in order to control the voltage
in the MV DC-link; the DC/DC stage adapts the voltage
from the MV DC-link to the LV DC-link and regulates the
power flow between the two distribution grids; and the DC/AC
converter controls the voltage in the ST-fed grid. In the two
stage configuration a conventional transformer steps-down
the medium voltage to low voltage and the ST is operated
as LV back-to-back converter, where the AC/DC-converter
manages the power in order to regulate the LV DC-link
and the DC/AC converter controls the voltage in the ST-fed
distribution grid. The advantage of the three-stage-topology
lies in the possibility to offer MV and LV DC connection,
for DC energy resources integrations (e.g. wind plants in
MV and electric vehicles charging stations in LV), while the
one of the two-stage topology is the maturity of industrial
solutions. The DC connection feature allows to manage the
LV grid without impacting on the MV grid operation. If the
ST operates the LV grid phases in unbalanced way, the MV
DC/AC converter still manages a balanced current injection
in the MV grid. For this reason, based on the SPNF location,
the ST can choose the configuration of the distribution grid
within two different operating modes, that are the three-phase
and two-phase operations, to ensure the continuity during fault
conditions. If a SPNF occurs within the LV power distribution
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and LV terminal distribution regions (point B in Fig. 1), the
ST maintains three-phase operation, with the phases shifted of
120◦. Under this assumption, the faulty phase is disconnected
by the protection breaker or fuse, without affecting the healthy-
phases. If the fault occurs in the main feeder (point A in Fig.1)
the ST switches in two-phase mode, where the phase-shift of
the healthy phases is varied to optimize grid operations. Since
the phase-shift of the ST can be controlled flexibly, the ST
is able to deal with the fault located in LV main distribution
region, instead of causing an outage of downstream grid.

In order to study the performance of ST, it is assumed
that SPNF occurs in phasec and the respective phase-shift
is between phasea and b. Therefore, the voltage and current
of the two healthy phases can be expressed as

{

ua = Umcos (ωt)

ub = Umcos (ωt− ϑ)
(1)

{

ia = Iamcos (ωt− θa)

ib = Ibmcos (ωt− ϑ− θb)
(2)

where subscript m represents the amplitude of voltage and
current, subscripts a and b represent the variables of phasea

and b, respectively,ω the angular frequency in rad/s,θ the
power factor angle, andϑ the phase-shift.

Based on (2), the neutral-line current can be calculated as

in = Iamcos (ωt− θa) + Ibmcos (ωt− ϑ− θb) (3)

According to the p-q theory [14] [15], the instantaneous
power for two-phase system is

[

p

q

]

=

[

ua ub

−ub ua

] [

ia
ib

]

(4)

where p is the instantaneous real power and q is the instanta-
neous imaginary power. By substituting (1) and (2) into (4),
the instantaneous real power can be written as,

p = p̄+ p̃ (5)

where

p̄ =
Um

2
(Iam cos θa + Ibmcosθb)

p̃ =
Um

2
(Iam cos (2ωt− θa) + Ibm cos (2(ωt− ϑ)− θb))

(6)

The first term on the right hand side of (5) represents the
constant component of the real power, while the second term is
the oscillatory component of the real power. Although having
an average equal to zero in half fundamental period, this
oscillatory term impacts on the DC-link voltage of the ST.

B. ST-based Single Phase Fault Management

During the management of a single-phase to ground fault,
the ST has two goals:1) ensure its own safety, avoiding
large current inflow in the AC grid and DC link voltage
oscillations that can lead to disruption of semiconductors
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and DC capacitors, respectively;2) the safety of the ST-
fed grid, guaranteeing acceptable power quality to the loads
still connected and preserving the neutral line conductor from
overload. As solution, the DC-link equivalent capacitancecan
be increased, adding more capacitors in parallel to the existing
ones. However, this solution increases the costs, it decreases
the system reliability, and it needs for additional space, that is
not always available in urban sub-stations. Customized PWM
strategies have been proposed to cope with the connection of4-
leg converters [16] or Neutral Point Clamped (NPC) converters
[17] with neutral conductor to unbalanced distribution grid. In
[17], new modulation strategies have been proposed for4-
leg and NPC converters, to balance the DC-link voltage in
presence of large current unbalanced, showing that low DC
voltage ripple can be achieved in case of asymmetrical voltage
conditions. However, these papers deal with the connection
of shunt elements, with the focus on obtaining balanced
injection of power in case of asymmetric voltage. This voltage
asymmetry is relatively small (few percent), and thus also
the DC power oscillation results to be relatively small, too.
In the ST case, the nominal grid power is processed (e.g.,
1MVA), and thus the disconnection of one phase can lead to an
oscillatory power up to±333 kVA. This power cannot be fully
compensated with only modulation strategies. Steps forward
were performed already in [18], where a new modulation
strategy is proposed to reduce the DC-link power oscillation
in case of unbalanced current. It shows that, in case of40%
higher current in one phase, the oscillation can be decreased
from 21% with normal modulation to9.5% with the proposed
strategy. However, in the case of a disconnected phase, the
power difference between the phases would be too large to be
compensated just with modulation strategies.

To recognize a fault in the grid, methods such as Dynamic
State Estimation-Based Protections (also known as setting-
less protection) can be employed [19], [20]. This method is
based on the confidence level of the system’s measurements
satisfying its dynamic model (i.e. its differential and algebraic
equations), evaluated by means of dynamic state estimation.
Observing the confidence level of not only the overall model
but of individual sub-models facilitates the reliable separation
between main bus bar faults (point A) and lower branch faults
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(point B), as shown in Fig. 1.
The SPFM algorithm proposed in this work aims to mini-

mize the2nd harmonic power oscillation and at the same time
to limit the neutral line current. The SPFM acts on the phase-
shift between the two remaining healthy phases, shifting the
phase angles in order to respect the DC-link voltage oscillation
and neutral current limitations. Fig. 3 shows the amplitudeof
neutral line current and the DC power oscillations for full and
partial load of the ST over the phase-shiftϑ. To be noted
that the signs are discordant: as can be seen in Fig. 3, in
the allowable range of [90◦÷180◦], incrementing the angle,
the DC voltage oscillation increases, while the neutral current
amplitude decreases.

Fig. 4. SPFM control implementation.

The control scheme of the SPFM controller is described
in Fig. 4. The controller tries to keep the DC voltage2nd-
order oscillation amplitude, within an acceptable limit (e.g.,
±5%), and to restrain the neutral current amplitude flowing
in the neutral conductor. API controller receives two error
contributions from the DC-link voltage and the neutral cur-
rent amplitude. Being the two objective function of different
nature, a weight ”K” has been introduced, in order to shift
the contribution to thePI controller depending on the grid
conditions (e.g., small neutral conductor or small DC-link
capacitor). ThePI regulates the phase-shift between the two
remaining healthy phases, within the imposed limits. In first
assumption, the limits∆ϑmin and∆ϑmax are set to90◦ and
180◦, respectively. The SPFM algorithm is summarized in
Fig. 5.

C. Capacitor lifetime analysis

As mentioned in the introduction, the DC-link capacitor is
affected when a phase is lost. Besides the operating voltage,
ambient temperature and ambient humidity, the thermal stress
caused by the capacitor ripple current is considered as one of
the main stressing factor of DC link capacitors. The hotspot
temperature of the capacitor depends on the dissipated power
and series equivalent resistance (ESR). The ESR is increasing
for lower frequencies [21]. The oscillatory component of the
real power is reflected as100Hz ripple current in the DC
link capacitor [22]. Hence, these low-order harmonic stress
components, such as the2nd harmonic, have a comparatively

Fig. 5. SPFM control algorithm.

high impact on capacitor’s dissipated power and consequently
hotspot temperature and lifetime.

A general empirical capacitor lifetime model is given by
(7), whereL0 is the lifetime under test conditions as given
in the data sheet,V and V0 are the operating and test
voltage, respectively,n denotes a manufacturer dependent
voltage stress constant,Ea is the activation energy,kb stands
for the Boltzmann constant andTh and Th,0 are the hotspot
temperatures during operating and test conditions, respectively.

L = L0

(

V

V0

)

−n

e
Ea
kb

(

Th0−Th
Th0Th

)

(7)

Where the temperature dependency follows the Arrhenius law.
Considering the activation energy of Aluminium-Electrolytic
Capacitors (Al-Caps),Ea = 0.94 eV, a common approxi-
mation [23], [24] of the Arrhenius law, which constitutes
a doubling in lifetime for each10K temperature decrease,
yields:

L = L0

(

V

V0

)

−n

2
Th,0−Th

10K = L0HVHT (8)

The impacts of operating voltage and hotspot temperature
can be represented with lifetime factorsHV and HT, re-
spectively. It can be observed that the lifetime is decreasing
with increasing voltage and hotspot temperature. The hotspot
temperature can be split into two parts, the ambient temper-
ature and temperature variation depending on the operation
conditions.

Th = Ta +∆Th (9)

As stated in [23], the temperature lifetime factorHT can
be split into two parts. Since the temperature appears in the
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exponent of the exponential function, the lifetime factorsare
multiplied:

HT = 2
Th,0−Th

10K = 2
Th,0−Ta

10K 2
−∆Th

10K = HTaHI (10)

The first partHTa characterizes the impact of ambient temper-
ature, whereas the second part quantifies the capacitor ripple
current impact on hotspot temperature increase. This term is
denoted by ripple current factorHI, and does not depend on
ambient temperature.

In order to compare the changes in lifetime due to the con-
trol strategies it is assumed that the average operating voltage
as well as the ambient temperature remain constant for all
cases. Hence, the lifetime is only influenced by the capacitor
ripple current and the lifetime change can be expressed by
means of relative lifetime.

Lrel,x =
HI

Hbase

(11)

whereHI and Hbase are the capacitor ripple current factor
with and without power2nd harmonic oscillation. As it will
be shown in the results section, a Fault Management approach
must be implemented in the ST, in order to limit the impact
of the second order power harmonic on the capacitor lifetime.

III. S IMULATION RESULTS

This section aims to verify what has been described an-
alytically by means of PSCAD simulations of18-bus Cigŕe
benchmark LV distribution system (Fig. 6). In order to have a
general view on the approach’s effectiveness and its impacton
the distribution grid, an heterogeneous typology of loads has
been chosen. It has been considered the presence of aggregated
single-phase loads [L1,L2,L4,L5], a phase-to-phase loadL3

connected to phaseb and c, an constant-torque controlled
asynchronous machineAm1, and a constant-power rectified
loadL6. Furthermore, a photovoltaic (PV) plant and a battery
energy storage system (BESS) have been installed in Bus
18 and Bus10, and they are injecting10 kW and 25 kW,
respectively. In Table I, the active and reactive powers of each
load are listed.

TABLE I
ST-FED GRID DATA

Load Variable Phase A Phase B Phase C

L1

Active Power (kW) 15.0 16.0 25.0
Reactive Power (kVAr) 6.0 8.0 12.0

L2

Active Power (kW) 25.0 20.0 25.0
Reactive Power (kVAr) 10.0 12.0 15.0

L3

Active Power (kW) 0.0 6.0 6.0
Reactive Power (kVAr) 0.0 4.0 4.0

L4

Active Power (kW) 6.0 0.0 0.0
Reactive Power (kVAr) 2.0 0.0 0.0

L5

Active Power (kW) 10.0 25.0 10.0
Reactive Power (kVAr) 3.0 15.0 8.0

L6

Active Power (kW) 10.0 / /
Capacitance (mF) 1.0 / /

Am1

Apparent Power (kVA) 4.0 4.0 4.0
Power Factor (pu) 0.8 0.8 0.8

A single-phase to neutral fault with an impedance of0.1Ω
occurs at0 seconds in phasea at Bus 4. The ST, reading

PV
BESS

L6

Fig. 6. 18-bus Cigŕe benchmark LV distribution system, taken from [25].

TABLE II
SMART TRANSFORMER DATA

ST parameter Value Grid Parameter Value
SST 200 kVA Vrms 230V
CdcL 5mF VdcL 800V
LLV 0.1mH In,max 300A

the short-circuit current (Fig. 7), blocks the phasea IGBTs,
decreasing instantaneously the voltage, as shown in Fig. 8.It
has been assumed that the ST is able to manage such current
for a very short amount of time (i.e., half cycle). The system
continues to work with a120◦ shift between phaseb and c.
The connected resources (PV and BESS) remain connected
for 200ms following the fault, as recommended in [26], and
they finally disconnect due to the low voltage protection. The
induction machine remains connected for further100ms, and
then disconnects from the grid due to the high torque ripple.

The ST continues to operate in nominal condition (120◦

phase angle shift) for around1 second, until it activates the
SPFM controller. This control action delayd=1 s has been
introduced to ensure the tripping of the connected three-
phase loads and generators. As a first case, a gainK = 0
has been assumed, meaning that only the DC-link voltage
controller contribution is considered. The SPFM controller
aims to reduce the voltage oscillation to5% of the total
voltage, that means to constrain it to±40V. Following the
scheme in Fig. 3, the SPFM controller reduces the phase
angle shift between phaseb and c from 120◦ to 98◦ (Fig. 9),
decreasing the voltage oscillation amplitude from80V to 40V,
as shown in Fig. 10.

One of the main advantages of the bi-phase operation is to
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maintain energy provision in the two healthy phases. Since
the power consumption of residential electrical appliances is
limited, their connection is usually single-phase. If the power
consumption is analyzed before and after the fault, it can be
noticed that large part of the load is still connected. As shown
in Fig. 11, the power consumption of the grid before the fault
is about185 kW, considering30 kW of power injection from
PV and BESS. After the fault, the power consumption drops
in average to140 kW, meaning that in this test case almost
65% of the load is still supplied. Providing still energy to the
remaining two healthy phases represents a clear advantage in
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Fig. 10. ST DC-link voltage.

terms of quality of the service that the ST has with respect to
the conventional power transformer.
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Fig. 11. ST-fed grid active (blue) and reactive (red) power consumption.

However, the application of the SPFM can affect the neutral
conductor, violating its ampacity. The phase shift impactsalso
on the neutral current amplitude, that passes from about250A
to 346A, overloading the neutral conductor. Indeed, for a
200 kW ST, 300A cables are considered both for the phases
and for the neutral conductor. Thus, as shown in the following
sections, the neutral conductor ampacity violation must be
taken into account in calculating the angle shift.
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IV. D ISCUSSION ON BI-PHASE OPERATIONS ON THE

ST-FED GRID LOADS

The LV grid is characterized by single-phase loads, corre-
sponding to household and small commercial electrical appli-
ances. In case of disconnection of one phase and consequent
phase shift of the healthy phases, these loads do not notice
any difference, considering also the smooth transition between
the three- and two-phase systems. However, this consideration
does not apply for three-phase and phase-to-phase loads. For
the first category, missing one phase leads to a disconnection
of the load. Unless any intelligent algorithm is implemented in
the loads, that recognize the two-phase system and adapts the
load power consumption to it. That can be the case of rectified
constant power loads, where the loss of a phase corresponds
to a decrease of the DC-link voltage and large instantaneous
power oscillations, but leaving the active power basically
unchanged. As can be noted from Fig. 13, both in the120◦ and
98◦ phase shift case, the active power consumption remains
substantially the same of the balanced case before fault, plus
the increased losses caused by lower DC-link voltage.
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Fig. 13. Active power consumption of LoadL6 (three-phase constant power
rectified load).

In some countries, like US, some loads are connected to the
distribution grid with a phase-to-phase connection (e.g.,delta-
connection) [27], in order to increase the operating voltage
and to limit the losses. In case of switching to the two-phase
system, upper and lower voltage violations for these loads can
be found in certain conditions. As can be noted in Fig. 14, if
the SPFM shifts the angle to180◦ to reduce the neutral current,
the resulting voltage seen by the load is two times the phase-to-
ground voltage, corresponding to1.15 pu of the phase-to-phase
voltage (Fig. 14). On the other hand, if the angle is shifted
to 90◦, the resulting phase-to-phase voltage is equal to about
0.8 pu. For this reason, if phase-to-phase loads are present in
the distribution grid, the permitted phase angle shift range has
to be limited as depicted by the red area in Fig. 14.

As observed in the zoom of Fig. 14, to respect the limit of
±10% voltage variation from the nominal value, the phase
angle shift in these phases has to be constrained to the range
θ ∈ [102.4◦, 144.6◦]. This constraint leads to find a suboptimal
solution to the minimization of the power oscillation or neutral
current, but it allows the connection of phase-to-phase loads
within the safety limits.
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In the case of minimization of the voltage ripple, when the
SPFM controller decides to apply the new angle shift (98◦), the
phaseb−c voltage drops from0.96 pu to0.85 pu, violating the
voltage lower limit of0.90 pu, as can be observed in Fig. 15.
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Fig. 15. Phase-to-phase loadL3 phaseb− c voltage.

V. M ULTI -OBJECTIVESPFMALGORITHM

As demonstrated in the previous two sections, the SPFM
algorithm has to respect several constraints (neutral current
ampacity, phase-to-phase voltage limit) when minimizing the
DC-link voltage oscillation. Thus, to avoid a violation of
the neutral conductor ampacity, a relaxing of the DC-link
voltage oscillation amplitude constraints is needed. Moreover,
the angle restrictions for phase-to-phase load connectionmust
be applied. For these reasons, in the SPFM controller shown
in Fig. 4, the weight factorK has been optimized with the
”Optimal Run” toolbox of PSCAD in order to obtain a
tradeoff between neutral current overload and DC-link voltage
oscillation violation. The threshold to find the optimum has
been set to10−3, and the ”Golden Area” algorithm has been
used. The goal is achieved after14 iterations, where the
optimal weightK results to beK = 0.73.

The effects of the new angle shift have been plotted in
Fig. 16, red curve. As can be seen, the angle shift is increased
from 98◦ to 106◦, which results to be within the allowed limits
for phase-to-phase loads.

As results of the multi-objective optimization, the neutral
conductor current is decreased to323A (Fig. 17, red curve)
instead of the starting346A and the DC-link voltage oscilla-
tion are increased to53V, as depicted in Fig. 18, red curve. As
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Fig. 16. ST Phasec angle in case of DC-link voltage minization control
(blue line) and Optimal control considering neutral conductor ampacity and
phase-to-phase voltage limits.

can be noted from the results, if the neutral current is taken
into account in the optimization, a sub-optimal result is found
for the DC-link capacitor. Thus, it is important to quantifythe
increased impact of the voltage oscillations on the capacitor
lifetime

Due to the power dissipation at the ESR of the100Hz ripple
current flowing through the capacitor, the capacitor hotspot
temperature is increased. Following the analysis in section
II-C, the lifetime of the capacitor is decreased with increasing
hotspot temperature. Table III summarizes the relative lifetime
for Vdc control and multi-objective SPFM algorithm with
respect to the base case with SPFM turned off. It can be
concluded that both SPFM concepts are beneficial for the DC-
link capacitor’s lifetime. With theVdc, the relative lifetime of
capacitor is increased of more than5 times, while with the
multi-objective control it is increased of3.4 times.

TABLE III
RELATIVE CAPACITOR LIFETIME ANALYSIS

SPFM OFF Vdc Multi-objective
Voltage oscillation [V] 80 40 53

Ripple current (rms) [A] 177.7 88.9 117.7
Temperature Rise [K] 31.6 7.9 13.9

Relative lifetime 1 5.2 3.4

Respecting the angle limits for phase-to-phase load connec-
tion, the loadL3 placed between phaseb andc has a limited
voltage drop (0.91 pu instead of0.85 pu), as shown in Fig. 19,
red curve, and the quality of the service has been respected
(±10% of the nominal voltage).

VI. EXPERIMENTAL VALIDATION

In order to further validate the theoretical analysis and
simulation results, a microgrid setup with a15 kW four-
leg converter and three-phase passive load has been built in
laboratory. The lab setup, as well as the control structure are
shown in Fig. 20. Two Danfoss converters are connected in
parallel to obtain the four-leg configuration. The ST-converter
DC link is controlled by a programmable DC-source, and the
ST hardware is controlled by a ”dSPACE MicroLab Box”
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Fig. 17. Neutral current flowing in the ST bus in case of DC-link voltage
minization control (blue line) and Optimal control considering neutral con-
ductor ampacity and phase-to-phase voltage limits.
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Fig. 18. ST DC-link voltage in case of DC-link voltage minization control
(blue line) and Optimal control considering neutral conductor ampacity and
phase-to-phase voltage limits.
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Fig. 19. Phase-to-phase loadL3 phaseb − c voltage in case of DC-link
voltage minization control (blue line) and Optimal control considering neutral
conductor ampacity and phase-to-phase voltage limits.

control board. The corresponding hardware circuit parameters
are summarized in Table IV.

At first, the two working conditions with phase shiftθb =
180◦ andθb = 90◦ have been tested experimentally to confirm
what has been described analytically in Section IIA. As can
be seen in Fig. 21, with a phase shift ofθb = 180◦, the
neutral current is null, while the ST active power shows a
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Fig. 20. Experimental setup: (a) converters used for4-leg configuration and
control board; (b), schematic of the setup.

TABLE IV
HARDWARE PARAMETERS OF THEEXPERIMENTAL SETUP

Parameters Symbol Value
Switching Frequency fs 10 kHz

Nominal Voltage u 100Vpk−pk

Common mode filter inductance Lcm 5.5mH
Differential mode filter inductance Lf 1.6mH

Filter Capacitance Cf 6µF
Load Resistance R 25Ω

0.8 kWpk−pk oscillation, corresponding to0.4 kW DC and
±0.4 kW oscillatory components. If the phase shift reaches
θb = 90◦ (Fig. 22), the opposite situation occurs: the ST active
power is practically constant, but the neutral current shows a
5.65Apk−pk oscillation.

However, the grid conditions may need for a tradeoff
between power oscillation and neutral current. For this reason
in Fig. 23, all the angles in the rangeθ ∈ [90◦, 180◦] are
swiped dynamically to show the active power and neutral
current behavior in different angle shift condition. As canbe
noted, at the beginning (θb = 90◦) and at the end (θb = 180◦)
of the transient, the situations already shown in Fig. 22 and
Fig. 21 occur, respectively. During the transient, an optimal
area is identifiedθ ∈ [100◦, 110◦], where a tradeoff between
the active power oscillation and neutral current amplitude
can be found, depending on the DC capacitor and neutral

ST active power

Neutral line current

Voltage phase b Voltage phase c

Fig. 21. Test caseθb = 180◦: ST active power (blue line on top), phase
b and c voltages (cyan and purple line in the middle), neutral line current
(green line on bottom).

ST active power

Neutral line current

Voltage phase b Voltage phase c

Fig. 22. Test caseθb = 90◦: ST active power (blue line on top), phaseb and
c voltages (cyan and purple line in the middle), neutral line current (green
line on bottom).

conductor size. This confirms the choice ofθb = 106◦ as
optimal angle in Section V analysis.

Neutral line currentOptimal Area

ST active power

Fig. 23. Test caseθ ∈ [90◦, 180◦]: ST active power (blue line on top),
phaseb and c voltages (cyan and purple line in the middle), neutral line
current (green line on bottom).

VII. C ONCLUSIONS

In this paper, a Single Phase-to-Neutral fault management
for Smart Transformers application has been proposed. The
Smart Transformers, controlling the voltage waveform, is able
to increase the controllability in the ST-fed grid. In case of
a single-phase grid fault, the ST can rapidly block the faulty
current and keep feeding the remaining two healthy-phases.
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However, this heavy unbalance causes a high power2nd

harmonic oscillation and thus large voltage oscillation inthe
Smart Transformer LV DC-link. This leads to require a more
frequency maintenance of the ST, in order to avoid unplanned
outage due to failures of aged capacitor. The proposed Single-
Phase Fault Management control in this paper explores the
possibility to shift the angle between the two remaining phases
in order to minimize the DC-link voltage oscillation, and, at
the same time, preserving the neutral conductor from overload.
The results show how the ST is able to reduce the DC-link
oscillation of 33%, while decreasing the current overload
in the neutral conductor. This control decreases the impact
of the power2nd oscillation on the DC-link, increasing the
relative lifetime of the DC-link capacitor of3.4 times with
respect the case without fault management control, and thus
the intervention time for maintenance squads of distributed
system operators to repair the faulty section. Furthermore, the
paper discusses on the impact on phase-to-phase and rectified
loads, and shows that the SPFM control has limited impact
on their normal operations and the grid codes are still fully
respected.
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