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Photovoltaic Power System with Battery 
Backup with Grid Connection and 

Islanded Operation Capabilities 
 

Abstract: This paper presents the analysis, design, and 
experimentation results of a photovoltaic energy management 
system with battery backup. The proposed system is capable of 
both grid-connected and islanded operation. The main 
advantage of the proposed system is that in grid-connected 
mode the inverter works as a current source in phase with the 
grid voltage, injecting power to the grid and controlling the 
DC-link voltage. The DC/DC converter manages the battery 
charge. In island-mode, the inverter control is reconfigured to 
work as a voltage source using droop schemes. The DC/DC 
converter controls the DC-link voltage to enable the maximum 
power point tracking reference to be followed. An operation 
protocol is proposed to ensure the quality of the energy supply 
and minimize energy loss. A battery bank is connected to the 
DC-link as energy storage for islanded operation mode. The 
aim of the paper is to show that the proposed system performs 
correctly, without dangerous transients for the inverter or the 
loads. Simulation and experimental results on a 3 kW 
prototype show the feasibility of the proposed control strategy. 

 
I. INTRODUCTION 

In the recent years, the development of alternative energy 
sources has become a global priority, giving rise to intensive 
research about less environmentally polluting renewable 
sources. 

The installation of smaller and distributed power plants has 
been made possible due to changes in both the power system 
concept and the economy of scale. The proximity between 
production and consumption centers has regained 
importance [1]; and distributed generation (DG) 
technologies have advanced greatly in recent years. 

One way to insert DG systems into an electrical network is 
through microgrids [2]. A microgrid can be defined as a 
combination of loads and microsources that provide electric 
power to a local area. There are currently some important 
projects on microgrids around the world [3] [4] [5] [6]. 

The operation of a microgrid offers distinct advantages to 
customers and utilities, i.e. improved energy efficiency, 
reduced environmental impact, and greater reliability. One 
of the most important features of microgrids is that they can 
independently operate in islanded mode without connection 
to the distribution system when power system faults or 
blackouts occur.  

Many commercial photovoltaic (PV) inverters work as a 
current source in grid-connected mode [7] [8]. The control 
of inverters has developed over time and is now highly 
efficient for this operational mode. 

 Several works deal with the correct operation of inverters 
working in grid-connected and island modes. A possible 

solution is based on droop schemes. These schemes use P-Q 
strategies in the inverters to properly share the power 
delivered to the loads while avoiding critical communication 
lines. In [9] and [10] the inverters are controlled by means of 
droop schemes in both operational modes, so that no 
advantage is taken of control algorithms that inject the 
inverter output current in phase with the grid voltage 
(current source algorithms) developed for commercial grid-
connected inverters. 

In [11] the inverter works as a current source by providing 
a constant current to the grid. The inverter detects when 
islanding occurs and changes to voltage source operation. 
The authors also propose a load-shedding algorithm for 
intentional islanding and a synchronization algorithm for 
grid reconnection. During islanding operation, the reference 
imposed on the inverter voltage controller has a fixed value, 
so that inverter parallelization for load power sharing is not 
possible. 

In [12] the inverters change their control structure 
depending on the connection-disconnection status of the 
microgrid to the main grid. When the main grid is 
connected, the inverters work as a current source. In an 
islanding situation, they work as voltage sources connected 
by robust CAN communications. However, this system 
requires a correctly operating communications bus and this 
increases the cost. 

In other studies such as [13] and [14] reconfigurable 
control schemes are proposed, based on a very simple and 
effective type of control, namely a multiloop linear PI 
control system. This method uses linear inner and outer PI 
control loops to regulate the system state variables. 
However, these papers do not clearly explain how inverters 
are parallelized when sharing the load power. 

There are multiple implementation options for energy 
storage. Some authors propose an energy storage 
independent from generators, as in [4] [15] [16]. Another 
option is to integrate storage and generation in a single 
system. Parallel integrated systems with a common DC bus 
are proposed in [17] [18] [19]. This DC bus has a fixed 
voltage, so that power converters for both generation and 
battery management are necessary to adequate the voltage 
and perform the maximum power point tracking (MPPT) of 
the power sources. 

In [20] the proposed system is composed of a photovoltaic 
generator and a battery bank interconnected by means of a 
DC/DC converter. The inverter and the DC/DC converter 
share the same DC bus. The DC bus voltage is the same as 
the PV panel output voltage, which is imposed by an MPPT 



algorithm. This system has been designed for stand-alone 
applications. 

This paper shows a reconfigurable control scheme based 
on multiloop control in both operational modes. In grid 
connection mode the inverter is controlled as a current 
source in phase with the grid voltage. When the microgrid 
becomes isolated from the grid, the inverters change their 
control configuration, working as voltage sources and using 
a droop method [9] [21] [22] [23] to share the power 
demanded by the local loads. The droop method provides a 
good solution for parallelizing multiple inverters without 
using communications – as is detailed in the bibliography.   

The proposed PV energy system provides energy storage 
capability and allows maximizing the energy extracted from 
the PV panels in both operational modes. The system 
includes a parallel energy storage system composed of a 
battery bank and a DC/DC converter that ensures the 
maximum power point (MPP) tracking of the PV source in 
island operation. Additionally, the proposed control 
reconfiguration is possible without dangerous transients for 
the inverter or the loads. 

II. PHOTOVOLTAIC SYSTEM 

The photovoltaic system under study, shown in Fig. 1, 
includes a 3 kW full-bridge single phase inverter and a 
bidirectional DC/DC converter. The DC/DC is connected to 
the DC-link at the input of the inverter. The DC/DC 
converter manages the battery charge-discharge. The DC-
link voltage, VDC, is set by a maximum power point tracker 
(MPPT) in both islanded mode and grid-connected mode. In 
island mode the MPPT provides a reference voltage to the 
DC/DC converter, so that it regulates VDC. In grid connected 
mode the MPPT delivers a reference voltage to the inverter, 
so that it can perform VDC regulation. The MPPT is 
implemented by means of a P&O (perturb and observe) 
algorithm [24], [25]. The MPPT defines the setpoint of the 
DC-link voltage to extract the maximum output power from 
the PV panel.  

 
Fig. 1 Block diagram of the PV system under study. 

The PV arrangement provides a DC-link voltage of around 
VDC=380 V at the maximum power point (MPP), high 
enough to inject power to the grid (230 VRMS, 50 Hz) without 
a step-up transformer. 

To perform the simulations, the PV array has been 
modelled as a current source that dependent of the incoming 
irradiance, inserting the I-V curves of the panels as a 
function of several irradiance levels by means of a table. 

A. Single phase inverter  

Fig. 2 depicts the scheme and the control structure of the 
inverter that has been implemented. A current-controlled H-

bridge single-phase inverter with bipolar PWM [26] has 
been chosen. This kind of inverter is common in grid-
connected PV systems [27]. The inverter is fed by a DC 
programmable source in which the I-V curve of a PV panel 
has been programmed to emulate an array of 14 series 
connected PV panels. Table I shows the electrical 
parameters of the PV inverter under study. The inverter 
under study is 3 kW with a switching frequency of 16 kHz.  

Fig. 2.  Control structure of the PV inverter. Al imprimir muchas, de las 
letras de las cajas “grid control” y “island control” casi no se ven. Aumenta 

el tamaño. 
 

TABLE I 
 ELECTRICAL PARAMETERS OF THE INVERTER UNDER STUDY.  

Parameter Value 

Power injected from the PV panels 
(Ppv_MPP) 3 kW 

DC-link voltage al the MPP (VDC_MPP) 380 V 
Inverter output voltage (VO_RMS) 230 VRMS ±10% 
Fundamental frequency of the inverter 
output (fg) 

50 Hz 

Inverter inductance (L) 2.7 mH 
DC-link capacitor (CDC) 2mF 
Inverter output capacitor (C) 4.5 µF 
Damping resistance (Rd) 5 Ω 
Inverter switching frequency (fs_inv) 16 kHz 

B. DC/DC converter. 

To improve the power management in the microgrid, a 
backup energy storage is included. It consists of a battery 
bank connected to the inverter DC-link by means of a two-
quadrant bidirectional DC/DC converter. The main 
advantage of this configuration is that the DC/DC converter 
processes only a part of the generated power. This converter 
performs multiple functions: it serves as a battery charge 
regulator in grid-connected operation, and a boost converter 
to deliver energy from the batteries to the inverter when the 
PV source has insufficient power to feed the local loads in 
islanded operation. In island mode, the most favorable 
operating condition occurs when the load power and the PV 
extracted power agree, i.e., when the DC/DC does not 
process power. Fig. 3 shows the simplified DC/DC converter 
power stage and its control structure. Table II shows the 
electrical parameters of the DC/DC converter under study. 

TABLE II 
ELECTRICAL PARAMETERS OF THE DC-DC CONVERTER 

Parameter Values 

Peak power extracted from the 
batteries 3 kW 



DC-link voltage (VDC MPP) 380 V 
Battery bank voltage (VBatt) 220 V  
Converter inductance (Lbat) 7  mH 
Converter switching frequency (fs dcdc) 16 kHz 

 

 
Fig. 3  DC-DC converter schematic and control structure. 

The islanded and grid-connected operational modes are 
explained in the following sections. 

  
III. DYNAMIC ANALYSIS  

The inverter switches from grid connected mode to island 
mode by selecting between two current references: Iref_grid 
and Iref_islanded, as depicted in Fig. 2. The method described in 
[28] is used to detect the islanding condition. 

A stability analysis of the converters is shown for both 
operation modes. 

A. PV power system working in grid connected mode 

In grid-connected mode, the DC-link voltage (VDC) control 
is performed by the inverter, following a reference provided 
by the MPPT algorithm. A PI controller (voltage controller-
grid element in Fig. 2) is used for the inverter voltage loop 
in this operational mode. A feedforward term, Iref*, 
expressed by (1), is added to the output of the PI DC-link 
voltage controller, IF, yielding the amplitude of the current 
loop reference, Iref. The term Iref* is derived from the active 
power that is being delivered by the PV source [8].  

  I୰ୣ୤∗ = ௉ುೇ·√ଶ௏ೌ೎ೃಾೄ   (1) 

The amplitude Iref is multiplied by the term cosθ, provided 
by a phase locked loop (dqPLL) operating from the grid 
voltage. The dqPLL is implemented using the synchronous 
rotating reference frame technique [29], [30]. The angle θ is 
that of the fundamental component of the grid voltage.  

The current controller was implemented by means of a 
harmonics compensator [31] in order to comply with the 
standard IEEE 929-2000 [32] in terms of both the current 
THD (THDi) and the individual limits of harmonics. 

Fig. 4 and Fig. 5 show the control loop block diagrams in 
grid-connected operational mode for the inverter and the 
DC/DC converter, respectively.   

In Table III, the expressions of the transfer functions of 
interest for the control of the PV power system in grid 
connected mode are summarized. 
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Fig. 4 Inverter control loops in grid connected operation.  
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Fig. 5 DC/DC converter control loops in grid connected operation. En las 
figuras 4 y 5 los nombres de algunos bloques son casi ilegibles después de 

imprimir. Deberías simplificar los nombres de cada bloque para poder 
aumentar el tamaño de letra. Una estrategia es poner subíndice 1 a los 

bloques del lazo del inversor y subíndice2 a los del DCDC. Por ejemplo, 
GV_inv(s) podría pasar a llamarse GV1(s) y su cajita hacerla más alta.GiL_d(s) 

podría pasar a llamarse Hi1(s). Gi_inv(s) podría pasar a GI1(s). Dd_inv(s) 
podría pasar a Dd1(s), Fm_inv a Fm1, Ri_inv a Ri1, βinv a β1 … 

 
  Gv-dcdc(s) podría pasar a GV2(s). Gi_dcdc(s) a GI2(s), GiL_bat(s) a H2(s), 

etc.. 
 

 Seguro que puedes idear una nomenclatura completamente nueva y ser 
consistente en el resto del texto (tablas con las f.d.t’s) 

 

TABLE III 
TRANSFER FUNCTIONS OF INTEREST FOR CONTROL OF THE PV 

SYSTEM IN GRID-CONNECTED MODE. 
 

Inverter  

Duty cycle to 
inductor current 

(ݏ)௜௅_ௗܩ ≡ ଓ௅̂(ݏ)መ݀(ݏ) ≈ 2 ∙ ஽ܸ஼൫ܮ + ௚൯ܮ ∙ ·ݏ ଶݏ ∙ ܥ௚ܮ + ݏ ∙ ܴௗܥ + ଶݏ1 ∙ ܮ ∙ ܮ௚ܮ + ௚ܮ ∙ ܥ + ݏ ∙ ܴௗܥ + 1 

Inductor current 
to DC-link 
voltage transfer 
function (low 
freq. 
approximation) 

(ݏ)ଓ௅̂(ݏ)ො஽஼ݒ 
஽஼ܥ1− ∙ ݏ

 

Digital delay (2nd

order Pade 
approximation of 
a delay, Td) 

௜௡௩(௦)݀ܦ = 1 − ቀݏ ∙ ௗܶ2 ቁ + ൬(ݏ ∙ ௗܶ)ଶ12 ൰1 + ቀݏ ∙ ௗܶ2 ቁ + ൬(ݏ ∙ ௗܶ)ଶ12 ൰
DC/DC

Duty cycle to 
inductor current ܩ௜௅௕௔௧_ௗ(ݏ) ≡ ଓ௅̂௕௔௧(ݏ)መ݀(ݏ) ≈ ஽ܸ஼ܮ௕௔௧ ∙  ݏ

Inductor current to 
the DC-link voltage 
transfer function 

(ݏ)ଓ௅̂௕௔௧(ݏ)ො௕௔௧ݒ ≈ ௕௔௧ܥ1 ·  ݏ

The battery is approximated to a high capacitance ܥ௕௔௧ 

 
Table IV shows the expressions of the chosen controllers 

for the inverter and DC/DC converter under study in grid-
connected mode, along with the corresponding crossover 
frequencies (fC) and phase margins (PM).  



 
TABLE IV 

SUMMARY OF THE EXPRESSIONS OF THE CHOSEN CONTROLLERS, 
CROSSOVER FREQUENCIES AND PHASE MARGINS IN GRID CONNECTION 

MODE. 
 

Controllers (grid mode) 
 Inverter fC PM 

Current 
controller 

௜_ூே௏ܩ = ௣ܭ + ݇௛ · ௛ܤ · ଶݏݏ + ௛ܤ · ݏ + ߱௛ଶ = = 4.22 + 100 · (ߨ2) · ଶݏݏ + ߨ2 · ݏ + ଶ(ߨ100) 1.35 kHz 58.5° 

Voltage 
controller 

௩_ூே௏ܩ = ܭ · ݏ + ݏ)ݏܽ + ܾ) = = −528 · ݏ + ݏ)ݏ8.33 + 1000) 
12.6Hz 79° 

PWM 
modulator 

gain 

௠_ூே௏ܨ = 1 

Voltage 
sensor gain ߚூே௏ = 0.06 

Current 
sensor gain ܴ௜_ூே௏ = 0.02 

Digital delay 
of one 

switching 
period 

ௗܶ =  ݏߤ 62.5

 DC/DC fC PM 
Current 

controller ܩ௜_ௗ௖ௗ௖ = 3500 · 1 + 0.0028 · ݏݏ 1.05 kHz 121° 

Voltage 
controller ܩ௩_ௗ௖ௗ௖ = 0.5 · 1 + 0.0076 · ݏݏ  12 Hz 112° 

PWM 
modulator 

gain 
௠_ௗ௖ௗ௖ܨ = 1 

Voltage 
sensor gain ߚௗ௖ௗ௖ = 0.06 

Current 
sensor gain ܴ௜_ௗ௖ௗ௖ = 0.015 

Fig. 6 and Fig. 7 show the Bode plots of the current (Ti) 
and voltage (Tv) loop gains of the inverter and DC/DC 
converter, respectively, in grid-connected mode. The Bode 
plots predict the stability of the PV power system in this 
operational mode.  

Fig. 6. Bode plots of the inverter loop gains, Ti(s) and Tv(s), in grid 
connected operation mode.  
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Fig. 7. Bode plots of the DC/DC converter loop gains, Ti(s) and Tv(s), in 
grid connected operation mode. 

B. PV power system working in island mode 

In island mode, the inverter feeds the local loads, 
producing a similar load voltage waveform as in the grid-
connected situation. The inverter works as an AC voltage 

source feeding local loads. Therefore, it is necessary to have 
some energy storage element such as a battery, because the 
PV panels may not always be able to meet the power 
demand of the local loads. 

It should be taken into account that the power delivered by 
the inverter must match the load power consumption. For 
this reason, it is necessary to find the reference of the 
inverter output voltage (Vo_ref in Fig. 2) in terms of the active 
power and reactive power consumed by the loads. The 
method used to determinate this voltage reference is the 
droop method [33], as depicted in Figure 2. In the system 
under study an only PV inverter has been considered, being 
the goal of our research the change from grid connected 
mode to island mode with a battery as additional energy 
storage, not the droop method in itself. As only one inverter 
in islanded mode has been studied, the droop method is not 
necessary. Nevertheless, the inverter control has been 
developed to work in a micro-grid environment, in parallel 
with other inverters. Therefore, the analysis and the 
experimental results have been obtained with the full 
algorithm working (droop + inverter current and voltage 
loops). The voltage reference of the inverter output voltage 
controller (voltage controller-islanded element in Fig. 2) is 
synthesized by means of the droop scheme studied in [9]. In 
island operation mode, the DC-link voltage is controlled by 
the battery side DC-DC converter following a reference set 
by the MPPT algorithm. La figura que viene debe de estar 
repetida. 
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Fig. 8 and 9 show the inverter and DC/DC converter control 
loops for island operation, respectively. ¡¡¡Aquí hay un 
error. Por favor comprueba las cosas. Falta el pie de la 
figura, y lo que has puesto en lugar del pie es una frase ¡¡¡ 

In Table IV, the transfer functions of interest for the 
control of the system in island mode are summarized. The 
term ZL(s) stands for the impedance of the local load in 
island mode. 
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Fig. 8 Inverter control loops in island operation 
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Fig. 9 DC/DC converter control loops in island operation  
Seguro que puedes idear una nomenclatura completamente nueva y ser 

consistente en el resto del texto (tablas con las f.d.t’s). Usa una 
nomenclatura como la que te propongo para las figuras 4 y 5. 

 



TABLE V 
TRANSFER FUNCTIONS OF INTEREST FOR CONTROL OF THE 

SYSTEM IN ISLAND MODE.  

Inverter 

Duty cycle to 
inductor current 

(ݏ)௜௅_ௗܩ ≡ ଓ௅̂(ݏ)መ݀(ݏ) = 2 ∙ ௜ܸ ∙ (ݏ)ܰܧܦ(ݏ)ܯܷܰ (ݏ)ܯܷܰ  = ൫ݏଶܮ௚ܥ + ݏ ∙ ܥ ∙ ൫ܴௗ + ܼ௅(ݏ)൯ + 1൯ (ݏ)ܰܧܦ = ܥ௚ܮܮଷݏ + ௗܴܮ൫ܥଶݏ + +(ݏ)௅ܼܮ ௚ܴௗ൯ܮ ݏ + + ∙ ൫ܮ + ௚ܮ + ܼ௅(ݏ)ܴௗܥ൯ + ܼ௅(ݏ) 

Inductor current to 
output voltage 
 

(ݏ)௩௢_௜௅ܩ ≡ =(ݏ)ଓ௅̂(ݏ)ොைݒ (1 + ݏ ∙ ܴௗܥ) ∙ ቀܮ௚ ∙ ݏ + ܼ௅(ݏ)ቁݏଶ ∙ ܥ௚ܮ + ݏ ∙ ܥ ∙ ൫ܴௗ + ܼ௅(ݏ)൯ + 1 

Digital delay (2nd 
order Pade 
approximation of a 
delay, Td) 

(ݏ)ௗ_௜௡௩ܦ = 1 − ቀݏ ∙ ௗܶ2 ቁ + ൬(ݏ ∙ ௗܶ)ଶ12 ൰1 + ቀݏ ∙ ௗܶ2 ቁ + ൬(ݏ ∙ ௗܶ)ଶ12 ൰
DC/DC

Duty cycle to 
inductor current 

(ݏ)௜ିௗܩ = î௅௕௔௧መ݀ ฬ௏෡ವ಴ୀ଴ = = ஽ܸ஼ + (1 − (ܦ · ܼ஽஼(ݏ) · ݏ௅௕௔௧ܫ · ܮ + (1 + ଶ(ܦ ∗ ܼ஽஼(ݏ)  

Inductor current to 
the DC-link voltage 
transfer function 
 

෠ܸ஽஼ଓ௅̂௕௔௧ = = ஽ܸ஼ · ܼ஽஼(ݏ) · (1 − (ܦ − ܼ஽஼(ݏ) · ܮ · ݏ · ௅௕௔௧஽ܸ஼ܫ + (1 − (ܦ ∙ ܼ஽஼(ݏ) ∙ ௅௕௔௧ܫ
Table VI shows the expressions of the chosen regulators 

for both the inner current loop and the outer voltage loop, 
along with the corresponding crossover frequencies (fC) and 
phase margins (PM) for the inverter and DC/DC converter in 
island mode. 

Fig. 10 and Fig. 11 show the Bode plots of the current (Ti) 
and voltage (Tv) loop gains of the inverter and DC/DC 
converter, respectively, in island mode. The Bode plots 
predict the stability of the PV power system in this operation 
mode.  

TABLE VI 
SUMMARY OF THE EXPRESSIONS OF THE CHOSEN CONTROLLERS, 

CROSSOVER FREQUENCIES AND PHASE MARGINS IN ISLAND MODE.  
Controllers (island mode) 

Exp. in the 
continuous t. Inverter fC PM 

Current 
controller ܩ௜_ூே௏ = 4.22 + 100 · (ߨ2) · ଶݏݏ + ߨ2 · ݏ + ଶ(ߨ100) 1.7kHz 62.4° 

Voltage 
controller ܩ௩_ூே௏ = ݇௜ݏ = ݏ1000  652Hz 107° 

Band pass 
filter (ݏ)ܨܲܤ = 0.3183ݏ · ݏ + 1 · 131.83 · 10ିଷ · ݏ + 1 

Low pass 
filter (ݏ)ܨܲܮ = 131.83 · 10ିଷ · ݏ + 1 

Droop P 
coefficient  ݉ = 0.0001 

Droop Q 
coefficient  ݊ = 0.001 

PWM 
modulator 

gain 
௠_ூே௏ܨ = 1 

Voltage 
sensor gain ߚூே௏ = 0.06 

Current 
sensor gain ܴ௜_ூே௏ = 0.02 

Switching 
period ௗܶ = 0.00005 

Exp. in the 
continuous t. DC/DC  fC PM 

Current 
controller ܩ௜_ௗ௖ௗ௖ = 3500 · 1 + 0.0028 · ݏݏ  1.36 kHz 87.5° 

Voltage 
controller ܩ௩_ௗ௖ௗ௖ = 7 · 1 + 0.11 · ݏݏ  16.6Hz 56.7° 

PWM 
modulator 

gain 
௠_ௗ௖ௗ௖ܨ = 1 

Voltage 
sensor gain ߚௗ௖ௗ௖ = 0.06 

Current 
sensor gain ܴ௜_ௗ௖ௗ௖ = 0.015 

 
 

 
Fig. 10. Bode plots of the inverter loop gains, Ti(s) and Tv(s), in island 

operation mode. 
 

 
Fig. 11. Bode plots of the DC/DC converter loop gains, Ti(s) and Tv(s), in 

island operation mode. 

To avoid abrupt transitions from one operation mode to 
another, it is necessary to equalize the initial conditions of 
the current controllers of both the inverter and the DC/DC 
converter before the change. It should be pointed out that 
when switching from one mode to the other the same 
transfer functions of the current controllers are used [34]. 

IV. ENERGY MANAGEMENT 

Fig. 12 and Fig. 13 depict the proposed energy 
management protocol in grid-connected operation and in 
islanded operation, respectively.  

When the grid is connected, the power needed to charge 
the batteries can be extracted from the PV array and from 
the grid. Fig. 12 illustrates a possible scenario in this 
operational mode regarding the power delivered to the 
batteries at a constant available power from the PV source. 
At the beginning, the available PV power is less than the 
necessary battery charge power and the inverter takes the 
supplementary energy from the grid (Pout < 0). When the 
battery charge power decreases, the inverter starts to inject 
power to the grid (Pout > 0). After the end of charge all the 
available PV energy is injected to the grid (Ppv=Pout). 

 



 

F
mo
– n
pow
sou
by 
tha
nec

T
sys
sof
pre
cho

In
use

- 
Wh
bat
AC
(isl

- 
bat

- 
Ppv

Fig. 12. Energy

Fig. 13. Energy

Fig. 13 depict
ode. In this mo
necessary if 
wer demand. 
urce when the 
the loads. Wh

an that of P
cessary additio

V

This section 
stem. These s
ftware [35] a
eviously descr
osen for simul

n the simulat
ed: 

Pout : power
hen Pout<0, 
tteries. Pout>0 
C side, either 
landed mode)

Pbatt : power 
tteries are bein

Ppv : power 
v≥0. 

y management pro

y management pro

ts a possible 
ode, the batte
available PV
The batterie

 generated po
hen the power
PV generatio
onal power.  

V.  SIMUL

presents sim
simulations w
and tested o
ribed in Sectio
lations is Lgrid

tions the foll

r delivered by
the inverter 
means powe
to the grid 

.  

delivered by 
ng charged. Pb

delivered by

otocol in grid con

otocol in islanded
 
 

scenario in is
eries work as 

V power is le
es obtain ener
wer is higher 
r required by t
on, the batte

LATION RESUL

mulation resul
were conducte
on the PV i
on II. The grid
d=270 μH. 

owing nomen

y the inverter
is deliverin

r flow from t
(grid mode) 

the batteries. 
batt>0 means b

y the PV sou

nnected operation

d mode operation

slanded opera
an energy bac

ess than the 
rgy from the
than that requ

the loads is hi
eries deliver 

LTS 

lts of the ab
ed using PSIM
nverter and 

d inductance v

nclature has b

r to the AC s
g power to 
the inverter to
or to local lo

When Pbatt<0
battery charge

urce. It holds 

 
n    

 
n 

ation 
ckup 
load 

e PV 
uired 
igher 

the 

bove 
MTM 
grid 

value 

been 

side. 
the 

o the 
oads 

0, the 
. 

that 

Fr
Ppv+

Fi
from
char
grid
evo
the 
batt
bein
evo
pow

In
esta
this
from
ensu
betw
initi
noti
batt

Fig.

Fi
(Pou
wor
kW)
step
whe
nee
outp
pow
volt
abso
volt

rom the ab
+Pbatt=Pout. 

ig. 14 shows
m 500 W to 2 
rge power (P

d-connected o
lution of the P
inverter. The

tery output cu
ng charged). T
lution. The b

wer delivered b

n this operatio
ablished by th
 reference. A

m the grid to
ure the requir
ween the PCC
ial situation,
iceable when 
tery.  

. 14.  Simulation 

ig. 15 shows 
ut= 1 kW  1
rking in island
). The inverte
p. Note that w
ereas when thi
ded supplem
put power dec

wer, whereas 
tage remains 
orbs the nece
tage, tracking 

bove definit

an irradianc
kW), followe

batt varies fro
operation. The
PCC voltage a
e third graph
urrent (Ibat<0 
The fourth gra
bottom graph
by the inverte

onal mode, the
he MPPT algo
At the beginni
o track the D
red charge lev

C voltage and 
while Pout<0
the system st

of an irradiance v
variation in grid c

the response
.7 kW  2.4 
ded mode at a
er output volt

when Pbat<0, th
is power is po
entary power
creases and in

the PV out
constant. Th

essary power 
the MPP of th

tion of pow

ce variation (
ed by a variat

om -880 W to
e upper two 
and the AC cu
h shows the 
 means that 
aph shows the
h shows the 
er and batterie

e DC-link vol
orithm and the
ing, the inver
DC-link volta
vel. Note the 
the grid injec

0. The end o
tops its energy

variation followe
connected mode.

e of the syste
kW  1.7 kW

a constant PV
tage is unaffe
he batteries ar
ositive, the bat
r to the load

ncreases depen
tput power a

The battery b
r to keep a c
he PV panel.  

wers it ho

(Ppv is increa
ion of the batt
o 0 W) powe
graphs show 
urrent injected
evolution of 
the batteries 

e DC-link volt
evolution of 
s. 

ltage referenc
e inverter follo
rter takes ene
age level and

180º phase s
ted current in
of the charge
y injection to 

d by a battery cha
  

em to load st
W, resistive lo
V power (Ppv=
ected by the l
re being charg
tteries deliver
ds. The inve
nding on the l
and the DC-l
bank supplies
constant DC-l

olds: 

ased 
tery 
r in 
the 

d by 
the 
are 

tage 
the 

ce is 
ows 
ergy 
d to 
shift 
n the 
e is 
the 

 
arge 

teps 
oad) 
=1.8 
load 
ged; 
r the 
erter 
load 
link 

s or 
link 



Fig

F
isla
(Pp
dem
sou
dif
min
isla
isla

 

Fig

F
isla
irra
sin
CF=
for

g. 15.  Simulation

Fig. 16 shows 
and mode at
pv=1200 W). 
mand (1500 
urce generate
fference. Note
nimum variat
and mode. Th
anding occurs

g. 16. Transition 
Pp

Fig. 17 shows 
and mode w
adiance (Ppv=

ngle-phase brid
=170 μF wit
r this rectifie

ns in island mode.
irradiat

the transition
t a constant 
After the isl
W, resistive 

ed power an
e that the inve
tion of the PC
he fifth graph
s at t=0.5 s.  

from grid connec
pv. The local load 

the transition
with a nonlin
= 800 W). Th
dge diode rec
th a resistive 
er is CF=2.3

. Resistive load v
tion level.  

 

n from grid-co
irradiance o

landing, the l
load) is hig

nd the batte
erter output c
CC voltage in
h depicts the 

 

cted mode to islan
is resistive, 1500

n from grid-co
near local loa
he nonlinear l
ctifier with a c

load R=55Ω.
3 with an ap

variations at a con

onnected mod
of the PV a
local load po
her than the 
ries provide 
urrent produc

n the transitio
instant in w

nd mode at a cons
0 W.  

onnected mod
ad at a cons
oad consists 
capacitive filte

Ω. The crest fa
pparent powe

 
nstant 

de to 
array 
ower 
 PV 

the 
ces a 
on to 

which 

 
stant 

de to 
stant 
of a 
er of 
actor 
er of 

Sout=
an i

A
130
the 
thos

Fig
Ppv=

Fi
mod
afte
pha
resi
kW)
diff
the 
as a

=1800 VA (po
ideal 230 VRMS

After the islan
00 W) is highe

batteries prov
se in Fig. 16. T

g. 17 Transition fr
800 W. The local

ig. 18 shows 
de to grid-con
er the inverter 
ase [36]. The p
istive) is high
). Before th
ference. In a s
DC-link volta

a current sourc

Fig. 18. Trans

ower factor, P
S, 50 Hz suppl

ding, the loc
er than the PV
vide the differ
The THDv in 

rom grid connecte
l load is nonlinea

%

the simulatio
nnected mode
output phase

power demand
her than the 
he transition,
smooth transit
age. After the
ce in phase wi

ition from island 

PF=0.67 %) w
ly.  

cal load powe
V source gene
rence. The pl
island operat

ted mode to island
ar with CF=2.3, P
%.  

on of a transi
e. This transi

e synchronizat
ded by the lo
available PV
, the batteri
tion, there is a
e transition, th
ith the grid vo

 mode to grid-con

when connecte

er demand (P
erated power,
ots are simila
ion is 6.8%. 

d mode at a const
Pout=1300 W, PF=

ition from isl
ition is produ
tion with the g
cal load (2.1 

V power (Ppv=
ies provide
a soft transien
he inverter wo
oltage. 

nnected mode. 

d to 

Pout= 
and 

ar to 

tant 
=0,67 

land 
uced 
grid 
kW, 

=1.2 
the 

nt in 
orks 

  



T
exp
PV
XA
exp
par
run
Ins
of 
Th
em
SP
the
ban

F
res
con
gra
cur
sho
(Iba
DC
vol
out

Fig
out

(I

F
fro
gra
cur
bat
evo
the
dem
gen
pro
vol
inv
vol
bot

 

VI

The PV syste
perimental set

V array has bee
ANTREX X
perimental in
rameters of th
ns on a gene
struments DSP
32 kHz for b
e grid voltage

mulated by me
S 800-12 DO

e power flow 
nk (Pbat<0). 

Fig. 19 shows
sistive load ste
nstant irradia
aphs show th
rrent injected 
ows the evolut
at in Fig. 3). T

C-link voltage
ltage followin
tput power.  

g. 19. Transient re
tput voltage (Vo, 
Io, 5A/div) , batte

(V

Fig. 20 shows
om grid-conne
aphs show th
rrent injected 
ttery output 
olution of the
e instant at wh
mand (resisti
nerated by th
ovide the diffe
ltage. It is o
verter output 
ltage and DC
th operational

. EXPERI

em under stu
tup in which 
en programm

XDC 600-10
nverter are s
he DC/DC con
eral-purpose b
P TMS320F2
both the DC/D
e is 230 VRMS
eans on a con

O13 connected
from the DC

s the system 
eps (Pout= 120
ation level (P
he evolution 
by the inverte
tion of the cur

The fourth gra
e. The DC/DC
ng its referen

esponse for resist
500V/div), inver

ery output curren
Vdc, 50V/div). Tim

s the experim
ected mode to
he evolution 

by the invert
current. Th

e DC-link vol
hich islanding
ive, 1202 W
he PV source
erence. The sy
observed that
current produ

C-link voltage
l modes is noti

IMENTAL RESU

udy has been
an I-V curve
ed on a contro
. The para
shown in T
nverter in Tab
board designe
28335 at a sam
DC converter
S, 50 Hz. The 
ntrollable DC

d to power res
C-link to the 

behavior in i
02W  1442W
Ppv=1300 W).

of the PCC 
er to the loads
rrent injected 
aph depicts th
C converter k
nce regardles

tive load steps in 
rter output curren
nt (Ibat, 2A/div), a
me scale=200ms/

mental results 
o island mode
of the PCC 

ter. The third
he fourth gr
tage. The bot

g occurs. The 
W) is higher 
e (1140 W), 
ystem keeps a
t in the mod
uces a small 
e. A smooth t
iceable.  

ULTS 

n tested using
e of a comme
ollable DC so
ameters of 

Table I, and 
ble II. The con
ed for the T
mpling freque
and the inve
battery bank 

C source AMR
sistors that en
emulated bat

island mode 
W  1202W)
. The upper 

voltage and
s. The third g
from the batte
e evolution of

keeps the DC-
s of the inv

island mode.  Inv
nt to resistive load
and DC-link volta
/div. 

of the transi
e. The upper 

voltage and
d graph shows
raph depicts 
ttom graph sh
local load po
than the po

and the batte
a constant DC-
de transition, 
variation of P
transient betw

g an 
ercial 
ource 

the 
the 

ntrol 
Texas 

ency 
erter. 

was 
REL 

nable 
attery 

with 
) at a 

two 
d the 
graph 
eries 
f the 
-link 

verter 

 

verter 
d step 
age 

ition 
two 

d the 
s the 

the 
hows 
ower 
ower 
eries 
-link 
 the 
PCC 
ween 

Fig.
isla

high
a

1A/d

To
con
outp
exp
both
be r

Fig

sync

Fi
betw
grid
circ
volt
resi
the 
sour

Fi
conn

. 20. Experimenta
and mode. After t
her than the availa
and inverter outpu
div), DC-link vol

o implement 
nnected mode,
put phase an
erimental resu
h phases matc
reclosed. Sync

. 21. Inverter outp
100V/div). Det

chronization and (

ig. 22 shows
ween island m
d and the inv
cuit breaker is
tage or curren
istive load of 
inverter injec
rce into the gr

ig. 22. Experimen
nected mode after

al results of the tr
he islanding, the 

able PV power.  In
ut current (Io, 5A
tage (Vdc 20V/di

scale=20

a soft transiti
 it is necessa
nd the grid 
ults of the syn
ch, the grid c
chronization is

put voltage synch
ail of the synchro
(b) synchronized 

(10ms/div

 the wavefor
mode and gri
verter voltage
 reclosed. Thi
nt transients. 
1200W in isla
cts the power 
rid, in this cas

ntal results of the 
r synchronization

ransition from gri
power demanded

Inverter output vo
A/div), output bat
iv) and islanding 

00ms/div. 

ion from islan
ary to synchro

phase. Fig.
nchronization 
connection cir
s achieved in 

hronization with t
onization signals.
signals. Time sca

v. bottom) 

rms of the s
id connected 
es are synchr

his transition h
The inverter 
and mode. Af
available in 

se Ppv=1000W

e transition from i
n of the inverter o

id connected mod
d by the local load
oltage (Vo, 500V/
tery current (Ibat
signal (GRID). T

nd mode to g
onize the inve
 21 shows 
algorithm. W
rcuit breaker 
about 800 ms

the grid voltage (
. (a) Start of the 
ale= (200ms/div. 

smooth transit
mode. Once 

ronized, the g
has no signific
is loaded wit

fter the transit
the emulated 

W. 

island mode to gr
output voltage and

 

de to 
d is 
/div) 
t, 
Time 

grid-
erter 

the 
When 

can 
s. 

 
top, 

top) 

tion 
the 

grid 
cant 
th a 
tion, 

PV 

 

rid 
d the 



grid voltage.  Inverter output voltage (Vo, 500V/div) and inverter output 
current (Io, 10A/div), output battery current (Ibat, 1A/div), DC-link voltage 

(Vdc 20V/div), and islanding signal (ISLAND). Time scale=200ms/div. 
 

VII. CONCLUSIONS 

 A photovoltaic power management system with battery 
backup capable of both islanded and grid-connected 
operation is studied in this paper. The system is based on a 
battery side DC/DC converter connected to the DC-link of 
the PV inverter. The control of the DC-link voltage is 
performed by the DC/DC converter in islanded operation 
and by the inverter in grid-connected mode. The MPPT 
algorithm provides the DC-link voltage reference for either 
of the power converters. Only a part of the generated power 
is processed by the DC/DC converter. The power flow in the 
batteries and their charge level is controlled by the DC/DC 
converter. 

The transition between grid-connected and island mode 
and vice versa is implemented by means of a reconfiguration 
of controllers. In grid-connection mode, the inverter is 
controlled as a current source in phase with the grid voltage. 
When the inverter becomes isolated from the grid, the 
inverter changes its control configuration, working as a 
voltage source and using the droop method to feed the local 
loads. The batteries provide the supplementary power to the 
loads if the PV available power is insufficient. 

The main operational aspects of the system were verified 
by means of simulations and experimental results. 
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