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Abstract: A hybrid PV-Battery-Diesel configuration is very attractive for stand-alone systems in
terms of cost and reliability. In many applications, the battery and the diesel generator are
centralized and generate the AC grid while the PV generators and loads are distributed and are
connected to the grid. However, in these cases, long communication cables are required in order
to reduce the PV power when the battery is fully charged. This paper proposes an energy
management strategy which makes it possible to avoid the use of communication cables,
rendering the system simpler, cheaper and more reliable. The strategy dictates that should a
power reduction be required, the battery inverter increases the grid frequency. This is detected
by the PV inverters, which continuously reduce their power in order to prevent the battery from
overcharge or over-current. The strategy also optimizes the efficiency and operating life of the
diesel generator. Simulation and experimental validation is carried out for a system with 10 kW
PV generation, a 5 kVA battery inverter, a 5 kVA diesel generator and a 5 kVA load.
Keywords: Battery, charge controller, diesel generator, energy management strategy, hybrid
system, photovoltaic power, stand-alone system.
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1. INTRODUCTION
For 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].
A diesel generator has been traditionally used in stand-alone systems since it greatly reduces the
Loss of Load Probability (LOLP) and the initial investment. However, thanks to the PV cost
reduction, the addition of photovoltaic generation to a pure diesel system is becoming favorable.
The fact that the solar resource is free helps reduce the cost of energy and fuel consumption and
to avoid carbon dioxide emissions.
Given the similarities between this stand-alone system and the conventional electric grid,
similar approaches could be envisaged for the energy management. Comprehensive reviews on
load-frequency control for conventional grids, also including renewable-energy sources, can be
found on [3] and [4]. Some conventional approaches include phase shift methods [5], [6], and
proportional-integral control [7]. Many authors show that photovoltaic systems can also
contribute to the grid stability by providing primary frequency regulation [8]-[10]. In [11], an
energy management is developed for a stand-alone system. The photovoltaic inverter follows
load variations by means of a fuzzy control which requires irradiance and frequency deviation
as inputs. Thanks to the control, frequency deviation is reduced at the expense of limiting the
photovoltaic power. In all these cases, the regulation contributes to the energy management
because the systems are based on synchronous generators and therefore have an associated
inertia. However, energy management in non-inertial systems is considerably different from
synchronous-generator-based systems.
A battery energy storage system could also be considered, leading to a hybrid PV-battery-diesel
system. Adding a battery makes it possible to integrate a higher photovoltaic power and, at the
same time, to reduce frequency deviations. In this case, the diesel generator is usually
disconnected, which leads to a non-inertial system based on electronic converters. The hybrid
solution is an extremely interesting option, since it achieves a tradeoff between total cost and
reliability [12]-[16]. The diesel generator duty cycle is reduced, resulting in increased life and
lower maintenance [12], [17]. Furthermore, whenever the diesel generator is used, it can be
forced to operate close to its nominal power, for high efficiency [17], [18]. Due to these
advantages, photovoltaic generation with battery storage is being added in existing diesel
installations whilst new hybrid stand-alone systems are also being installed [14], [15], [19].
The hybrid PV-battery-diesel system requires high-quality energy management for optimal
operation. The diesel generator generally remains unconnected, whilst the PV arrays operate
under MPPT and the battery offsets the difference between consumption and generation. As a
result, the battery State of Charge (SOC) changes accordingly. Then, when the SOC is low, the
diesel generator comes into operation. This prevents the battery from an over-discharge and
increases the stored energy. On the contrary, when the battery is fully charged and generation is
higher than consumption, then the photovoltaic power should be limited in order to protect the
battery from overcharging [20], [21].
The type of energy management implemented depends on the system configuration. Two
alternatives are generally used depending on the location of the photovoltaic generators, as
shown in Fig. 1. In both of them, the diesel generator, loads and battery, through an inverter in
that case, are connected to the common AC bus. However, in the first case, the PV arrays are
connected to the battery through a DC/DC converter whereas in the second case, they are
connected to the AC bus through an inverter.
Due to its simplicity, the first configuration (Fig. 1(a)) is advantageous in many situations. Since
the generation and storage are centralized, all the information passes through the control
supervisor and a simple energy management strategy can be implemented. When the battery is
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fully charged, the DC/DC converter can easily control the DC bus voltage with no need for
communication cables [22]-[27]. However, this structure makes it necessary to install the PV
generators close to the battery, which can be a limitation in applications where distributed PV
generation is adequate. In these cases, the second configuration becomes more attractive.
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Fig. 1. Stand-alone hybrid system: centralized/distributed PV generation.
The second configuration (Fig. 1(b)) makes it possible to locate the PV arrays near to the loads.
It can be convenient in many applications such as rural electrification since the PV arrays can be
placed on the house roof and connected directly to the mains [28]-[30]. In normal operation, the
diesel generator is not connected. In this situation, the PV inverters operate as current-source
inverters (CSI), delivering maximum power. The battery inverter operates as a voltage-source
inverter (VSI), setting the grid frequency and voltage [31]. As a result, the battery inverter
automatically supplies the required real and reactive power. However, the inconvenience of this
system is that communication cables are required in order to reduce the PV power when the
battery is fully charged, which makes the system more complex, more expensive and less
reliable [32]. Well-known droop methods succeed in sharing the power among parallel VSIs
without the need of communication cables [33], [34]. However, the PV power reduction in such
a system with no communications has not yet been addressed.
This paper proposes an energy management strategy for the whole system. The strategy makes
it possible to limit the distributed PV generation without the need for communication cables.
When the battery is fully charged or the battery power exceeds its nominal value, the battery
inverter transmits the information through the AC lines by means of a frequency increase. This
message is detected by the PV inverters, which continuously reduce the power generated in
order to regulate the battery voltage or power, preventing an overcharge or over-current. On the
one hand, in doing so, the battery charge is optimized, increasing the battery life whilst, on the
other hand, the battery is protected from over-current, making it possible to install a PV peak
power higher than the battery inverter rated power, which is often required by the system sizing.
This strategy also optimizes the diesel generator operation since it is only connected when there
is a low SOC and operates at a high power, thereby increasing its efficiency and expected life.
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2. SYSTEM DESCRIPTION
2.1. Sizing of the elements
The rated values of the system with distributed PV generation are shown in Fig. 2, where Cbat is
the battery rated capacity, Sbat,nom is the battery inverter rated power, Sdiesel,nom is the diesel
generator rated power, Sload,nom is the load rated power, and Ppv,nom is the total PV inverter rated
power.
For a certain application, Sload,nom is given. The battery should at least be able to feed the loads
even in the worst case scenario, i.e. with maximum consumption and no generation. It is thus
advisable that Sbat,nom ≥ Sload,nom.
Sdiesel,nom

Sload,nom

DIESEL

PV

LOADS

Ppv,nom
BAT

Cbat

Sbat,nom

AC BUS

Fig. 2. Sizing of the distributed PV generation system
The PV power sizing strongly depends on the generation and consumption power profiles and
therefore on the application and system location. In many cases, the most cost-effective PV
power is higher than the load rated power. In principle, this would make it necessary to increase
the battery inverter power over Ppv,nom in order to provide system overcurrent protection
whenever generation is high and there is no load. However, these systems always require a
reduction in the PV power in order to protect the battery from overcharging when it is fully
charged. This power limitation can also be used to reduce the size of the battery inverter with
regard to the PV inverters, that is Sbat,nom < Ppv,nom. Then, the power absorbed by the battery
inverter can reach Ppv,nom during a short transient until the PV power has been reduced. This
condition restricts the minimum size of the battery inverter. This paper considers that the battery
inverter can withstand twice its rated power for a very short transient (about one second) and
thus it must be guaranteed that Sbat,nom ≥ Ppv,nom/2. Finally, the two restrictions for the battery
inverter are Sbat,nom ≥ Ppv,nom/2 and Sbat,nom ≥ Sload,nom.
Regarding the diesel generator, it should be sized so that Sdiesel,nom ≥ Sload,nom. This guarantees
that, when the SOC is low and there is no PV generation, the diesel can completely cover the
load demand [12].
The rated values of the system used throughout this paper for the simulation and experimental
results, in accordance with the aforementioned sizing, are shown in Table 1.
Sload,nom
Sbat,nom
Sdiesel,nom
Ppv,nom1
Ppv,nom2
Cbat (10 h)
Vbat,nom

5000 VA
5000 VA
5000 VA
5000 W
5000 W
240 Ah
120 V

Table 1. Rated values of the stand-alone system.
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2.2. System presentation
The hybrid stand-alone system is shown in Fig. 3, where vbat is the battery voltage, ibat the
battery current, vgrid the grid voltage, iinv the battery inverter current, vdiesel the diesel voltage,
idiesel the diesel current, ipv the total PV inverter current, iL the total load current, Pbat and Qbat the
real and reactive power absorbed by the battery inverter, Pdiesel and Qdiesel the real and reactive
power supplied by the diesel generator, PL and QL the real and reactive power demanded by the
loads, and Ppv the power generated by the PV arrays. The PV inverters do not provide reactive
power and power losses are neglected for the analysis. The supervisor is located in the battery
inverter and directly measures vbat, ibat, vgrid, iinv, vdiesel and idiesel. From these variables, the
difference between the load and PV currents can be obtained as:
iL − i pv = idiesel − iinv

(1)

However, due to the system configuration and the lack of communication cables, it is not
possible to distinguish between iL and ipv. The SOC of the battery is also determined by means
of:
SOC = SOC0 +

∫ ibat ⋅ηbat dt

(2)

Cbat

where ηbat is the battery efficiency.
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Fig. 3. Voltages, currents and powers known by the supervisor.

3. PV POWER LIMITATION
3.1. PV power limitation description
There are two situations in which it is necessary to limit the photovoltaic power.
The first one is related to the battery overcharge. When the battery is charged and cannot absorb
more power, its voltage will exceed the maximum voltage, vbat,max. The PV power must then be
reduced in order to limit the battery voltage to vbat,max. The value of voltage vbat,max depends on
the battery type and charging method. For lead-acid batteries, Three Stage Charging is the most
suitable charging algorithm, whereby vbat,max is the absorption voltage vbat,abs during normal
operation and absorption charging and then the float voltage vbat,fl during float charging [35],
[36]. For lithium-ion batteries, vbat,max is the overcharge voltage [37].
The second situation is related to over-current protection. When the current or power absorbed
is too high, the battery current ibat will exceed the maximum current ibat,max. In this situation, the
current must be limited to ibat,max, which is also achieved thanks to the PV power reduction. The
value of ibat,max depends on two restrictions. It must first be guaranteed that the battery inverter
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RMS current does not exceed its nominal value or, in other words, that the inverter apparent
power does not exceed Sbat,nom. This can occur even for a low battery power if the battery
inverter is feeding high reactive loads. In order to avoid this, ibat,max is set to ibat,Smax, which is
calculated as follows:
ibat , S max =

Sbat , nom ⋅ cos ϕ

(3)

vbat , m

where φ is the angle between vgrid and iinv and vbat,m is the measured battery voltage.
Secondly, it is also necessary to protect the battery from currents over its maximum allowable
current, ibat,Imax. In this way, ibat,max will be selected as the minimum value between ibat,Imax and
ibat,Smax. However, in order to make the analysis clearer, the ibat,Smax is considered to be more
restrictive hereafter, making it possible not to account for ibat,Imax.
This paper proposes a technique for reducing the PV power without the need for communication
cables. Since the frequency is the same at all the points of the grid, this variable can be used to
transmit the information through the AC lines. When a PV power limitation is necessary, the
battery inverter increases the frequency. Then, the PV inverters detect the frequency increase
and reduce their generated power in order to set the voltage to vbat,max or the current to ibat,max.
The grid frequency is f = f0 + Δf, where f0 is the nominal frequency (typically 50/60 Hz) and Δf
is the deviation in relation to the nominal value. Figure 4 shows how the frequency deviation Δf
is obtained. Both frequency deviations Δfv and Δfi, defined in the figure, are calculated to meet
the voltage and current limitations, respectively. On the one hand, the difference between the
measured battery voltage, vbat,m, and the reference battery voltage vbat,max is entered in the
controller Cv, which calculates Δfv, limited from 0 to Δfmax. On the other hand, from the
difference between the measured battery current, ibat,m, and the reference battery current ibat,max,
the controller Ci determines Δfi, also limited from 0 to Δfmax. Then, the highest value Δf is
selected since it is more restrictive and the battery inverter imposes the frequency f0 + Δf.
Saturation

vbat,max

Cv
vbat,m

ibat,max

Δfma

Saturation

Ci

Δfv

0

>

Δf

Δfma
0

Δfi

ibat,m
Fig. 4. Calculation of Δf.
In operation, the battery inverter imposes a constant RMS value V0 and a frequency f = f0 + Δf.
Thus, vgrid can be expressed as:
vgrid = 2V0 ⋅ sin (2π ( f 0 + ∆f ) ⋅ t )

(4)

Each PV inverter 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
PV inverters for anti-islanding detection. The microprocessor makes this measurement by
detecting the period between two zero crossings of the grid voltage. The frequency is then
highly filtered in order to avoid noise, transients and external interferences. If Δfm is higher than
a minimum safe value Δfmin, then the PV inverter stores the MPP power, to be called Pmpp,fr, and
continuously reduces the power generated up to a frequency deviation Δfmax, where the power is
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zero. Since the value of Pmpp,fr is taken instead of Ppv,nom, the PV power starts to be reduced just
when Δfm > Δfmin, resulting in a faster control. The frequency sensing Hf and the relationship
between the frequency deviation and the reference PV power P*pv are shown in Fig. 5.

Pmpp,fr

Δf

Hf

Ppv

Δf,m
0

0 Δfmin

P*pv

Δfmax

Fig. 5. Calculation of PV power reference P*pv.
In order to carry out the PV power regulation, the first stage of the PV inverter, which is a
DC/DC boost converter, is controlled as shown in Fig. 6. When Δfm gets higher than Δfmin, the
MPPT algorithm is cancelled and the PV voltage reference is frozen to its last value, vmpp,fr. The
PV voltage is regulated by means of a PI controller [38]. On the other hand, the 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 > vmpp. 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 gets lower than Δfmin and the MPPT is
then performed. More details about this technique are shown in [39].

v*pv = v*mpp,fr

PI

vpv,f

Saturation
with anti
windup

Imax
P*pv

<

i* L

I0

1
vpv,m

Fig. 6. PV power regulation in the PV boost converter.
Normally, vbat is lower than vbat,max and ibat is lower than ibat,max. As a result, Δfv and Δfi remain
saturated to zero, the grid frequency is f0 and the PV generators operate under MPPT (see Fig. 4
and Fig. 5). Then, when the battery is charged and its voltage exceeds vbat,max, the controller Cv
increases Δfv and the battery inverter increases the grid frequency. When Δfv > Δfmin, the PV
inverter reduces the power generated and regulates the battery voltage. Similarly, when the
apparent power of the battery inverter is higher than its nominal value, then ibat > ibat,max. The
controller Ci increases the frequency and the PV generation is reduced, limiting the battery
inverter current.
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3.2. System modeling
The speed and stability of the battery voltage and current controls depend on the system and
controller features. In order to correctly calculate the controller parameters, a model of the
system is carried out in this section. The loops for the battery voltage and current regulations are
shown in Fig. 7 and Fig. 8, respectively. The different blocks are presented below.
v*bat

Cv

Sv

Δf

Δfm

Hf

VOLTAGE
CONTROL

Gf

1
vbat

ibat

Pbat

1
vbat

vbat

Gbat

PL

PROCESS

vbat,m

Pbat

P*pv=Ppv

Hv

Fig. 7. Battery voltage control loop.
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CURRENT
CONTROL

Δfm
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PROCESS

ibat,m

P*pv=Ppv

ibat

PL

Hi

Fig. 8. Battery current control loop.
The sensing transfer function for the battery voltage vbat (Hv), the battery current ibat (Hi) and
frequency f (Hf) can be considered as a first order:
H v (s) =

1
τv ⋅ s +1

(5)

H i (s) =

1
τi ⋅ s +1

(6)

1
τ f ⋅ s +1

(7)

H f (s) =

where τv is the time constant of the battery voltage sensing, τi is the time constant of the current
voltage sensing and τf is the time constant of the frequency sensing.
Controllers Cv and Ci are Proportional-Integral (PI) regulators with parameters Kpv, Tnv, Kpi, Tni.
Their transfer functions are:
Cv ( s ) = K pv

Tnv ⋅ s + 1
Tnv ⋅ s

(8)

Ci ( s ) = K pi

Tni ⋅ s + 1
Tni ⋅ s

(9)

Since the controllers used for the implementation are digital, a digital sampler Sv and Si must be
added to the model. Being TS the sample time, they can be approximated as [40]:
S v ( s ) = Si ( s ) =

1
1.5 ⋅ Ts ⋅ s + 1

(10)

The relationship between the frequency deviation Δf and the reference PV power P*pv for
Δf > Δfmin is expressed as (see Fig. 5):
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P * pv =

∆f max − ∆f
⋅ Pmpp , fr
∆f max − ∆f min

(11)

By means of (11) and small-signal modeling (small-signal variables are marked with a hat), the
frequency deviation to power reference transfer function Gf becomes:
Gf =

Pˆ * pv ( s)
Pmpp , fr

=−
∆f max − ∆f min
∆f ( s)

(12)

The PV power regulation is carried out by means of the technique developed in [39], presented
in Fig. 6. This technique achieves high dynamics for the power regulation and it can thus be
considered that Ppv = P*pv for the outer loop.
Neglecting power losses, battery power Pbat and ibat can be obtained as:
Pbat = Ppv − PL

(13)

Pbat
vbat

(14)

ibat =

Finally, considering the small-signal analysis of the Thevenin lead-acid battery equivalent
circuit model, the battery current to voltage transfer function Gbat can be obtained as [25]:
vˆ ( s ) (R1 + R2 ) + R1 ⋅ R2C ⋅ s
Gbat ( s ) = bat
=
ibat ( s )
1 + R2C ⋅ s

(15)

where R1 is the internal resistance and R2 and C represent the first order dynamics of the battery.
These parameters can be considered constant for modeling purposes since the SOC slightly
changes within the operating range of the voltage regulation.
3.3. Controller design
The controller parameters are obtained by means of the aforementioned modeling, which is
summarized in Fig. 7 and Fig. 8. In our system, the parameters are τf = 1 s, Ts = 100 ms,
Δfmin = 0.2 Hz, Δfmax = 1 Hz, R1 =50 mΩ, R2 =12 mΩ, C = 1.5 F, vbat,max = 147 V. Voltage and
current sensing transfer functions can be neglected since 1/τv = 1/τi = 13500 rad/s is much higher
than the cutoff frequency. For both voltage and current loops, Pmpp,fr is first taken as
Ppv,nom/2 = 5 kW for the controller parameter calculation. However, Pmpp,fr largely depends on the
irradiance and it can vary up to Ppv,nom = 10 kW in this case (see Table 1). Thus, a robustness
analysis is carried out for other values of Pmpp,fr.
For the voltage control loop, the operating battery voltage is very close to vbat,max and thus it can
be considered that vbat = vbat,max. The values of Kpv and Tnv are calculated for a cutoff frequency
fcv = 0.2 Hz and a phase margin PMv = 60º. However, when a parameter differs from the
parameter considered in the model, the cutoff frequency and phase margin are not equal to
0.2 Hz and 60º. For this reason, the cutoff frequency fcv and the phase margin PMv have been
obtained for different values of Pmpp,fr, from 1 to 10 kW, and are represented in Fig. 9. It can be
observed that the regulation is always stable with a minimum PMv = 54.4º for Pmpp,fr = 10 kW.
The figure also shows that the regulation becomes slower for low values of Pmpp,fr, which does
not represent a problem since the over-voltage is less important for low Pmpp,fr.
For the current control, the operating battery voltage is around nominal voltage and thus it can
be considered that vbat = vbat,nom. Current control parameters Kpi and Tni are obtained for a cutoff
frequency fci = 0.3 Hz and a phase margin PMi = 60º. Similarly to the voltage control loop, the
cutoff frequency fci and phase margin PMi are depicted in Fig. 10 as a function of Pmpp,fr. The
regulation is also stable in this case, with a minimum PMv = 53.6º for Pmpp,fr = 10 kW. The
cutoff frequency increases for high Pmpp,fr, which protects the battery converter from dangerous
over-currents.
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Fig. 9. Cutoff frequency and phase margin of the voltage control for different values of Pmpp,fr.

Fig. 10. Cutoff frequency and phase margin of the current control for different values of Pmpp,fr.

4. PROPOSED ENERGY MANAGEMENT STRATEGY
The proposed energy management strategy consists of three modes of operation. The behavior
of each element of the system in each mode of operation as well as the conditions required to
switch from one mode to another are represented in Fig. 11.
Mode of operation
Mode I: Normal
operation
Mode II: PV
power limitation
Mode III:
Diesel generator

Battery inverter
Voltage source
Δf < Δfmin
Voltage source
Δf > Δfmin
Current source
Pbat = min(Pavaiilable, Sbat,nom)

SOC<SOCon
Mode III

PV inverters

Diesel

MPPT

Off

Power
limitation

Off

MPPT

vbat<vbat,max
and ibat<ibat,max
Mode I

SOC>SOCoff
or Pdiesel<0

On
f ≈ f0

Mode II
vbat>vbat,max
or ibat>ibat,max

Fig. 11. Mode of operation and change conditions
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4.1. Mode I: normal operation
In mode I, the diesel generator is not connected, the PV inverters operate under MPPT and the
battery inverter creates the grid. As a result, the battery absorbs or supplies the difference
between generation and consumption and its SOC varies according to (2). The power balance
becomes:
Pbat = Ppv − PL

(16)

Qbat = −QL

(17)

In this mode, the frequency deviation Δf is zero or lower than Δfmin. When due to a high battery
voltage or current, the regulation increases Δf to more than Δfmin (see Fig. 4 and Fig. 5), then the
PV inverters reduce their power and the system switches to mode II. On the other hand, if the
SOC falls below SOCon, then the diesel generator is turned on and, after a synchronization
period, the system switches to mode III.
4.2. Mode II: PV power limitation
In mode II, the diesel generator is not connected and the battery inverter creates the grid. The
grid frequency deviation is higher than Δfmin and, as a result, the PV power is lower than its
maximum power. The power balance is the same as for mode I. Thanks to the voltage or current
control, the frequency and PV power are regulated in order to keep a constant voltage or current,
equal to its reference (see Fig. 7 and Fig. 8). When the system is not able to maintain that
reference (due to a decrease in irradiance for example), the regulation reduces the frequency
below Δfmin and the system switches to mode I.
4.3. Mode III: diesel generator
In mode III, the diesel generator is connected and creates the grid whereas the battery inverter
operates as a current source inverter (CSI) in phase with the grid voltage. The frequency
generated by the diesel generator does not need to be just equal to f0 but must be lower than
f0 + Δfmin. Thus, the PV inverters operate under MPPT. The power balance is as follows:
Pdiesel = Pbat + PL − Ppv

(18)

Qdiesel = QL

(19)

In this situation, the battery power is a degree of freedom. In order to optimize the system
operation, the battery inverter demands a power Pavailable, defined as the power available in the
diesel generator once the PV arrays and the loads have been considered:
2
2
Pavailable = S diesel
, nom − QL + Ppv − PL

(20)

Since in this mode the battery demands Pavailable, it can be observed from (18)-(20) that the diesel
generator operates at nominal current (Sdiesel = Sdiesel,nom). However, if Pavailable > Sbat,nom, the
battery cannot absorb Pavailable and demands Pbat = Sbat,nom. Under these circumstances, it is not
possible to operate the diesel generator at its nominal current (Sdiesel < Sdiesel,nom). Then, by means
of (18), the power balance becomes:
Pdiesel = Sbat ,nom + PL − Ppv

(21)

The system will continue in mode III with Pbat = min(Pavailable, Sbat,nom) until the SOC exceeds
SOCoff, the point at which the diesel generator is disconnected and the system switches to mode
I. As a result, its efficiency is maximized and its connection time is reduced, increasing its life
expectancy.
However, during mode III, if the PV generation increases and the load decreases, the diesel
generator could absorb power. From (21), Pdiesel < 0 could occur for:
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Ppv − PL > Sbat ,nom

(22)

In this situation, in order to prevent the diesel generator from absorbing power and accelerating,
it is disconnected and the system therefore switches to mode I. Right away, the battery inverter
absorbs a power higher than Sbat,nom (see (16) and (22)). As a result, the battery current
regulation makes the battery inverter increase the frequency and the system switches to mode II.
5. SIMULATION RESULTS
The proposed energy management strategy was first validated by simulation. Using the PSIM
software, an accurate model was developed for all the elements of the system with distributed
PV generation. The system is illustrated in Fig. 3, including two PV generators with their
inverters. The rated power of the elements is shown in Table 1.
The first simulation was to validate the system operation in mode I and mode II as well as the
transition from one mode to another. In these modes the diesel generator was not connected.
The results are shown in Fig. 12. The represented variables were v*bat = vbat,abs = 147 V and vbat,m
(graph 1); Sbat,nom = 5 kVA and Sbat (graph 2); Δfi, Δfv (note that Δf = max(Δfv, Δfi) was imposed
by the battery inverter) and the frequency deviation measured by the PV inverters Δf,m (graph 3);
Pbat, Pload, Ppv = Ppv1 + Ppv2 and Pmpp = Pmpp1 + Pmpp2 (graph 4); Qbat, Qload and the reactive power
delivered by the PV inverters Qpv = Qpv1 + Qpv2 (graph 5).

Mode I

Mode II

Mode I

Mode II

Mode I

Fig. 12. Simulation results.
At the start, the nominal load was connected, consuming Pload = 4 kW and Qload = 3 kVAr, and
the PV generators operated under MPPT, with Ppv = Pmpp = 3 kW. Since vbat,m < v*bat and
Sbat < Sbat,nom, the frequency deviation Δf was saturated at 0 (see Fig. 4) and the system remained
in mode I. Then, the irradiance increased as did Pmpp. Initially, the MPPT algorithms maximized
the PV power. However, when vbat,m exceeded v*bat, controller Cv increased Δfv and when Sbat
exceeded Sbat,nom, controller Ci increased Δfi. As a result, the battery inverter selected the highest
Δf value and increased the frequency. When the frequency filtered by PV inverter Δf,m became
higher than Δfmin = 0.2 Hz, then the PV power was limited following the curve shown in Fig. 5
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and the system switched to mode II. Thanks to the battery current control (see Fig. 8), Sbat was
regulated to its nominal power 5 kVA, with Pbat = 4 kW and Qbat = -3 kVAr. The transient overcurrent had a duration of 1.2 seconds, which did not affect the components. Then, the irradiance
and thus Pmpp decreased. At the start, the PV power remained at Ppv = 8 kW. However, when
Pmpp fell below 8 kW, this power could not be delivered. The PV voltage was then controlled to
the last MPP voltage vmpp,fr in order to avoid a voltage drop (see Fig. 6). In this case, the PV
power was close to the MPP power since the MPP voltage had not changed significantly during
the power limitation. As a result of the irradiance drop, Sbat fell below Sbat,nom and controller Ci
reduced Δf. When Δf,m fell below 0.2 Hz, the PV arrays changed to MPPT and the system
switched to mode I. Then, at second 7.8, the whole load was instantly disconnected. At this
moment in time, the battery power changed from Pbat = 2 kW to Pbat = 6 kW, Qbat = 3 kVAr to
Qbat = 0 and Sbat = 3.6 kVA to Sbat = 6 kVA and the battery voltage changed from 146 V to
148 V. Since there was no reactive power, the voltage condition was now more restrictive and
Δfv increased to above Δfi. When Δf,m inceased to more than Δfmin = 0.2 Hz, the system switched
to mode II and the PV power was reduced in such a way that the battery voltage was regulated
to absorption voltage. Finally, at second 12.5, the irradiance decreased and the PV voltage was
initially controlled. Then, the frequency was reduced, the PV arrays changed to MPPT and the
system switched to mode I.
The second simulation was to validate the system operation in mode III as well as the
connection and disconnection of the diesel generator. The results are plotted in Fig. 13 for real
powers Pbat, Pload, Ppv and Pdiesel (graph 1), reactive powers Qbat, Qload, Qpv and Qdiesel (graph 2),
Sbat,nom = Sdiesel,nom = 5 kVA, Sbat and Sdiesel (graph 3).

Mode I

Mode III

Mode I

Mode II

Fig. 13. Simulation results.
The system was initially in mode I. The nominal load was connected and consumed
Pload = 4 kW and Qload = 3 kVAr while the PV inverters functioned under MPPT with Ppv =
2 kW. The diesel generator was not connected and the battery inverter therefore provided the
difference between generation and consumption, that is Pbat = -2 kW and Qbat = -3 kVAr. After
some time in this mode, the battery SOC fell below SOCon. As a result, the diesel generator was
turned on, the battery inverter voltage was synchronized and then, at about second 1.7, the
diesel generator was connected, switching to mode III. From that moment onwards, the battery
inverter functioned as a current source demanding power Pavailable (see (20)), which caused the
diesel generator to operate at nominal power Sdiesel = Sdiesel,nom = 5 kVA, with Pdiesel = 4 kW and
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Qdiesel = 3 kVAr. Then, at second 2.5, the irradiance increased, as did the PV power generation
up to Ppv = 7 kW. During this PV power increase, at first Sdiesel remained equal to Sdiesel,nom
thanks to a higher Pbat demand. However, when Sbat reached Sbat,nom at second 2.8, the battery
inverter was unable to absorb more power. As a result, Pdiesel and Sdiesel decreased until the
irradiance stopped rising at second 3, leading to Pdiesel = 2 kW and Sdiesel = 3.7 kVA. Then, at
second 3.5, the irradiance increased again as did the PV power generation up to Ppv = 10 kW. At
the beginning, since the battery inverter could not demand more power, Pdiesel continued
decreasing. At second 3.7, Pdiesel was very low and, in order to prevent the diesel generator from
absorbing power, it was disconnected. The system therefore switched to mode I: the battery
inverter controlled the grid voltage and the PV inverters remained under MPPT. Consequently,
at the end of the irradiance increase, the battery inverter was overcharged, with Pbat = 6 kW and
Sbat = 6.8 kVA. This fact caused controller Ci to increase the frequency and, at second 4.5, Δf,m
became higher than Δfmin = 0.2 Hz, making the system switch to mode II. As a result, the PV
power was continuously reduced and Sbat was controlled to Sbat,nom.
6. EXPERIMENTAL RESULTS
The proposed energy management strategy was experimentally validated for the system
represented in Fig. 3 (for two PV generators with their inverters). The elements used for the
experimental setup are shown in Fig. 14, and their rated power is indicated in Table 1. The PV
emulators (only one is shown) imitate the behavior of two 5 kW PV arrays and make it possible
to change the irradiance as required. The battery and PV inverters are commercial inverters
whose configuration has been modified in order to implement the proposed strategy. The battery
inverter was programmed to increase the grid frequency according to the strategy developed in
section 3 and also to manage the diesel generator connection and operation following the
strategy presented in section 4 whilst the PV inverters were programmed to reduce the power
generated as a function of the grid frequency according to Fig. 5. The load bank made it
possible to select the desired power and power factor. The experimental values were taken from
the battery and PV inverter microprocessors. The irradiance variations represent quick cloud
passages and account for the size of the PV generator. The irradiance variation was not
simultaneous for both PV generators, modeling their different locations.
In the first test, the PV power limitation for over-current protection was verified. The test
conditions were similar to those of the first part of the first simulation (see section 5, switch
from mode I to mode II and back to mode I). The experimental results were taken from the
microprocessor and are shown in Fig. 15. Variables Sbat,nom = 5 kVA and Sbat are represented in
the first graph; grid frequency fbat and grid frequency filtered by the PV inverter, fpv1 and fpv2, in
the second graph; and Pbat, Ppv1 and Ppv2, in the third graph. At the start, the system was
operating in mode I with the PV inverters under MPPT. However, after an irradiance increase,
the battery inverter absorbed an over-current. As a result, the battery inverter increased the grid
frequency, which led to a PV power reduction when fpv1 = fpv2 > 50.2 Hz. This made it possible
to control the battery apparent power to its rated value. Then, due to a fall in irradiance, it was
not possible to maintain Sbat,nom. Thus, according to the control of Fig. 4, the frequency fell
below 50.2 Hz, the system switched to mode I and the PV inverters once again operated under
MPPT. With this test, it can be observed that the current control is fast enough to protect the
battery inverter. Indeed, after a quick irradiance increase, the transient over-current lasts for
about one second, which does not pose an overheating hazard for the inverter.
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Fig. 14. PV emulator, battery inverter, PV inverter, battery bank and load bank used for the
experimental setup.

Mode I

Mode II

Mode I

Fig. 15. Experimental results for the over-current protection.
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In the second test, the battery voltage control was verified. The test conditions were similar to
those of the second part of the first simulation (see section 5, switch from mode I to mode II and
back to mode I). The experimental results are shown in Fig. 16. The first graph shows
v*bat = 147 V and vbat whilst the other graphs represent the same variables as for the previous
test. At the start, the system was operating in mode I and the PV arrays were delivering the MPP
power. Then, a load with Pload = 4.3 kW and Qload = 3.4 kVAr was disconnected. As a result, the
battery absorbed a higher current and its voltage increased to above absorption voltage v*bat.
According to the control of Fig. 4, the battery inverter increased the frequency. This led to a PV
power reduction, making it possible to control the battery voltage to its reference value. Some
seconds later there was an irradiance drop, the battery voltage and therefore the frequency
decreased, the system switched to mode I and the PV inverters changed to MPPT. In this test, a
load with Sload = 5.5 kVA, which was even higher than Sbat,nom, was instantly disconnected. For
such a critical situation, it was shown how the voltage control performed correctly, preventing
the battery from overcharging.

Mode I

Mode II

Mode I

Fig. 16. Experimental results for the overcharge protection.
In the third test, the diesel generator management was verified. The test conditions were similar
to those of the second simulation (see section 5). The experimental results are shown in Fig. 17.
Powers Pbat, Ppv1, Ppv2 and Pdiesel are shown in the first graph, and the apparent powers
Sbat,nom = Sdiesel,nom, Sbat and Sdisel are plotted in the second graph. Initially, the system operated in
mode I. Since consumption was higher than generation, the battery was discharging. When the
battery SOC fell below SOCon, the diesel generator was connected and the system switched to
mode III. Then, the battery inverter demanded Pavailable (see 20), which made the diesel generator
operate at its rated power Sdiesel = 5 kVA. Some seconds later, the irradiance increased. As a
result, Pavailable became too high and the battery inverter demanded its rated power, leading to a
reduction in the diesel apparent power. Then, the irradiance increased again. Since the battery
inverter was unable to absorb more power, the diesel generator power became negative and was
disconnected, leading to mode I. This mode is not shown in the figure because it is very short.
The diesel disconnection led to an over-current in the battery inverter, which therefore increased
the frequency and the system switched to mode II. This resulted in a PV power reduction and in
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a limitation of the battery inverter current. With this test, it can be observed that the diesel
generator management strategy made it operate at its rated power for as long as possible and
protected it from absorbing power. This optimized the diesel generator efficiency and duty
cycle.

Mode I

Mode III

Mode II

Fig. 17. Experimental results for the diesel generator management.
7. CONCLUSION
This paper develops an energy management strategy for a stand-alone system in which the
battery and the diesel generator are centralized and generate the grid whilst the loads and the PV
generators are distributed and connected to the grid.
During normal operation, the diesel generator is not connected and the battery absorbs the
difference between generation and consumption. Whenever the battery is fully charged or the
battery power exceeds its nominal value, then the PV power should be limited. In order to
transmit this information, the battery inverter increases the frequency, which is detected by the
PV generators. As a result, the PV power is continuously reduced in order to control the battery
voltage or battery current to the maximum value. The use of frequency means that
communication cables are unnecessary, making the system simpler, cheaper and more reliable.
The control is fast and stable enough for any situation, preventing the battery from overcharge
and over-current, improving its expected life and making it possible to install a PV power
higher than the battery inverter rated power. On the other hand, when the State of Charge of the
battery is low, the diesel generator is connected. Here, the strategy makes the diesel generator
operate at its rated power as far as possible, optimizing its efficiency and expected life.
Furthermore, this energy management strategy makes it possible to supply the loads in case of
battery failure. Whilst the strategy is based on the battery inverter, the battery is also the most
vulnerable element. If the battery is broken down, the diesel generator is connected and
generates the grid whereas the PV inverters operate under MPPT. In this mode, if the PV power
becomes higher than the load power, the diesel generator will absorb power. As a result, the grid
frequency will increase and the PV power will be reduced, which ensures correct system
operation.
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Simulation and experimental results were obtained for a system with a 10 kW PV generation, a
5 kVA battery inverter, a 5 kVA diesel generator and a 5 kVA load, validating the energy
management strategy for the most critical situations.
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