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Abstract— Distributed generation is an attractive solution for
stand-alone AC supply systems. In such systems, the installation
of two or more energy-storage units is recommended for system
redundancy and may also be required when there is a
consumption increase following installation. However, energy
management with multiple energy-storage units has been but
vaguely analyzed in the literature and the few studies made are
based on communication cables with a central supervisor. This
paper proposes an energy management strategy for a multiplebattery system which makes it possible to avoid the use of
communication cables, rendering the system more cost-effective
and reliable. The strategy modifies the conventional droop
method so that the power becomes unbalanced, allowing for the
regulation of one or more battery voltages or currents, as
required. Furthermore, whenever the frequency is high, the PV
inverters reduce their power in order to prevent the battery from
overcharge or high charging currents. On the other hand,
whenever the frequency is low, then either the non-critical loads
are regulated or the system stops in order to prevent the battery
from over-discharge or high discharging currents. Simulation and
experimental validation are performed for a system with two
battery inverters, two PV inverters and a number of loads.
Index Terms— Batteries, distributed generation, droop
control, energy management, hybrid system, microgrids,
photovoltaic power, stand-alone system.
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I. INTRODUCTION

OR remote locations with difficult access to the power
grid, stand-alone systems are more cost effective. In fact,
these systems are widely established in hilly regions and
remote villages where they are used for a wide range of
applications such as rural electrification, auxiliary power units
for emergency services or military applications, and
manufacturing facilities using sensitive electronics [1], [2].
Distributed generation may be an attractive solution for
stand-alone AC supply systems [3], [4]. A frequently adopted
and sustainable solution consists of installing photovoltaic
(PV) and wind generation with battery energy storage [5]–[7].
In this system, shown in Fig. 1, AC/AC converters are used to
connect the wind turbines to the AC grid whilst the batteries
and PV generators are connected using DC/AC inverters [8],
[9].
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This system requires high-quality energy management for
optimal operation. In normal operation, the Renewable Energy
Sources (RES) function under Maximum Power Point
Tracking (MPPT) and the batteries offset the difference
between consumption and generation. In this situation, it is
advantageous to make the battery inverters operate under
voltage-control mode using droop methods, thereby making
the inverters independent and avoiding communication
between them, for a more cost-effective and reliable system
[10]–[12]. For their part, the photovoltaic/wind converters
harvest the solar/wind energy and operate under currentcontrol mode injecting power to the grid [13], [14]. In this
operating mode, the State-of-Charge (SOC) of the Energy
Storage Systems (ESS) changes according to the difference
between consumption and generation. Then, when the batteries
are fully charged and generation is higher than consumption,
the RES power should be limited in order to protect the
batteries from overcharging [15]. Similarly, if the charging
current exceeds its maximum value, then the RES power
should also be reduced in order to provide over-current
protection. On the contrary, when the batteries are fully
discharged and consumption is higher than generation or if the
discharging current exceeds its maximum value, the loads
should be disconnected or the system should be shutdown in
order to prevent serious damage to the batteries.
Some authors have implemented this energy management
strategy for islanded AC microgrids with only one battery
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bank. The most complicated part of the control consists in
regulating the battery overcharge voltage or the maximum
charging current yet with no communication cables between
the distributed inverters. Whilst in some works a central
supervisor is required for the energy management [16], [17],
other authors completely avoid the communication system by
using the grid frequency as a communication signal [13], [18],
[19]. In [13], an integral term is added to the conventional
droop method in order to increase or decrease the frequency.
The frequency is used by the RES and the battery to switch
from voltage-control mode to power-control mode and vice
versa, making it possible to control the battery power when
required in order to regulate the SOC. In [18] and [19], the
battery inverter always operates under voltage-control mode
and the RES under current-control mode. When the battery is
fully charged or the battery current exceeds its maximum
value, then the battery inverter increases the frequency as
dictated by the PI controller output. This message is detected
by the RES converters, which continuously reduce the power
generated in order to regulate the battery voltage or current,
preventing an overcharge or over-current.
An energy management strategy with multiple battery banks
has been vaguely analyzed in the literature. However, the
installation of two or more energy-storage units is
recommended for system redundancy [20]. It may also be
required when there is a consumption increase subsequent to
installation [21]. The management of a number of batteries
becomes more problematic because, in real applications, their
SOC does not evolve simultaneously. As a result, the energy
management strategy must also include some additional
controls. Specifically, the voltage of the most charged battery
must first be controlled, followed by the voltage of the other
batteries and finally the voltage of all batteries, all this in an
inverter-based system with extremely variable generation and
consumption. In [21], a supervisory control for the
management of multiple batteries is proposed. Whenever the
battery voltages reach their maximum values, the battery
inverters switch to current-control mode whilst the RES
inverters switch to voltage-control mode and generate the DC
grid, providing the required power to supply the batteries and
the loads. The control also alternates the charging of the
various batteries. However, this energy management is
possible thanks to the central supervisor. Furthermore, battery
over-current protection has not been implemented.
This paper proposes an energy management strategy for a
multiple-battery system with no need for communication
cables between inverters or with a central supervisor.
Whenever the batteries are fully charged or are absorbing too
much current, then the grid frequency is increased. This is
measured by the RES inverters, which reduce their power in
order to control the battery voltages or currents. Furthermore,
the control coordinates the various batteries. If some batteries
have not reached their maximum voltage or current, then the
surplus power is transferred from the charged batteries to the
non-charged batteries without limiting the RES power, making
the most of the solar/wind energy. This paper also addresses

protection during battery discharging. As in the case of battery
charging, when the batteries are either fully discharged or are
delivering too much current, the grid frequency is decreased.
The power is first transferred from some batteries to the
others. However, if all the batteries have reached the minimum
voltage or maximum discharging current, then the frequency
reduction is detected by the less critical loads, which are either
regulated or disconnected. If this is not possible, then the
system is shutdown in order to prevent irreversible damage to
the batteries.
This paper is organized as follows. Section II presents the
proposed energy management strategy by describing the
different converter operation. Section III defines the operating
modes resulting from the converter operation, and provides
some simulation results. In section IV, small-signal modeling
is presented in order to analyze the system stability and
dynamic performance. Experimental results are then provided
in section V to verify the proposed strategy. Finally,
conclusions of this work are given in section VI.
II. PROPOSED ENERGY MANAGEMENT STRATEGY
A. System description
Fig. 2 represents the stand-alone system shown in Fig. 1,
where n battery inverters, m photovoltaic inverters, and a
number of loads are connected to the common AC bus. The
battery inverters are connected in parallel through the output
impedance, formed by the filter inductance and the line
impedance. However, since the line impedance is much
smaller than the filter impedance, the output impedance can be
approximated as the filter inductance, Li. The battery inverter
rated powers Sbat,i, battery capacities Ci, battery real powers Pi,
battery reactive powers Qi, net real power PT, net reactive
power QT, PV inverter rated powers Spv,i, and instantaneous
value of voltages and currents ei and ii, are also defined in the
figure.
In this system, the battery inverters always operate under
voltage-control mode using droop methods and generate the
grid. For their part, the RES converters operate under currentcontrol mode, injecting either the maximum available power or
a power below the MPP into the grid. The operation of the
battery inverters, RES converters and non-critical loads is
presented below.
B. Battery Inverter Operation
The droop method is an advantageous grid generation
technique with multiple voltage-source inverters, making it
possible to share the real and reactive powers in proportion to
the inverter ratings with no need for communication. This
paper addresses energy management and therefore the real
power. For this reason, the reactive power droop method is not
analyzed here, however a number of droop methods can be
consulted in [22]–[25]. For the sake of clarity, the real power
analysis is carried out for two battery inverters, however this
can be readily generalized for n inverters. The conventional
droop characteristic is expressed as follows:

f = f0 − M P ⋅ p ,

(1)
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Fig. 2. Battery inverters, PV inverters and loads connected in parallel
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where f is the inverter frequency, f0 is the nominal frequency,
MP is the droop coefficient, and p=P/Sbat is the per-unit real
power.
In steady-state operation, the inverter frequency is the same
for all inverters. Hence, from (1), and setting the same values
f0 and MP for all inverters, the following is obtained:

f1 = f 2

⇒

p1 = p2 .

(2)

In this paper, (1) is used during normal operation and, as a
result, the power is shared among the inverters. However, in
some situations equal power sharing is not desirable. The
proposed strategy then modifies (1) as follows:

f = f 0 − M P ⋅ p + δf ,

(3)

where δf is the shifting frequency and will be changed by the
control.
In steady-state operation, from (3), the condition f1=f2 leads
to

f1 = f 2

⇒

p1 − p2 =

δf1 − δf 2
MP

.

(4)

This equation shows that adding the term δf results in an
unequal power distribution. From (4), if δf2 and the load are
maintained constant, increasing δf1 results in increasing p1 and
reducing p2 whilst reducing δf1 results in decreasing p1 and

increasing p2. Taking this into account, if battery 1 reaches its
minimum voltage or its maximum discharging current, battery
inverter 1 will reduce δf1 and its power will decrease,
preventing over-discharge. On the other hand, if battery 1
becomes fully charged or absorbs an excessive current, then
the battery inverter will increase δf1 and its power will
increase. Since the power in charging mode is negative, this
will result in a battery current and voltage reduction,
preventing overcharge.
This fact can be observed in Fig. 3, where three different
P – f curves are shown. The parameters are f0 = 50 Hz,
MP = 0.3 Hz for all curves. The curve for inverter 2 has not
been modified (δf2 = 0) while two modified curves are plotted
for inverter 1 (δf1 = –0.1 Hz and δΔf1 = 0.1 Hz). Two operating
points have been plotted in the figure, for PT > 0 and for
PT < 0. In discharging mode (PT > 0), battery 1 has reduced the
shifting frequency to δf1 = –0.1 Hz. As a result, inverter 1
delivers less power than inverter 2. On the other hand, in
charging mode (PT < 0), battery 1 has increased the shifting
frequency to δf1 = 0.1 Hz. Thus, inverter 1 absorbs less power
than inverter 2.
Although parameters f0 and MP are the same for all battery
inverters in order to share the per-unit power in normal
operation, parameter δf varies as a function of the operating
point and is obtained by each battery inverter as
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δf = δf c − δf d ,

(5)

where δfc (δfc ≥ 0) is the charge shifting frequency and δfd
(δfd ≥ 0) is the discharge shifting frequency.
The calculation of δfc and δfd is shown in Fig. 4. During
charging mode, δfd = 0, and δfc ≥ 0. On the one hand, the
difference between the measured battery voltage, vbat,m, and the
maximum battery voltage, vbat,max, is entered in controller Cc,v,
which calculates δfc,v, limited from 0 to δfc,max. On the other
hand, from the difference between the measured battery
current, ibat,m (negative for charging mode), and the maximum
battery charging current, ibat,c,max, controller Cc,i determines
δfc,i, also limited from 0 to δfc,max. Then, the highest value δfc is
selected since it is more restrictive. During discharging mode,
δfc = 0, and δfd ≥ 0. In this case, the calculations are similar to
the charging mode, but the references are the minimum battery
voltage, vbat,min, and the maximum battery discharging current,
ibat,d,max. The outputs in this case are δfd,v, and δfd,i, the limit
value is δfd,max, and the highest value δfd is selected as the most
restrictive.
CHARGE
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>
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C. RES Converter Operation
The RES converters operate under current-control mode,
injecting power to the grid. They usually perform MPPT and
can reduce the power depending on the grid frequency
deviation. The grid frequency deviation Δf is defined as

∆f = f − f 0 .

0

Saturation

If there is no variation in generation and consumption, in
other words, net power PT is constant, then the reduction in the
power absorbed (delivered) by one battery leads to an increase
in the power absorbed (delivered) by the other battery. As a
result, the control presented will be stable if the entire storage
system is able to support the net power. However, if all
batteries are fully charged or they are absorbing too much
current, then all batteries will increase the frequency together.
An RES power reduction is then required, which is presented
in section II.C. On the other hand, if all batteries have reached
the minimum voltage or maximum discharging current, all
batteries will decrease the frequency together. In this case, the
non-critical loads should be regulated, as presented in section
II.D.

δfd,i

ibat,m
Fig. 4. Calculation of δfc and δfd

Normally, the battery currents and voltages are within
limits, that is vbat,min < vbat < vbat,max and – ibat,c,max < ibat <
< ibat,d,max. As a result, the controller outputs are saturated to
zero, δfc = 0, δfd = 0, δf = 0, and expressions (1) and (2) are
valid, leading to an equal power distribution. When a battery is
fully charged and its voltage exceeds vbat,max (vbat > vbat,max), or
its charging current exceeds ibat,c,max (ibat < –ibat,c,max), then δf is
increased, making it possible to reduce the power absorbed by
that battery. On the other hand, when the battery is fully
discharged and its voltage drops below vbat,min (vbat < vbat,min),
or its discharging current exceeds ibat,d,max (ibat > ibat,d,max), then
δf is decreased, resulting in a reduction in the power delivered
by that battery.

(6)

Each RES converter measures the frequency and obtains the
measured frequency deviation Δfm. The frequency
measurement does not involve an additional cost since this is
already included in the RES inverters for grid synchronization
and anti-islanding detection. The frequency obtained by the
phase locked loop (PLL) is then filtered in order to avoid
noise, transients and external interferences. A high value is
preferred for the filter time constant, τf, to prevent transient
frequency oscillations from reducing the RES power when it is
not required. However, a very high value would decrease the
control stability margin, and a trade-off must be balanced. If
the measured frequency deviation Δfm is higher than a
minimum value Δfmin, then the RES converter stores the MPP
power, to be called Pmpp,fr, and continuously reduces the power
generated up to frequency deviation Δfmax, where the power is
zero. The value of Δfmin should be higher than MP in order to
prevent interaction with the battery inverter droop and limiting
the power when not required. Since the value of Pmpp,fr is taken
instead of the rated power Spv, the RES power starts to be
reduced just when Δfm > Δfmin, resulting in a faster control. The
frequency sensing and filtering Hf, and the relationship
between the frequency deviation and the reference RES power
P*RES are shown in Fig. 5.
Pmpp,fr

Δf

Hf

P*RES

Δfm
0

0 Δfmin

P*RES

Δfmax

Fig. 5. Calculation of RES power reference P*RES

The implementation of the RES power regulation is
described here for a photovoltaic system as well as for a wind-
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energy conversion system. The PV generator and two-stage
photovoltaic inverter are shown in Fig. 6(a), while the small
wind turbine, the permanent magnet synchronous generator
(PMSG) and the AC/DC stage of the wind-energy AC/AC
converter are shown in Fig. 6(b). In order to carry out the PV
power reduction, the first stage of the PV inverter, which is a
DC/DC boost converter, is controlled as shown in Fig. 7.
When Δfm exceeds Δfmin, then the MPPT algorithm is cancelled
and the PV voltage reference is frozen to its last value,
vpv,mpp,fr. The PV voltage is regulated by means of a PI
controller [9]. On the other hand, power reference P*pv is
divided by the measured PV voltage vpv,m. Then, the lowest
value is selected as the current reference for the inner current
control. In so doing, when Δfm > Δfmin, the power regulation is
active, with vpv > vpv,mpp. However, there are situations in which
the power reference can no longer be delivered, for example
after an irradiance drop. In these cases, the PV voltage
decreases and the control switches to voltage regulation, which
prevents a PV voltage drop in the system. The voltage control
is maintained until Δfm decreases to below Δfmin and the MPPT
is then performed. More details about this technique are shown
in [26].

ipv
vpv

PV

Cpv

iL,pv
ic

Linv
Lpv
T

vgrid

Cbus,pv

Fig. 6. Renewable-energy-source systems: (a) Single-phase two-stage
photovoltaic inverter and (b) AC/DC stage of the wind energy converter

v*pv = vpv,mpp,fr

PI
vpv,m

Saturation
with anti
windup

Imax
P*pv

<

i*L,pv

I0

1
vpv,m

Fig. 7. PV power regulation of the PV boost converter

In order to carry out the power reduction in a small wind
turbine (WT) system, the WT boost converter is controlled as
shown in Fig. 8. When Δfm exceeds Δfmin, then the loop shown

in the figure is activated instead of the MPPT algorithm, and
the WT voltage reference upper limit is set to the last vdc value,
vdc,mpp,fr. In order to reduce the power, the first PI controller
reduces the voltage reference, which in turn causes the
inductor current to increase. As a result, the voltage and
consequently the turbine speed are reduced. The system thus
evolves towards the low speed region of the P – ω curve,
which makes it possible to reduce the power ensuring at the
same time a safe turbine speed. However, there are situations
in which the power reference can no longer be delivered, for
example after a wind speed drop. In these cases, the WT
voltage increases until it is limited to vdc,mpp,fr, which prevents
from over speeding the generator. The voltage control is
maintained until Δfm decreases to below Δfmin and the MPPT is
then performed. More details about this technique can be
consulted in [27], where a similar control is applied.
P*wt

PI

Pwt

vdc,mpp,fr v*dc

PI

0

i*L

vdc
Fig. 8. WT power regulation of the WT boost converter

One benefit of the power curtailment presented for the RES
systems is that only the DC/DC converter control is modified.
On the contrary, the RES inverter basic control remains
unchanged, regulating the bus voltage and grid current during
power limitation too. However, due to the continuous
frequency variation caused by the proposed method, occurring
not only during power limitation but also during MPPT, some
modifications of certain inverter functionalities are required.
Although an in-depth analysis is out of the scope of this paper,
a brief discussion about grid synchronization and islanding
detection is carried out here.
During operation, the voltage frequency evolves according
to (3), where δf is obtained as shown in Fig. 4. Because the
term δf is related to the battery energy management, its
variation is slow with regard to the term MP·p. For this reason,
the frequency variation caused by the proposed method
implies the same synchronization requirement as for the
conventional droop method. For the conventional droop
method, the frequency variation can be very fast in the event of
load connections/disconnections, and high-performance phase
locked loop (PLL) methods are required [28]–[31]. In any
case, errors in the frequency estimation during load transients
occur. This will cause reactive power injection by the RES
inverter, which will be compensated by the battery inverters.
In stand-alone systems in which security risks could arise,
islanding detection can be an important issue. Concerning
islanding detection methods, it is well-known that, in gridconnected inverters, frequency shift methods are generally
preferred over voltage shift or impedance measurement
methods. This is mainly due to both its lower grid perturbation
and its success in islanding detection [32], [33]. Frequency
shift methods could also be applied to stand-alone systems,
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TABLE I
OPERATING MODES
Operating mode

Frequencies
Δf, δf1, and δf2
δf = 0 for both batteries
–Δfmin < –MP < Δf < MP < Δfmin
δf > 0 for one battery
δf = 0 for the other
–Δfmin < –MP < Δf < MP < Δfmin
δf > 0 for both batteries
Δfmin < Δf < Δfmax
δf < 0 for one battery
δf = 0 for the other
–Δfmin < –MP < Δf < MP < Δfmin
δf < 0 for both batteries
–Δfmax < Δf < –Δfmin

Mode I: Normal
operation
Mode II: One
battery charged
Mode III: PV
power limitation
Mode IV: One
battery discharged
Mode V: Load
regulation

vbat>vbat,min and
ibat<ibat,c,max
for one battery

Battery voltages and currents
vbat1, vbat2, ibat1, and ibat2
vbat within limits for both batteries
ibat within limits for both batteries

PV
inverters

Non-critical
loads

MPPT

As required

vbat = vbat,max or ibat = –ibat,c,max for one battery
vbat and ibat within limits for the other

MPPT

As required

vbat = vbat,max or ibat = –ibat,c,max for one battery
vbat = vbat,max or ibat = –ibat,c,max for the other

Power
limitation

As required

vbat = vbat,min or ibat = ibat,d,max for one battery
vbat and ibat within limits for the other

MPPT

As required

vbat = vbat,min or ibat = ibat,d,max for one battery
vbat = vbat,min or ibat = ibat,d,max for the other

MPPT

Load
regulation

vbat>vbat,min and
ibat<ibat,c,max

for both batteries

vbat<vbat,max and
ibat>–ibat,c,max

vbat<vbat,max and
ibat>–ibat,c,max

for both batteries

for one battery

Stop

Mode V
No load
regulation

Mode IV
vbat<vbat,min or
ibat>ibat,c,max

for both batteries

vbat<vbat,min or
ibat>ibat,c,max

for one battery

Mode I

Mode II

Mode III

vbat>vbat,max or
ibat<–ibat,c,max

vbat>vbat,max or
ibat<–ibat,c,max

for both batteries

for one battery

Fig. 9. Transitions between operating modes

provided that the frequency limits are expanded
beyond f0 ± Δfmax. A higher run-on time could also be allowed
in comparison with grid-connected systems. The main
drawback is that frequency shift methods could also perturb
the grid generation in droop-based stand-alone microgrids.
Consequently, further investigation is required in this field
concerning either modifications on conventional frequency
shift methods or using other methods that could be more
suitable for this type of systems.
D. Non-Critical Load Operation
If the system has non-critical loads which can be regulated,
their power can be controlled as a function of the grid
frequency. Similarly to the RES inverters (see Fig. 5), a P – f
curve can also be programmed so that the consumed power is
reduced when the frequency is low. The frequency deviation
limits can be set independently of the RES regulation but, in
this paper, they will be considered as the opposite of the RES
regulation limits, that is –Δfmin and –Δfmax. Typical
programmable loads include thermal loads such as water
heaters, refrigerators and air conditioning units [34], [35].
If load regulation is not feasible or all non-critical loads
have already been disconnected, then the system should be
shutdown whenever the frequency is very low in order to
prevent irreversible damage to the batteries. The value of the
shutdown frequency deviation is defined as –Δfstop. If load
regulation is feasible, then the shutdown frequency deviation
should be Δfstop > Δfmin so that the system does not shutdown
when the load regulation is active. However, if the loads do

not allow for regulation, it should just be Δfstop > MP in order to
prevent interaction with the battery inverter droop.
III. OPERATING MODES
Depending on the values of δf and Δf, there are five
operating modes. These operating modes are defined in
Table I, and the transitions from one mode to another are
shown in Fig. 9 and explained below for two batteries. Fig. 10
shows the frequency deviation for the different operating
modes.

-Δfstop
–Δfmax
–2

Mode V
Load
regulation

Mode I, II, IV
Load as
required

MPPT

MPPT

–0.5
–Δfmin
–MP
–0.3

0

Mode III
Load as
required

PV power
0.5
limitation
Δfmin
MP
0.3

Δfmax
2

Fig. 10. Frequency deviation (Hz) and operating modes

A. Mode I: Normal Operation
In Mode I, the battery voltages and currents are within
limits and, as a result, from Fig. 4, δf = 0 for both batteries. By
means of (1) and (2), the per-unit power is the same for both
batteries, which either absorb or supply the difference between
generation and consumption, and their SOCs vary accordingly.
Since δf = 0, from (1), the frequency deviation Δf is between
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±MP. Since it was imposed that Δfmin > MP, the PV inverters
operate under MPPT and the loads are not regulated (see
Fig. 5).
When the voltage for one battery exceeds vbat,max
(vbat > vbat,max), or the charging current exceeds ibat,c,max (ibat < –
ibat,c,max), then the control increases δf, the power absorbed by
that battery is reduced and the system switches to Mode II.
On the contrary, if the voltage for one battery decreases to
below vbat,min (vbat < vbat,min), or the discharging current exceeds
ibat,d,max (ibat > ibat,d,max), then the control decreases δf, the power
delivered by that battery is reduced and the system switches to
Mode IV.
B. Mode II: One Battery Charged
In Mode II, one battery voltage or current is controlled to
its maximum value, vbat = vbat,max or ibat = –ibat,c,max, while the
other battery voltage and current are within limits. Due to the
control, δf = 0 for the second battery, and δf > 0 for the first
one. As a result, from (4), the second battery is absorbing a
higher power than the first battery. Also in this case, since
δf = 0 for one battery inverter, the frequency deviation Δf is
between ±MP and the net power is not modified.
In this mode, one battery has its voltage and current within
limits, and with δf = 0. If the voltage or current of this battery
also exceeds its maximum value, then the net power cannot be
absorbed by the whole storage system. In this situation, the
power cannot be reorganized between the batteries, as it is
carried out for Mode II. According to the control, both
batteries increase δf. At first, this has no effect on the net
power. However, when the grid frequency deviation becomes
higher than Δfmin, then the PV power starts to be limited and
the system switches to Mode III.
On the other hand, in Mode II, there is a battery whose
voltage or current is being regulated to its maximum value.
When this voltage or current decreases, the battery inverter
reduces δf and the system switches to Mode I.
C. Mode III: PV Power Limitation
In Mode III, the voltage or current of all batteries is
regulated to its maximum value, vbat = vbat,max or ibat = –ibat,c,max.
The control sets δf > 0 for both batteries, leading to a
frequency deviation Δf > Δfmin. As a result, the PV power is
reduced according to Fig. 5. This operating point requires a
certain net power, which is obtained thanks to the frequency
imposed by the control.
In this mode, if the net power increases (for example due to
an irradiance drop), and the system is not able to maintain the
voltage or current reference for one battery, then the regulation
reduces the frequency deviation to below Δfmin, and the system
switches to Mode II.
A number of simulations were carried out in order to
validate the strategy. An accurate model of the system shown
in Fig. 2, comprising two PV inverters, two battery inverters
and a number of resistive loads, was developed using the
PSIM software. The features of the system are shown in
Table II. The first simulation addresses the voltage regulation
during the transition from Mode I – Mode II – Mode III –

Mode I. This is shown in Fig. 11 and represents the voltage of
battery 1 divided by two, the voltage of battery 2, the
maximum voltage for both batteries (Fig. 11(a)), the total PV
power, the battery powers (Fig. 11(b)), the frequency imposed
by the battery inverters and the frequency measured by the PV
inverters (Fig. 11(c)). During the simulation, the MPP power
was always 6 kW, and a number of resistive loads were
disconnected and connected.
TABLE II
SYSTEM FEATURES
PV inverter 1 rated power Spv,1
PV inverter 2 rated power Spv,2
Battery inverter 1 rated power Sbat,1
Battery inverter 1 output inductance L1
Battery 1 rated capacity C1
Battery 1 rated voltage Vrat,1
Battery 1 absorption voltage Vabs,1
Battery inverter 2 rated power Sbat,2
Battery inverter 2 output inductance L2
Battery 2 rated capacity C2
Battery 2 rated voltage Vrat,2
Battery 2 absorption voltage Vabs,2
RMS amplitude of the inverter output voltage E
RMS amplitude of the ac bus voltage V
Droop coefficient MP
Time constant of the real power filter τP
Time constant of the grid frequency filter τf
Minimum frequency deviation ∆fmin
Maximum frequency deviation ∆fmax

5 kVA
5 kVA
6 kVA
3 mH
48 kWh
240 V
284 V
3 kVA
4 mH
18 kWh
120 V
142 V
230 V
230 V
0.3 Hz
10.6 ms
1s
0.5 Hz
2 Hz

Fig. 11. Voltage regulation during the transition Mode I – Mode II – Mode III
– Mode I

At the start, the load consumed 4 kW and the net power was
therefore PT = –2 kW. Given the fact that the battery voltages
were lower than the absorption values, δf = 0 for both batteries
(see Fig. 4), and the system was in Mode I, the per-unit power
was the same for both batteries (P1=2·P2) and the grid
frequency was below f0 + Δfmin = 50.5 Hz.
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Then, at second 5, a 2.7 kW load was disconnected, leading
to a net power PT = –4.7 kW. The battery 2 voltage exceeded
its maximum value and thus, δf2 > 0. According to (4), the
absorbed power then passed from battery 2 to battery 1 so that
the battery 2 voltage was controlled, making the system
operate in Mode II. Since δf1 = 0, the frequency was also lower
than f0 + Δfmin in this case, and the PV power required no
limitation.
Then, at second 12, a 1.3 kW load was disconnected,
resulting in a net power PT = –6 kW. The voltage of both
batteries exceeded their absorption values, meaning that the
storage system could not absorb this power and the PV power
should be reduced. Thanks to the control, δf1, δf2 and the grid
frequency increased. Then, when the frequency measured by
the PV inverters exceeded f0 + Δfmin = 50.5 Hz, the PV power
was limited so that both battery voltages were regulated. The
system was thus operating in Mode III, with Ppv = 4.5 kW and
f = 50.87 Hz.
Finally, at second 20, a 4 kW load was connected, leading
to a net power PT = –0.5 kW. As a result, battery voltages
decreased to below their maximum values, and δf1 and δf2
decreased to reach δf1 = δf2 = 0. The grid frequency also
decreased, the PV inverters performed MPPT and the system
switched to Mode I.
D. Mode IV: One Battery Discharged
In Mode IV, one battery voltage or current is controlled to
the reference value, vbat = vbat,min or ibat = ibat,d,max, while the
other battery voltage and current are within limits. The control
imposes δf < 0 for the first battery and δf = 0 for the second
one. From (4), the first battery is therefore supplying less
power than the second one. Since δf = 0 for one battery
inverter, the frequency deviation Δf is between ±MP and the net
power is not modified.
In this mode, one battery has its voltage and current within
limits, and with δf = 0. When, for this battery, the voltage
drops to below vbat,min or the discharging current exceeds
ibat,d,max, the net power cannot be delivered by the whole
storage system. In this case, the power cannot be reorganized
between the batteries, as was the case for Mode IV. According
to the control, both batteries reduce δf. At first, this has no
effect on the net power. However, when the grid frequency
deviation becomes lower than –Δfmin, the load power starts to
be regulated and the system switches to Mode V. If the system
does not allow for non-critical load regulation, then the
frequency will continue to decrease until Δf < –Δfstop, where
the system shuts down in order to prevent irreversible damage
to the batteries.
On the other hand, in Mode IV, there is a battery whose
voltage or current is being regulated to its reference value,
vbat = vbat,min or ibat = ibat,d,max, When this voltage increases or
this current decreases, the battery inverter raises δf and the
system changes to Mode I.
E. Mode V: Load Regulation
In Mode V, the voltage or current of all batteries is
regulated to its reference value, vbat = vbat,min or ibat = ibat,d,max.

Due to the control, δf < 0 for both batteries, which results in a
frequency deviation Δf < –Δfmin. As a result, the load power is
regulated, making it possible to impose the required net power
so that the voltage or current is maintained to its reference
value.
In this mode, if the net power to be supplied decreases (for
example due to an increase in irradiance), then the regulation
increases the frequency deviation to over –Δfmin, and the
system switches to Mode IV.
On the other hand, if all non-critical loads have already
been disconnected and the storage system cannot supply the
required net power, then vbat < vbat,min or ibat > ibat,d,max for both
batteries, and the control continues to decrease δf until Δf < –
Δfstop, where the system is shutdown in order to prevent
irreversible damage to the batteries.
Another simulation is carried out here for the system
presented above in Fig. 2 and Table II. It addresses current
regulation during the transition from Mode I – Mode IV –
Mode V – Mode I. The simulation results are plotted in Fig. 12
and show the battery currents, the maximum discharging
current for both batteries (Fig. 12(a)), the load power, the
battery powers (Fig. 12(b)), the frequency imposed by the
battery inverters and the frequency measured by the
controllable load (Fig. 12(c)). It was assumed that, due to
adverse conditions, both batteries were very hot. In order to
protect the batteries, their maximum current was reduced to
ibat,d,max1 = 20 A and ibat,d,max2 = 10 A. During the simulation,
the PV power was always 0, and a number of resistive loads
were disconnected and connected, including a 2.7 kW
controllable load.

Fig. 12. Current regulation during the transition Mode I – Mode IV –
Mode V – Mode I

At the beginning, a 3 kW load was connected to the grid.
Since the battery currents were under their maximum values,
δf = 0 for both batteries (see Fig. 4), and the system was in
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Mode I. As a result, the per-unit power was the same for both
batteries (P1=2·P2) and the grid frequency was higher than f0 –
Δfmin = 49.5 Hz.
Then, at second 5, a 2 kW load was connected. The battery
2 current became higher than the maximum value, which led to
δf2 < 0. The delivered power then passed from battery 2 to
battery 1 so that the battery 2 current was controlled, making
the system operate at Mode IV. Since δf1 = 0, the frequency
was also higher than f0 – Δfmin in this case, and the load did not
require regulation.
Next, at second 10, a 1.4 kW load was connected. At that
moment, the currents of both batteries exceeded their
maximum values, meaning that the storage system could not
deliver the power required and the load needed to be reduced.
Thanks to the control, δf1, δf2 and the grid frequency
decreased. When the frequency measured by the controllable
load dropped to below f0 – Δfmin = 49.5 Hz, the load power was
regulated in such a way that both battery currents were
controlled. The system was then operating in Mode V, with
Pload = 5.8 kW, Pload,cont = 2.1 kW and f = 49.15 Hz.
Finally, at second 20, a 3.4 kW load was disconnected. This
caused the battery currents to drop to below their maximum
values, and δf1 and δf2 increased to reach δf1 = δf2 = 0. The
grid frequency also increased, the controllable load consumed
more power and the system switched to Mode I.
IV. SMALL-SIGNAL MODELING
Small-signal modeling is used in this paper in order to
design the controllers so that a certain stability margin and
dynamic response is obtained for the system. In section IV.A,
the small-signal modeling is applied to a system operating in
Mode III. Furthermore, it is assumed that there are two
batteries and two battery inverters with identical
characteristics. The small-signal modeling for other modes is
explained in section IV.B. Then, the modeling for different
battery systems is developed in section IV.C. The modeling for
more than two batteries is not shown in this paper for reasons
of space, however it can be readily obtained from the twobattery model.
A. Mode III: Identical Battery System
When both battery systems are identical, the power
response can be decoupled into the power distribution
response and the net power regulation, as it will be shown in
this section. The power distribution is related to the difference
between the power supplied by both batteries, P1 – P2, and will
be called difference (D) response. The net power regulation is
related to PV and load power regulation, i.e. to the sum of the
battery powers, P1+P2, and will be called sum (S) response.
The power delivered by a battery inverter to the AC bus can
be expressed as [36]

V ⋅E
(7)
⋅ sin δ ,
X
where E is the RMS amplitude of the inverter output voltage, δ
is the power angle, V is the RMS amplitude of the AC bus
=
P

voltage and X is the output reactance. This equation is valid
when the output impedance is mainly inductive, whereas in
low-voltage grids the line impedance is mainly resistive.
However, in this paper, an RMS voltage regulation is carried
out instead of an instantaneous voltage regulation [4], [37]. In
doing so, the filter inductance also becomes part of the output
impedance for the droop method. Given the high value of this
filter impedance (the per-unit value is generally about 10%), it
is possible to neglect the line impedance for typical lowvoltage grids with short lines. However, the analysis presented
here is not valid for low-voltage grids with long lines, and a
modification of the small-signal modeling should be carried
out to account for the line impedance.
In practical applications, δ is very low. Furthermore, the
influence of small variations in E and V on the real power can
be disregarded. Applying these approximations and the smallsignal analysis to (7), the following is obtained:

V0 ⋅ E0 ˆ
(8)
=
⋅δ ,
Pˆ
X
where V0=E0 is the rated voltage.
With regard to the difference response, the battery power
difference can be readily calculated using (8) as
ˆ V0 ⋅ E0 ⋅ δˆ − δˆ .
(9)
Pˆ1 − P
=
2
1
2
X
The difference between the power angles only changes if
the frequencies imposed by the battery inverters, f1 and f2, are
different. By means of the relationship between the power
angle and the frequency, and (9), the following applies:

(

(

Pˆ1 − Pˆ2 = DPL ⋅ fˆ1 − fˆ2
DPL
=

)

)

V0 ⋅ E0 2π
.
⋅
X
s

(10)
(11)

Equation (10) shows that the power distribution can be
controlled by changing the frequency difference between the
battery inverters, as performed for the conventional droop
method.
Concerning the sum response, the sum of P1 and P2 can be
easily obtained from the power balance as

Pˆ1 + Pˆ2 = PˆT = PˆL − PˆRES ,

(12)

where PRES is the total renewable-energy-source power, and PL
is the total load power.
The total load can include linear loads and constant power
loads (CPLs). While the real power of the CPLs does not
depend on the grid voltage, the real power of the linear loads
increases as the voltage augments. However, this has a small
effect on the power response in this case since the load
impedance is always much higher than the inverter output
impedance [38], [39]. Furthermore, the influence on the real
power is much smaller than on the reactive power due to the
lower sensitivity to voltage variations [40]. The power PL is
also independent of the frequency in Mode III and will not
therefore be considered for the analysis.
The photovoltaic and wind-energy systems can be
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considered as constant power sources (CPSs) since their power
depends on the resource during MPPT operation and on the
power reference during power limitation [41]. As a result, the
real power of the RES is independent of the grid voltage.
However, the power PRES does depend on the frequency
according to Fig. 5, which leads to the following expression:

=
PRES

∆f max − ∆f m
⋅ Pmpp ,t ,
∆f max − ∆f min

(13)

where Pmpp,t is the total stored MPP power.
Applying small-signal analysis to (13) and taking account
of the first-order filter Hf shown in Fig. 5, gives

PˆRES = −

Pmpp ,t
∆f max − ∆f min

⋅ H f ⋅ ∆fˆ .

(14)

It can be considered that the grid frequency deviation ∆f is
the average between the frequency deviations imposed by both
inverters. As a result, from (12) and (14)

(

Pˆ1 +=
Pˆ2 S RES fˆ1 + fˆ2

)

Pmpp ,t
1
S RES =
⋅
⋅Hf .
2 ∆f max − ∆f min

MP
⋅ H P ⋅ P + Cc , v ⋅ Sv ⋅ ( vbat − vbat ,max ) ,
Sbat

From (18) and (20), the frequency reference can be
obtained as a function of P

fˆ =
− ( DCON + S BAT ) ⋅ Pˆ

(21)

MP
⋅ HP
Sbat

(22)

(16)

S BAT = Cc , v ⋅ Sv ⋅ Gbat ⋅ B .

(23)

(17)

(18)

Considering the small-signal analysis of the Thevenin leadacid battery equivalent circuit model, the battery power to
voltage transfer function Gbat can be obtained as [42]

vˆbat
C RC RS ⋅ s + RC + RS
,
= −
pˆ bat
C RC (Vbat + RS I bat ) s + Vbat + ( RC + RS ) I bat

1 C RC RS ⋅ s + RC + RS
⋅
⋅ B ⋅ Pˆ =−Gbat ⋅ B ⋅ Pˆ . (20)
Vbat
C RC s + 1

DCON
=

where HP models the measurement and sampling of the power,
and Sv models the sampling of the battery voltage.
Applying small-signal analysis to (17) gives

M
fˆ =− P ⋅ H P ⋅ Pˆ + Cc , v ⋅ Sv ⋅ vˆbat .
Sbat

vˆbat =−

(15)

Equation (15) shows that the net power can be regulated by
changing the sum of battery inverters frequencies, in effect
thanks to the PV power regulation shown in Fig. 5.
Equations (10) and (15) represent the power response of the
system to frequency variations. Once the system plant has been
obtained, the control model can now be developed. The
frequency of the battery inverters is imposed as dictated by (3),
where the first part of the equation represents the conventional
droop method and the term δf is added according to Fig. 4.
Since the analysis is based on Mode III, δfd = 0 and δf = δfc. It
is also assumed that the battery voltages are being regulated,
which leads to δf = δfc,v (see Fig. 4). The modeling of the
current regulation is not shown in this paper because it is
similar and simpler than the modeling of the voltage
regulation. Taking these considerations into account, (3) and
Fig. 4, the following is obtained:

f = f0 −

the internal resistance and RC and C represent the first order
dynamics of the battery. Parameters RS, RC and C can be
considered constant for modeling purposes since the SOC
changes but slightly within the operating range of the voltage
regulation.
Due to the DC bus capacitor voltage regulation, the power
delivered by the battery inverter, P, is delayed in relation to
pbat. A first order filter, named B, will be used to model this
delay. In this case, it also can be considered that
(RC+RS)·Ibat << Vbat. Based on these two considerations, (19)
leads to the following:

(19)

where pbat is the power delivered by the battery, Vbat and Ibat
are the battery voltage and current (DC operating points), RS is

Equation (21) represents how the control of each battery
inverter changes its frequency when its delivered power varies.
By means of (10), and (21) applied to both inverters, the
characteristic equation for the power distribution, denD, can be
obtained as

denD =
1 + DPL ( DCON + S BAT ) .

(24)

The conventional droop control, represented by DCON, was
initially designed to have an effect on the power distribution
[43], whilst the voltage regulation, represented by SBAT, was
initially designed to have an effect on the net power [18].
However, as (24) shows, both terms are important for the
power distribution response. To evaluate the influence of each
term more precisely, the root locus diagrams of denD for
different values of MP and KP are shown in Fig. 13, where KP
is the proportional parameter of PI controller Cc,v. The analysis
is carried out for the system presented in Table II but assuming
that the features of battery inverter 2 are those of battery
inverter 1, in other words identical battery systems. As can be
observed in Fig. 13, the characteristic equation denD has four
important roots. Poles λ1 and λ2, the two poles closest to the
origin, are the dominant ones. The rapidity of the power
distribution response is therefore determined by them. The
appearance of these slow poles is due to the battery voltage
regulation (term δf or transfer function SBAT), since they are
not present for the conventional droop control [43]. On the
other hand, poles λ3 and λ4, the two poles farthest away from
the origin, represent the stability margin of the power
distribution response. Although these poles are also influenced
by the voltage regulation, their appearance is due to the
conventional droop method (term MP·p or transfer function
DCON). As can be observed in Fig. 13(a), increasing MP moves
poles λ3 and λ4 closer to the imaginary axis, making the system
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less damped, whilst at the same time reduces the real part of λ1
and λ2, slowing down the response. On the other hand, as
shown in Fig. 13(b), increasing KP has the same effect on λ3
and λ4, making the response less damped, but increases the real
part of λ1 and λ2, speeding up the response.
Root Locus
250

Imaginary Axis

200

MP

150

0.5

100

0

-0.5

50

-2

-1.5

-1

-0.5

0

SBAT). On the other hand, pole λ3 is the one farthest away from
the origin and its appearance is due to the conventional droop
method (term MP·p or transfer function DCON), since it does
not exist when the droop control is not present [18]. As shown
in Fig. 14(a), increasing MP moves λ1 and λ2 closer to the real
axis, making the response more damped. The response also
becomes slower if MP is high enough. On the other hand, as
also shown in Fig. 14(b), increasing KP slightly changes the
damping of λ1 and λ2 (from a certain value of KP), and has
little effect on the pole λ3. Furthermore, if KP is high enough,
the real pole λ3, which is more affected by MP, becomes
dominant.
Although the demonstration is not shown here for reasons
of space, the characteristic equations denD and denS are exactly
the same for an n identical battery system if a slight
modification is made: the 2 in ARES expression (see (16)) must
be changed by n. As a result, the analysis carried out in this
section is also applicable to an n identical battery system.
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Fig. 13. Root locus diagrams for denD: (a) MP increasing (KP = 0.07) and (b)
KP increasing (MP = 0.3 Hz)

By means of (15), and (21) applied to both inverters, the
characteristic equation for the net power, denS, can be obtained
as

denS =
1 + S RES ( DCON + S BAT ) .

(25)

This expression shows that, also in this case, both terms
DCON (due to MP·p) and SBAT (due to δf) are important for the
net power response. The influence of each term on denS is also
evaluated here by means of the root locus analysis. The root
locus diagrams of denS for different values of MP and KP are
shown in Fig. 14 for the system above. As can be observed in
the figures, denS has three important roots. Poles λ1 and λ2 are
the ones closest to the origin, and their appearance is due to
the battery voltage regulation (term δf or transfer function
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Fig. 14. Root locus diagrams for denS: (a) MP increasing (KP = 0.07) and (b)
KP increasing (MP = 0.3 Hz)

B. Other Modes: Identical Battery System
The system modeling when operating in Modes I, II, IV and
V can be obtained from the analysis developed in section IV.A
for Mode III. In this section, the differences in relation to
Mode III are highlighted for the other operating modes.
When the system is operating in Mode V, (24) and (25)
apply for the power distribution and net power responses,
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respectively. However, the total controllable load power must
be considered in SRES instead of the total MPP power Pmpp,t
(see (16)), controller Cd,v must be considered in SBAT instead of
Cc,v (see (23)), and the battery model parameters must be given
for a low SOC level (see(20)).
When the system is operating in Mode II or IV, the net
power is not modified because the RES or load power is not
changed by the control. As a result, the net power response
does not apply in these modes. With regard to the power
distribution response, (24) must be modified. In these modes,
only one battery is varying the term δf while, in the other, the
controller outputs are inactive due to saturation δf = 0 (see
Fig. 4). As a result, (21) is only valid for one battery inverter,
and in the other SBAT = 0. On account of this, the characteristic
equation for the power distribution now becomes

1 + DPL ( DCON + S BAT 2 ) .
denD =

(26)

Furthermore, controller Cc,v and a high-SOC battery model
must be used in Mode II while controller Cd,v and a low-SOC
battery model must be used in Mode IV. Equation (26) can be
analyzed by means of the root locus diagram for denD of
Fig. 13, considering KP is equal to half the KP value used in
Mode III. As a result, the power distribution response for
Mode II and IV is more damped and slower than for Mode III.
Finally, when the system is operating in Mode I, both
battery voltage controllers are inactive because their outputs
are saturated to δf = 0 (see Fig. 4). As a result, only the
conventional droop method applies, which leads to

denD =
1 + DPL ⋅ DCON .

(27)

In this case, poles λ1 and λ2 of Fig. 13 do not appear and the
power distribution response therefore becomes much quicker
and more damped, as can be observed in Fig. 13 for KP = 0
and in [43].
C. Different Battery System
If the two battery systems are not identical, even if they
have the same per-unit characteristics, then the power response
cannot be decoupled. For Mode III, proceeding similarly to
section IV.A, the characteristic equation for the power
response, denDS, is expressed as
denDS = 1 + 1 / 2 ⋅ ( DPL + S RES 1 )( DCON 1 + S BAT 1 ) +
+ 1 / 2 ⋅ ( DPL + S RES 2 )( DCON 2 + S BAT 2 ) +

(28)

+ 1 / 2 ⋅ DPL ⋅ ( S RES 1 + S RES 2 )( DCON 1 + S BAT 1 )( DCON 2 + S BAT 2 )

V ⋅ E 2π
DPL1 =
DPL 2 =
DPL =
2⋅
⋅
X1 + X 2 s

(29)

Pmpp ,t
X
S RES 1 = 2 ⋅
⋅Hf
X 1 + X 2 ∆f max − ∆f min

(30)

Pmpp ,t
X
S RES 2 = 1 ⋅
⋅Hf
X 1 + X 2 ∆f max − ∆f min

(31)

MP
MP
DCON 1 =
⋅ H P , DCON 2 =
⋅ HP
Sbat ,1
Sbat ,2

(32)

S BAT 1 = Cc ,v1 ⋅ S v1 ⋅ Gbat1 ⋅ B1 , S BAT 2 = Cc ,v 2 ⋅ S v 2 ⋅ Gbat 2 ⋅ B2 (33)

The different control parameters of each battery inverter
can be designed according to section IV.A, assuming that all
the inverters operating are identical. Equations (28)–(33) then
make it possible to verify the real dynamic response. In effect,
in doing so, it can be verified that the dynamic response for the
different battery system remains similar to the one for the
identical battery system (design system).
V. EXPERIMENTAL RESULTS
The proposed frequency-based energy management strategy
was validated by experimental tests. Two batteries with their
inverters were connected in parallel and generated the AC
grid. A load bank and two PV emulators with their inverters
were connected to the grid. The battery and PV inverters are
commercial ones, with a modified configuration, in order to
implement the proposed strategy. More precisely, the proposed
droop method presented by (3), where δf is obtained from (5)
and Fig. 4, was programmed in the battery inverters whilst the
PV power regulation, represented by Fig. 5 and Fig. 7, was
programmed in the PV inverters. The system features are
shown in Table II, where it can be observed that the two
battery systems have different characteristics. Precision power
analyzer WT1800 served to obtain the data, supplying
voltages, currents, powers and frequencies every 50 ms.
The first test was conducted to validate the battery voltage
regulation during the transition from Mode I – Mode II –
Mode III, similarly to the simulation presented in Fig. 11. The
experimental results are shown in Fig. 15 and represent the
battery 1 voltage divided by two, the battery 2 voltage, the
maximum voltage for both batteries (Fig. 15(a)), the battery
powers, the load power, the total PV power (Fig. 15(b)), and
the grid frequency (Fig. 15(c)). At the start, both battery
voltages were lower than their maximum values. As a result,
the battery inverters shared the power in proportion to their
ratings (P1=2·P2), the frequency was close to 50 Hz and the
system was operating in Mode I. Then, at about second 8, a
2.6 kW load was disconnected. The battery 2 voltage exceeded
its maximum value but, thanks to the control, the absorbed
power switched from battery 2 to battery 1 so that the battery 2
voltage was controlled, making the system operate in Mode II.
The grid frequency increased in this mode but remained lower
than f0 + Δfmin = 50.5 Hz because the PV power did not need to
be limited. Then, at about second 25, a 1.3 kW load was also
disconnected, making the voltage of both batteries exceed their
maximum value. As a result, the grid frequency was increased
by the control. Then, when the frequency measured by the PV
inverters became higher than 50.5 Hz, the PV power was
reduced so that both battery voltages were regulated, making
the system operate in Mode III. The figure shows how the
proposed strategy is successful in controlling the absorption
voltage of one or two batteries as required while at the same
time making the most of the solar energy, yet with no need for
communication cables.
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Fig. 15. Voltage regulation during the transition Mode I – Mode II – Mode III

The second test validated the battery current regulation
during the transition from Mode I – Mode IV – Stop, in a
similar way to the simulation presented in Fig. 12. The
experimental results, shown in Fig. 16, represent the battery
currents, the maximum discharging current for both batteries
(Fig. 16(a)), the load power, the battery powers (Fig. 16(b)),
and the grid frequency (Fig. 16(c)). It was assumed that, due to
adverse conditions, both batteries were very hot. In order to
protect them, their maximum current was reduced to
ibat,d,max1 = 20 A and ibat,d,max2 = 10 A. During the test, the PV
power was always 0, and there were no controllable loads. At
the beginning, both battery currents were below their
maximum values. Hence, the system operated in Mode I, the
load power was shared by the inverters and the frequency was
close to 50 Hz. At about second 3, a 2 kW load was connected.
The battery 2 current then became higher than 10 A and, as a
result, the control made battery inverter 1 deliver more power
so that the battery 2 current was regulated, making the system
operate in Mode II. Then, at about second 5, a 1.3 kW load
was also connected, making each battery current exceed its
maximum value. As a result, the grid frequency was reduced
by the control. Since there were no controllable loads in this
test, the frequency continued decreasing until it reached value
f0 – ∆fstop = 49.4 Hz, when the system stopped in order to
protect the batteries. The figure shows how the proposed
strategy manages to either control the current of one battery or
to stop the system as required with no need for communication
cables. Furthermore, the value of ∆fstop can be configured in
order to control the overload time, depending on the system
thermal properties.

f (Hz)

f (Hz)

6

t (s)

P1
P2
Pload

6000

P (W)

P (W)

5000

2

Ibat1
Ibat2
Ibat,d,max1
12
10
Ibat,d,max2

49.8
49.6
49.4

0

2

4

6

t (s)

8

10

12

Fig. 16. Current regulation during the transition Mode I – Mode IV – Stop

VI. CONCLUSIONS
This paper presents a new energy management strategy for
stand-alone systems with distributed energy storage. The
energy management is carried out with no need for
communication cables between the inverters or to a central
supervisor, using frequency as a communication signal,
resulting in a more reliable and cost-effective system. During
normal operation, the power is shared among the various
battery inverters thanks to the conventional droop method.
Then, when some batteries are fully charged or are absorbing
too much current, the frequency is increased. As a result, the
power is first transferred from some of the batteries to the
others. However, if all batteries have reached the maximum
voltage or current, then the renewable-energy sources detect
the high frequency and reduce their power in order to adjust
the battery voltages or currents. Similarly, when the batteries
are either fully discharged or delivering excessive current, then
the frequency is decreased. This makes it possible to regulate
the voltage/current of one or more batteries as required. Then,
if all batteries reach their minimum voltage or maximum
discharging current, the less critical loads are regulated. If this
is not possible, then the system stops in order to prevent
serious damage to the batteries.
Small-signal modeling for the whole system is carried out.
This modeling makes it possible to evaluate the influence of
the new control in relation to the conventional droop method,
to design the main control parameters even for uncertain
systems, and to validate the power response dynamics and
stability for a given system.
The proposed strategy is validated by means of simulation
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and experimental tests for a system with two battery inverters,
two photovoltaic inverters and a number of loads. The results
show how the regulation of battery voltages or currents, the
PV power reduction and the non-critical loads control are
correctly performed. As a result, the energy management is
successfully carried out for the most critical situations with no
use of communication cables.
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