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I. INTRODUCTION

NOWADAYS, distribution networks are changing substan-
tially and rapidly. Environmental constraints, with par-

ticular attention to the reduction of CO2 , are leading the
governments of major countries to use more and more renewable
energy, particularly from wind and solar sources [1]–[4]. These
sources are characterized by: 1) distribution in an area; 2) low
power density for land occupation; and 3) discontinuity in power
availability [5]. Moreover, power plants based on renewable en-
ergy are usually much smaller than traditional electrical genera-
tion plants, and the use of storage systems is advisable to benefit
from the generation during low power demand periods and re-
duce alternative power flows along transmission lines, with con-
sequent advantages in terms of system efficiency [5], [6].

This scenario is causing a change in distribution networks
from passive to active grids, where the power flows, fault cur-
rents, and temporal power profile are quite different from the
traditional ones [7]. Power injection on low voltage (LV) and
medium voltage grids makes voltage regulation a difficult task.
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For this reason, different distribution system operators require
mutual cooperation with the demand-side control because it is
difficult to maintain the power quality using only supply-side
control [8]–[10].

At the same time, the great evolution in informatics and
telecommunications is leading the transformation of the tra-
ditional grids into smart grids, where the continuous dialogue
between all of the devices connected to the network implies im-
provements in the overall efficiency and quality of the system.
Moreover, it is also important to underline the wide diffusion of
power electronic converters capable of decoupling the param-
eters (i.e., voltage and frequency) of the generators from the
parameters of the network.

In this scenario, it could be convenient, in some cases, to
substitute a dc grid for a traditional ac distribution network
[11]–[13]. Indeed, a dc network, besides its well-known advan-
tages with respect to ac systems [14], offers a simplification
in relation to the power electronic converters for all of the de-
vices operating on dc, i.e., photovoltaic (PV) systems and many
storage systems. Moreover, it could eliminate all of the rectifiers
present, as a first stage, in electrical drives and suppliers. For this
reason, it is reasonable to imagine future smart grids realized
using ac backbones and some dc leaves in the zones character-
ized by many small generation units, storage facilities, and users
that are particularly susceptible to voltage disturbances. In such
a network, it is possible to separate the backbones from the leaf
regulation to ensure:

1) high power quality of the dc network;
2) management of power fluxes exchanged between the ac

and dc sides with integrated ancillary services such as
reactive power supply and harmonic compensation;

3) no increase in the fault currents even in the presence of
new generation units;

4) the inhibition of disturbance propagation from the ac to
dc side and vice-versa.

Starting from the aforementioned considerations, a dc test fa-
cility has been realized with the aim of verifying the potentiality
of a dc island interconnected with an ac distribution network.
The introduction of different power converters, especially those
interfaced with different storage and renewable resources, re-
quires a suitably designed management system in order to avoid
uncontrolled power flows between the different elements. In
order to realize a fully plug-and-play solution without a cen-
tralized management control unit, a methodology for designing
the control loops of different converters based on traditional PI
controllers is presented in next sections. This means that each
converter works without exchanging information with the other
units, and the insertion or disconnection of a single element
from the dc network does not require a control system reconfig-
uration in order to guarantee the normal system operation. The
main goals obtained through this methodology lie in:



Fig. 1. Test facility configuration.

1) designing a dc network where different typologies of stor-
age devices are connected in order to fulfill different sys-
tem dynamic response performances;

2) designing disjoint control loop for each single power con-
verter in order to avoid control overlapping;

3) designing the power converter control loops taking into
account the behavior of the controlled device;

4) guaranteeing an embedded self-regulation of the state of
charge (SoC) of the different storage devices.

In this way, this paper analyzes, besides the relevant aspects
connected with the introduction in a smart grid of some dc is-
lands to improve the power quality and energy efficiency of the
system, the methodology to design a fully plug-and-play system
solution without centralized communication infrastructure. The
description of the test facility and its components is reported
in Section II. In Section III, some case studies are described
in order to demonstrate the advantage of the dc island intro-
duction. In Section IV, the models of the components used for
numerical simulations are discussed, while Section V proposes
the methodology to set the control for each converter of the dc
network. Finally, in Section VI, the results of numerical and
experimental tests are reported and discussed.

II. TEST FACILITY

The configuration of the test facility realized at RSE (the
Italian Research Center on Energetic Systems) in collaboration
with the Department of Electrical Engineering of the Politecnico
di Milano is shown in Fig. 1.

The test facility was realized by taking into account the tech-
nical and economic constraints with the aim of studying the
potentialities of LVDC active distribution networks, operated
with suitable control strategies for the different devices con-
nected to the network. The network has been equipped with
different storage units in order to:

1) ensure the security for defined intervals of time when the
ac grid is not available and the power generated on the dc
network is insufficient to cover the power demand;

2) stabilize the dc voltage level if a sudden imbalance occurs
between the power generated and consumed;

3) realize a peak shaving action in the presence of pulsing or
intermittent loads, thus leveling the power drained by the
ac grid;

4) implement an energy recovery action in the presence of
regenerative loads;

5) realize the bridging and energy management functions that
result from the presence of renewable sources.

In the following, a brief description of the main components
of the test facility is given.

The LVDC microgrid has a voltage level of 400 V, and it is
composed of a front-end ac/dc converter, energy storage ele-
ments, a PV field emulator, and controllable loads [15].

The front-end converter (FEC) has a rated power of 100 kW,
which is a significant level compared with the maximum level
to connect to an LV ac grid in several countries (Italy, Spain,
Germany, and so on) [16]. This allows power flow in a case
of insufficient or no generation, and also the opposite flow in
the case of a generation surplus. The ac/dc FEC participates
in the regulation of the dc network voltage and also detects
the occurrence of an islanding condition by comparing the ac
grid voltages and frequencies with their admissible ranges. The
energy storage systems are composed of two ZEBRA batteries,
each with a rated power of 32 kW, capacity of 64 Ah, and open-
circuit voltage of 279 V, along with two supercapacitor banks,
each made of no. 24 modules (30 kW for 4 s) with a maximum
voltage of 384 V. Each ZEBRA battery and capacitor bank is
coupled to the dc grid through a 35-kW dc/dc bidirectional
converter to allow charging and discharging processes. In the
following, the dc/dc converter interface between the ZEBRA
batteries and dc bus will be indicated by the ZEBRA Converter
(ZC), while the dc/dc converter connected to the supercapacitors
will be indicated by the supercapacitor converter (SCC). The
supercapacitor banks compensate for very fast fluctuations in
the dc voltage caused by faults, dip propagation from the ac
grid, or sudden load and/or generation changes in the dc grid.
Because of the limited power from the PV fields available at
the site as a result of both space constraints and meteorological
conditions, a 35-kW PV field-emulator (PVC) has been chosen.
In this way, the generated power can be controlled and the
experimental activity is not constrained by weather conditions
and daytime hours. Finally, two programmable purely resistive
load-banks are installed in the dc microgrid; these two units
can provide a total load of 60 kW. One bank, of 30 kW, can
be regulated with step changes of 1 kW, while the other 30 kW
bank is connected to the dc bus by means of a dc/dc converter
for the fast regulation of the power absorbed.

III. CASE STUDY

In order to test the capabilities of the dc network in achieving
the above discussed goals, three kinds of cases were set and
analyzed:



Fig. 2. Pulsing load simulating power profile of CAT.

Fig. 3. Load power during ac network fault test.

1) pulsing load;
2) fault of the ac network while a step variable load is con-

nected to the dc bus;
3) regenerative load.

A. Pulsing Load

A pulsing load is represented by a computer axial tomography
(CAT) scanner, whose typical power diagram is a step load
varying between about 60 and 180 kW with a period of 2.5 s
and a duty cycle of 70%.

The power requested by this load is too high for the test
facility. However, it can be scaled by taking into account the
power of the different devices connected to the dc test facilities.
Thus, the dc/dc converter connected 30-kW rated load has been
programmed to absorb a power profile similar to that of a real
CAT, although opportunely scaled. In Fig. 2, the power absorbed
by the load during the tests is reported.

B. Fault in the AC Network

In the second test, an ac fault is simulated with the manual
opening of the ac breaker connecting the FEC to the ac distri-
bution network. The control algorithm of the converter detects
the ac-side lack of voltage and disconnects the converter from
the ac network. The simulated fault happens at time t = 4.7 s,
while the ac reconnection is at t = 163.5 s. Meanwhile, the load
demand changes with some steps simulating the connection and
disconnection of different loads on the dc bus. In Fig. 3, the
power profile of the experimental test is reported.

Fig. 4. Power diagram of simulated regenerative load.

C. Regenerative Load

Usually, electrical drives alternating between acceleration and
braking operations are the most diffused regenerative loads. For
this reason, the test to simulate regenerative loads is conducted
by applying the real power demand of an electrical drive for a
woodworking plant [17]. The working cycle lasts 1.9 s, with an
acceleration phase (maximum power absorbed 3.5 kW), con-
stant speed phase (power absorbed 700 W), and braking phase
(maximum power regenerated 1.7 kW). The mean power ab-
sorbed during one cycle is lower than 200 W. Therefore, it is
clear how the storage action of the dc system can lead to a signifi-
cant energy recovery. Moreover, the insertion and disconnection
of another load in parallel with the drive has been simulated.
In particular, a 9-kW load is connected at time t = 32 s and
disconnected at time t = 47 s. The experimental power diagram
is reported in Fig. 4.

IV. MODELING OF ELECTRICAL STORAGE

In order to correctly set up the control strategy for the differ-
ent converters of the dc system, the modeling of the electrical
storage devices is required. In particular, the ability of the model
to represent the behavior of the electric storage over the full dy-
namic range of utilization is needed. The two operative working
conditions of a storage device in grid applications are the fol-
lowing:

1) an energy function in which the device has to guarantee
the average power requested by the application;

2) a peak shaving function in which the storage has to ab-
sorb/deliver the requested peak power above or below a
certain reference average power.

In general, the first function is characterized by a significantly
lower charge and discharge dynamic.

Among the various models available in the literature, we gave
attention to lumped models capable of interpolating the device
behavior as seen from the terminals.

A. ZEBRA Battery Model

The ZEBRA battery model comes from the lead acid bat-
tery dynamic models available in the literature [18]–[21]. In
particular, in [18] and [19], lead acid battery models based on
electrochemical impedance spectroscopy are described, while



Fig. 5. ZEBRA battery model.

Fig. 6. Supercapacitor model.

in [20] and [21], third-order models that show a good compro-
mise between complexity and precision are described.

The model used for our purpose is represented in Fig. 5 [22].
The ZEBRA battery is modeled as an electromotive force,

E(SoC), representing the open-circuit voltage as a function of
the SoC, in series with the internal resistance, R1 , which takes
into account the high-frequency resistance of the device, and the
parallel branch, R2C2 , which takes into account the dynamic
behavior of the battery.

In addition, for our purpose, the battery temperature is consid-
ered to be constant during the work cycle, so that the equations
describing the battery device are

E(SoC) = E0 − Ke · (1 − SoC) (1)

SoC = 1 − 1
Cn

∫
ib · dt (2)

where E0 is the open-circuit voltage when the battery is fully
charged, SoC is the state of charge of the battery, Cn is the
nominal battery capacity, Ke is a voltage constant, and ib is the
current supplied by the battery.

B. Supercapacitor Model

A supercapacitor model capable of representing the dynamics
of the device in the typical frequency range of 10 mHz up to
100 Hz is represented in Fig. 6. This model, introduced in [23],
was integrated in a more general model in [24], where a simpli-
fied procedure for the parameter identification was presented.

In this model, we have the following:
1) Ri represents the high-frequency resistance, which was

available from the manufacturer’s datasheet;
2) C(u) = C0 +KV × u, where C0 and KV are constants

evaluated by a constant current charge test, as described
in [24];

3) τ (u) = 3×(Rdc − Ri)×C(u), where Rdc represents the
dc resistance reported in the manufacturer’s datasheet.

The supercapacitor and battery models used are unable to
represent the redistribution and self-discharge of the devices.
For our purposes, these phenomena, which take place at very
low frequencies, almost close to dc, can be neglected without
significant error.

V. CONTROL STRATEGY

A control strategy for the network converters has been de-
fined. In order to make the dc network capable of achieving
all of the aims discussed in the previous sections, the control
strategy should ensure:

1) the stabilization of the dc voltage during transients and at
a steady state for different kind of loads;

2) the automatic configurability of the control scheme if one
or more devices are unavailable;

3) the self-recharge of the storage systems;
4) the optimal utilization of all of the devices.
It is evident that to achieve the first goal, dc voltage control

has to be implemented. However, there are four converters that
can regulate the dc voltage: FEC, ZC, SCC, and PVC.

The possibility of splitting the voltage regulation requires
the use of only one controller or of coordinated controllers.
However, in order to realize a more robust control, it would be
preferable to have separate controllers for the different units
capable of working independently from the presence of the
other units. The proposed control strategy is to design four
control laws for the four converters. The control laws have to be
adapted to the different devices they connect to the dc bus and
have to be integrated in order to ensure both optimal working
conditions for the different systems and high power quality on
the dc bus. As will be shown in the next sections, these laws
can be obtained using traditional control loops suitably tuned
and modified. One of the innovative modifications consists in the
self-recharge function that each storage system has to implement
in order to keep, autonomously, its own SoC around the desired
value. The tuning of the dynamic responses of the converters
has to be coordinated to make each device work at its best and,
at the same time, to guarantee the stabilization of the dc bus
voltage. Thus, the dynamic response of each converter is tuned to
optimally exploit the controlled device but it is also coordinated
with the dynamic performances of the other converters. On the
contrary, from an operation viewpoint, the controls of the four
converters are independent from each other because they are
based only on the measurement of voltage and current at their
connection node.

The duty of imposing a stationary dc bus voltage can be
assigned only to one converter; otherwise, the difference be-
tween the voltages measured at the different converters would



cause a continuous power flow from one converter to another, 
even in the absence of loads. The stiff voltage regulation has 
been committed to the FEC because the amount of energy in 
the ac network is consistently greater than the energy stored in 
the storage systems, and unlike the PV field, it is not dependent 
on weather conditions. The PVC implements a maximum power 
point tracking algorithm in order to draw the maximum possible 
energy from the PV field. It shuts down if a maximum voltage 
threshold is reached. Indeed, this happens only if the system is 
not able to absorb the energy produced by the PV field (i.e., if 
the ac network is not available and all of the storage systems are 
fully charged). The ZC and SCC contribute to voltage regulation 
but, in order to ensure stability, a droop control is implemented. 
In particular, in order to also perform the self-charging action, 
the droop is realized by taking into account the SoC. Thus, the 
voltage references for the ZC and SCC are dependent on the 
SoC values for the two storage systems, respectively. An op-
timal SoC has to be defined as a function of the goal of the 
network. For example, the optimal SoC for the batteries could 
be higher during the nighttime and lower during the daytime 
because the failure of the ac network during the daytime could 
be covered by the PV field, while the PVC cannot give energy 
to the loads during the nighttime.

In order to amplify the action of the supercapacitors when they 
are close to the optimal SoC, the SCC voltage reference is tuned 
to the supercapacitors’ voltage instead of the supercapacitors’ 
energy (proportional to the square of the voltage). In this way, 
their energy contribution is low when they are far from the 
optimal SoC.

In order to achieve the optimal use of the devices, it is also 
advisable that the power supplied by the FEC be the smoothest 
possible, feeding only the mean power request from the ac grid. 
Moreover, the supercapacitors should supply power during tran-
sients of a few seconds, while the batteries should work at time 
periods ranging from a few seconds to some minutes. The split 
of the power according to the dynamic performances of each de-
vice can be obtained based on the bandwidths of the converters’ 
controllers. Indeed, the choice of different bandwidths implies 
different response times for the different devices.

As shown below, each converter is controlled by means of a 
feedback chain and PI regulator. In order to obtain the desired 
bandwidth for a power unit, it is necessary to choose suitable 
values for the regulator constants. It is, therefore, advisable to 
find the closed-loop transfer functions for the three power units.

A. Front-End Converter

The FEC is a traditional active front end. In order to control
the FEC, a phase lock loop algorithm is implemented. After
locking the grid phase, the control of the FEC operates on the
rotating reference controlling the direct and quadrature com-
ponents of the current [25]. Two nested feedback chains are
implemented. The internal one uses the currents as inputs and
the switching component control signals as outputs; the exter-
nal one has the dc voltage and reactive power as inputs and the
direct and quadrature currents as outputs. In relation to the dc
voltage control, only the external chain is interesting. If the in-

Fig. 7. Control scheme of FEC.

Fig. 8. Control scheme of ZC.

ternal chain is much faster than the external one and is capable
of setting the desired currents, the control scheme of the FEC
can be drawn as reported in Fig. 7.

The closed-loop transfer function is

3Vd (kp s + ki) R

2RC s2 + (3 kp Vd + 2) s + 3 ki Vd
(3)

where Vd is the direct component of the grid voltage, kp and
ki are the constants of the PI regulator, C is the total equiva-
lent capacitance of the dc bus, and R is a resistive parameter
representing the power absorbed by the dc bus.

As shown in Fig. 7, the feedback chain is realized on the
square of the dc voltage. In this way, indeed, the tuning of the
regulator is easier. In fact, in the frequency domain, the square
of the dc voltage directly depends on the direct component of
the grid current

V 2
DC

Id
=

3Vd

2
R

sRC + 1
. (4)

From (3), it is clear that the control system operates, globally,
as a low-pass filter whose bandwidth limits the time response of
the FEC.

B. ZEBRA Converter

The ZC is realized with one inverter leg acting as a bidi-
rectional step-down/step-up converter. The high-voltage side is
connected to the dc bus with an output capacitance, while the
LV side is connected to the ZEBRA by means of an inductor. In
addition, the ZC is operated with two nested feedback chains.
The internal one controls the current in the inductance acting on
the duty cycle of the switching components, while the external
one regulates the dc voltage generating the reference current as
an output. The control scheme of the external loop is reported
in Fig. 8.

The self-recharge function is obtained changing the dc voltage
reference in function of the SoC. This sort of droop action
ensures that the battery tries to keep its SoC around the desired
value. In any case, this action is slow if compared to the dynamic
action of the control loop and can, therefore, be neglected in



Fig. 9. Control scheme of SCC.

formulating the closed-loop transfer function

Vb (kp s + ki) R

RC s2 + ( kp Vb + 1) s + ki Vb
(5)

where Vb is the battery voltage.

C. Supercapacitors Converter

The SCC is realized using the same configuration as the ZC.
The high-voltage side is connected to the dc bus with an output
capacitance, while the LV side is connected to the supercapac-
itors by means of an inductor. In addition, the SCC is operated
with two nested feedback chains. The internal chain controls
the current in the inductance acting on the duty cycle of the
switching components, while the external one regulates the dc
voltage generating the reference current as an output. The con-
trol scheme of the external loop is reported in Fig. 9. It differs
from the control scheme of the ZC in relation to the feedback
on the supercapacitors’ voltage.

The self-recharge function is obtained changing the dc voltage
reference in function of supercapacitors voltage. This sort of
droop action is introduced in order to keep the supercapacitors
SoC around the desired value. Anyway, if kSC is small enough,
the action of the droop chain is slow if compared to the dynamic
action of the control loop, and the closed-loop transfer function
is

VSC (kp s + ki) R

RC s2 + ( kp VSC + 1) s + ki VSC
(6)

where VSC is the supercapacitors’ voltage.

VI. NUMERICAL AND EXPERIMENTAL RESULTS

In order to test the proposed control strategy, many numerical
and experimental tests have been performed. In the following,
some results will be reported. In particular, these have been
chosen to show how the same network, without changing the
tuning of the controllers, can give very good results for the
different applications discussed in Section III.

In order to achieve the required bandwidth separation of the
controllers of the converters, the PI regulators have been tuned
using the parameters reported in Table I. According to (3), (5),
and (6), the speed response of the control answer depends on
the load. For this reason, the bandwidths of the three converters
change as a function of the power supplied to the dc bus, as
reported in Fig. 10.

According to the bandwidths of the converters reported in
Fig. 10, the action of the SCC will have a time constant of some
hundreds of milliseconds, the ZC will act in seconds, while the

TABLE I
PARAMETERS OF CONVERTER REGULATORS

Fig. 10. Bandwidths versus power of three converters.

TABLE II
TEST CASES ANALYZED IN THE PAPER

intervention of the FEC will be slowed to tens of seconds. The
constants kb and kSC are chosen taking into account the max-
imum desirable variation of the dc voltage and of the SoC of
the two storage devices. In particular, for the batteries, consid-
ering a maximum allowable dc voltage variation of 10%, equal
to 38 V, in correspondence of the chosen maximum depth of
discharge (76%), it results kb = 0.5. The desired SoC has been
chosen equal to 90%. For what concerns the supercapacitors,
the desired voltage value has been set to 220 V. Considering the
possible voltage variation of 110 V (in fact half of the voltage
corresponds approximately to three-fourth of the stored energy)
and associating it to an admissible dc voltage variation of 4%,
it results kSC = 1/7. It is worth noting that the admissible dc
voltage variation for the SCC has been chosen lower than that
of the ZC. This is the reason why the supercapacitors action is
expected to be quicker than that of the batteries.

In the following, the results obtained by applying the three
loads presented in Section III are analyzed.

In particular, three cases have been numerically simulated
and experimentally tested. All of these tests lasted 3 min. They
are summarized in Table II and reported as follows:



Fig. 11. DC voltages. (a) simulated. (b) measured.

1) In the first test, the pulsing load of Fig. 2 is applied to
the system. A disconnection of the ac grid is simulated
between about 1 and 2 min.

2) In the second test, the response of the system to the power
request reported in Fig. 3 is performed. In this case, a
network failure occurs at the first instant and almost lasts
for all 3 min.

3) In the third test, the regenerative load of Fig. 4 is applied
to the system. A step load variation occurs between t1 =
32 s and t2 = 46 s.

In the following, the results obtained in numerical simulations
and experimental tests are reported and discussed.

A. Pulsing Loads

The pulsing load of Fig. 2 is applied to the system. In order
to develop the numerical simulations, the measured power re-
quested by the load is used in simulating the load behavior. The
test lasts 3 min, during which a disconnection of the ac grid is
simulated between about 1 and 2 min. In Fig. 11(a) and (b), the
simulated and experimental dc voltages are reported.

The voltage excursion is very limited (±2%), and when the
ac grid is disconnected, the voltage drop is lower than 3%.
The power supplied by each device is reported in Fig. 12. The
experimental results match those obtained in the numerical sim-
ulations.

Even if a centralized control action is not implemented, the
different converters are able to split the load power diagram
adapting it to the characteristics of the different devices. Indeed,
as is clear from Fig. 12, the pulsing power is supplied essen-
tially by the SCC because of its higher bandwidth. The FEC,

Fig. 12. Power supplied by different devices. (a) simulated. (b) measured.

presenting the lower bandwidth, supplies only the mean power.
At the grid disconnection, in the first instants, the SCC supplies
the whole load demand. After some seconds, as allowed by its
bandwidth, the ZC supplies the mean power and also recharges
the supercapacitors.

At the grid reconnection, the ZC automatically drains energy
from the dc bus to recharge the batteries. This is the reason
why the FEC supplies a power greater than the load power
request. This self-recharge action is obtained by the droop ac-
tion introduced in the control of the ZC and shown in Fig. 8.
Indeed, during the main grid disconnection, the batteries have
been discharged and their dc reference has been decreased. The
difference between the rated value of the dc reference and the
dc reference of the ZC is the cause of the recharging process
occurring at the network reconnection. When the SoC of the
batteries reaches the desired value, the two dc references are
equal and the self-recharge ends. Similarly, the supercapacitors
keep their voltage around the desired value of 220 V. Fig. 13
shows the ability of the SCC to keep the desired value of the
supercapacitors’ SoC.

B. Fault of the AC Network

In order to show the ability of the system to ensure a high-
quality energy supply even when a main grid faults occurs, the
load condition presented in Fig. 3 is numerically simulated and
experimentally realized. In Fig. 14, the dc voltage is reported.

The voltage fluctuation around the rated value of 380 V is
caused by the changing SoC of the batteries. While the batteries
change their SoC absorbing from or supplying power to the



Fig. 13. Supercapacitors’ voltages. (a) simulated. (b) measured.

Fig. 14. DC voltage. (a) simulated. (b) measured.

Fig. 15. Simulated power supplied by different devices. (a) simulated.
(b) measured.

load, their dc voltage reference is changed by the droop action
necessary to realize the self-recharge action.

However, the choice of a low value for kb ensures that the dc
voltage is always inside a very tight band.

The powers exchanged between the dc bus and the different
devices are reported in Fig. 15.

For the different bandwidths of the controllers, at each power
change, the first device to take action is the SCC. It is worth
noting that during the absence of the ac grid, the FEC is a load
because it supplies its auxiliaries by drawing power from the dc
bus.

C. Regenerative Loads

Finally, the case of a regenerative load is numerically simu-
lated and experimentally tested. In this case, no large amount
of energy is exchanged and, for this reason, the predominant
action of the supercapacitors is advisable. This is realized by
the higher bandwidth of the SCC that makes it work as the main
power source. In Fig. 16, the dc bus voltage is reported.

In Fig. 17, the powers supplied by each device are reported. It
is clear that the alternative power demand is covered essentially
by the supercapacitors because it occurs in times lower than 1 s
where the predominant answer is that of the SCC (see Fig. 10). In
addition, during the transient associated with the load step vari-
ation (at time t = 32 s), the SCC keeps supplying the alternative
power beyond the contribution to the transient power request.

It is worth noting that the ZC drains power from the dc bus
before the time instant of 32 s because the SoC of the batteries
is lower than the reference one.



Fig. 16. DC voltages. (a) simulated. (b) measured.

Fig. 17. Power supplied by different devices. (a) simulated. (b) measured.

VII. CONCLUSION

The wide diffusion of distributed renewable energy sources
connected to distribution networks presents a new scenario for
the regulation of distribution networks. Moreover, the availabil-
ity of new technologies for storage systems encourages their
use in power systems to achieve the goals of voltage stabiliza-
tion and regulation, continuity of service, peak shaving, and
the matching of generated and requested power profiles. In this
scenario, the use of dc microgrids, connected as leaves to an
ac backbone, is an effective possibility to obtain a high-quality
distribution network. Indeed, a dc microgrid not only allows
the easier connection of renewable sources and storage systems,
but also makes it possible to eliminate all of the input recti-
fiers installed inside electrical drives and suppliers. Thus, the
advantages of using a hybrid ac+dc distribution system involve
not only the quality of the service but also the efficiency of the
overall system.

In order to conduct some preliminary experiments on this
kind of distribution scheme, a 100-kW dc test facility has been
realized at RSE, Milan, Italy. This facility has been used to
set up a control strategy for all of the converters interconnecting
devices to a dc bus (ac network, generation unit, storage systems,
and loads).

In this paper, after a description of the test facility, a robust
control strategy has been proposed to show the capabilities of
a dc microgrid in terms of the continuity of the service, power
quality level, and energy saving. The proposed control strat-
egy does not need a central intelligence, because each converter
control acts only on the basis of the dc bus voltage. In order to
set up the proposed strategy, preliminary numerical simulations
were performed after modeling all of the devices connected to
the network. Then, some experimental tests were carried out in
order to verify that all of the requested goals had been achieved.
The reported experimental results showed the continuity of ser-
vice when a fault occurred on the ac grid, and voltage stabi-
lization and regenerative actions were effectively performed by
the dc microgrid. Moreover, the control of the converters al-
lowed the decoupling of the dynamic responses of the different
units, making each device work at its best potential. Finally,
the self-recharging of the storage systems was integrated into
the control logic and was effectively achieved, as shown by the
experimental results.
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