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Energy Management Strategy of Stand-alone Photovoltaic System in Cathodic
Protection Pipeline
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Abstract- In this paper, the stand-alone photovoltaic system for cathodic protection of underground pipelines is
presented. The proposed system offers continuous and automatic adjustment of the applied voltage so that the buried
pipelines receive the exact current. A modified perturb and observe (P&O) algorithm for maximum power point
tracking (MPPT) is used to improve dynamic and steady state performance. The battery stores excess energy generated
by PV array and supplies the load when there is a shortage of the photo voltaic (PV) power. To extend the battery
lifetime and the system efficiency, the battery is connected to the DC link by a ZVS bidirectional Buck-Boost converter.
A classic PI controller regulates output voltage by controlling the duty cycle of the converter. The supervisor controls
the converter to operate system in suitable modes based on the state of charge (SOC) of the battery and DC link voltage.
The simulation verified that the output voltage obtains the constant voltage under any climatic conditions.
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1. INTRODUCTION
Corrosion is a malicious chemical or electrochemical

reaction between the metal surface and the surrounding
environment. However, a variety of coatings are used in
underground steel pipes (water, gas, oil), but still
oxidation process occurs and causes corrosion in pipes
and destroys them. In cathodic protection technique, the
under corrosion pipeline acts as the cathode and the
pipeline connects to a DC power source or a sacrificial
metal which acts as the anode. Cathodic protection can
be applied to the naked surfaces of the steels, but it is
often uneconomical because the current density flows in
steel to protect from corrosion is very high. The
combination of appropriate coating and cathodic
protection may be the best recommended method in the
practical realization of the pipe protection. The cathodic
protection may be realized either by current injection
technique, called impressed current cathodic protection,
or sacrificial anode, called passive cathodic protection
[11-[3].

A typical method for the realization of a DC power
source to provide protection is often used a transformer-
rectifier connected to AC power. In the absence of an AC
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supply, alternative power sources may be used, such as
solar panels, wind power or gas powered thermo-electric
generators [4]. In comparison with conventional systems
that inject current by using a rectifier transformer, solar
smart cathodic protection system has several advantages.
For example, the construction and installation costs of the
smart system are lower than that of the conventional
systems. The conventional system needs a balanced
three-phase electrical system, but the smart system uses
clean solar energy. It may be found two main methods in
the literature for implementing solar cathodic protection
system. In the first method, Photovoltaic (PV) array is
connected to storage battery by using a battery voltage
regulator circuit. The storage battery supplies the load
with the required voltage under varying climatic
conditions by using load voltage regulator circuit. The
selector and feedback circuit is designed to keep the test
point always constant regardless of the climatic and soil
variations. In the second method, two converters are used
in series to connect photovoltaic (PV) array to the load.
The storage battery is connected between the two
converters, called a DC link, by a bidirectional DC-DC
converter. In this paper, the second method has been
adopted [5-6].

The generated power of the solar modules covers a
wide range power because of the variation of the level of
solar irradiation and the temperature of the solar cells. To
make better use of the obtained solar energy, the system
needs the maximum power point tracking (MPPT)
controller to be able to take maximum power from the
solar modules. In recent years, several MPPT techniques
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have been proposed in the literature; such as Constant
Voltage (CV), Perturb and Observe (P&O), Incremental
Conductance (IC), Fuzzy Logic, and Artificial Neural
Network method [7]. P&O algorithm is an iterative
method to find the maximum power point and has been
widely used because its realization needs simple control
circuit and less measured parameters. The reaction of this
algorithm is weak when a sudden change occurs in
brightness. Refs. [7]-[10]. Because of less complexity
and simple control circuit, in this paper, we used a
modified P&O algorithm in the realization of MPPT
block.

The way that the power management controller
controls the energy flow in a hybrid system defines how
the system operates and how its vital variables change.
There have been a number of studies of power
management strategies in the literature [11-15].
Generally, the management strategy of power systems is
classified into three categories; centralized control
arrangement, distributed control arrangement, and hybrid
centralized and distributed control arrangement. In all
three categories, each renewable energy resource has its
own local controller that determines the optimal
operation of the unit based on the current information.
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Fig. 1 Block diagram of the intelligent solar cathodic protection

In centralized control arrangement, the entire system
comprised of one master controller (centralized
controller) and several slave controllers for various
renewable energy resources and energy storage system.
In distributed control arrangement, each energy source
sends measurement signals to its local controller. The
local controllers communicate with one another to take
appropriate decision for global optimization. Hybrid
control arrangement is the combination centralized and
distributed control schemes. In this study, the centralized
control arrangement is used.

This paper is organized as follows: In Section 2, stand-
alone system is described, Section 3 the modeling of the
system components introduce with more detail. Section 4
includes description of the proposed power management
strategy. Optimal sizing of PV system is given in section
5. Simulation results are shown in section 6 and section
7 concludes the works.

2. STAND-ALONE SYSTEM DESCRIPTION
Stand-alone PV systems are designed to operate

independent of the electric utility grid, and are generally
designed and sized to supply certain DC and/or AC
electrical loads. The simplest type of stand-alone PV
system is a direct-coupled system, where the DC output
of a PV module is directly connected to a DC load. In
direct-coupled systems, the load only operates during
sunlight hours. The most common applications for this
system are such as ventilation fans, water pumps and
small circulation pumps for solar thermal water heating
systems. In some stand-alone PV applications, electrical
power is required from the system during the night or
hours of darkness. Thus, the storage must be added to the
system. Generally, batteries are used for energy storage.
Several types of batteries can be used such as lead-acid,
nickel-cadmium and vanadium batteries. Different
factors are considered in the selection of batteries for PV
application [16]-[18].

Figure 1 shows the power converter framework of the
stand-alone PV system. The system is mainly composed
of a PV module, a maximum power point tracking
(MPPT) controller, a battery bank, a buck converter, a
bidirectional buck-boost converter, a unidirectional
buck-boost converter, pipeline with the anode bed and
central supervisor. The operation mode of the studied
system is as follows: In regular operation, the wide-range
voltage of the solar cell is converted to lower voltage both
by a unidirectional DC/DC Buck converter and by an
MPPT controller. A unidirectional buck-boost converter
connected serially to the buck converter provides load
energy because it has the capability to step-up and step-
down the input voltage. The excess energy from the PV
above the hourly demand is stored in the battery until the
battery is fully charged. The battery is discharged when
the PV is fully or partially shaded and the load demand is
higher than the generated energy. Therefore, a
bidirectional buck-boost converter may be employed for
charging and discharging the battery. A central control
unit or supervisor acquires the required voltage and
current necessary to assess the operational state of the
different blocks and provides control references for the
operation of several converters. Control algorithms in
cooperation with the control unit define the converters
control signals. In this study, control unit according to
control strategy is programmed to maintain a constant
voltage between pipeline and anode bed. In addition, the
control unit coordinates the bidirectional buck-boost
converter to charge and discharge the batteries and to
protect the batteries, avoiding both the risk of
overcharging and the reach of an excessive discharge
level.
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3. MODELLING OF SYSTEM COMPONENTS

3.1. PV Modelling
A group of PV cells connected in series to provide a

significant voltage is called a PV module. Series or
parallel combinations of PV modules form a solar panel,
and again, a group of PV panels results in a PV array.
Naturally, PV module exhibits a nonlinear current-
voltage (I-V) and power-voltage (P-V) characteristics
that vary with the radiation intensity and cell temperature.
Since the PV module has nonlinear characteristics, the
equivalent circuit model of a PV cell is needed in order
to simulate its real behaviour of PV system applications.
One of the models proposed in literature is the two-diode
mode and we used this model for PV modules in
Matlab/Simulink to simulate the total system [19]. An
applied solar panel in this study is collection of six
modules of the polycrystalline silicon from Faran
Company [20] connected in three parallel rows with two
modules in series with maximum power of 1770 W.

3.2. Buck converter
The main purpose of the Buck converter is to convert the

DC input from the PV into a lower DC output [21]. The
maximum power point tracker uses the Buck converter to
adjust the PV voltage at the maximum power point. A
buck type converter steps down the PV voltage to low
voltage necessary for the battery and the buck-boost
converter.

3.3. MPPT Controller unit
When dealing with alternative sources of energy, the

search for the point of maximum power becomes more
important than the maximum efficiency. In order to
ensure the maximization of the power extracted from the
PV source, the interface power converter must be capable
of self-adjusting its own parameters at run time. The
control parameter of the converter is the duty cycle D of
the main switch and must be changed continuously by a
controller to ensure that the PV generator always operates
at its maximum power point (MPP) for whatever
irradiance and temperature operating conditions.
According to Fig. 2, if a load R4 is connected directly to
a PV module, the operating point will be at A. When the
load increases to R;c, the operating point will move to C.
During this range of load variation, there is only one point
at which the PV module provides its MPP. This point is
when the load resistance equal to the resistance at MPP
(Ri=Rop), (point B). However, it is very difficult to select
a fixed load, which matches this value, and even if this is
done, this point itself changes under changed climatic
conditions. On the other hand, when a DC-DC converter
is connected between the PV module and the load, the
operating point depends on the impedance seen by the

module (R;,), which depends on two parameters: R; and
duty cycle (D). Thus, under different loads, the duty cycle
can be adjusted to change R;, to match R,, at any
atmospheric conditions. Assume that the buck converter
operates in CCM, with duty cycle D; and the buck-boost
converter operates in CCM, with duty cycle D,. The
average input impedance R;, for Buck converter is R;, =
R/Dy? and for  Buck-Boost converter is
2
Ry, = £=D2)° '322) R.

in2 = Therefore, the average input
2
impedance seen by PV Module in the proposed structure
_ 1 (1-Dy)’
In D12 D 22

cascaded Buck converter with buck-boost converter can

is R R . The equation indicates that the

match any output load to the optimal PV impedance and
does not have constraining limits. It is also possible a cuk
converter instead of buck-Boost converter to do same
function [22].

By investigating the Power-Voltage relationship of a
typical PV module shown in Fig.2, The perturbation and
observation (P&O) method is the most popular algorithm
belonging to the class of the direct MPPT techniques.
This algorithm involves a perturbation in the operating
voltage of the PV array, and then if change of power (AP)
is positive, the future perturbation should be kept the
same to reach the MPP and if change of power (AP) is
negative, the direction of perturbation should be reversed
to move back toward the MPP. Therefore, the
perturbation size is reverted to force the operating point
back to the true MPP. This process continues until the
algorithm reaches the point of maximum power. Then
swing around to this point. We modified P&O algorithm
similar to the methods proposed in Ref. [23]. It has been
shown that P&O algorithm with the variable step size
would be improve dynamic and steady state performance
of the MPPT system.

3.4. Unidirectional Buck-Boost converter
The output voltage of the Buck-Boost converter can be

higher and lower than the input voltage [21]. By
considering that the output voltage in the cathodic
protection system changes over time and when the
coating of the pipe is new and the sacrificial anodes have
lower resistance, thus in the early installation, low power
consumption is required.

However, over time, coatings and anodes lost their
property, so the power consumption, too, will increase
and correspondingly, the output voltage is increased.
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Fig. 2 (a) Location of operating point of a PV module with a
variable resistive load (b) Flowchart of modified P&O method

Cathodic
Protection
Power Source

Polarization Potential e
to half cell=0.85-1.1V

Ranode = 1-5
Rpipe =0.1 - 0.5

Fig. 3. Equivalent circuit of pipeline and ground bed

3.5. Equivalent circuit of the pipeline and the
anode-bed
The parameters of the equivalent circuit of the pipeline in

cathodic protection can be found in Ref. [24]. The
equivalent model of a pipeline with the anode bed can be
modelled as shown in Fig. 3. The main purpose of the
design is to control drain point voltage (V). Drain point
voltage should be controlled on a constant value. Where,
this value depends on the type of the coating and the
voltage at the end of the transmission line. According to
national iranian gas company standard and national
American corrosion standards (NACE), drain point
voltage should set at -1.5v for cold coating, -2.1v for
warm coating and -1.2v for three-layer polyethylene
coating. Generally, this value can vary between -0.85v
and -2.1v with respect to the conditions of the
transmission lines.

3.6. Battery
To facilitate power storage generated from stand-alone

photovoltaic systems during overproduction, it provides
the stored power as an auxiliary service during electricity
shortages. In some previous applications, the battery-
bank is directly connected to a DC bus without a
bidirectional converter. This configuration requires high
voltage batteries or more battery stacks and reduces the
system efficiency. Refs. [25]-[26]. This study proposes a
bidirectional buck-boost converter to manage the storage
and supply of power between photovoltaic power
generation systems and batteries. Bidirectional DC-DC
converter allows transfer of power between two DC
sources, in either direction, while maintaining the voltage
polarity and value at either end unchanged.
Sa1 Lal Dal ggp La2 Da2

Battery

Fig. 4. Bidirectional buck-boost converter

Therefore, it is possible to use low voltage batteries to
charge/discharge management. A charge/discharge
control strategy must keep the battery in the highest
possible state while protecting it from overcharge by the
photovoltaic generator and from over-discharge by loads.
Because of overcharging and undercharging batteries
will produce hot spots inside the battery such that the
batteries not survive for a long time. The battery state of
charge (SOC) would be adjusted to match the power
demand of the load. For this reason, if the battery SOC is
below 90% and there is sufficient power from the PV
module to charge the battery, then the bidirectional
converter charges the battery. On the other hand, if the
battery SOC is above 10% and the load needs support
from the battery, then the bidirectional converter delivers
power from the battery to the load. Whenever the battery
is overcharged or has no sufficient charge to deliver, then
it automatically goes to the waiting mode. In this design,
we used several 24 V- 1200 Ah industrial batteries from
Sababattery Company [27].

3.7. Bidirectional Buck-Boost converter
This study proposes a bidirectional buck-boost converter

as shown in Fig. 4 to manage the storage and supply of
power between photovoltaic power generation systems
and batteries. The proposed interface circuit is shown in
Fig. 4. This bidirectional converter operates in two modes
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of operation: (1) it acts as a ZVS Buck/Boost to charge
battery (2) it acts as a ZVS Buck/Boost to discharge the
battery. During charge operation mode, S1 and D> are on
while during the discharge mode, S2 and D, are on. In
addition, the auxiliary circuit is connected in parallel to
the active switches and provides the soft switching
condition for S1 and S2 while Lal provides ZC condition
for Sal turn on and La2 provide ZC condition for Sa2
turn on. The auxiliary circuit is composed of an auxiliary
switch (Sa1, Su2), a series diode (Da1, Dy2) and a resonant
inductor (La1, La2). The proposed converter in charge
operation is shown in Fig. 4. The converter theoretical
waveforms are shown in Fig. 5a. During one switching
cycle, the proposed converter has six operating intervals
or modes. Also, the proposed converter in discharging
operation is shown in Fig. 4. The converter theoretical
waveforms are shown in Fig. 5b. During one switching
cycle, the proposed converter has six operating modes.
The basic principle behind the ZVS operation of the
converter is that the auxiliary switch, S, is turned on just
before the main switch is turned on. The resonant loop of
the resonant inductor (La1), a diode Dal and the output
capacitance across the main switch is completed by the
turning ON of the auxiliary switch. By the help of
resonance, the auxiliary switch is made to operate at ZCS.
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Fig. 5 (a) Waveforms of the converter at charging mode (b)
Waveforms of the converter at discharging mode

The auxiliary inductor current linearly increases and
the output capacitance across the main switch starts
discharging. As the parasitic capacitor is discharged the
current in the resonant loop flows through the anti-
parallel diode of the main switch. By turning ON the
main switch, the ZVS is assured.

4. POWER MANAGEMENT STRATEGY
The configuration of the stand-alone PV system, used in

this paper to meet the power demanded by pipeline to
protect pipeline from corrosion, is shown in Fig. 1. In this
system, the primary energy source is the PV arrays and
the backup and storage system is the battery. Four
controllers and one supervisor are involved in the system.
The first controller is MPPT controller to extract
maximum power from PV modules.

The second controller is the classic Pl controller,
which controls the bidirectional DC/DC converter duty
cycle during the battery-charging mode. The third
controller is the classic PI controller, which controls the
bidirectional DC/DC converter duty cycle during the
battery-discharging mode.
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Fig. 6 Flowchart of the PV System management strategy

The last classic PI controller is used to track drain point
voltage Vpp reference on the load side for the
unidirectional Buck-Boost converter located between DC
Link and the load.

The main decision factors for the power management
strategies are the level of the power provided by the
renewable energy system (solar) and the state of charge
(SOC) of the battery bank. The battery bank or the fuel
cell should be capable of providing the needed power.
Power energy generated by PV panels is summed up at
renewable energy system power. Besides the load
demands, any excess power which is the difference
between the PV output power and the load demand
should be directed into the energy storage system. The
power management strategy should determine the power
dispatch between the renewable energy sources, the
energy storage device, and the DC load. The control
strategy of the system can be divided into four
operational modes based on the PV power, the DC link,
the Vpp value, and the SOC of the battery, which is
described as follows.

P-V characteristic of a solar module (295w)
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Fig. 7. (a) P-V characteristic of a solar module 295w, (b) I-V
characteristic of a solar module 295w

Mode I: When the light gradually increases and the
maximum power of PV modules is greater than the load
demand and the DC link voltage is greater than 40V. The
DC/DC converter for PV modules works with MPPT
mode. If the battery has not been fully charged,
SOC<90%, the supervisor turns on the controller in
charge mode. Therefore, the bidirectional DC/DC
converter for the battery works and is used to charge the
battery and the battery will absorb the excess energy. The
overcharging and over current of a battery is avoided by
putting a limiter in the converter.

Mode IlI: When the light further increases and the
power output of PV modules are far higher than the load
power, in the first the DC/DC converters for PV modules
work with MPPT. If the battery has been fully charged,
SOC>90%, the supervisor turns off the controller in
charge mode.

Mode I1I: when PV modules cannot provide enough
energy to power the load, DC Link is not in normal range
in the case of overcast sky or at night. PV modules work
in an MPPT mode to maximize solar energy and the
supervisor turns on the controller in discharging mode.
Therefore, the shortage will be compensated by the
battery discharging via the bidirectional buck/ boost
converter.

Mode 1V: Due to continuous raining days during the
operation mode Ill, the battery may come into over-
discharge state for continuously supplying power to the
load. When the battery voltage reaches over-discharged-
point voltage (SOC<10%), the supervisor turns off the
bidirectional Buck/Boost  converter  controller
immediately to protect the battery, and only PV modules
work with MPPT and provide load demand. A flowchart
of the management strategy of the PV system is depicted
in Fig. 6.
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5. OPTIMAL SELECTION OF PV SYSTEM
In order to ensure acceptable operation at minimum cost,

it will be necessary to determine the correct size of each
element. It is noted that the design should be done on
meteorological data, solar irradiance and on the exact
load consumption over long periods. To design the entire
solar cathodic protection system, the project lifetime is
assumed twenty years and the worst case producing
power condition is considered. The number of PV
modules and the capacity of the battery and converter
specifications are calculated based on the daily power
consumption of the pipeline. Table 1 shows the measured
data obtained from the output voltage and current of the
rectifier transformer in Razei station of IRAN during a 9-
year period. Therefore, in one day the load will consume
(5.56*37.5 watts)x(24 hours) = 5.004 kWh of electrical
energy. The output voltage of the transformer in the early
years of foundation was very low. However, over the time
that was along with weakening the coating of the
pipelines as well as increasing in resistance in the anodes
of the anode-bed which comes from corrosion of the
anodes by electrolysis, have caused an increase in the
output voltage and current of the transformer. The
simulated Ipy-Vpy and Pyy-Vyy characteristics of the PV
module at different month for a sample of a 295w from
Faran Coompany [20] are shown in Fig. 7.
Table 1. The output voltage and current of the rectifier

transformer in a 9-year period
Year lout Vout Vip Year lout Vout Vip

2005 | 1.8 3.98 1.39 | 2010 441 | 20.7 15
2006 | 2.7 3.88 143 | 2011 547 |2453| 15
2007 | 2.1 421 14 2012 5 31.5 15
2008 | 4.23 | 11.2 15 2013 556 | 37.5 15
2009 | 41 | 16.25 15

As shown in Fig. 7 the solar array in the worst climate
conditions of December generates a 127w power and in
the best climate in July, it can generate a power around
295w. It should be noted that these figures have been
achieved by applying the actual data obtained from
Meteorological Organization of Ardebil of IRAN to
design the PV model.

To optimize the system, first, the calculation of the
power generation and consumption during the year is
done, and then the number of modules and the batteries
are determined with respect to the annual power
generation and consumption. Finally, the optimal system
is chosen in terms of total cost. These results are given in
Table 2 and Table 3. It should be remembered that the
excess kWh after charging the batteries are assumed not
to be utilized, and, hence, will not actually be produced.
If they are produced, they need somewhere to go.
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Fig. 8 Simulated model of the system in MATLAB

Table 2 shows the excess monthly kWh produced by
the PV array for the 3-module as well as for 4, 5, 6, 7 and
8 modules. The monthly kWh requirements of the
batteries can be determined from the months during
which the PV excess is negative. All negative excesses
represent PV energy shortfalls and thus represent energy
to be supplied by the batteries. Before the calculation, a
conversion efficiency of 90% is assumed for the buck and
buck/boost converters between PV system and the load.
The overall efficiency of the bidirectional buck/boost
converter for charging and discharging the batteries is
assumed about 90% and degradation factor of 0.9 is used
for the PV array. Suppose the batteries are allowed to
discharge to 10% of full charge. This means that only
80% of the battery rating are available for use and
typically 90% of the charging energy can be recovered.
In calculation, the number of batteries is rounded up. In



J. Javidan: Energy Management Strategy of Stand-alone Photovoltaic System in Cathodic Protection Pipeline 150

this case, a 1200 Ah, 24 V, 7-year lifetime sealed lead-
acid battery costing $320 is a reasonable choice and the
lifetime of the PV modules is assumed to be 20 years.
Table 3 shows a trade-off between the purchase of
batteries and the purchase of PV modules. Since there is
typically more sunlight available in the summer than in
the winter, it is possible to configure the battery storage
system to store energy from the summer and fall for use
in the winter. In addition, it must carefully consider the
trade-off between using more batteries, operating at
shallower discharge rates to extend the overall life of the
batteries vs. using fewer batteries with deeper discharge
rates and the correspondingly lower initial cost. In this
research, six Poly crystal PV modules are connected as
three in parallel sets of two in series from Faran Company
[20] because of the constraint of practical size
considerations and specifications.
Table 2. Monthly excess KWh capability of PV array for seven

array sizes (where A= Number of shiny hours, B= Daily PV
ower, C= Daily Wh)

Excess kWh ( kWh-Needed=150)

Month| A B C
3mod|4mod{5mod{6mod|7mod|8mod

Apr | 6.4 190 1221 |-51.1]-18.1{14.8|47.8| 81 | 114
May | 7.3 268 1967 | 9.3 |62.4|115.5|168.6| 222 | 275
Jun | 10.6 | 257 | 2714 |69.8| 143 |216.4| 290 | 363 | 436
Jul 8.6 295 | 2549 [56.5| 125 |194.1| 263 | 332 | 401
Aug | 10.7 | 236 | 2535 |55.3| 124 |192.2| 261 | 329 | 397
Sep 6.9 211 1456 |(-32.1| 7.2 |46.5| 86 | 125 | 164
Oct | 81 152 1236 (-49.9| -16 |16.8| 50 |83.6| 117
Nov | 5.6 152 851 |-81.1| -58 |-35.1|-12.2| 11 |33.8
Dec 4 127 508 |[-109| -95 [-81.4| -68 | -54 |-40.3
Jan 5.8 252 1454 |-32.2| 7 |46.3| 86 | 125|164
Feb | 5.7 241 1369 |(-39.1|-2.2(34.8| 72 | 109 | 146
Mar | 5.2 204 1052 |-64.8| -36 | -8 |20.4| 49 |77.2

Number of batteries
(24v,1200AH) 25121715 )32

Table 3. Results of panel size and battery size
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Fig. 9 Simulation results when the Battery works between
charging and discharging state freely

Table 4. Electrical characteristic data of 295w PV module (faran

Array
Cost
3mod | 4mod | 5mod | 6mod | 7mod | 8mod
Num. Batteries 25 12 7 5 3 2

Battery Cost 8000 | 3840 | 2240 | 1600 | 960 | 640

Module Cost 900 1200 | 1500 | 1800 | 2100 | 2400

Total Cost 8900 | 5040 | 3740 | 3400 | 3060 | 3040

Total Cost after

24900 | 12720 | 8220 | 6600 | 4980 | 4320
20 years

c0.)

Description Rating
Rated power 295w
'Voltage at maximum power (Vmp) 36.4v
Current at maximum power (Imp) 8.11
Open circuit voltage(Voc) 44.9v
Short circuit current (lsc) 8.55
Storage Temperature -40 t0 85°C

Five 24 V 1200 Ah industrial batteries are used for this
design from Sababattery Company [27] and Electrical
characteristic is presented in Table 4.

6. STAND-ALONE SYSTEM SIMULATION
In order to validate the proposed control method,

simulations  have been carried out using
MATLAB/Simulink software as shown in Fig. 8 for time
of 9s.
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Fig. 10 Simulation results when the battery works only charging
state

The reaction of the stand-alone system for different
situations is given in Fig. 9 and Fig. 10. As shown in Fig.
8, the simulation blocks consist of the PV generation unit,
supervisor, a battery unit, MPPT controller, Buck
converter, Buck/Boost converter with PI controller, one
bidirectional Buck/Boost converter, and pipeline and
anode bed model. In order to study the system’s
performance during a certain period, in first scenario we
assume that the initial SOC of the battery is at 50%, thus
the battery can work between charging and discharging
state freely. Fig. 9 shows the waveforms of some
important point of the system when the solar cell can
provide more power than the load needed. The solar
irradiation level steps down to reach to zero. After a
while, it again steps up to the situation that can provide
more power than the load needed. The Vcell and Icell

show the output voltage and current of PV array with the
step change of the irradiance, respectively.

It can be observed that the Vqp waveform shows that it
is well controlled and it is kept at a constant value with
acceptable ripple whatever the environmental conditions
change; the classic Pl regulator rejects these
disturbances. It is clear that the voltage variation of Vgp
in the discharging time of the battery is much higher than
in the charging time of the battery but at all both of them
is acceptable. The charging and discharging waveforms
of the battery show when PV power is greater than load’s
power, the battery will be charged and during periods of
insufficient generation, the battery will provide the
shortage energy in order to regulate energy balance.

In the second scenario we assume that the initial SOC
of the battery is at 9%, thus the battery can only work in
charging state. In addition, the waveform of solar
radiation assumed is similar to that of the first scenario.
Figure 10 shows the waveforms of some important point
of the system. It is observed that the system is not able to
maintain the DC link voltage and Vdp for the operation
mode that the battery cannot provide the energy shortfall.

7. CONCLUSIONS
In this paper, the topology and energy management

strategy of a stand-alone photovoltaic power system for
cathodic protection of underground pipelines with battery
energy storage is proposed. The purpose behind the
proposed structure is to design a consistent current source
for pipeline while extracting the maximum power from
the PV array. Therefore, PV array uses the MPPT control,
which can maximize the use of the solar energy. A
Modified P&O algorithm has been used to improve
dynamic and steady state performance of the MPPT
system. The DC link voltage level and the SOC of the
battery are employed as an information carrier to
represent different operation modes. The battery is
connected to the DC link by a ZVS bidirectional
Buck/Boost converter to increase the battery lifetime and
the system efficiency. The optimal size of the PV array
and the battery were determined based on meteorological
data, solar irradiance, and the load consumption over a
long period to ensure acceptable operation at minimum
cost. The MPPT and PI controller of the unidirectional
Buck/Boost converter always work independently and
the supervisor manages the charge and discharge of the
battery. The simulation results have verified that the
proposed power management strategy can properly
regulate the output voltage and optimal size of the battery
plays a vital role in the power management strategy.
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