	AF_EE03_Photovoltaic System Installations
Unit 2


PV SYSTEM PARTS

There are two main configurations for a photovoltaic system:

· Stand-alone

· Grid-tied
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The difference between these two systems is the configuration of some of the parts composing them. 

They both need photovoltaic (PV) panels and an inverter, for PV panels produce direct current (dc) and we need alternating current (ac) to feed some loads. In fact, it is a.c. what we traditionally receive through our plugs at home. However, the inverter in a stand-alone system is different from the one that should be installed in a grid-tied system.
Besides, it is needed a controller in a stand-alone system, whilst an equipment to measure the produced energy is required in a grid-tied system, just before an equipment of our energy supplier to integrate this energy into the distribution net.
2.1. THE PV PANNEL

Watching the following video you will understand a PV panel physics functioning, as well as getting familiar with specific vocabulary.
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	Solar energy/ Solar photovoltaic / Photovoltaic effect / grid-tied System


Solar cells are made of Silicon which is a semiconductor material, treated to have a negative side and a positive side, so that can be considered a battery for we can take advantage of this potential difference, associating many solar cells in a panel or modules and connecting loads to it.

MATERIALS:
Bulk Silicon is separated into multiple categories according to crystallinity and crystal size in the resulting ingot, ribbon or wafer:
1) Monocrystalline Silicon (c-Si): Single-crystal wafer cells. Expensive. Cut into cylindrical ingots, thus not completely squared solar-cell module. Hence panels have uncovered gaps at the corners of 4 cells. Efficiency: 15 – 18 %.
2) Poly- or multi-crystalline (poly-Si or mc-Si): squared ingots. Cheaper and less efficient than c-Si. Thin wire-sawed slices or wafers (180 to 350 micrometre). 
Efficiency: 12 – 14 %.
3) Ribbon Silicon: Formed by drawing flat thin-films from molten silicon having a multi-crystalline structure. Lower efficiencies than Poly-Si but save on production cost. Sawing from ingots not required. Depending on the deposition’s parameter the result can be Amorphous Silicon (a-Si or a-Si:H), Protocrystalline Silicon or Nanocrystalline Silicon (n-Si or nc-Si:H). Efficiency: 6 – 9 %
It is typical to apply an anti-reflection coat to the wafers.
BASIC PARAMETERS OF SOLAR CELLS
· Short Cirucuit Current (ISH): Maximum value for the yielded current, considered at V=0. The current in the circuit when the load is zero. It is achieved connecting the positive and the negative terminals by a copper wire. Given by the manufacturer.
· Open Circuit Voltage (VOC):  Maximum value for the voltage, considered at I=0 and maximum load in the circuit, ideally infinity; so, open circuit. Given by the manufacturer.
· I – V Characteristics: Considering constant values for irradiance and temperature, a solar cell would accomplish the following laws:
UL = IL · R 
PL = IL · UL
Being UL [V] the voltage in the load, IL [A] the current given by the cell, R [ohm] the value of the load, PL [W] the power yielded by the cell. 

The cell will deliver maximum power when the best load resistance will be connected.

RL (Pmax) = Rpmax ( Pmax = VPmax · IPmax

Maximum values will be specified by the manufacturer.
· Fill Factor (FF): Fill Factor is a comparison between the maximum power a cell can yield and the Open Circuit Voltage times the Short Circuit Current, which could never happen at a time but would be the ideal maximum values of the system.
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Thus, FF reflects how well constructed is the cell and its maximum value would be 1.
· Solar Cell Efficiency (η): It is the percentage of solar energy on the surface of the cell that becomes electrical energy.
η(%) = 100 · Pmax / (G · A) 

 
η (%) = 100 · FF · [ ( Isc · Voc ) / ( G · A ) ]
Being Pmax the maximum power [W], G the irradiation at Standard Test Conditions (STC), that means G=1000[W/m2] and A the area of solar cell [m2].
· Temperature (Tc): A PV panel efficiency depends on the temperature. The higher the temperature, the lower the power.
Tc = Ta + [ G · (NOCT – 20) / 800 ]

Being
Tc: temperature of work of the cell (ºC), Ta: ambient temperature (ºC), G:irradiation [W/m2] and NOCT: Nominal Operation Cell Temperature, reached when the cells are mounted at a solar radiation level of 800 W/m2, a wind speed of 1m/s, ambient temperature of 20ºC and no load operation.

	TO KNOW MORE

You can calculate these basic parameters and have a deeper knowledge by visiting the following web. Fill Factor can be a good point to start with. 
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BASIC PARAMETERS OF SOLAR CELLS (fill factor...etc)



PV modules can be connected:
· Parallel connection: to increase the generator current

· Series connection: to increase the generator voltage

· Series and parallel connection: to increase both current and voltage of the generator.
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PV modules incorporate Bypass Diodes in series connected cells to avoid damages by overheating when there is a cell in shadow, for a cell in shadow can act like a load. It also prevents overheating points if damage in a cell occurs. A module has Blocking Diodes in parallel connected cells to make all current flow to the load. It prevents revers current at night o in case of shadows.
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Hence, a generator is an array of modules, whose electrical parameters depends directly on the parameters of the modules composing it.
PGmax = Ns · Np · Pmax



UGoc = Ns · Uoc

IGsc = Np · Isc





UGmpp = Ns · Umpp

IGmpp = Np · Impp

Being:

PGmax = maximum power of the generator [W]
Pmax = maximum power of a module [W]

Ns = number of modules connected in series
Np = number of modules in parallel

UGoc = Open Circuit Generator Voltage [V] 

Uoc = Open Circuit Module Voltage [V]
IGsc = Short Circuit Generator Current [A]

Isc = Short Circuit Module Current [A]
UGmpp = maximum generator’s voltage [V]

Umpp= maximum Module Voltage [V]

IGmpp = maximum generator’s current [A]

Impp = maximum Module’s current [A]
EXAMPLE:
Supposing a 12 modules PV generator arranged in 2 strings of 6 modules each, with the following characteristics each module: Pmax=80W; Uoc=21,6V; Isc=5A; Umpp=17,3V.
We can find all generator’s basic parameters:

PGmax = 6·2·80 = 960W ; UGoc = 6·21,6 = 129,6 V ; IGsc = 2·5 = 10A ; UGmpp = 6·17,3 = 103,8V;

IGmpp = Np · Impp = 2·(80/17,3) = 2·4,6 = 9,2A

2.2. BATTERIES. 

Batteries are basically a device to storage electricity. A battery bank can provide a relatively constant source of power when the grid is down, or during periods when the PV system is not producing power.
The standard construction method involves flooding lead plates (PbO2 for the anode or positive plate, Pb for the cathode or negative plate) in sulphuric acid (H2SO4). The electrolysis (chemical reaction) between the positively charged lead plate and the negatively charged sulphuric acid makes this device to store and supply energy. 
Batteries have advantages such as providing a portable source of electric power, giving large quantities of power for short periods and being recharged at low rates over extended times, providing emergency power…etc. Batteries also even out irregularities in the solar irradiation for some stand-alone PVsystem.
There are three main types of batteries that are commonly used in renewable energy systems: 

· Flooded Lead Acid (wet cells): the most commonly used batteries, with the longest track record in solar electric systems.  The longest life and the lowest cost per amp-hour. 
Require regular maintenance in the form of watering, equalizing charges and keeping the terminals clean.  They can be maintenance-free, which means they probably are designed to die as soon as the warranty runs out. The serviceable wet cells come with removable caps, and are the smarter choice, as they allow you to check their status with a hydrometer.  

· Gelled Electrolyte Sealed Lead Acid. 
Gel sealed batteries use silica to stiffen or “gel” the electrolyte solution, greatly reducing the gasses, and volatility of the cell.  Since all matter expands and contracts with heat, batteries are not truly sealed, but are "valve regulated". This means that a tiny valve maintains slight positive pressure.  AGM batteries are slowly phasing out gel technology, but there still are many applications for the gel cells.  The recharge voltage for charging Gel cells are usually lower than the other styles of lead acid batteries, and should be charged at a slower rate.  When they are charged too fast, gas pockets will form on the plates and force the gelled electrolyte away from the plate, decreasing the capacity until the gas finds its way to the top of the battery and recombines with the electrolyte.  

· Sealed Absorbed Glass Mat (AGM).

Absorbed Glass Mat (AGM) is a class of valve-regulated lead acid battery (VLRA) in which the electrolyte is held in glass mats as opposed to freely flooding the plates.  This is achieved by weaving very thin glass fibers into a mat to increase surface area enough to hold sufficient electrolyte for the lifetime of the cell.  The advantages to using the AGM batteries are many, yet these batteries are typically twice the cost of their flooded-cell counterpart.  On the plus side, these cells can hold roughly 1.5 times the amp hour capacity of a similar size flooded battery due to their higher power density.  Another factor that improves their efficiency is the higher lead purity used in AGM cells. Because of their sandwich construction, each plate no longer has to support its own weight.  Their low internal resistance allows them to be charged and discharged much faster than other types.  AGM cells function well in colder temperatures and are highly resistant to vibration.  There are many advantages to using the AGM cells over their flooded counterpart that are beyond the scope of this article.

Automotive starting, lighting, and ignition batteries (SLI) have a short or “shallow” depth of discharge, as they are designed to produce a high amount of current in a very short time.  These batteries are not recommended for use in a photovoltaic system, as they would quickly be ruined by the deep cycles required for extended use. 

Deep cycle batteries are designed with thicker lead plates, which have less overall surface area than their thinner SLI counterpart.  Because of the reduced availability of surface area for chemical reactions, deep cycle batteries produce less current than an SLI type battery, yet they produce that current for longer periods of time.

	TO KNOW MORE

For further information about batteries you can visit: 
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http://www.trojanbatteryre.com/index.html
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http://www.wholesalesolar.com



Batteries in PV systems are often charged/discharged, therefore they must meet stronger requirements. Deep discharge is required, so lead-acid (PbA) batteries are produced especially for PV systems.
The more often the battery is carged/discharged, he shorter the lifetime. So, lifetime depends on charge/discharge cycle rates number. The deeper discharged, the shorter the lifetime.
The battery’s capacity for holding energy is rated in amp-hours:

1 ampere delivered for 1 hour = 1 amp-hour.
The capacity can be defined as the total quantity of the transferred electricity in the electrolysis, or the current which the battery is able to yield in a certain time.
A cycle on a battery occurs when you discharge your battery and then charge it back to the same level.  How deep a battery is discharged is referred to as Depth of Discharge (DOD).  
Deep cycle batteries can be discharged up to 80 percent DOD without damage depending on the model.  In order to increase battery life, manufacturers recommend discharging deep-cycle batteries only down to 50 percent in order to increase battery life.
So, we can define PDmax or Dodmax (Maximum Depth of discharge) as the percentage of the capacity that has been consumed from a battery, once the required range to work without sun has reached its deadline, compared to the nominal capacity at full load.
Hence, to design a battery we will take into account the capacity and the Dod, as follows:
C = Qd·R / Dod,

being
C: nominal capacity of the battery [Ah]

Qd: Medium daily consumed energy [Ah/day]

R: Battery Range [days]

Dodmax: Maximum Depth of discharge [both by one] 

Here you have a real data sheet. You will find in it the graphic of Cycling Ability, which shows the number of cycles of the battery versus the depth of discharge and the percentage of capacity remaining.
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	Battery Data Sheet_dekasolar


	HIGHLIGHTS

BATTERY SELECTION PROCEDURE

1) Establish the number of days storage required, depending on seasonal variations and specific cases like weekend occupancy. 

2) Define the storage required in Ah. Consider more than one result depending on the season, if necessary.

3) Decide the allowable level of discharge. 

4) Divide the required Ah by the level of allowed discharge, expressed as a fraction. For example using 50% of total charge requires dividing by 0,5. This is the total corrected Ah required for storage.

5) Check to see whether an additional correction for discharge rate, temperature or rate of charge will be needed. If so, apply these corrections to the result obtained in 4).

6) Divide the final corrected battery capacity by the capacity of the chosen battery. The result may be rounded up or down, depending on the judgment of the system designer. Often the result can be rounded down, because the system receives at least some diffuse sunlight over prolonged overcast periods.

7) If more than four batteries are required in parallel, it is generally better to consider higher capacity batteries to reduce the number of parallel batteries to provide for better balance of battery currents. 


2.3. THE REGULATOR OR CHARGE CONTROLLER
The regulator is an electronic device which basically:
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Protects the battery of overload or deep discharge
· Prevents battery discharging during the night
· Coordinates the battery charging / discharging.

I- Disconnects the battery from the PV generator when there is an overload.

· Connects the battery to the circuit load at night and stops battery charging to prevent reverse current.
· Disconnects the battery when there is a deep discharge
· Stabilizes the input signal (coming from the PV panel)

So, the regulator has two basic functions in a stand-alone installation: protecting the battery and obtaining the maximum power from the photovoltaic modules.
Most regulators try to make panels work at maximum power. Continuously measuring the output and feeding back is the procedure to fix the current related to the maximum power for every weather condition. This function is accomplished by the inverter in a grid-tied installation.
Some regulators are able to feed a 24V battery with a panel working at 14V, for they are able to increase the input voltage.

	HIGHLIGHTS

REQUIREMENTS OF THE CONTROLER
· Internal consumption < 5mA.

· Efficiency: 96 to 98%.

· Current-dependent, discharge cut-off voltage.

· Regular charging at high voltage.

· Temperature compensation of the charging cut-off voltage (4 to 6 mV/K)

· Impossible reverse pole

· Breakdown voltage of the semiconductor components at least twice the open circuit voltage of the solar generator.

· Integrated overvoltage protection 

· Temperature: 0 to 50ºC standard model.


2.4. THE INVERTER
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The inverter converts direct current from the PV generator to alternating current. 

It must be able to supply energy to different sort of loads, such as electrical household appliances, illumination circuits, electronic devices, etc. So, it 
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also should have a good efficiency, even at partial load, and it must be able to standby at low consume, detecting when the load is connected to start working or not. 
The inverter protects from short-circuits and reduces signal harmonics. It is suitable this device to be able to transform alternating current into direct current too, in order to charge batteries with a generator.
There are three kinds of inverters:

· Pure Sinusoidal Wave Inverter: It is the best choice, but the more expensive too.

· Modified Sinusoidal Wave Inverter: Cheaper than pure sinusoidal wave. It generates a less quality wave, because it contains a high level of harmonics, thus these inverters are not able to be used with certain kind of loads (basically, electronics).

· Rectangular Wave Inverter: Cheapest than any other and the more commonly used. It creates a rectangular wave that must be elevated up to 230V afterwards, utilising a transformer. This device is usually efficient but can damage sensitive devices.
In a grid-tied photovoltaic system, the inverter not only converts dc to ac, but also it must synchronize the generated wave with the electrical net. It is also responsible of the panels to work at maximum power, to the point that some systems allow two or three different orientations. Monophasic models can be combined to generate a three-phase system.
Some inverters integrate a 1:1 transformer to isolate the installation from the net. When the produced energy is entered to the net at medium voltage, the low to medium voltage transformer isolates the installation.
EXAMPLE

Supposing 7 strings of 18 modules each connected to a three-phase inverter. Every module yields 210Wp, a short circuit current of 7,9pA and an open circuit voltage of 36,40V. What power should be the inverter of? What will be the maximum voltage yielded? What the maximum current?

Voc string = 18x36,40 = 655,20V

Isc inverter = 7x7,90 = 55,30A

The maximum input voltage of the inverter at STC, will be 655.20Vand 55,30A, the maximum current.

P inverter =7x18x210=2645W

We usually choose a 10% or a 20% off this value, considering panels never yields the peak power. The higher similitudes to the nominal power, the higher efficiency the panel have. 
	HIGHLIGHTS

STAND-ALONE PHOTOVOLTAIC SYSTEM INVERTERS REQUIREMENTS

· Large input voltage range (-10% to +30% of the rated voltage).

· Output voltage as close to sinusoidal as possible.

· Little fluctuation in the output voltage and frequency.

· ±8% voltage constancy, ±2%frequency constancy.

· High efficiency for partial loading; an efficiency value of at least 90% at 10% partial load

· Ability to withstand short-term overloading for appliance starting conditions, for example, two to three times the rated current for 5s for refrigerators and washing machines.
· Lowest possible over-voltages for inductive and capacitive loads.

· Half-wave operation possible, caused by power reduction with a diode, for example, in hair dryers.

· Able to withstand short circuits.

· RESTRICTIONS applied to the use of inverters with a rectangular waveform:

· Some appliances with electronic controls (e.g. modern washing machines, because the voltage level at the zero crossing is not clearly defined.
· The steep voltage gradients destroy resistors in simple power supplies (e.g. in freezers) by overloading.

· The steep voltage gradients result in increased noise and heat generation in transformers and motors. Further, a reduction of about 10% in the efficiency value must be expected.
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