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ABSTRACT 

An optimized operating scheme for a grid-connected community based 

photovoltaic (PV) system is described. The system can participate in grid ancillary 

services like frequency and voltage regulation functions based on the Smart Grid 

framework. The proposed model comprises of a PV plant with Li-ion batteries coupled to 

the grid by means of a three-phase inverter. A two-way communication between the PV 

plant and the grid is assumed. The PV/storage plant provides constant updates on its 

current kW/kVar capability and the grid transmits the demand for specific amounts of 

power and for specific lengths of time. The battery charging energy can originate from 

either the PV system or the grid depending on the prevailing energy prices. The batteries 

are discharged when two conditions are met: the grid requests energy from the 

community-based PV system and if the PV system itself fails to meet the requested kW 

or kVar demand. The PV plant and the battery storage are integrated with the grid with 

the help of dc-dc and dc-ac converters in such a way that bi-directional flow of active and 

reactive powers can be achieved. Controllers integrating energy sources respond to the 

received signals and attempt to fulfill the grid demand. The system response is almost 

instantaneous and thus can be very helpful in grid frequency and voltage support. 
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1. INTRODUCTION 

1.1 BACKGROUND 

In today‟s dynamic world, electric utilities are facing challenges like rising energy 

demand, increasing fuel costs, aging assets, and pressure to adopt renewable portfolio 

standards, etc. [1]. Much of this can be tackled without compromising the overall 

performance and service quality of the grid supply.  In recent years, the presence of 

photovoltaic (PV) generations on the utility grid is on the rise. With increase in PV 

penetration and the progress of the global PV market, there is a need to enable the PV 

systems with features which make them smart to create an effective business model.  

Further, by leveraging the Smart Grid technologies, and taking advantage of the 

distributed nature of PV, new opportunities to unlock value can be created. With the 

implementation of advanced energy storage techniques, effective two way 

communications and a robust demand response program, a grid-tied PV system can 

create additional value, primarily by enabling increased PV participation in grid support 

functions, such as frequency and voltage regulation. 

PV generation has increased on a large scale especially in the US and Europe, 

with the largest plant rated at 60MW at Olmedilla, Spain [2]. If proper control technique 

is available, such large plants can work hand in hand with the grid to increase system 

reliability. The ultimate goal of any power system is to maintain a balance between 

demand and supply of active and reactive power at any given point in time. Any 

difference between the demanded and the generated quantities directly impacts the 

system frequency and voltage. The traditional approach to achieve frequency regulation 

is to use fossil fuel and hydro reserves to generate electrical energy on demand [3]; while 
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the general approach to achieve voltage regulation is to use generator var reserves, shunt 

capacitors, and var compensators when needed. 

This thesis discusses a method to provide active and reactive power compensation 

to the grid to participate in frequency and voltage regulation functions. Multifunction 

approach increases the utilization factor and improves the quality of the grid supply [4]. 

Energy storage systems are promising technologies which may work symbiotically with 

PV systems to regulate frequency and voltage.   

1.2 PROPOSED APPROACH 

In conventional power systems, the grid provides ancillary services such as 

frequency regulation, voltage support, spinning reserves etc. These services are typically 

not free, i.e., generators are paid for ancillary support in regions which have such a 

market [5]. As shown in Fig. 1.1 the objective is to propose a power management system 

which would tap the future energy markets for frequency and voltage regulation and 

create an enhanced value for PV systems. 

 

 

PV System 

with Energy 

Storage

Grid

P , Q

 

Figure 1.1 Grid connected PV systems for Regulation 
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In this thesis, control over the active and reactive power output of a PV system is 

proposed. Three energy sources, namely, a PV array, battery storage and the grid are 

integrated together by means of three converters and controlled by three controllers to 

provide bi-directional flow of active and reactive power. With the suggested technique, 

PV systems can deliver a variable amount of active and reactive power based on the 

amount demanded from the grid. This enables grid frequency and voltage support. Thus, 

frequency and voltage management may be possible even under islanded operating 

conditions. 

 

1.3 CONTRIBUTIONS OF THE THESIS 

The main contributions of this thesis are: 

 Development of the power management scheme between a 

community-based PV system, an energy storage system and the grid 

that provides frequency and voltage support to the grid. 

 Development and design of the power stages such as boost converter, 

bi-directional dc-dc converter and an inverter  

 Development of the stable asynchronous control scheme for managing 

the power flow between PV array, battery and the grid.  

 Validation of the proposed scheme by simulating the system under 

various scenarios. 
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1.4 THESIS ORGANIZATION 

This thesis is organized into six sections. Section 1 provides a general 

introduction and proposed scheme for the regulation. The system is participating in an 

ancillary support mode. 

Section 2 describes the background for the research. It covers literature review 

and provides an overview on similar work reported in the pertinent literature. It sheds 

light on existing power management systems with renewable energy sources. 

Section 3 presents methods of determining the regulation capability of the system. 

It explains the factors contributing towards systems ability to provide active and reactive 

power. It also proposes a unique way of achieving the regulation and increasing the grid 

friendliness. 

 Section 4 introduces the system, the topology used and the associated control. It 

explains the modeling of the three energy sources in detail and also discusses their 

control under various scenarios. 

Section 5 presents the simulation results. The system is tested under different 

scenarios to show that operation is instantaneous in response to the commanded signals. 

Section 6 presents the conclusions. Recommendations for future research are also 

discussed in this section. 
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2. BACKGROUND 

Renewable energy resources for power generation have been one of the most 

widely discussed topics in the technical literature for power engineering for more than 

two decades now. There has been a rising concern for depleting fossil fuel sources, which 

has given a further boost to research in the field of renewable energy.  Characteristics 

like, non-polluting, low maintenance, increased lifetime, and noise-free operation have 

led to an increased interest in renewable resources. This idea, along with the 

advancement in power electronics, has led to the widespread harvesting of the freely 

available resources like wind and solar. Further, the statutory incentives applicable 

through federal laws, have further given a momentum to the implementation of 

renewable sources for power generation. 

There is an extensive literature available that advocates the use of ancillary 

services market in bridging the gap between the grid and DG resources [6-10]. 

References [6, 8] discuss the concept of „unbundled or ancillary‟ services. It has been 

shown that active and non-active power control can increase grid friendliness by 

providing ancillary services like voltage control, frequency regulation, load following, 

spinning reserve, supplemental reserve, backup supply and peak shaving.  Table 2.1 

summarizes the current ancillary service products.  

Technical and economic aspects, along-with dependability, determine the benefit 

drawn from ancillary services. Further, these services can be categorized based on the 

maximum benefit they would entail either to the grid, DG owner or both. The availability  
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Table 2.1  P-Q capabilities for ancillary services [7] 

Ancillary Services 

Active 

Power  

P 

Reactive 

Power 

Q 

Frequency Control   

Voltage Control, 

Congestion Management 

  

Black start   

Islanded Operation   

Fault ride-through   

       Required 

 Also possible 

        Not possible 

 

 

of high energy density storage devices and advancement in semiconductors, have 

given a new edge to the usage of these services [6, 11]. It has been pointed out that either 
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strengthening the grid infrastructure or provision of ancillary services can be used for a 

secure and reliable network operation [7]. CAISO has been working in coherence with 

FERC to design market improvements to deal with the high unpredictable prices and 

disjointed price-cost scenarios [12].  

Advanced metering infrastructure and a secure communication layer, being the 

core component of a Smart Grid infrastructure, can form the backbone for 

implementation of ancillary services. The problems of the ever-increasing electricity 

demand, aging power infrastructure, and degrading environmental impacts can be solved 

to an extent using the smart grid. The new vision of power management systems can be 

combined with two-way communication technology to create a truly intelligent system. 

[13]. 

The intermittent nature of renewable energy resources poses a challenge to their 

integration with the grid. Thus, power quality and reliability become important factors to 

consider. Bevrani, et al. [14] have surveyed the challenges and impact of DER on 

frequency regulation. They point out the need for new grid standards and development of 

mathematical models for predicting the system behavior in the presence of high 

penetration intermittent energy resources. The stochastic nature of renewable energy 

sources has also been investigated. Faria, et.al [15, 16], have used an ANN-based 

approach for forecasting the ancillary services. This methodology helps in predicting 

spinning reserves, non-spinning reserves, up-regulation and down-regulation 

requirements. 
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Better voltage and frequency regulation can be achieved using enhanced power 

electronics that would eventually benefit both the grid and the DG owner. On the one 

hand, a well designed power electronic system can be used for voltage and frequency 

conditioning, thus benefiting the grid; while on the other hand, the DG system could be 

made to coordinate dynamically to operational circumstances [6]. The benefits of 

inverter-based DG have been discussed in terms of regulation, reactive power 

compensation and power factor correction in [17, 18]. Martin Braun [7] discussed the 

capabilities of DG units in providing ancillary services. Each DG unit uses a different 

technology for grid integration. Table 2.2 sheds light on the controllability of the 

different coupling technologies providing grid support. 

The studies undertaken by Xu, et al. [18] have shown the fast dynamic-response 

capability of power electronic converters to provide prompt, real-time voltage regulation.  

The Renewable Portfolio Standard (RPS) mandates the states to generate a 

percentage varying from 4 to 30 of their total electricity using renewable energy 

resources [10, 19]. Such statutory laws have accelerated the renewable energy penetration 

in the electricity market.  

There has been an economic boost in PV technology due to the ease in installation 

and operation, low carbon footprint and maintenance, and matching of load peaks with 

PV generation profiles [20]. It has also been pointed out by Raugei and Frankl [21] that a 

twofold increase in PV production would prune the prices by one-fifth. In [22], Liu and 

Bebic have correlated the extent to which voltage regulation equipment on a line can be 

replaced with the increase in PV inverter penetration. Even though a penetration of 5%  
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Table 2.2 Capabilities of grid coupling technologies [7] 

Control Capabilities IG DFIG SG Inverter 

Reactive Power Control No + ++ ++ 

Direct Voltage Control No + ++ ++ 

Improvement of Voltage 

Quality 

No + No ++ 

Fault-Ride-Through Capability -- + - ++ 

 

 

      ++  Very good capability           +    Good capability 

-  Little capability                  --    Very little capability 

 No - Not possible without external equipment 

 IG –   Induction Generator           SG – Synchronous Generator 

DFIG – Doubly Fed Induction Generator          

 

 

has no significant effect during peak loads, a 30%-50% penetration can entirely displace 

the voltage regulating capacitors.   
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The NREL report on solar photovoltaic financing by Coughlin and Cory [23] 

gives data about some community PV deployments. The high installation and 

maintenance costs and ownership of a house with inadequate sunshine are a few reasons 

that make community based PV systems rank above roof-top PV systems, along with the 

economic benefits related to power integration with the grid. The Ellensburg project, 

Sacramento Municipal Utility District (SMUD) SolarShares Program and the SunSmart 

Community Solar project in St. George, Utah are few examples of the community based 

PV installations. The economies of scale based on decoupled yet aggregated PV systems 

on an energy and system basis has also been discussed. The Ellensberg system had an 

installation of 57 kW in 2008 with 24-30 kW increase in 2009. SMUD launched a 1 MW 

solar farm in concurrence with the SolarShares program. Further, the St. George Services 

Department set up a 100 kW community PV system in collaboration with the regional 

cooperative electric company, Dixie Escalante in 2008. The report also discusses 

lucrative initiatives like the Solarcity's Community Solar Discount Program in San Jose 

and the Mosier Creek Project in Oregon. 

 The Electricity Advisory Committee report [24] describes the current state of the 

energy storage devices as a key component of the futuristic smart grid with renewable 

generation. Researchers are working on energy storage systems for a very long time to 

make power systems more reliable as well as to make renewable energy sources more 

dispatchable. Reference [25] states that, provision of spinning reserves, load leveling and 

forecasting, frequency and voltage regulation, reactive power support, improved power 

quality and reliability of the system and efficient management of capital are the benefits 

provided by them depending on the technology employed. Vartanian [26], describes the 
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use of A123System deployed, 20 MW Nanophosphate Li-ion battery-based systems 

providing ancillary services in different state of US and California, since 2008. The 

author outlines the usage of the storage units for frequency regulation as a result of higher 

wind penetration and also improvement in the recovery of a system after a failure. 

Battery technology has been found promising due to its modular nature, environment 

friendliness, quiet operation and swift installation at almost any location [27]. 

Tapanlis and Wollny [28] have proposed voltage and frequency control of 

microgrids and minigrids with PV, wind and battery through AC coupling. Borlea, et al 

[29] have proposed an optimal solution for the provision of ancillary services at the 

substation level. They have considered the use of a fuel cell plant as a backup resource 

for system support in this study. 

A micro-grid with PV-based active generation has been analyzed for its capacity 

to provide ancillary services by Lu and Francois in [30]. There is a signal being 

exchanged between the central power management of the grid and local power 

management of the generator. A droop controller has been used to solve the problem of 

real time power management and planning, based on load and power forecasting for 

individual sources and loads. 

Liu, Zhou and Li [31] proposed a power management scheme with successive 

multilevel inverters integrated to the grid to control active and reactive power from PV 

and  an energy storage system. An active and reactive power management (ARPM) 

strategy based on dual stage discrete Fourier transform [DFT] phase locked loop [PLL] 

was employed for reactive power management between PV and batteries. 
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Sun et al. [32] have interfaced the PV generation system and battery with the grid 

using DC/DC converters for the PV arrays, DC/AC Converters for grid connection and 

DC/DC converter for a battery. The DC-bus signals prompt the switching between 

constant voltage and MPPT operations. Four modes of operation, including islanding 

have been studied. The authors have further eliminated the battery faults due to over-or-

under charging. 

Tina and Pappalardo [33] have described a power management scheme at the end-

user level, with a PV and a battery storage system. They have achieved multi-mode 

operation of the system by coupling the individual sources on the AC side using 

inverters. 

The above literature review clearly lays down the foundation of this research in 

terms of the importance of PV in the present power market that is eventually taking a leap 

towards the Smart Grid. It further motivates one to find solutions to the open issues with 

regards to the integration of these valuable resources at high penetration levels with the 

future grid. 
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3. P-Q CAPABILITY 

3.1 PROPOSED POWER MANAGEMENT SCHEME 

Fig. 3.1 shows the proposed scheme for providing frequency and voltage support to the 

grid that increases grid friendliness. A two-way communication between the grid and the 

distributed energy resource (DER) is assumed. By having such an important link, they 

can exchange information and keep the system updated about the current health. The PV 

system with the energy storage discussed in this thesis is only a part of the entire 

regulation idea. Many such dispersed sources can form their own resources and can 

participate in regulation. Contribution of the active and reactive power from the multiple 

resources can bring significant changes in system parameters such as frequency and 

voltage. The idea proposed here is to generate the capability limits of the individual 

system and transfer them to the operator. The operator receives the active and reactive 

power capability limits at specific time intervals from the individual DERs and can 

synthesize it according to the utility‟s need. Each DER will send its capabilities every 5 

to 15 minutes so that the operator will have the most updated status report. Since updates 

of the source occur frequently, the reliability of the source providing the regulation can 

be assured. During the regulation period, the operator sends the command signals to each 

DER demanding active or reactive power for specific amount of time resulting in the 

frequency and voltage change towards the nominal values of the system. 

 

3.2 ACTIVE AND REACTIVE POWER CAPABILITY 

The P-Q capability is the ability of the system to provide active and reactive 

power instantaneously. An intelligent controller implemented here is responsible for  
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Figure 3.1 Proposed scheme for frequency and voltage support 

 

 generating/absorbing the maximum active power (P) and generating/absorbing the 

maximum reactive power (Q) that the system can handle. It measures the power output 

of the PV system and the state of charge (SOC) of the battery and decides how much 

energy can bedelivered/absorbed at a given moment. The nominal voltage of the battery 

is 240 volts and its capacity is 11 Ah. Assuming that the state of charge of the battery is 

50%., the amount of energy that can be absorbed or released from the battery is 

240x5.5Ah = 1.32 kWh; depending on the charge/discharge rate, its capability can be 

defined as 15.84 kW for 5 minutes, or 7.92 kW for 10 minutes or 5.28 kW for 15 

minutes. Currently, standards such as IEEE 1547 and UL1741 state that the PV inverter 
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cannot participate in regulating voltage at the PCC [34]. Therefore, PV inverters are 

forced to operate at unity power factor. However inverters are capable of providing 

reactive power along with the active power. One major advantage of having an inverter in 

the system is that its reactive power can be varied continuously. The apparent power 

rating (S) of the inverter can be resolved into components of P and Q given by Eqn. 3.1: 

                                                                               (3.1) 

Depending on the inverter rating and the amount of DC power available at the 

input, the P-Q capability of the inverter can be determined as shown in Fig. 3.2. 

 

 

Figure 3.2 The P-Q capability of a 10 kVA PV inverter 
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The circle plotted in Fig. 3.2 is the boundary of the 10 kVA inverter. By means of 

proper switching, the inverter can be operated in a four-quadrant mode. One can see from 

Fig. 3.2 that if 8 kW is the amount of DC power available at the input, then by 

introducing the proper phase to the output current, the inverter can deliver 6 kVar of 

leading or lagging reactive power. Similarly for Pin = - 4 kW i.e. when bridge is operating 

as active rectifier, it can deliver/absorb 9.16 kVars. If the power at the dc bus (Pdc) is 

equal to S, then the inverter loses its reactive power capability; on the other hand, if Pdc is 

zero, then the inverter capacity can be dedicated to provide reactive power only. 

However, there are some losses associated with the inverter, and so, Pdc cannot be zero. 

The proper inverter size can be selected in order to provide a specific amount of voltage 

regulation. The normal practice is to select an inverter with S = Pdcmax where Pdcmax is the 

maximum active power that the inverter injects into the grid. Over-sizing the inverter just 

by 5% provide 32% additional capacity of reactive power as shown in the power triangle 

of Fig. 3.3.  

 

 

 

Figure 3.3 Effect of inverter size on the reactive power capability 
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3.3 GENERATING CAPABILITY  

The command signal demanding regulation lasts for a few minutes. Depending on the 

amount of power required, it can last from 5 to 15 minutes. Therefore, the energy density 

of the system must be known. The battery modeled in this thesis has a nominal energy 

density of 2.64 kWh. If the state of charge of the battery is known, then by using Eqns. 

3.2 and 3.3, an active power capability curve of the system can be plotted. Since the 

apparent rating of the inverter is known, the reactive power capability is easy to find. 

 %
2.64 kWh

100
available

SOC
E                                    (3.2) 

                      availableE P t                                                     (3.3) 

3.3.1 Up regulation Capability: Fig. 3.4 shows the system‟s up regulation active 

power capability. Different curves for three different SOC are plotted using Eqn. 3.2 and 

Eqn. 3.3. These curves are only a function of the battery SOC while the PV array has zero 

contribution. When there is any frequency or voltage variation on the grid side, the PV 

power is also accountable for it. Since the proposed system is a community-based PV 

system, it is assumed that the amount of power the PV array produces is injected directly 

into the grid. The capability curves thus generated are sent to the utility operator. Based 

on the current battery SOC, only one curve will be available to the operator. For example, 

if the battery SOC is 50%, then only the middle curve of Fig. 3.4 would be available. One 

can see from the curve that if the amount of active power demanded is 10 kW, then the 

system can supply 10 kW for 8 minutes only. An active power of 10 kW for 8 minutes 

accounts for 1.32 kWh of energy which is 50% of the nominal battery capacity. After 8 
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minutes, the battery would be completely depleted. Regulation signals are time based 

signals, i.e., there is a demand of active power for specific amounts of time varying from 

5 to 15 minutes. For 50% SOC, the product of demanded active power and the time 

should not exceed 1.32 kWh .One can see that for 50% SOC, the battery can provide 15.8 

kW for 5 minutes; however, the inverter imposes a limitation on this capability. The 

maximum active power that the inverter can handle is 10 kW (since the inverter is sized 

at 10 kVA) and draws a boundary around the capability curve. The area under the curve 

and below 10 kW is the system‟s ability to provide frequency regulation. The data thus 

generated is sent to the operator and is updated every 15 minutes. 

3.3.2 Down Regulation Capability: Down regulation capability is a function of the energy 

coming from both the PV and the battery. The presence of the PV increases the down 

regulation capability. Consider a case where the PV array is producing 1500 watts at 800 

w/m
2
. For the next 15 minutes, the energy available from the PV array can be calculated 

as 1500 watts x 0.25 Hours = 375 Wh.  

                          Eavailable = Ebatt + Epv             (3.4) 

                          Eavailable = 1.32 kWh + 0.375 kWh = 1.695 kWh.     (3.5) 

Based on Eqn. 3.4 and 3.5, the down regulation capability can be plotted for 

different battery SOC and is shown in Fig. 3.5. An SOC of 70% indicates the current 

state of the charge of the battery and the battery can be charged further for the remaining 

30%. One can see that the capability of the battery to charge is higher in the case of 20% 

SOC than 70% SOC. 
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Figure 3.4 Up regulation capability for variable SOC 

 

 

The envelope shown by dotted lines above and below each curves shows the 

effect of variations in the insolation. Since the system updates its health every 15 

minutes, there is a likelihood that the solar insolation will vary somewhat during this 

interval. As shown in Fig. 3.5, the upper and lower boundary around the main curves 

indicates a 20% change in insolation. The system‟s capability to absorb energy can be 

further increased by tracking the pseudo power point on the PV curve [35]. The method 

discussed in [35] shows that active power injected from the PV can be effectively 
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controlled from the maximum power to almost zero. This results in increased flexibility 

when the battery is not available.  

 

 

 

 

Figure 3.5 Down regulation capability curve for variable SOC and Ppv = 1500 W 

 

 

Batteries are the storage devices which cannot be overcharged or depleted 

completely. Their charging/discharging has to be controlled in order to maintain it for 
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battery is at 80% SOC and the requirement is that battery should not be discharged below 

20%. In this case, one can generate the capability curve for only 60% SOC. Thus, the 

battery is contributing only up to 60%, and the rest 20% of the charge is always in 

reserve. Similarly, the up regulation capability curves can be generated where batteries 

are not allowed to charge above 90% of its capacity.                                                    

Along with the up and down regulation capabilities, the inverter‟s rating S is also 

available to the operator. By referring to Fig. 3.2, Eqn. 3.1 and the active power demand, 

the reactive power capability of the system can be identified. The operator generates 

command signals for both P and Q to send to the system through a dedicated 

communication channel. The system controller acknowledges the command and provides 

appropriate switching in order to fulfill the demanded quantities. This is addressed in 

detail in Sections 4 and 5. 
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4. SYSTEM DESCRIPTION 

4.1 BLOCK DIAGRAM 

A block diagram of the system model is shown in Fig. 4.1. The system is 

implemented in two-stages of power conversion: dc-dc and dc-ac. It has three 

independent control loops for the dc-dc converters and the three-phase dc-ac inverter. 

The system comprises of: 

- PV panels with MPPT tracking  

- Batteries with controlled bi-directional dc-dc converter 

-    Three phase inverter with delta modulation scheme 

For the system shown in Fig. 4.1, a boost converter is used to track the maximum 

power from PV panels; a bi-directional dc-dc converter connects batteries to the dc link 

and provides power required for regulation, and an inverter, controlled by delta 

modulation, controls the dc link voltage and injects power into the grid at a desired power 

factor.  This topology can provide almost instantaneous power transfer capability. 

4.2 PV ARRAY 

As shown in Fig. 4.2, a single diode model of the PV cell is used to simulate PV 

characteristics in Matlab Simulink [36]. The effect of temperature on panel voltage is 

taken care of in the model. 

The governing equation of the model is given by (4.1) 
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Figure 4.1 Grid connected PV system with energy storage 

 

 

Where, 

Ipv  - Actual PV current 

Iph  - Photocurrent  

I0 – Saturation current of the diode 

Vpv  - PV cell voltage 

A – diode quality factor = 1.4 
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Figure 4.2 Single diode model of PV cell 

 

 

 

 

Rp – Equivalent parallel resistance  

Rs – Equivalent series resistance 

The PV cell current Ipv is composed of three current components: Iph is a direct 

function of irradiance and temperature, I0 is the diode current exhibits cell‟s p-n junction 

characteristics and third component is IR flowing through the equivalent parallel 

resistance. Panels are placed in series to increase the voltage and they are placed in 

parallel to increase the current. A combination of both increases the net power of the PV 

array. A GE-PV 200W solar panel is used to build a 2 kW PV array [37]. The PV panel‟s 

datasheet parameters are given in Appendix A. To build a 2 kW array, five panels are 

connected in series in order to reach the desired voltage (26.3*5=131.5 V), and two such 

strings are connected in parallel to deliver the desired amount of current (7.6*2 = 15.2 A). 

 

I0 IR 
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The open source PV model developed by University of Colorado Boulder is used 

as a reference to build this array in MATLAb/Simulink [38]. Model‟s accuracy can be 

found by comparing simulation results to the real world values. Fig. 4.3 shows the typical 

I-V characteristics given by the manufacturer and Fig. 4.4 shows the characteristics 

obtained from MATLAB simulation. The curves are almost the same.  

 

 

 

Figure 4.3 Typical I-V characteristics of GE-PV 200 W panel 

 

 

4.3 MPPT CONTROLLER 

The P-V characteristic of the PV panel is non linear in nature. Due to the moment 
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to moment variation of insolation, temperature and cell characteristics, there is a need to 

track the maximum power from the PV array. 

 

 

 

Figure 4.4 I-V curves from the MATLAB model 

 

 

The dp/dv method [39], shown in Fig. 4.5 is used to track the maximum power 

output. The method is simple and independent of panel parameters. The operating current 

and voltage of the array are constantly monitored and the difference in these variables is 

checked at every instant of time. The difference between the current and the previous 

values of power is checked to determine the sign of the slope on the power characteristic 
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curve. The slope thus calculated is used to generate the reference voltage. A PI controller 

uses this reference voltage to generate the switching pulses for the boost converter shown 

in Fig.4.6. A new reference value indicates that the operating point is moving towards the 

MPP. This process is repeated until the slope of the P-V characteristic is zero, i.e., the 

MPP has been tracked. 

 

 

START

Is dI=0, dV=0

E = dp/dv

Update Iop, Vop

Vref(old) = Vref(new)

YES

∆V = k*E

Vref = Vref + ∆V

Calculate dP,dV

Sense 

Iop, Vop

 

Figure 4.5 MPPT algorithm – the dp/dv method 
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As shown in Fig. 4.6, the boost converter is responsible for tracking maximum 

power available at the PV array. It delivers energy at the dc bus by boosting the voltage 

to 400 Volts. The MPPT works effectively if the DC bus voltage remains constant; thus a  

 

 

Figure 4.6 PV with maximum power point tracking implemented in PLECS 
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second controller is designed for regulating the DC link voltage. The second controller is 

discussed later in this chapter. 

For the boost converter,   

in

I
V L

DT

 
  

 
     (4.2) 

Where T = 1/fsw (switching frequency is selected to be 20 kHz) 

 

                   

1 in
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                (4.3) 
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400
D

 
   

                           (4.4) 

Under maximum insolation, the array can deliver 2 kW of power. For 2 kW of 

power and input voltage of 131.5 volts, maximum current is 15.209 Amps. The lesser the 

current ripple, the larger would the size of the inductor have to be. A usual design 

practice is to have 10 % current ripple but in this case 6% current ripple is chosen. The 

current of the boost converter is fed back for tracking purpose. Less oscillation in the 

current results in reduced oscillation around the maximum power point. From Eqn. (4.2), 

(4.4) and the assumed designed parameters, the inductor chosen to be 5 mH.  

4.4 BATTERY 

In the proposed system, batteries are used to help in decreasing the adverse impact 

of intermittency of the PV source. Batteries possess a high energy density and provide 

power at almost constant voltage if the charging/discharging cycles can be properly 
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controlled. Fig. 4.7 shows the simple battery model implemented in Matlab. It is a 

controlled voltage source in series with a resistance whose control input E is a function of 

the state of charge. If a discharge curve of the battery cell is known which is generally 

given by the manufacturer, then finding the parameters such as A, B, K and E0 is simple 

and given in [40]. 

 

 

 

Figure 4.7 Battery model [40] 

 

 

Table 4.1 shows the parameters of a single Li-ion cell and taken from [40]. These 

parameters are used to build a battery with the capacity of 11 Ah and a nominal voltage 

of 240V. 67 cells are connected in series and 11 cells in parallel in order to build a battery 

pack. Fig. 4.8 shows the discharge curve and it can be seen that after the exponential zone 

battery voltage is nearly constant. The battery is discharged at 1C rate i.e. at 11A. Based 

on the voltage profile, the battery is operated between 20% to 80% SOC throughout the 
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simulations, so that the battery terminal voltage can be assumed to be constant at 240 

volts. 

 

Table 4.1 Li-ion battery parameters 

Parameters 
Lithium-ion Cell 

3.6V, 1 Ah 

E0 (V) 3.7348 

R (Ω) 

 
0.09 

K (V) 0.00876 

A (V) 0.468 

B (Ah)
-1

 3.5294 

 

 

4.5 BI-DIRECTIONAL DC-DC CONVERTER 

The battery thus modeled is integrated in parallel with the DC link via the bi-

directional dc-dc converter as shown in Fig. 4.9. This converter is responsible for 

charging or discharging the battery. Therefore, when the battery is injecting power into 

the grid, the converter will operate in the boost mode, and, when the battery is absorbing 

power from the grid or the PV panels, the converter will operate in the buck mode. The 

system follows Eqn. (4.5) to manage power flows on the dc side. 
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Figure 4.8 Discharge curve of a 240V, 11 Ah Li-ion battery 

 

 

                                                          (4.5) 

As shown in Fig. 4.9, the reference current is generated from the power 

commanded by the grid operator. This reference current is compared with the inductor 

current and the error thus produced is maintained within bands. The control strategy is 

similar to hysteresis current mode control [41]. Hysteresis control is very effective and it 

is simple to implement. 
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Figure 4.9 The bi-directional DC-DC converter with control implemented in PLECS 
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One very common drawback of hysteresis control is that the switching frequency 

is not constant. Fig. 4.10 shows the hysteresis band set for the converter. If the converter 

is operating in the boost mode, switching pulses are given to switch 1, while switch 2 

operates as a diode. On the other hand, if the converter is operating in the buck mode, 

switching pulses are given to switch 2, while switch 1 works as a diode. The commanded 

current Iref_DC is the average value of the DC current required to have the desired power 

transfer. The inductor current is compared to Iref_DC and if the error touches the upper 

boundary, no switching pulses are given to the switch. This allows the inductor to 

discharge and thereby, the current flowing through inductor, falls. As soon as the inductor 

current intersects the lower boundary, switching pulses are provided to IGBTs 1 or 2 

depending on the converter‟s mode of operation. This control strategy is independent of 

the direction of the power flow and generates switching signals for both the buck and the 

boost modes. An intelligent controller selects the mode of operation based on the sign of 

the Pbatt and passes the pulses to a designated semiconductor switch. The decision on 

whether the converter operates in the buck or the boost mode is based on the command 

signal received from the grid. If a regulation signal is not received, and the battery needs 

to be charged, then the battery SOC is the variable used in deciding whether the converter 

needs to be operated in the buck mode. If a regulation signal is not received, the battery is 

disconnected from the rest of the system. 

Thus battery current will always have 3A peak to peak ripple with the average 

value correspond to the commanded dc power from the battery. From Eqn. (4.2), one can 

say that if the input voltage of the converter is constant and the hysteresis band is set to 

the ripple current ∆I and for the designed inductor value, the switching frequency of the 
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converter is constant. In this case, the input voltage of the converter changes the 

switching frequency. For an input voltage of 240 V, ∆I = 3A and fsw = 15 kHz, the 

inductor value from Eqn. (4.2) is found to be 2.133 mH. 

 

 

 

Figure 4.10 Hysteresis band for the bi-directional DC-DC converter 

 

 

The DC link capacitor plays a very important role in the operation. In the boost 

converter, the ripple current that the output capacitor handles is the output current of the 
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power stage. Since the DC link capacitor is connected at the output of two boost 

converters, it should be able to handle the output currents of both stages. In addition, it 

needs to absorb or supply the ripple current associated with reactive power, and the ripple 

current at the switching frequency of the inverter, which is variable. The math involved to 

find the rms. capacitor current is complicated; therefore, the capacitor value is chosen 

from observing the ripple at the DC bus from simulations. In order to keep the voltage 

ripple below 1% of 400 volts, the capacitor value selected is 1000 µF.   

4.6 INVERTER WITH DELTA MODULATION 

The inverter is responsible for converting the dc power from the PV/battery 

system into ac for output to the grid at the desired power factor. It also acts to convert the 

ac power from the grid to dc for charging the batteries. The three phase bridge shown in 

Fig. 4.11 is controlled by the delta modulation scheme [41]. It is also responsible for 

regulating the voltage at the DC link. 

To have the desired reference AC currents at the output, the magnitude and phase 

information is essential. A simple PI loop generates the magnitude of the current by 

comparing the DC link voltage to the reference value, and a phase locked loop provides 

the voltage phase angle information. Thus PI controller takes care of the voltage at the dc 

bus. The controller generates a positive reference current for a positive error and a 

negative reference current for a negative error. By introducing an additional angle , the 

power factor of the bridge can be controlled. If the voltage at the DC bus increases, that 

means additional energy is available at the DC bus and needs to be transferred to the grid 

side.  
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Figure 4.11 Inverter with delta modulation control of phase A implemented in PLECS 
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The PI controller generates a positive reference current and the bridge operates as 

an inverter. On the other hand, if the battery is absorbing power, then the DC link voltage 

drops and the controller generates a negative reference current, operating the bridge as an 

active rectifier. It takes energy from the grid and regulates the DC link voltage. The 

reference current generated is in the form of Iref*sin (ωt  θ) and represents the total three 

phase power. This current is divided by 3 to generate single phase currents. The reference 

currents for other two phases are generated by introducing 120
0
 displacement. All the 

reference currents are compared to the actual per phase currents. The error thus produced 

latches the D flip-flop and passes the pulses to the respective switches. A positive error 

means that the current has not reached the reference value, and so, the D flip-flop passes 

the clock pulses to the upper IGBT of phase A and the lower IGBT is turned OFF in 

order to prevent short circuit. The lower IGBT is turned ON and the upper IGBT turned 

OFF when a negative error resets the flip-flop. 

 Since sinusoidal current tracking is involved, the switching frequency of the 

bridge is not constant. However, the maximum switching frequency can be controlled by 

controlling the clock frequency. This is the advantage of delta modulation control 

technique over Hysteresis control [41]. In this thesis, the clock frequency is set to 20 kHz. 

The wave shape of the AC current is mainly dependent on the filter at the output and the 

switching frequency. The higher the switching frequency, the more accurate the tracking 

would be. 
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4.7 INTELLIGENT CONTROLLER 

The control scheme selected for this system is simple, flexible and easy to 

implement. Independent control of the sources minimizes the complexity of the master 

controller. The intelligent controller is the brain of the system that decides the power 

flows and disconnects the sources that are not being used. Fig. 5.12 shows the algorithm 

that the controller follows. Decision making is done on two occasions: whether the 

battery would be included in the circuit, and if yes, then it decides the mode of operation 

of the bi-directional dc-dc converter. The sign of the Pbatt is the variable used to decide 

whether the converter would operate in the buck mode or the boost mode. The dc link 

voltage is regulated by the inverter; so if there is a need to isolate the system from the 

grid, then the commanded power is forced to zero. It does not provide physical isolation.  
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Figure 4.12 Intelligent controller algorithm 
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5.  SIMULATION RESULTS 

An analysis and study of the complete system is done under various scenarios. 

Each case simulation is done in Matlab/Simulink R2010a and PLECS [42]. 

The following are the scenarios for which the system was tested: 

Case 1 – Power transfer from PV to grid with battery disconnected 

Case 2 – Battery charging during daytime and night time 

Case 3 – Active power transfer from grid and PV to the battery with reactive power 

support – down regulation 

Case 4 – Active power transfer from PV and battery to the grid with reactive power 

support – up regulation 

5.1 CASE 1: PV SUPPLIES GRID; NO REGULATION 

Under the normal operating condition, i.e., when the system is not participating in 

regulation, the system is responsible for injecting all of the generated PV power into the 

grid at unity power factor. The battery is disconnected in this scenario. The boost 

converter connected to the PV array will track the maximum power, while the inverter 

regulates the DC link voltage to 400 V and transfers the ac power to the grid. 

Fig. 5.1 shows the PV power output for variable insolation levels. One can see 

that for decreased insolation levels, the PV power drops to zero for an instant before 

attaining its steady state value. This is a mathematical problem of MATLAB PV model 

and does not necessarily happen in real life. Fig. 5.2 shows the RMS power measured at 

the AC side. It is clear that the controller effectively tracks the array power and transfers 

the ac power into the grid.  
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Figure 5.1 PV array output for variable insolation on the ac side. 

 

 

5.2 CASE 2: BATTERY CHARGING FROM PV/GRID 

The system is tested under the scenario where the battery has been depleted, and 

therefore, there is a need to charge the battery. Most utility companies who buy power 

back from PV producing customers pay only a fraction of what they charge for selling 

energy to the customer [43]. If there is PV power available such as during daylight hours, 

it is reasonable to utilize it to charge the battery. In such a scenario, an intelligent 

controller senses the battery SOC and, based on the maximum charging current of the 

battery; it generates a reference current for the bi-directional dc-dc converter. 
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Figure 5.2  DC link voltage and current from PI compensator 

 

 

 Fig. 5.3 shows the PV power available under two different insolation levels. The 

controller sends the entire PV power available into the battery and, therefore, the active 

and reactive power on the AC side is zero. If the power required for charging is less than 

the power produced by the PV, then inverter will transfer the extra energy to the grid. 

Negative power for „Pbatt‟ means that the battery is absorbing power.  

 Figure 5.4 shows the current through the inductor. One can see that as 

commanded power changes, the average current going into the battery also changes. This 

is one of the advantages of the proposed control scheme.  
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Figure 5.3  Battery charging with available power from the PV array 

 

The current going into the battery may be controlled and, thus, the battery can be 

operated in either trickle charge or fast charge mode. If the PV power is not available i.e. 

during night time or poor weather conditions, then the battery will be charged with power 

received from the grid. Again, based on the battery conditions, the correct amount of 

power can be commanded from the grid, and the three phase bridge will work as an 

active rectifier as shown in Fig. 5.5. Fig. 5.6 shows the current going into the battery and 

one can see that controller is providing very fast tracking of the commanded current. 
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Figure 5.4  Current through the inductor of the bi-directional DC-DC converter 

 

 

5.3 CASE 3: DOWN REGULATION 

Down regulation will be defined as the case when the grid has some amount of 

excess generation which has caused the system frequency to increase above 60 Hz, and 

therefore, it wants to shed its excess generation. The PV/battery system is simulated 

under this scenario where there is a need to absorb a certain amount of active power from 

the grid. The bottom half of Fig. 5.7 represents the signal received from the grid operator 

commanding the PV/battery system to switch modes in order to fulfill its demand. 
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Figure 5.5 Battery charging with power commanded from the Grid 

 

 

The commanded signal indicates that there is a need for different levels of active 

power. The bottom half of Fig. 5.7 is the RMS power observed at the grid side. It can be 

seen that the controller is very fast in following the commanded signal. 

Fig. 5.8 shows the power on the dc side of the system. The three phase bridge is 

operating as an active rectifier and the bi-directional dc-dc converter connected between 

the dc bus and the battery is operating in the buck mode. 
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Figure 5.6 Current through the inductor of the bi-directional dc-dc converter while 

charging the battery with power commanded from the grid. 

 

 

The power coming from the PV and the grid is being absorbed by the battery. At t = 2.25 

sec, there appears a change in insolation from 800 W/m
2 

to
 
600 W/m

2 
and one can see 

that the converter injects less power into the battery. Fig. 5.9 shows the SOC and the 

current going into the battery. 

Fig. 5.10 shows the dc link voltage throughout the down regulation period. At t = 
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Figure 5.7  Power measured on the ac side for case 3 

 

 

The spike in the dc link voltage is a result of this perturbation in demand. The maximum 

amount of overshoot observed is 12.5 % which is a reasonable margin since the usual 

practice is to keep the overshoot under 20%. The settling time is observed to be 0.2 sec. 

Fig. 5.11 shows the currents observed on the grid side during the down regulation. 

Currents are almost sinusoidal with a negligible amount of distortion. The filter inductor 

placed at the output of the inverter is 8 mH this inductor is responsible for the smooth 

sine wave at the output. Harmonics in the current are a function of filter response and 

switching frequency of the inverter.   
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Figure 5.8 Power at the dc side for case 3 

 

 

For low power applications, MOSFETs are available which can be used at high 

switching frequencies. IGBTs, on the other hand, limit the switching frequency. In the 

delta modulation scheme, the switching frequency is variable but the maximum switching 

frequency can be controlled. 

Further tests are done to observe the performance of the system in absorbing and 

injecting reactive vars. The PV array is producing 1000 watts and the active power 

demanded by the grid is -1500 watts thus battery is receiving 2500 watts. 
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Figure 5.9  SOC and battery current for case 3 

 

 

As shown in Fig. 5.12, at t = 0.5 sec, a command signal is received to absorb 

reactive power from the grid, and at t = 2 sec, the inverter injects reactive power into the 

grid. One interesting point to note is that although the inverter is injecting reactive power, 

it has no effect on the power on the dc side because of the presence of the capacitor at the 

input of the inverter; this may be observed in Fig. 5.13. The average dc current going into 

the battery is only a function of the active power. The DC link capacitor is responsible for 

absorbing or producing the commanded reactive power. 
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Figure 5.10 DC link voltage for case 3 

 

 

Between time t=1.25 sec and t=2 sec, system is handling 1200 W active power 

and 6000 Vars reactive power. The operating kVA of the system is therefore 6.11 kVA, 

which is below the inverter rating of 10 kVA. The reactive power that a system can 

deliver is mainly dependent on the size of the inverter. The size of the inverter imposes 

restrictions on the reactive power capability because of the current and voltage stress 

limitations of the switches. It also depends on the reactance of the filter placed at the 

output terminal of the inverter and the DC bus voltage. However, they can be designed 

carefully in order to utilize the inverter fully. 
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Figure 5.11 AC currents at the grid side for case 3 

 

 

5.4 CASE 4: UP REGULATION  

Up regulation will be defined as the case when the grid has generation shortage 

which has caused the system frequency to drop below 60 Hz, and therefore, it wants to 

purchase generation from one community-based PV system. During the period of up 

regulation, the PV/battery system is responsible for injecting active power into the grid. 

As shown in Fig. 5.14, the system responds very quickly to the commanded signal 

received from the grid fulfilling variable amounts of active and reactive powers 

demanded. 
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Figure  5.12 Providing voltage support to the grid for case 3 

 

 

This scenario tests the system‟s capability to change the mode of operation of the 

bi-directional DC-DC converter. One can see from Fig. 5.15 that initially, the 

commanded signal is for 1000 Watts demanded by the grid, and the PV power output is 

approximately 1900 Watts. In this case, the inverter injects 1000 Watts into the grid and 

the bi-directional DC-DC converter operates in the buck mode, i.e., charging the battery 

with 900 Watts of power. At t=0.4 sec, the commanded signal changes to 3000 Watts and 

there is a need for extra power from battery. So, the dc-dc converter changes its mode 

from buck to boost and supplies the additional power demand. 
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Figure 5.13 Power on the dc side during reactive power support for case 3 

 

 

 

Fig. 5.16 shows a snapshot of the per phase voltage and currents on the AC side 

during the time frame where the system receives the command for reactive power 

support. At t=2.17 sec, the commanded signal is to absorb 2000 Vars from the grid. This 

is in addition to the demand for 2500 Watts of active power. One can see that delta 

modulation method forces a smooth transition smoothly and the current starts to lead the 

voltage by 38.65 after t=2.17 sec. 
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which are also under frequency and voltage control and are responsive to grid commands 

in order to provide a viable regulation amount that the grid might need. 

 

 

 

Figure 5.14 Up regulation with both active and reactive power commands 
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not available. All the results shown are based on the assumption that the grid is 

commanding the power only if the PV/battery system is capable of providing it. 

 

 

Figure 5.15 Power at the dc side for case 4 
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Figure 5.16  Per phase voltage and current for case 4 

 

 

 

Table 5.1 Power Flow under various scenarios 

 Mode of operation Power Flow 

1. No regulation signal PV to Grid 

2. Battery Charging 

PV to Battery (Day time) 

Grid to Battery (Night 

time) 

3. Down regulation  ( PV + Grid ) to Battery 

4. Up regulation ( Batt + PV ) to Grid 
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6. CONCLUSION AND FUTURE WORK 

A new technique to implement grid frequency and voltage support capability in a 

solar photovoltaic power plant in the framework of the Smart Grid is presented. This 

method allows effective control over active and reactive power available from the 

system. A system comprising of a 2 kW PV array, 2.64 kWh Li-ion battery with bi-

directional dc-dc converter, three phase inverter and the grid was modeled, and simulated 

in the MATLAB Simulink environment. This system is only a building block in an 

overall scheme where many of such systems may be made available to respond to grid 

requirements.  The battery was selected to increase the reliability and flexibility of the 

system. A two-way communication link is essential to update the grid operator regarding 

the status of the active and reactive power capability of the system. This helps the 

operation in asking for specific amounts of P and Q support from each renewable energy 

facility at a given time. Results show that based on the commanded signals, the PV plant 

can respond quickly and can participate in regulation. The control techniques adopted are 

simple, autonomous and easy to implement. To test the system‟s capability, four different 

scenarios were tested. The first case is where there is no need for regulation and the 

system merely injects the PV energy into the grid with the battery disconnected. The 

second case shows the system‟s ability to charge the battery from either the PV energy or 

the grid based on the availability of either resource. The third case shows the system‟s 

ability to fulfill commanded active and reactive power demands during down regulation 

mode, i.e. absorbing power from the grid. The fourth case simulates the up regulation 

mode where the system injects the commanded active power into the grid with reactive 

power support. 
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The control technique adopted is not limited to only PV. Other intermittent sources 

with their own control can also be integrated into the system either on the AC or the DC 

side. The system is scalable. One more advantage of such power management scheme is 

that the battery current is controlled providing freedom to the user to handle the battery 

based on its chemistry and requirements.  

One of the most important factors in the up- and down- regulation is the size of 

the system. Depending on the size of the feeder, market economics, geographical 

conditions, etc., the PV plant and the battery storage can be sized in such a way to have 

the highest impact. The proposed technique is most useful if used as a community-based 

PV system. Providing regulation support based on the economic price signal can lower 

the investment payback period of the PV system. 

 

6.1 RECOMMENDATIONS FOR FUTURE WORK 

The next step is to check the feasibility of the scheme in a hardware 

implementation. The choice of the battery technology will have a significant impact on 

the effectiveness of the scheme. In addition, there are other challenges such as depth of 

discharge, life cycle expectancy, self discharge rate and installation cost. A comparative 

study is required to determine the most effective battery technology to be used to serve 

the purpose. Further research is required in the area of regulation market, standards and 

grid codes. The inverter plays a critical role in the regulation scheme since it handles both 

the active and the reactive power flow. A study is required in developing the criteria for 

selecting the proper inverter size for such applications. 
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APPENDIX A. 

PV PANEL DATASHEET 
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GE-PV 200 W module 

Peak Power (Wp) Watts 200 

Max. power voltage (Vmp) Volts 26.3 

Max. Power Current (Imp) Amps 7.6 

Open Circuit Voltage (Voc) Volts 32.9 

Short Circuit Current (Isc) Apms 8.1 

Short Circuit Temp. Coefficient mA/
0
C 5.6 

Open Circuit Voltage Coefficient V/
0
C -0.12 
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APPENDIX B. 

MAXIMUM POWER POINT TRACKING ALGORITHM 
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dp/dv algorithm 

 

% Maximum power tracking using dp/dv method 

 
function y = del(u)        % Call function for Vref 
 

global del; 
 

global v; 
 

global Im; 
 

global Pm; % initial value for the sensed power, Pm = 0 (initially) 
 

global Vm; 
 

E=(u(1)*((u(2)-Im)/(u(1)-Vm)))+u(2); % Error in the value dP/dV 
 

if E>0.02 && abs(Vm-u(1))>0.01  
    

v=u(1)+0.5*abs(Vm-u(1))/2 + 0.025*E; % if slope is positive increase  

 

Reference Voltage 
 

elseif E<0.02 && abs(Vm-u(1))>0.01 
     

v=u(1)-0.5*abs(Vm-u(1))/2+ 0.025*E; % if slope is negative decrease  

 

Reference Voltage 

 
 

else  
     

v= u(1); 
 

end 
 

abs(Vm-u(1)); 
 

Vm=v; 
 

Im=u(2);  % Update the Pm, Vm and Im variables 
 

y=v; 
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APPENDIX C. 

SYSTEM PARAMETERS 
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PV panel rating = 200 W 

No. of panels in series = 5 

No. of panels in parallel = 2 

PV array rating = 2000 W 

Vmpp = 131.5 volts (for STC) 

Vgrid L-Lrms = 208 Volts 

Vdc steady state = 400 volts 

DC link capacitance = 1000 µF 

Vbatt = 240 Volts 

Ibatt nominal = 11 Ah 

Nominal battery capacity = 2.64 kWh 

Filter inductance = 8 mH 

Inductance of boost converter (PV) – 5 mH 

Inductance on boost converter (battery) – 2.16 mH 
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