
energies

Article

A Distributed Control Strategy for Islanded
Single-Phase Microgrids with Hybrid Energy Storage
Systems Based on Power Line Signaling

Pablo Quintana-Barcia 1,* , Tomislav Dragicevic 2, Jorge Garcia 1 , Javier Ribas 1 and
Josep M. Guerrero 2

1 ce3i2 Group, Department of Electrical Engineering, University of Oviedo, 33204 Gijon, Spain;
garciajorge@uniovi.es (J.G.); ribas@uniovi.es (J.R.)

2 Department of Energy Technology, Aalborg University, 9920 Aalborg, Denmark; tdr@et.aau.dk (T.D.);
joz@et.aau.dk (J.M.G.)

* Correspondence: quintanapablo@uniovi.es; Tel.: +34-985-18-2557

Received: 11 December 2018; Accepted: 22 December 2018; Published: 28 December 2018 ����������
�������

Abstract: Energy management control is essential to microgrids (MGs), especially to single-phase
ones. To handle the variety of distributed generators (DGs) that can be found in a MG, e.g., renewable
energy sources (RESs) and energy storage systems (ESSs), a coordinated power regulation is required.
The latter are generally battery-based systems whose lifetime is directly related to charge/discharge
processes, whereas the most common RESs in a MG are photovoltaic (PV) units. Hybrid energy
storage systems (HESS) extend batteries life expectancy, thanks to the effect of supercapacitors, but
they also require more complex control strategies. Conventional droop methodologies are usually
applied to provide autonomous and coordinated power control. This paper proposes a method for
coordination of a single-phase MG composed by a number of sources (HESS, RES, etc.) using power
line signaling (PLS). In this distributed control strategy, a signal whose frequency is higher than
the grid is broadcasted to communicate with all DGs when the state of charge (SoC) of the batteries
reaches a maximum value. This technique prevents batteries from overcharging and maximizes the
power contribution of the RESs to the MG. Moreover, different commands apart from the SoC can
be broadcasted, just by changing to other frequency bands. The HESS master unit operates as a
grid-forming unit, whereas RESs act as grid followers. Supercapacitors in the HESS compensate for
energy peaks, while batteries respond smoothly to changes in the load, also expanding its lifetime due
to less aggressive power references. In this paper, a control structure that allows the implementation
of this strategy in single-phase MGs is presented, with the analysis of the optimal range of PLS
frequencies and the required self-adaptive proportional-resonant controllers.

Keywords: active power control; energy storage; hybrid; microgrid; photovoltaic; power-line
signaling; renewable energy sources; single-phase

1. Introduction

Power systems of today and those developed more than a century ago have several points in
common. Firstly, they consist of large power plants installed far away from consumption points. Power
flows are unidirectional, moving through long, expensive transmission lines and their operation is
demand-driven. These power systems are exceptionally complex and require reliable control strategies
to ensure the quality of the grid [1–3]. In the last few decades, this concept has been continuously
evolving thanks to modern solutions such as distributed generators DGs—primarily based on energy
storage systems (ESSs) and renewable energy sources (RESs)—active demand management combined
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with smart control, and the introduction of new communication technologies (ITCs) [4,5]. Researchers
have been seeking a robust and trustworthy solution that integrates ESSs, RESs and loads into small
power systems. This is what has pushed the emergence of the microgrid (MG) concept [1,3–6].

A popular solution today is s DC MG, due to the fact that there is no need for synchronization and
the non-existence of reactive power. However, AC MGs are still a valid and reliable solution [3]. They
can be operated either in grid-connected (exchanging power with the mains) or islanded (supporting
local loads if the grid is not present) modes, although these changes must be seamless and swift,
avoiding undesirable transients [7].

In recent years, photovoltaic (PV) unit installation costs have decreased dramatically, and this
technology has become one of the major DGs meant to supply MGs. Small wind turbines are also
beginning to carve a niche in the market, albeit more slowly [7–10]. However, due to the stochastic
nature of renewable energies, ESSs are essential elements for balancing power flows between RESs and
loads in islanded MGs [3,11,12]. Moreover, a master ESS works as a grid-forming unit, generating the
same AC grid conditions as conventional power systems, whereas renewable sources usually operate
as grid-following systems, injecting all their available power into the MG [5,13]. Conventional ESS
also has the role of power balance and frequency stability by absorbing or injecting a current from its
power source, i.e., batteries. This concept implies that the capacity limitation of these electrochemical
devices must be considered in the studies, and to preserve their lifetime, avoiding frequent deep
discharge cycles is crucial. The state of charge (SoC) of the batteries needs to be kept, therefore, in
a safe region in order not to damage the devices [14,15]. This is why the hybrid energy storage
system (HESS) is becoming an interesting solution, able to extend batteries’ useful life. By combining
fast-dynamics high-power storage devices as supercapacitors and ultracapacitors with bulk-energy
electrochemical units, the performance of classic grid forming ESSs has been improved [16–19].
The initial investment in supercapacitors can be paid off by extending the useful life of the batteries.
In this work, the master HESS consists of a battery energy storage system (BESS) plus a supercapacitor
energy storage system (SESS).

On the other hand, classic MGs are based on three-phase systems. The advantages of three-phase
systems are well known: power delivered is constant, transmission of power requires less conductor
material, they exhibit good stability and reliability, etc. Single-phase AC needs more capacitance in
the DC link than three-phase, typically electrolytic capacitors that used to reduce lifetime. However,
electrolytic capacitors’ reliability has increased over the past years and now they are not as critical as
they used to be [20]. The key to making them last longer is to have them working under their maximum
operating temperature [21–24]. On the other hand, it is a fact that most buildings are single-phase
supplied. This implies that a small community of neighbors with a certain number of renewable
elements (PV panels) and batteries can become a single-phase MG just by adding some sort of control:
the most popular and well-known kind of control of a MG is a centralized structure. All functionalities
can be integrated into a MG’s central controller, which makes decisions based on the measurements
from the sensors all over the power system. After processing the data, the central controller sends
instructions to the elements that form the MG through some kind of communications system, e.g.,
wireless, droop algorithms, wired connection, etc. This offers good control capability, but if the number
of units increases, their connectivity may require extensive hardware. In addition, the reliability of the
whole system depends on one key element [25,26]. Droop control strategy (using frequency deviation
of each unit to distribute active power) is widely accepted to fit into this requirement. However,
the active power distribution is based on a unified local control algorithm, which ignores the inherent
power regulation difference between the ESS and the RESs [27].

In order to tackle this issue and avoid using external communications, a power line can be
employed. This technique provides a distributed control using the MG’s own power lines as an
interface. Signals travel along these carriers with a certain frequency, providing significant information
to all the units that form the MG. However, this implies an introduction of noise and therefore,
the bandwidth of these signals must be properly designed [28–32]. Previous works have employed
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similar techniques for islanded DC or three-phase AC microgrids, control of parallel inverters,
and more. However, in the particular case of this work, the BESS generates a power line signal
(PLS) that informs the RESs distributed along the single-phase MG to reduce their power contribution,
due to the fact that the batteries are reaching their maximum SoC. The frequency of this signal is
proportional to the SoC of the batteries. However, below a certain SoC, the PLS is turned off and all the
grid-followers operate at their nominal operation point. Additional PLS triggers may be programmed,
e.g., protection against huge derivatives of batteries’ input current, due to extreme sudden changes in
the load, a reactive power command, etc. This flexible solution avoids using centralized control or
droop strategies and hence, there is no need for secondary control of the frequency.

This paper is organized as follows: in Section 2, the physical configuration of the MG is presented.
Section 3 describes the PLS concept and how it can be applied to single-phase MGs. The energy
management strategy of the whole MG and how the renewable sources have to react when the PLS
is detected is explained in Section 4. The proposed control strategy is verified in Section 5 through
hardware-in-the-loop results. This work is concluded in Section 6, where the obtained results are
discussed and conclusions are reached.

2. Single-Phase MG Structure and System Configuration

Figure 1 shows a possible single-phase MG connected to the mains through an intelligent transfer
switch (ITS). When a fault occurs on the utility grid, the ITS disconnects the MG to enable islanded
operation. Then, RES and HESS units are left on their own to supply the loads at nominal voltage
and frequency. This MG is formed around a common AC link, to which the HESS, RESs, and loads
are directly connected. PV panels are depicted attached to a maximum power point tracker (MPPT)
converter, although they could be directly connected to the AC line through the power inverter.
Commonly, loads can be practically divided into active and passive ones, but all of them are usually
designed for a wide range of input AC voltage, e.g., 100–240 V RMS.
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Figure 1. Typical configuration of an AC single-phase microgrid.

As previously mentioned, the energy storage unit fixes both voltage and frequency in the MG
during islanded operation, and provides a power buffer, as expressed in (1).

When the SoC of the batteries is in a safe region, they can absorb the extra power generated by the
RESs that is not consumed by the loads (if there is any), charging up these electrochemical devices.
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PHESS = PBESS + PSESS

PHESS =
m
∑

j=1
PLOADj −

n
∑

i=1
PRESi

 (1)

Under these conditions, the RESs operate by injecting all the available power with an MPPT
algorithm. Different up to date control strategies have been developed for both PV and wind
sources [9,10,33–35]. For this work, the authors have focused their interests on PV technology and the
perturb and observe method. Like all MMPT, this algorithm is responsible for finding the operation
point where the maximum power from the PV panel can be extracted.

When the batteries are fully charged, a coordinated control strategy is necessary to command
the BESS control loop to stop absorbing power and therefore, a new equilibrium point is achieved as
expressed in (2):

PHESS ≈ 0
m
∑

j=1
PLOADj ≈

n
∑

i=1
PRESi

 (2)

Moreover, grid-following units have to reduce their power contribution to match the loads’
consumption, shifting from the maximum power point (MPP). This transition must be done smoothly
in order to avoid rough transients.

Upon a sudden change in the load conditions, SESS initially provide the required power due to
their faster response capability. Therefore, supercapacitors are used to provide/absorb power during
the transients. The difference between the reference of the overall power of the HESS and the transient
power managed by the SESS is the power reference of the BESS. This strategy ensures an optimal
use of both storage technologies, expanding their useful life. Several strategies can be used to split
the power share between the SESS and the BESS of the hybrid system. In DC MGs, the most simple
way is to obtain the power reference of the batteries by applying a lowpass filter to the overall power
reference as shown in (3) [36,37]. In AC MGs, this step is not as straightforward, as discussed in
following sections.

PBESS(s) = ωc
s+ωc

· PHESS(s)
PSESS(s) = PHESS(s)− PBESS(s)

}
(3)

3. PLS Concept Applied to Single-Phase MGs

There are some technical papers in the bibliography where the use of PLS is applied to enable
communications between converters in a MG. In some of these works, the PLS is applied to DC
MGs [18,20,24] where different control strategies can be found. For instance, in [24], the droop profile
varies depending on the PLS frequency. This means there is a continuous injection of a sinusoidal
signal into the DC bus. On the other hand, in [18] the control strategy is based not only on a droop
control, but on keeping the RES units operating at their MPP while the batteries’ SoC is in a safe zone.
The moment this SoC is high enough to trigger the PLS, the RESs change to a different operation mode.
PLS can also be applied to AC power systems (three-phase ones) as proposed in [21,22,25]. In this
particular work, the previous ideas are adapted to be used in single-phase small MGs.

3.1. Selection of the PLS Frequency

Figure 2 shows the basic structure of the MG under study. It consists of a master HESS and two
slave PV units. The PLS is generated by the BESS and is measured and filtered in the capacitor of
the filter of each RES unit. The PLS is triggered when the SoC of the batteries reaches a certain value.
Then, it is broadcasted with a certain frequency that increases as the SoC does. The most appropriate
frequency range of the PLS has to be studied in order to avoid interactions with key frequencies like
the grid, high frequency harmonics, or the bandwidth of the closed loop control of the PLS. In the
particular case of [21] and due to sidebands of the injected signal, a frequency of 90 Hz is selected.
However, in our case study, there are unknown line impedances that may affect the propagation of the
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PLS. Another issue that might disturb this signal is the nature of the loads, i.e., resistive, inductive,
and their respective apparent power consumptions. Hence, a frequency analysis of the whole system
is required, depending on all these factors and the recommended fPLSmin in [21] may not be adequate
or at least not the best choice for this particular case.
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According to Figure 2, the transfer function between VC3 and Vy is denoted by (4):

GC3y(s) =
VC3(s)
Vy(s)

=
1

(L3bC3s2 + R3bC3s) + (L1xC3s2 + R1xC3s) + 1
(4)

And the transfer function between Vy and VC1 is:

GyC1(s) =
Vy(s)
VC1(s)

=
Z

L1bs + R1b + Z
(5)

where Z is the impedance of the load.
The relation between the point where the PLS is injected and the voltage at C1 is therefore:

GC1i(s) =
VC1(s)
Vi(s)

=
1

L1aC1s2 + R1aC1s + 1
(6)

Combining (4), (5) and (6), the transfer function between the voltage at the capacitor of the LCL
RES 1 filter and Vi is:

GC3i(s) =
VC3(s)
Vi(s)

= GC1i(s) · GyC1(s) · GC3y(s) (7)

Once the transfer function of the system is known, the effect of the load and line impedances in
the PLS needs to be studied. Figure 3 shows the effect of the load over the attenuation of the PLS signal
in a Bode diagram. The effect of a pure resistive load is analyzed in Figure 3a, and the consequences
of including an inductive performance can be seen Figure 3b. At low to medium range frequencies,
the nature of the load has no significant consequences on the Bode diagram.
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Figure 3. Effect of the load whether it is: (a) resistive (b) inductive.

On the other hand, the effect of line impedances on the PLS attenuation is shown in the Bode
diagram of Figure 4. This analysis was performed for several variations in the impedance of the cable.

This very same analysis can be done for the second RES. However, it is necessary to include the
corresponding line impedances to obtain the equivalent transfer function as depicted in Figure 5a.
The evolution of its root locus is plotted in Figure 5b. The system poles move in different directions
depending on those line impedances.

There is a common frequency to all previous analyses that seems suitable to be the PLS one,
and that is 228 Hz. This frequency is not affected either by the nature of the load or the line impedances
and it is valid for both RES 1 and RES 2 units. This frequency is not close to 100 Hz and it will not
interact with the AC loads. Moreover, it is not low enough to disturb the converters’ primary control
loops. In the particular case of lighting systems, flickering is a key issue. There are some sensitive
kinds of lamps (e.g. filament-LED lamps) that could interact with a PLS frequency close to 100 Hz,
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resulting in undesired situations. That is why the frequency used in [31] is not recommendable. Thus,
this value of 228 Hz has been chosen as the center frequency of the power line signal.Energies 2018, 11, x FOR PEER REVIEW  7 of 16 
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3.2. Detection of the PLS Frequency

The detection of the PLS is done at the capacitor of the filter of every RES unit attached to the MG.
The voltage at these capacitors is measured for two reasons: firstly, to synchronize the grid-following
inverter and second, to check if there is any high frequency signal related to communications. As
explained in [31], in order to filter possible sidebands, high order filters are required. Choosing a much
higher power line frequency signal would have facilitated the filtering process, although it could have
interacted with the current loop bandwidth. However, in order to work only with power line signal,
two filters are required: a bandstop to attenuate the grid frequency, which has bigger amplitude than
the PLS, and a bandpass focused on the objective region (see Figure 6). In this work, Infinite impulse
response (IIR) filters have been implemented due to their faster response and fewer coefficients [38].
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3.3. PLS Closed-Loop Algorithm

Self-adaptive proportional-resonant (PR) controllers are required for the purpose of ensuring zero
steady-state errors of the power line signals. The ideal PR controller has an infinite gain at the AC
frequency of ωPLS and no phase shift and gain at other frequencies. By including an anti-windup term
and IIR filters, the final control loop of the PLS can be obtained (Figure 7). The PLS signal is generated
by a dedicated algorithm that provides the frequency information to the controller, behaving as a
self-adaptive one.
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4. Control Strategy of the MG

The distributed control strategy that prevents batteries from overcharging, as well as maximizing
the power contribution of the RESs to the MG, is presented in Figure 8. All different control loops are
depicted. A primary control algorithm with two cascade loops for the HESS establishes the MG in
a nominal operation point (230 V RMS, 50 Hz). Note how the BESS uses two control loops (voltage
and current) to set the MG voltage and frequency, whereas the SESS operates as a grid-following unit,
with compensating peak currents. RESs are programmed to inject the maximum power available until
power line communications are detected. When that happens, their power contribution is reduced
according to the PLS frequency. A simplified flowchart of this algorithm is depicted in Figure 9. This
diagram represents the behavior of both HESS and RES units.
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4.1. PLS Generation and Event Triggers

The main objective of the PLS communications is the protection of the batteries and therefore,
to extend their life. Different events can trigger PLS generation. The primary event that activates
communications is a dangerously high SoC of the batteries.

However, there can be other events which could prompt warning signals from the BESS. For
instance, a large derivative of the input current into the batteries is not recommended. This could
mean there has been an important sudden change in the load or that something is wrong in the MG.
When controlling the SoC, the frequency of the PLS is defined by (8):

fPLS =

{
0 SoC < SoCmin

(SoC − SoCmin) · m + fPLSmin SoCmin ≤ SoC ≤ SoCmax
(8)

where m is the slope of the curve depicted in Figure 2.

4.2. PV Slave Unit under Power Control Conditions

The interface of the PV panels can be done in many ways. For instance, in countries with low grid
voltages, like Japan, it is becoming very popular to connect the PV panel directly to the grid through
an inverter. The MPPT is implemented in the DC-AC inverter [10]. However, the general case is the
one depicted in Figure 8, where the MPPT is an independent DC-DC converter that injects the PV
current into a DC bus.

This DC link voltage is controlled by the DC-AC inverter. Many MMPT techniques can be
found in the bibliography [33–35]. In the present work, a perturb and observe algorithm was used,
although it should not be complicated to apply the proposed power control algorithm to any other
MPPT technique.

In a safe SoC scenario, the performance of a RES is fixed by the MPPT, providing the maximum
available power to the MG. However, if power line communications are detected, the MPPT has to
shift the operation point to a different one where the generated power is lower.



Energies 2019, 12, 85 11 of 16

The proposed power control algorithm (PLS frequency estimator block in Figure 8) reads the
frequency of the PLS and generates a ∆V that shifts the MPP accordingly, generating a new voltage
reference to be tracked by the PI controller of the MPPT algorithm. ∆V can be calculated as follows:

∆V =

{
0 if fPLS = 0(

Voc−VMPP
fPLSmax−fPLSmin

)
·
(
fPLS − fPLSmin

)
if fPLS ≥ fPLSmin

(9)

The previous explanation about shifting the MPP is graphically represented in Figure 10. A red
square points out the nominal MPP, i.e., no PLS detected. If there is a PLS broadcast, then the operating
point moves to a new one (red circumference), reducing the power obtained from the PV panels. This
displacement of the MPP is therefore done according to fPLS.
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4.3. Grid-Following Unit (RES Inverter)

The grid-following inverter, which operates together with the MPPT, behaves as a current mode
voltage source inverter (CM-VSI). It synchronizes with the MG voltage thanks to a dedicated PLL
whereas the current reference is tracked by a single PR controller.

4.4. SoC Estimation

Many SoC techniques have been developed during the past few years, allowing users to obtain
precise information about remaining battery capacity. Some of these techniques can be found in the
bibliography [39–42].

However, these approaches are not easy to reproduce by non-expert researchers. Instead, in this
work, a simpler ampere-hour counting method was used to estimate the SoC of the batteries:

SoC(t) = SoC(0)−
t∫

0

ηbat
Ibat(t)
Cbat

dt (10)

where SoC(0) is the initial SoC, Cbat is the capacity in Ah, ηbat is the charging/discharging efficiency,
and Ibat is the instantaneous current at the battery [43].

4.5. Plug-and-Play Capability of Additional Units

According to Figure 5, a new RES unit connected to the MG does not affect or damage
communications if it is not located far away from the HESS. This unit should be treated the same way
as the already-present RES functional units. Therefore, plug-and-play capability can be easily achieved
for new RES structures if the proposed control algorithm is adopted.
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Nevertheless, in the case of a generic ESS (HESS, BESS, SESS), one should develop a different
approach. An interesting strategy would be to operate this second ESS as a backup unit. If the main
HESS fails, a second equipment can restore the MG conditions, as an uninterruptible power supply
(UPS). There is another option, though, and that is to operate this new unit in parallel with the master
HESS, providing a secondary control of frequency and voltage [44], or following a particular droop
control [45].

5. Hardware-in-the-Loop Results

The proposed control strategy has been verified through hardware-in-the-loop simulations on a
Speedgoat® platform. The parameters of the MG have been gathered in Table 1. One HESS and two
PV RES units were simulated supplying different load steps.

Table 1. Power stage and control parameters.

Parameter Symbol Value

HESS

Nominal MG voltage VMG 230 V
Nominal MG frequency fMG 50 Hz
Filter inductances La, Lb 1.8 mH
Filter capacitance C1, C2 27 µF
Voltage control inner loop Kp_v, Kres_v 0.1, 10
Current control inner loop Kp_i, Kres_i 10, 1500
Lower-threshold of SoC SoCmin 95%
Minimum PLS frequency fPLS min 226 Hz
Maximum PLS frequency fPLS max 231 Hz
PLS control loop Kp_PLS, Kres_PLS 5, 250

RES

Filter inductances La, Lb 1.8 mH
Filter capacitance C3, C4 4 µF
Current control inner loop Kp_i, Kres_i 30, 500

Load Steps

Load 1 (t = 0s) - 1500 W

Load 2 (t = 55s) - 2500 W

Load 3 (t = 70s) - 2500 W

Load 3 (t = 85s) - −2500 W

These simulation results can be found in Figure 11. According to Figure 9, during the start up
of the system, only the HESS is able to supply the loads. Therefore, up to t = 5 s, the batteries are
discharging and the PV panels are not operative. Beyond that point, RES units begin to inject power
into the MG, and therefore, the power contribution of the BESS is continuously reduced until t ≈ 11 s,
when the BESS starts to absorb energy and thus, charge the batteries. The SoC of those batteries is
climbing under safe values until t ≈ 38 s. At that point, it reaches the 95% of its nominal value and
PLS is broadcasted. Therefore, the RES units commence to shift the operating point from the MPP,
and hence reduce their power contribution.
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Three load steps can be found in the simulation results at different moments as summarized in
Table 1 (Figure 11a summarizes all these load steps and their effect on the power converters). A new
scenario appears at t = 55 s when a 2500 W load is connected. The SESS have higher bandwidth and
thus it is able to respond faster to this variation. The BESS follows this change of the consumption
trend more slowly. Therefore, this transition is assumed by the HESS, while the frequency of the PLS is
reduced due to the equivalent SoC decrease. The RES are less limited by the PLS, and therefore they
will look for a new operation point.

This operating point remains stable until there is a new change in the MG conditions. The SoC of
the batteries gradually decreases and at t ≈ 65 s it goes below the SoCmin. Power-line communications
are thus shut down and RES units again inject all the available power into the MG. This situation
remains steady for a few seconds, but then a new load is connected at t = 70 s. Again, the SESS
is the first unit to react to this transient and the BESS contributes with a softer current reference
(Figures 11b and 11e show the power contribution of both SESS and BESS, as well as a more detailed
view of the transient at t = 70 s).

The MMPT algorithm has been also tested, as can be observed in Figure 11h. The irradiance over
both RES units changes during the simulation. The MPPT perfectly tracks the irradiance over the
PV panels.

6. Conclusions

In this paper, a distributed control strategy for islanded single-phase microgrids with hybrid
energy storage systems based on power line communications has been presented. This approach allows
for a coordinated power regulation between the variety of distributed generators and loads that can
be encountered in a microgrid. The physical configuration of the microgrid and how to apply power
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line communications in single-phase islanded microgrids have been studied. The attenuation of this
kind of communications can be altered by the integration of more power converters (renewable energy
sources, power loads, etc.) and by line impedances, and thus the most suitable range of frequencies for
the communications has been calculated.

The proposed control strategy has been validated through hardware-in-the-loop simulations.
The renewable energy sources inject power into the microgrid depending on the SoC of the batteries of
the hybrid energy storage system. When a reference is reached, the grid-following units reduce their
power contribution by shifting the operating point in the MPPT algorithm. This displacement of the
maximum power point is done according to the frequency of the communication signal. Upon sudden
changes in the load conditions, the PV panels again shift their operation point if they are required to.

The calculation of the current references of both systems that make up the hybrid system has
been studied. The supercapacitor is responsible for absorbing or delivering the power peaks, while
the batteries follow a less aggressive charge/discharge profile. In this way, it is possible to increase its
useful life.
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