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(17) CHAPTER 1:. INTRODUCTION. 1.1 Introduction The development of modern electrical energy delivery systems for developing countries, particularly among rural communities, is still a challenging issue in the world due to the high cost of power transmission infrastructure. As a result, many remote communities have to rely on on-site power generation based on diesel or gasoline. a. generator. However, the utilization of diesel generators as the main power supply in. ay. rural areas has become burdensome to the communities due to the following reasons:. al. firstly, diesel generators require daily fuel supply and periodic maintenance; secondly,. M. the limited source of fossil fuels and the difficulty in accessing them remain a big challenge for most off-grid societies. Meanwhile the exploration of modern. of. technologies based on sustainable energy systems has given hope in providing more. communities.. si. 1.2 Motivation. ty. cost effective and convenient means of electrifying the underdeveloped off-grid. ve r. “I’d put my money on the sun and solar energy, what a source of power! Hope we don't have to wait until oil and coal run out before we tackle that ”(Taylor, Daniel et al.. [Thomas Edison, 1931]. U. ni. 2015). Among the various renewable energy source, solar photovoltaic energy has received plenty of attention in the past few decades. The main reasons for this great interest are; (1) Increased efficiency of solar cells. (2) Modern technological improvements. (3) Green and environmental friendship. Practical applications of solar energy are the provision of residential loads and remote electrical installations. -1-. 

(18) It also has a major role in distribution network. The efficiency of solar cells is currently relatively low 12-20%, which means that the PV panel can reap a small amount of solar energy (conventional solar panels of 33.9% recently announced by Siemens and American company Cimpros). The photovoltaic business is developing internationally as fast as 30%, where China is a leading manufacturer of solar photovoltaic (PV) panels. As seen in figure 1.1, in 2016, China shipped solar panels totaling 34.54 MW regarding. a. useable power(Brunisholz 2015). In 2016, a china only has 75% of the global solar. ay. transections (Cao and Groba 2013). Due to the high utilization of PV modules, several national and global companies are merged each year. With increasing competition in the. al. market, the prices of photovoltaic units are decreasing over time (Feldman 2012).. M. In recent surveys, the average cost of PV panels per unit of power, has reduced from $ 1.61 to $0.8 as a contrast to the electricity prices which has risen steadily during the. of. same period (Gambhir, Gross et al. 2014).This has further reduced the entry barrier for. ty. the adoption of solar PV energy in grid electrification.. si. The encouraging development in field of solar PV has made PV systems more accessible to the public, not just in terms of technology, but also in terms of cost. While. ve r. there have been lots of effort in implementing grid connected PV farms to cut down reliance on fossil fuel, one significant potential of PV technology is in providing. ni. electricity to the remote off-grid communities. This is particularly true for areas around. U. the tropical zones where the amount of sunlight is generally available to meet the request for electricity production. This sort of project is not new but if successfully carried out in large scale, it can bring revolutionary changes to the lifestyle and social welfare of the off-grid communities.. -2-. 

(19) a ay al M of ty. Figure 1.1: Top 10 countries in 2016 based on total PV installed. si. Malaysia is one of the tropical countries that can greatly benefit from the vast solar. ve r. energy potential readily available to the nation. Due to the geographical factor of Malaysia, where it is located near the equator between 1° N and 7° N, 100° E and 119°. ni. E, the country receives approximately 6 hours of sunlight per day. It is hence very. U. convenient to capture as much potential as solar energy for electricity use in the rural area. In Malaysia there are a lot of sectors joining hands in sponsoring PV systems including government and the private sector. This shows that solar energy has become one of the most desirable energy sources in Malaysia. As seen from figure 1.2, solar radiation from Peninsular Malaysia declines towards the southern direction, with the state of Perlis enjoying the highest irradiance level. -3-. 

(20) For East Malaysia, Sabah gets the highest amount of solar radiation than Sarawak. The average daily sun peak hours in Malaysia range from 4-6 hours per day, giving. M. al. ay. a. approximately 5.1 to 5.5 kW/m2.(Mekhilef, Safari et al. 2012). of. Figure 1.2: Average daily solar radiation in Malaysia 1.3 Problem statement of research. ty. Currently, photovoltaic system is considered the one of the most cost-effective and. si. convenient solution to be used for local generation in remote areas, since it does not use. ve r. any rotating parts or requires complicated supporting civil structure. Nevertheless, it is well known that photovoltaic power cannot fully control to meet the energy demand due. ni. to intermittent weather conditions of solar energy. As a result, energy storage systems,. U. usually batteries, need to be used in stand-alone PV system, which increases the cost and complexity of the system. The sizing of the solar panels and batteries, as well as the selection of suitable charge controller is detrimental in deciding the performance of the system. Hence, it is important to understanding the underlying principles for PV system design and sizing, as well as the effect on the choice of components in the system.. -4-. 

(21) This project intends to study the practical operating principles of the various commercially available stand-alone solar system, in order to provide recommendations on how to sizing and/or improve the overall system performance. 1.4 Thesis objectives and contributions 1.4.1 Objectives The objectives of this project are as follows: To study the operating principles of the component equipment in a commercial. a. 1.. ay. stand-alone solar system.. To study the sizing principles for the components in a stand-alone PV system. 3.. To verify the operation of a stand-alone solar system using MATLAB simulation,. al. 2.. M. highlighting the importance of matching the solar panel with the system voltage.. of. 1.4.2 Contributions of the thesis. ty. The primary aim of this work is to model, analyze and control a stand-alone PV. 1.. si. system. Some of the notable points achieved in this thesis are: The characteristics of a typical solar photovoltaic panel have been investigated,. ve r. where the effect of temperature and irradiation changes on the output properties of the PV solar array was studied.. The structure and operating principles of the component equipment, particularly the. ni. 2.. U. charge controller, in a stand-alone PV system have been studied.. 3.. A set of a design principle for stand-alone PV system has been identified and compared with commercial design software, i.e. PVsyst.. 4.. A simulation model has been constructed to allow the evaluation of a stand-alone PV system based on PWM charge controller.. -5-. 

(22) 5.. The effect of solar panel selection in terms of energy yield has been investigated using the constructed Matlab simulation model for the case when low cost PWM charge controller is used.. 1.5 Outline of thesis The outcomes of this project have been reported in five chapters, as follows: Chapter 1: Provides an introduction to the project, giving the background, problem. a. statement, objectives, scope of the project, and the thesis outline.. ay. Chapter 2: Reviews literature related to the scope of this project based on journals and other references. It explains the operation principles of various components in a. al. stand-alone photovoltaic system. M. Chapter 3: Focuses on the design and sizing principles of a stand-alone PV system. From the first principles, an Excel sheet has been prepared to allow manual sizing of the. ty. commercial software.. of. PV system. The results obtained are found to be comparable with those obtained from. si. Chapter 4: Shows the complete modeling, simulation, and validation of the proposed system. The effect of weather condition, temperature of the panel as well as the issue of. ve r. PV and battery voltage matching has been simulated and discussed in this chapter. Chapter 5: Concludes the overall findings obtained from this project and provides some. U. ni. recommendations for future works.. -6-. 

(23) CHAPTER 2:. LITERATURE REVIEW. 2.1 Introduction In the previous chapter, the purpose of the project has been briefly explained. In this chapter, literature review will be presented to provide some background knowledge on various important aspects of a standalone PV system for rural community.. a. 2.2 PV systems. ay. Photovoltaic systems operate primarily in three modes, namely stand-alone mode, grid-tied mode, and hybrid mode (Goel et al, 2017). While grid-tied PV is common. al. nowadays due to Feed-in-Tariff, stand-alone PV systems are important in remote and. M. rural areas where electrical grids are not available. In 1968, a 48 Wp PV system was utilized to power an academic TV for a faculty in Niger (In 2014). It was the first. of. formally reported photovoltaic application in rural electrification. Since then, more PV. ty. installations had been established, ranging from small-powered street-lighting or solar. si. pump to large-scale solar home systems.. ve r. Since solar energy is intermittent and time dependent, it is to critical include a storage device, usually battery, in a stand-alone PV system to ensure the load demand can be met at all times. On the other hand, a storage device is not an important. ni. component of grid-connected PV systems, although it can sometimes be used to. U. minimize voltage fluctuations, and emergency power supplies (Gambhir, Gross et al. 2014) For solar PV system operate in hybrid mode, the system is usually connected to the grid in normal operation and can transit into stand-alone mode when necessary, such as during grid outages. Since focus of this project is on stand-alone PV system, the literature review presented in subsequent parts of this chapter will focuses on stand-alone system only. -7-. 

(24) 2.2.1 Configurations of stand-alone pv system Stand-alone PV systems are designed to work independent of the electrical tie grid and are generally designed and sized for feeding some DC and / or AC electrical loads. Depending in their configurations, the systems may differ in terms of their structure and components. There are generally three main configurations: direct-coupled stand-alone PV system, stand-alone PV system with battery and stand-alone PV hybrid system.. a. The simplest configuration of stand-alone PV system is the direct-coupled system,. ay. where the PV module is directly connected to the load as shown in figure 2.1. Since there is no energy storage devices (batteries) within the direct-coupled systems, loading. al. works solely throughout the daytime, creating these styles appropriate for common. M. applications like ventilation fans, water pumps, and utilization pumps for solar thermal heating systems. Matching the resistance of the electrical load to the maximum power. of. output of the PV array is an important issue in direct-coupled system. for a few loads. ty. like positive water displacement pumps, a DC-DC converter, referred to as Maximum. si. Power Point Tracker (MPPT), is employed between the array and load to assist higher. ve r. utilize the available array maximum power output (Bhatia 2014).. ni. Solar Array. U. Solar Array. DC Load. Battery. DC Load. Figure 2. 1: Direct-coupled PV system.. In most applications, electrical power is needed not just during the day, but also during the night or when the solar irradiance is not good due to cloudy or rainy weathers. In such applications, the use of energy storage devices, particularly battery, become important for the standalone PV system. A charge controller is usually used to interface -8-. 

(25) between the PV panel, the battery and the load, to protect the battery from overcharging and voltage fluctuation. (Manju, Ramaprabha et al. 2011) figure 2.2 shows a diagram of a typical stand-alone PV system with battery, driving DC and AC loads. Charge. Solar Array. DC Load. Controller. Battery. ay. a. Inverter. al. AC Load. M. Figure 2. 2: Diagram of a stand-alone PV system with battery storage.. of. Charge Controller. ty. Solar Array. ve r. si. Rectifier. Engine generator. Battery. DC Load. Inverter. AC Load. U. ni. wind turbine Grid backup Figure 2.3: Diagram of the stand-alone PV hybrid system.. In stand-alone PV system with battery storage, the correct sizing of battery is important to ensure that the system can continue in providing power in the absence of power from PV. To reduce the dependency on battery, stand-alone PV hybrid system can be used, where alternative energy sources, such as engine generator or wind turbine,. -9-. 

(26) are used as backup energy to the PV. figure 2.3 above shows the composition of the stand-alone PV hybrid system. Among the three configurations, stand-alone PV system with battery is most suitable for small scale rural electrification. Compared to the direct-couple configuration, the use of battery ensures power continuity for the user; while compared to the PV hybrid system, the cost and complexity of the PV-battery system is much. ay. 2.3 Components of stand-alone pv system with battery. a. favourable.. The PV system includes various elements that need to be chosen based on the. al. kind of PV system, its location, and the intended applications. Its components must be. M. connected and balanced to form an energy system that is functionally capable of providing electrical energy. These components are PV panels, battery, charge controller,. U. ni. ve r. si. ty. of. inverter, load and wiring etc. (Pal, Das et al. 2015). Figure 2.4:Typical of stand-alone PV System (Kanteh Sakiliba, Sani Hassan et al. 2015). - 10 -. 

(27) 2.3.1 PV panels 2.3.1.1 Solar Photovoltaic Cells A PV panel essential is made up from multiple solar photovoltaic cells connected in parallel and/or series. Hence understanding the operation principles of photovoltaic cells is detrimental in understanding the operation of a PV panel. Photovoltaic cells are semiconductors that used to produce electricity by converting light vie effect of the optical photon. If the optical photon energy is larger than the band. ay. a. gap, the electron emits and the flow of electrons creates the current. Photovoltaic cells are completely different from the photodiode as shown in figure 2.5. al. (Nithiyananthan,2017); The light is converted to a photovoltaic stream on the N-channel. M. from the semiconductor to the current or voltage signal, however, photovoltaic cells are. Figure 2.5: The Basic operating principle of a solar cell. U. ni. ve r. si. ty. of. often biased forward.. Photovoltaic (PV) technology utilizes semiconductor (chip) cells, typically several centimeters square. The cell is largely a p-n diode with a link positioned near the top surface. A diverse cell area unit is assembled into a very module to generate the required power.. - 11 -. 

(28) In the solar power generation system, a set of solar cells is needed to supply high power so that it is connected to a type of solar module or solar panels and to formulate. M. al. ay. a. the higher array capacity as shown in figure 2.6.. Figure 2. 6: Solar Module and solar PV Array. of. There are three main types of solar cells commercially available in the market:. ty. (1) Polycrystalline cell is more efficient than thin-film solar cell but that is more expensive to produce. They are most commonly uses in large to medium electric. si. applications like grid connected PV power generation. ve r. (2) Monocrystalline cell is manufactured by pure semi-conducting materials so it has higher efficiency (above 17% in industrial production and 24% in research laboratories. ni. (Bruton, Mason et al. 2003). Poly-crystalline solar cell is slightly less efficient than. U. Mono-crystalline but less in cost. (3) Thin film cell very thin layers of semiconducting materials are uses so they can be produces in large quantity at lower cost but it efficiency is less. This technology is uses in calculators, watches and toys etc. There are too many other PV technologies available like Organic cells, Hybrid PV cells combination of both mono crystalline and thin film silicon etc. - 12 -. 

(29) Table 2.1: Comparative capital required for solar panel Mono-crystalline. Poly-crystalline. Thin Film. Efficiency. 14 % -18 %. 12 % -14 %. 5 % -6 %. Temperature. 0 % - +5 %. -5 % -+5 %. -3 %- +3 %. Life time. 25-30 years. 20-25 years. Durability. 25y warranty. 25y warranty. 25y warranty. Cost per watt. 0.79 $. 0.73 $. 0.73 $. a. Type Panels. al. ay. 10-20 years. M. 2.3.1.2 Photovoltaic cell mathematical model. There are completely different mathematical models in typical photoreceptor. of. models that offer a near-linear behavior of solar cells. The accuracy of each model is. ty. categorized in line with the number of internal phenomena that are thought of. A typical. si. solar cell is usually drawn by a p-n diode connected to an existing source (Aashoor, 2015), with its equivalent circuit as depicted in figure 2.7 The fundamental model. ve r. doesn't provide a high vary of accuracy however it shows the fundamental behavior of. U. ni. the cell.. Figure 2.7: Simple model of photovoltaic cell. - 13 -. 

(30) The current supply represents the photocurrent made by daylight and also the diode obtains the current-voltage properties of the cell. The current-voltage properties will be obtained by applying Kirchhoff’s law of current as in the which provides equation I pv = I ph − I D. (2.1). As shown in Figure 2.7, the DJ is the ideal diode p-n and outlined the diode internal. a. diffusion current and IPh the photocurrent, is proportional to the radiation and surface. ay. temperature. Illustration of this voltage and current solar cell by VPV and IPV, respectively. The diode internal diffusion current is expressed by Equation 2.2. al.   qVpv    − 1 I D = I S exp  AKT c    . of. M. (2.2). where q is electron charge, 1.6 × 10-19 C, A is diode ideality factor takes the value. ty. between 1 and 2, k is Boltzmann constant, 1.38 × 10-23 J / K, and Tc is the operation. si. temperature of a cell in Kelvin. the varies of dark cell saturation, IS, affected by the. ve r. operation temperature according to equation 2.2. The photovoltaic current, IPh, is related. .  GG. I ph = I sc + k i (Tc − Tref ) . r. (2.3). U. ni. to solar intensity and cell operating temperatures as shown in Equation 2.3.. where KI = temperature coefficient of the cell’s short circuit given in A/K, Tref = reference temperature of the cell in K, which is 298 K (25°C) by default, G = the solar insolation in W/m2, with reference value being Gr = 1kW/m2. ISC = short-circuit current, which is measured under standard test of 25°C and 1kW / m2 - 14 -. 

(31) The value of Is can be obtained as. T I S = I RS  c T  ref.    . 3    A.  q  E gap  1 1    exp  −   A  k  Tref Tc . (2.4). where Egap is the band gap energy of the semiconductor used in the cell. IRS is the cell’s reverse saturation current in Ampere at TRef, and solar radiation 1kW / m2 which can be.  q Voc exp   AkT ref . ay. I sc   −1  . (2.5). M. al. I RS =. a. obtained by Equation 2.5. where VOC is the open-circuit voltage at a reference temperature.. of. While the model in figure 2.7 is sufficient to gives the characteristics of a PV cell,. ty. in some applications, more detailed models including the parasitic series and shunt resistances is need figure 2.8 shows a more accurate model that includes parasitic parts,. si. i.e. the shunt resistance RSh , series resistance RS . Using this model, IPV cell current PV. ve r. cells is given as.. (2.6). U. ni.   q  (V pv + I pv  RS )    V pv + I pv  R   − 1 −   I pv = I ph − I S exp  A  k  Tc Rsh      . Figure 2.8: Complete general model of photovoltaic cell - 15 -. 

(32) 2.3.1.3 Characteristics of pv cells Through series or parallel connection, PV cells form PV modules, which can then be further connected in strings to provide the desired voltage, current and power. To explain the characteristics of a PV module, current-voltage (I-V) curve is the way to show the performance of the PV module, and through it, some vital parameters of a PV. of. M. al. ay. a. module will be obtained. (Wang 2011). si. ty. Figure 2.9: I-V properties of PV modules. ve r. Figure 2.9 shows a basic I-V curve for PV module, highlighting key parameters such as short-circuit current (Isc), maximum power current (Imp), open-circuit voltage (Voc), maximum power voltage (Vmp), and maximum power point (MPP). All these. ni. parameters may vary depending on the irradiance and temperature of the PV module.. U. Within the I-V curve figure, the maximum power point is that the module operational point at which the module produces maximum power; the corresponding current and voltage are known as maximum power current and maximum power voltage respectively. This value is used to evaluate the performance of photovoltaic units under standard test conditions or other conditions. (Villalva,2009), (Aashoor 2015). - 16 -. 

(33) It is well known that the output power of a PV cell varies with the solar irradiance. Generally, the variation in solar irradiance has a small influence on voltage but the bigger influence on current, where the current approximately changes linearly with. M. al. ay. a. irradiance.(Villalva, Gazoli et al. 2009) These characteristics are as shown figure 2.10. of. Figure 2. 10: Solar irradiance response. ty. Apart from irradiance, temperature also affect the cell performance. The rise of temperature will cause a dramatic fall of voltage but only a little increase of current,. si. thus higher operation temperature reduces power output and module efficiency. Long. ve r. duration high temperature environment also leads to damage of PV modules. So, it is desired to install modules in a place where is cool enough. Temperature affection on. U. ni. modules is shown in the figure 2.11 below. (Wang 2011). - 17 -. 

(34) a ay. Figure 2.11: Voltage will drop due to temperature increase. al. 2.3.1.4 Fill Factor (FF). M. The photovoltaic fill factor is the ratio of the maximum output power (MPP) to the. I MPP  VMPP Green Area = ISC  VOC Blue Area. (2.11). si. ty. FF =. of. product of the open circuit voltage and short circuit current, as follows. ve r. It determines the form of PV module characteristics as shown in figure 2.12. Fill factor plays a vital role in differentiating photovoltaic cells performance, where a high fill. ni. factor indicates high-performance cell with minimum internal losses.. U. After a simple multiplication results the following equation. I SC  VOC FF = I MPP  VMPP = Pmax. (2.12). where VMPP is voltage in MPP and IMPP is current in MPP. The ranges of fill factor varies depending on material and it is invariably < 1, with a common fill factor being around 0.6-0.8. - 18 -. 

(35) a. ay. Figure 2.12: Photovoltaic module characteristics showing the fill factor. al. 2.3.1.5 PV module configurations. M. Usually a typical output power of solar cells is very low. They’re sometimes below 2W at 0.5V. Hence, the photovoltaic cells are connected specifically configurations thus. of. as to form an array that is named a photovoltaic module. Generally, the modules are unit created from a set of cells connected parallel and serial to produce the required output. ty. power and voltage as shown in figure 2.13 additionally to the PV system, a set of PV. si. modules is connected in series and parallel in kind of PV array to get the specified. ve r. voltage and current values. Once two or additional solar panels are linked in series, the same current flows through every panel furthermore the output voltage is the total. U. ni. voltages produced by every panel. Thus, Equation (2.6) may be written as. I PV.   q = N P I ph − N P I S exp    A  K  TC.  VPV R    + I PV  S   − 1 N P     NS. (2.13). On the opposite hand, once the solar panels are connected in parallel, the output voltage remains identical. Therefore, the output current becomes the total of the currents of every panel,. - 19 -. 

(36) a. Figure 2.13: Solar model in parallel and series branches.. ay. 2.3.1.5.1 Series connection. al. Figure 2.14 series connection for PV cells and modules. Series connection allows. M. that voltage of all the connected cell/modules to stack up to form higher voltage, but the. Figure 2.14: Series connection PV module and array. U. ni. ve r. si. ty. of. current is restricted to the lowest among the connected cell/module.. As show figure 2.15 below, if modules with a different I-V curves are connected together power loss will occur, because only the lowest current can be the output of the entire module. However, modules with different voltages can be connected in series if their output currents are the same. In this case it will not have power loss. (Wang 2011). - 20 -. 

(37) Figure 2.15: V-I outputs for similar module and dissimilar module. ay. a. 2.3.1.5.2 Parallel connections. When PV cells or modules are connected in parallel as shown in figure 2.16, the. al. total output current is the addition of every branch’s current and voltage is the same for. ve r. si. ty. of. M. all cell or module string.. Figure 2.16 :Parallel connection PV module and array. ni. If two different modules are connected in parallel the voltage is the average value. U. between the two voltages.. Figure 2.17: V-I outputs for similar module and dissimilar module - 21 -. 

(38) 2.3.1.6 Bypass diodes Sometimes PV modules will experience reverse-bias situations where a negative voltage will be generated instead of normal positive voltage. In some other cases, the cell/module maybe open-circuit or broken. Such conditions maybe reduce the cell/module string where the faulty cell is located, and in worst case (such as if the cell is open-circuited) will cause the whole strong to cease function. A bypass diode is usually used to prevent these phenomena. It is connected in. ay. a. parallel with PV cells. In normal conditions the current will flow through cells and in the case of a broken/damaged cell, current can still pass through bypass diode to charge. al. the battery. Without bypass diode the reverse voltage will reach breakdown voltage and. M. finally damage the modules. Usually a bypass diode will limit the breakdown voltage to. ve r. si. ty. of. 0.7 V. ni. Figure 2.18: Bypass Diodes in Photovoltaic Cell. The most popular solar photovoltaic panel for solar charging applications consist of. U. 36-cell module which gives around 21.6 volts. a peak cell voltage of 0.6 volts reduced to regarding 16.5 volts under full load conditions. Figure 2.16 &figure 2.20 .36cells solar panels are higher for very popular climates so as to offset power output loss from the upper operative temperatures.(Yongji and Deheng 1992). - 22 -. 

(39) M. al. ay. a. Figure 2.19: Typical 36 Cell Photovoltaic Panel. of. Figure 2.20: 36cells wired in series, parallel (Masters 2013). ty. 2.3.1.7 Importance of PV module size. si. PV modules are the ones supplying energy to the system. Without the idea of how. ve r. the rated power should is used will cause trouble to the system. If PV modules are oversized, there will be an additional expense to the total cost of the system.. ni. Performance is also affected. One scenario is that the PV module will charge the battery. U. faster in a day. This may sound good but the truth is the energy that the PV module can give is not totally used, especially from a stand-alone system because the energy that it can give after charging the battery at full charge is just thrown away. On the contrary, undersized PV modules may require longer charging hours or in the worst case is that it will reach two or more days to fully charge the battery. Therefore, correct sizing of PV module is necessary in order to optimize the system.. - 23 -. 

(40) 2.3.1.8 Simple panel load matching One of the best techniques used for high performance by matched panel load technique to running a PV array close to the maximum power point. in this technique, the optimum in operation point of a photovoltaic array is determined is set either by a series of measurements under common operating conditions The load is selected to obtain the values of voltage and current like the MPP. It’s widely used worldwide in PV solar charger systems that involves selecting the common. ay. a. battery voltage close to the common VMPP solar panels. It has the advantages of simplicity and no further electronic equipment is employed, consequently, the power. al. loss among the panel and battery is reduced and therefore the hazard of component. M. failure is saved low for the whole system. However, the system doesn't take into consideration changes in radiation or temperature (Walker 2001). of. The load resistance value is given by:. VMPP I MPP. (2.14). U. ni. ve r. si. ty. RMPP =. Figure 2.21: Matched to the maximum load demand. (Masters 2013). As a solar panel output power, maximum power changes are generated with climatic conditions (solar radiation and temperature) and also the electrical properties of the load. Thus, the interior PV resistance varies seldom matches the load resistance. It’s. - 24 -. 

(41) important to perform the photovoltaic generating system at the MPP or near it to confirm best solar use accessibly In figure 2.22 the power of the photovoltaic module can be reduced with a constant resistance load designed for sunlight conditions with varying radiation. The solid maximum power point (MPP) dots show the operating points that may result in. of. M. al. ay. a. maximum PV power. si. ty. Figure 2. 22: Operating points of a PV module with load Finally, the tilt angle of PV panel is also important in determining the amount of. ve r. sun light it will capture. In (Khasawneh, Damra et al. 2015), the authors highlighted that the incline angle of the solar panel impacts the output of the photovoltaic array because. ni. it changes the amount of solar radiation incident on the panel. For that reason, the. U. installation of PV panels at an optimum angle helps to reduce the cost of electricity (LCE) by increasing the energy production of the same PV system installation. 2.3.2 Battery For stand-alone PV system, battery is critical due to the irregular nature of the solar energy. There are various types of batteries that can be used for standalone PV system, such as lead acid, nickel- cadmium (Ni-Cd) and lithium battery. - 25 -. 

(42) For rural application, lead acid is still the most commonly used battery (Copetti, Lorenzo et al. 1993) due to the lower cost and better availability and safety compared to Ni-Cd and Lithium batteries. In most PV systems, the batteries used are valve regulated lead acid (VRLA) that contains two sub-types: GEL cell and AGM. (Dunlop and Farhi 2001) 2.3.2.1 Battery capacity Capacity measures energy storage capability of batteries and is expressed as. ay. a. Ampere hour (Ah). Capacity can be influenced by several parameters including temperature, charge and discharge and age. Usually batteries will have better capacity. al. under higher temperature than cold conditions, but excessive high temperature also. M. reduces the battery life. The manufacturer usually defines battery capacity in terms of discharge rate as well as main parameters as Voltage, and Amp-hour capacity. For. of. example, for a 100 Ah battery being discharged continuously at a constant current of 5A, the battery will be fully discharged in 20 hours, or in terms of the Crate or C/rate will be. ty. C20 or C/20.. si. The discharge characteristics of a battery depends on the discharge current as well.. U. ni. ve r. Figure 2.23 provides discharge curves of the TR1.3-12V sealed lead acid battery. Figure 2.23: Discharge characteristics of the TR1.3-12V - 26 -. 

(43) As seen from the figure, the operating voltage for the 12 V battery ranges between 10.5 to 14 V. ➢ The depth of discharge (DOD) The DOD is used to determine the extent in which the amount of charge in the battery has been used up. The battery cycle life, i.e. the number of times the battery can be discharged and fully charged back, depends on the DOD. The relationship between. a. the cycle life and depth of discharge demonstrate a logarithmic nature as shown in. si. ty. of. M. al. ay. figure 2.14.. ve r. Figure 2.24 : Depth of Discharge vs Cycle Life. In sizing the battery, the maximum allowable DOD is important: lowering DOD. ni. will increase cycle life of the battery but does not operate the battery at its full potential. U. which lead to over sizing. Therefore, when installing a PV system, the installer must choose the right DOD to avoid oversize or under size batteries. Generally, the right DOD is set to 50% to 75%. (Dunlop 1997) ➢ State of Charge (SOC) Contrast to DOD, SOC is the amount of stored energy remaining in the battery. A 100% SOC indicates that the battery is fully charged, 75% of SOC indicates that three quarters of storage capacity remains and so on. The SOC can be estimated from the - 27 -. 

(44) battery voltage, but not to a very accurate level. The relation between SOC and DOD for a 12 V battery is as shown in figure 2.25.. 14.4. 100. 30 % V Discharged. 50. 12.5 V 12.06. %. 70 % Capacity Remaining. DO D. a. Battery Capacity -no load. %. C. Figure 2.25 :SOC level of 12 V Battery. al. %. ay. 0. SO. M. 10.5 2.3.2.2 Choice of battery voltage. In a stand-alone PV system with a direct connection to DC load (without inverter),. of. the battery voltage determines the distribution voltage directly. The selection of the. ty. battery voltage, hence the system distribution voltage, depends largely on the voltage. si. requirement of the equipment.. ve r. For stand-alone PV systems with AC load, inverter is used to converter the battery voltage to higher AC voltages. In such case, the choice of the distribution voltage depends various factors such as the power (current) handling capability of the. ni. components, wiring sizes, future plan for the extension of the systems, etc. Taking into. U. account the fact that commercial batteries are in the multiple of 12Vs, the commonly used voltage levels are 12V, 24V and 48V. This decision ought to be created in the first part of installation since the present appliance voltage sometimes cannot be modified, and voltage regulators are going to be costly and not economical. The rated distribution voltage can be chosen in line with the subsequent criteria - 28 -. 

(45) 12V: Small systems for lighting and TV: Max power for load. < 300 W. Maximum current. 25 A. Recommended inverter power < 1 kW 24V: Medium household with refrigerator and some small appliances, or wiring extension more than 10 m. < 1000 W. Maximum current. 42 A. Recommended inverter power < 5 kW. ay. a. Max power for load. al. 48V: Special applications for industrial or agricultural purposes < 3000 W. Maximum current. 62 A. M. Max power for load. 1kWh. 3-4kW. ty. of. Recommended inverter power < 15 kW. h. ve r. si. Use 12 Volt. System voltage. Use 24 Volt. Use 48 Volt. System voltage. System voltage. ni. Figure 2.26 : Selection of the voltage level. According to standard off grid PV power systems design guidelines developed by. U. the Sustainable Energy Industry Association of the Pacific Islands in Collaboration with the Pacific Power Association, the selection of the voltage level can be done based on the power level required, as shown in figure 2.26 2.3.3 Charge controller While the solar PV panels and batteries are definitely indispensable components in a stand-alone PV system, a controller which is able to coordinate the operation of - 29 -. 

(46) various parts of the system is also very important (Soni, Yadav et al. 2016). In (Bin and Yundong 2012) presented control methods and power management strategies for a stand-alone PV system, where satisfactory experimental results were shown. Instead of using complex and costly controller, the control of the PV panel, battery and load in small stand-alone system for off-grid household is usually done using a simple charger controller. The charge controller is very important in determining the proper operation. a. of the whole system. As a matter of fact, in (Salas, Manzanas et al. 2002) , the authors. ay. stressed that the charge controller is one of the core components of the stand-alone PV system, which is strategically used to control the flow of energy from a photovoltaic. al. array to batteries. In(Sani, Yahya et al. 2014) and(Shoaib and Nagaraj 2013) the authors. M. pointed out the importance of PWM as a major advancement in the areas of solar battery charging. PWM solar charging technology uses similar to other modern. of. high-grade battery chargers. When the battery voltage reaches the regulation set point,. ty. the PWM algorithm slightly reduce the charging current until specified point to avoid. si. heating and gassing for the battery, but still charging to return as much power as possible to the battery in the shortest time. The results are a fully functional battery,. ve r. highest charging efficiency, and rapid recharging. In the work by (Huang & Lin, 1993) the authors showed the importance of MPPT technique in optimizing power extraction. ni. from PV panel. Compared to just PWM control, controller equipped with MPPT control. U. will allow better power extraction but at the cost of higher initial investment (Yaden, Melhaoui et al. 2013). However,(Sumathi, Kumar et al. 2015)has suggested that there are special circumstances that may not need a charge controller: for example, when a low voltage (self-regulating unit) is used in the appropriate climate; or when the battery is too large compared to the array. The authors claimed that by eliminating the need for a sensitive - 30 -. 

(47) electronic charging control module, the design is simplified, cost is reduced and reliability can be improved. Nevertheless, it is expected that a system without charge controller will not be able to operate with maximized energy yield and may even reduce the life time of the components if sizing is not done properly. The main function of the charge controller in a PV system is to operate the battery within the allowable SOC, while protecting it from overcharge by the array or. a. over-discharge by the loads (Dunlop 1997).The battery control algorithm or control. ay. strategy determines the efficiency of battery charging and the use of a PV array, and ultimately the system's ability to meet load requirements. Extra options like temperature. al. compensation, alarms, metering and voltages by voltage standards, and special. of. validity and extend the battery life.. M. algorithms will enhance the capability of the charge controller to take care of the. ty. Important functions of battery charge controllers and system controls are:. si. Avoid Overcharging: To reduce the power provided to the battery by the PV array once the battery becomes absolutely charged.. ve r. ➢ Avoid Over-discharging: to disconnect the battery from electrical loads once the battery reaches a low state of charge.. U. ni. ➢ Control Loads: to connect and disconnect an electrical load at predefined durations, for instance turn on the lights after sunset to sunrise. (Salas, Manzanas et al. 2002). 2.3.3.1 Charge controller configurations In general, the charge controller can be classified as series or shunt type depending on how the connection between PV panels and battery are established using the switching device in the controller. (Suponthana, Ketjoy et al. 2007) - 31 -. 

(48) a ay. al. Figure 2.27: PWM series and shunt charger. M. The series charge controller uses switching device which is connected in a series between the PV array and the battery. This type of solar charger is widely used in. of. small-scale photovoltaic systems and can also be used for larger systems due to the current limitations of shunt controls. The shunt charge controller has a shunt switching. ty. device that switches the battery charge from the PV array. This type of charging. si. controller is used mainly to regulate the voltage (or current) to avoid batteries from. ve r. overcharging and deep discharging that can severely damage the battery. Regardless whether the charge controller is series or shunt type, the operation. ni. mechanism can be further classified into ON/OFF type or constant voltage charging.. U. ON/OFF type is not very good as the voltage supplied to the battery cannot be controlled. For constant voltage charging, there are three main methods being used, namely linear, pulse width modulation (PWM) and maximum power point tracking (MPPT). (Enric and Michael 1998). Figure 2.28 gives a brief summary of the classification of charge controller. - 32 -. 

(49) Shunt Type. Series Type. ON/OFF. Constant Voltage Charging. ay. Charging. a. Controller Configuration. al. Interrupting. PWM. Linear. MPPT. M. based. of. Figure 2.28 : Common Controller Typologies for Battery Charging Among the different types of charge controller, the PWM and MPPT charge controllers. ty. are the two most common ones found in the market.. si. 2.3.3.2 Comparison between MPPT and PWM charge controller. ve r. There are many sorts of charger controller designed to use with PV power grid. within the market. consistent with the charge controller survey by Photon Energy. ni. magazine among 38 manufactures and over 260 charge control models, only three types. U. of algorithms are used in the PWM and MPPT charger controller(Suponthana, Ketjoy et al. 2007) If the maximum charge capacity is the only factor for charger selection, the MPPT controller will be the better choice over PWM controller. However, these are two completely different technologies, each with its own advantages. Selection depends on site conditions, system parts, array size, load consumption and the price value of the. - 33 -. 

(50) specified solar panel system. The selection between a PWM and MPPT controller can be made base on the following considerations: ❶ Temperature conditions MPPT controller is more suitable for cooler weather conditions. The MPPT controller is capable of capturing the overvoltage module to charge the batteries. It produces up to 20 -25% charging of the PWM controller. PWM type is unable to capture the over-voltage due to changes in PWM technology in. a. constant voltage as a battery. But once solar panels are deployed in hot climates, there is. advantage on PWM. (Osaretin and Edeko 2015). ay. no extra effort to convert them to make the MPPT redundant and eliminates its. al. ❷ Array Voltages PV array and battery voltages ought to match for PWM charger,. M. however, PV array voltage may be on the highest battery voltage for MPPT. ❸Battery voltage: PWM works with battery voltage, so it works fine at a warm. of. temperature and once the battery is fully charged while the MPPT is higher than the. ty. battery voltage, it will be "enhanced" in cold temperatures and once the battery is low.. si. ❹ System Size PWM is usually used in smaller systems where the additional benefit. ve r. from using MPPT charger marginal; On the other hand, MPPT is generally recommended for systems with larger sizes.. ni. ❺ Cost: MPPT controllers is usually much more expensive than PWM controllers. However, they are more efficient under certain conditions, which gives better energy. U. yield compared to similar system using PWM controller. 2.3.3.3 Charge controller design and operation The PV control current will change in two stages immediately with increased battery voltage, once the load is pulled down. The other control stages remain at a low level of charging until the battery voltage drops within between 12.5 to 12.8 volts (Dunlop and Farhi 2001), before the purpose, PV module the current to resume. - 34 -. 

(51) In giant SHS with 45-150 wp, the PV module produces an oversized quantity of energy and loads are connected to the battery rather than the PV panel directly as shown in figure 2.27 In the nominal 12-volt battery system, the voltage varies between 11.5 and 14.4V V, relying factors are SOC, current charge, discharge current, sort and battery life. once the battery is absolutely charged with no charging, discharging the current flowing into the. a. loads then the battery voltage reaches concerning 12.4 to 12.7 V. throughout solar. ay. energy generation, charging current flows to battery voltage jumps to around 13.7 V (depending on charging current), currently if the loads are connected to the switch. al. (LVD = on) the dip all the way down to 12.0 to 11.8 V (depending on the system).. M. If the control (PWM) permits, the current then flows into the battery until the voltage level will increase up to 14.4 volts. By means that for overcharge protection, by. of. 14.4 volts the charge controller is switched off PWM. At this stage permits loads to. ty. connect with the system (LVD = ON); and therefore, the loads will consume power,. si. discharge the battery, until below 11.5 volts. If the battery voltage is a smaller amount than 11.5 volts (control = off) through PWM for a minimum of 30 sec, and also all loads. ve r. from the system (LVD = off). Even the battery voltage goes up to 12.5 volts, the loads are reconnected back (LVD = ON). Within the PWM charge controller, the power. ni. dissipation is smaller than different charge controllers like series and shunt charge. U. controller gift in below figure 2.27 The PWM algorithmic program which will be a PWM series or PWM shunt regulation uses the electronics control switch solely to turn on and off the variable frequency control switch, 500 Hz to 1 kHz or higher with a variable duty cycle to stay battery voltage charging near the point range (Suponthana, Ketjoy et al. 2007). - 35 -. 

(52) The simple diagram of the PWM charger is shown in figure 2.30. that PWM algorithmic program permits the battery to be charged within the close to the state to totally charge the correct voltage and produces less heat. PWM features benefits such as: 1. High charging efficiency 2. Longer battery life 3. The battery temperature is low. a. 4. Reduces battery pressure. ay. 2.3.3.4 PWM solar charge system design. Figure 2.29 shows the schematic of a typical series PWM charge controller. While. al. logic circuits can be used to perform the PWM control in the charge controller, most of. M. the modern PWM charge controller has embedded microcontroller for data processing. Figure 2.29: Diagram of the assembled components. U. ni. ve r. si. ty. of. and decision making.. The microcontroller is responsible for:  Measures the photovoltaic cell voltage.  Measures battery voltage.  Decide when to start charging the battery.  Decides when to prevent battery charging. - 36 -. 

(53)  Specifies when to run the load.  Specifies when to turn off the load. The typical control logic for a charge controller operating with a 12V is as follows: I. If battery voltage is a smaller amount than 5.5V, the controller determines it a brief circuit condition and load is disconnected instantly. ii. If battery voltage is a smaller amount than 10V, the controller activates the. a. battery charging and a load is disconnected from the battery (for 12V load).. ay. iii. If battery voltage is bigger than 15V, the controller turns off the battery charging.. al. iv. If battery voltage is bigger than and equal 12V, a load will be connected with. M. battery usually (for 12V load). U. ni. ve r. si. ty. of. Figure 2.30 shows the control flow chart of charge controller (Karim, Siam et al. 2013). - 37 -. 

(54) a ay al M of ty si ve r. Figure 2.30: Flowchart of Charge Controller. 2.3.3.5 Charge cycle of a charge controller. ni. To ensure better battery health and cycle life, multi-stage charging methods can be. U. implemented on the charge controller. A common three-stage charging method for battery will involve the following steps: 1. Bulk charging )constant-current charge( During the bulk phase of the charging cycle, the voltages slightly rise to the overall level (typically 14.4 to 14.6 volts) while the batteries pull out the maximum current that remains constant at this stage. Here, during this project, we tend to think of 14.4 volts as a voltage at the bulk level and that we charge - 38 -. 

(55) the battery at 14.6 volts. Once the total voltage level reaches the absorption, the stage begins 2. Absorption (Constant voltage charging) During this phase, the voltage is maintained at the bulk voltage level for a certain period (usually in an hour), while this current gradually tapers off when the batteries are charged. Once the battery reaches the charged voltages, PWM. a. starts to carry the constant voltage (14.4 volts) to avoid overheating and. ay. over-gassing the batter 3. Float charge. al. After the absorption time the voltage is reduced to float level (usually14.4-13.7. M. volts) and therefore the batteries draw a little maintenance current until next cycle. This can be ideal charge procedure. We get 13.5 volts or float level in our. of. project. A load is disconnected once the battery voltage decreases below usually. ty. 10.5Volts. It’s sensible to vary the voltage levels with battery temperature. si. because the voltage values have major temperature characteristics, it's safe to. ve r. charge most of the lead-acid batteries by currents up to C/10h, wherever C is that the battery capacity in Ah. The relationship between current and voltage. U. ni. throughout the three phases of the charge cycle is as shown in figure 2.31. - 39 -. 
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