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ABSTRACT 
 
 

IMAN MAZHARI.  DC microgrid with controllable loads (Under the direction of DR. 
BABAK PARKHIDEH) 
 
 

The conventional electrical system in place today sees our electrical devices 

powered by AC mains. But as renewable technologies become more prevalent, DC 

microgrids could be a cheaper and more efficient alternative. To avoid any possible 

technical issue such as power, and energy balance, power quality or protection problem, 

any microgrid must operate in both grid connected and grid disconnected (islanded) mode 

without compromising grid reliability, voltage and frequency balance, consistent with the 

minimal standards for all connected devices. One of these requirements is a regulated bus 

voltage within the acceptable region to avoid any undesired power fluctuations. This 

research shows how this requirement can be provided for a DC microgrid integrated with 

a single-phase bidirectional inverter through using an advanced control method to operate 

with no grid information, and without contributing the solar DC-DC converter. This system 

can intelligently and efficiently operate in islanding mode when load shedding is employed 

to regulate the DC bus voltage with providing the demand response requirements. Also, 

this enables controllable loads to ride-through grid outages, and it can be used as a retrofit 

solution for existing topologies with increasing the efficiency and improving the reliability.  

Also, an active anti-islanding protection method is proposed called Locking 

Frequency Band Detection (LFBD). Islanding condition refers to an undesired event on 

which a portion of utility system including both distribution generation (DG) and local 

loads are disconnected from the grid of DGs powering the local loads. As unintentional 

islanding of a DG results in power quality degradation, interference to grid-protection 
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facilities, equipment damage, and even personnel safety issues, an anti-islanding protection 

method is needed to control power system operation. The proposed method functions by 

introducing a virtual detection band only based on local grid frequency across the load. 

Hence, it has little or no impact on distribution generation (DG) output and its power 

quality, and it does not get affected by number of DGs. In addition, the proposed protection 

method eliminates the dreaded Non-Detection Zone (NDZ) for DG systems typically 

observed during most severe power system transient conditions. Detailed description of 

both proposed algorithms is explained and its performance and efficacy are evaluated 

through simulation and hardware experiments for different conditions.  
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CHAPTER 1: INTRODUCTION 
 
 

Distributed generation systems (DGS) based on solar energy (photovoltaic and solar 

thermal), wind, biomass, mini-hydro along with use of fuel cells and micro turbines have 

gained considerable momentum in the recent years. Due to the significant advantages that 

they can provide, they nowadays have become a valid way to reduce environmental 

pollution, to address the drawbacks of long-distance transmission, to provide 

uninterruptible power, to meet the short-term peak load and to improve equipment 

performance, however, large-scale of DGS has some negative effects, such as the high cost 

of single generation access, and will make it more difficult to control. From the grid point, 

DGS must shut down when it has impact on the system voltage and frequency, for example 

when the grid is disconnected from the rest of the power network to create a localized 

network supplied by DGS. In addition, when there are unintentional events on the system, 

DGS must get off the system immediately, which undermines the advantages and potential 

of DGS. To coordinate the contradiction between the system and DGS, there comes a 

concept of microgrid [1-5]. 

A microgrid (MG) is a set of distributed energy sources, loads and distribution 

network assets that are coordinated and controlled within clearly delimited geographical 

boundaries and can operate in grid-connected or islanded mode. The main benefits of using 

a microgrid are increasing renewable energy availability, improving reliability and 

independence/security of the system [1-2, 6].  
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MG concept was originally proposed in 2002, as a building block of future low-

voltage distribution systems which were experiencing revolutionary changes at the time 

due to market liberalization and introduction of distributed generation (DG) [7-9], and 

controllable loads which can operate connected to the medium voltage grid or islanded in 

a controlled coordinated way.  

MG was based on the idea of aggregating number of micro sources and loads into 

one unique entity, which could be interpreted as a single dispatchable consumer from the 

overhead power system viewpoint. [10], and it offers various advantages to end-consumers, 

utilities and society, such as:  

1. improved energy efficiency 

2.  minimized overall energy consumption 

3. reduced greenhouse gases and pollutant emissions 

4. improved service quality and reliability 

5. cost efficient electricity infrastructure replacement. 

Microgrids provide clear economic and environmental benefits for end customers, 

utilities and society, however, their implementation poses great technical challenges, such 

as a protection of microgrid [10]. AC and DC MGs as well as hybrid MGs have been 

proposed for different applications in recent years [11-16]. While much of interest has 

largely focused on ac MGs [16-17], DC MGs are researched recently to facilitate 

integrating of modern electronic loads and alternative energy sources with dc output type 

such as photovoltaic (PV) system, fuel cell, and energy storages (e.g., secondary battery 

and super capacitor) [7-12, 17]. 
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1.1.AC microgrid Systems 

All DGS units with AC power output are directly connected to an AC bus line and 

then to the main system via power converters for their stable coupling. Examples of the 

DG units that produce the AC output power include wind turbines, low-head hydro, biogas, 

tidal and wave turbines [2, 11]. These units are usually directly connected or may need the 

AC/DC/AC power converters to enable their stable coupling with the AC networks. In that 

case, the AC network can be interconnected with the bulk system (utility) through a power 

transformer. In addition, the AC loads are directly coupled while the DC loads require the 

AC/DC power converters in order to be connected to the AC microgrid. On the other hand, 

the DG units which produce DC power output (e.g. solar photovoltaic arrays, fuel cells and 

energy storage devices) can be connected to the AC bus line of the AC microgrid using 

DC/AC inverters [12, 16]. Fig. 1.1 indicates the typical configuration of the DG units with 

the AC power output (e.g. wind turbines) and that with the AC power.  

 

 

Figure .1.1 General Scheme for a conventional AC microgrid with estimated conversion efficiencies 
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In [17], a comparative model to assess overall conversion efficiencies of AC 

microgrids for residential applications has been presented, and it has been shown that each 

power conversion stage loses about 2.5 % of the energy it converts. 

1.2.DC Microgrid Systems  

Considering the deployment of most efficient electric appliances which operate 

internally on DC [7-12, 16-17], significant energy saving could be obtained by directly 

coupling DC power sources with DC loads, thus bypassing DC-AC-DC power conversions 

and using a DC power distribution system. With regard to traditional AC, this kind of 

distribution has proved to offer more efficient and reliable energy transfer. Referring to 

this and other benefits, such as avoidance of problems with harmonics, unbalances, 

synchronization, and reactive power flows, different types of DC power distribution 

systems are experiencing more and more widespread use, and DC-internal loads such as 

all consumer electronics, fluorescent and LED lighting systems, commercial data centers, 

efficient DC motors, electric vehicles will continue to grow rapidly in both residential, and 

commercial applications [6, 18-20].  

For example, based on the study performed by Lawrence Berkeley National 

Laboratory (LBNL) up to 7.2% energy savings can be achieved by comparing data centers 

with DC distribution to AC data centers [21]. 

As an example, the PV systems have a highly modular structure with many possible 

configurations available in which the PV inverter can be connected [22]. The emerged 

configurations are designated as the central inverter or string inverter. In that way, the DC 

based DG units and energy storage devices produce the DC power which would be easily 

connected to the DC bus line or DC network. An energy storage system (ESS) can also be 
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charged/discharged with the DC network and loads (AC and DC loads) be connected [23]. 

In this case, the AC power generating units need an AC/DC power converter for their 

connection to the DC network [24-26]. Fig. 2 depicts a DC microgrid with DG units 

connected to it via the common bus bar at PCC. If it is required to connect a AC based DG 

unit (wind turbine) connection to the common DC bus at this end, it needs inverter while 

the DC based DG units are directly connected as indicated in the Fig. 1.2. 

The conventional DC microgrid including multiple DC-DC converters for all 

connected DC loads to provide the required voltage level is shown in Fig.1.2. As we can 

expect, no reactive power and harmonics exist in this system, so higher power quality and 

system efficiency are obtained [7, 12, 16-17]. 
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 Figure.1.2. Typical configuration of a conventional DC microgrid 

Any MG can be operated in a grid-connected mode or an islanding (standalone) mode, 

and these two operation modes of MGs can be briefly explained as follows: When tied to 

the utility system (i.e. grid-connected mode), it is known as “On-grid mode”. In this mode, 
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the MG is usually connected to the main medium voltage (MV) e.g. 11–66 kV, or low 

voltage (LV) e.g. 110–690 V grid depending on the location and the total capacities of the 

installed DG units [27]. It either receives or delivers some amount of power into the main 

utility and provides power support to its local loads.  

Moreover, the main function of the DG units is to generate power and provide local 

and power support in the microgrid systems. With the interfacing power converters, such 

as DC/DC and DC/AC converters, controllable active and reactive powers can be produced 

in MGs by which their reference values of each DG units are commanded by the controller. 

Also, some DG units can be controlled to generate their maximum power point (MPP) as 

in wind turbines and PV arrays. Upon fault occurrence and its subsequent switching events, 

the MG is disconnected from the utility as soon as possible and supplies its local loads. In 

this case, the MG is in islanding mode also known as “Off-grid mode” and it operates 

autonomously in a similar way to the physical islands when disconnected from the main 

network. In islanding, load shedding can be employed, if the power generated by the DGs 

of the MG is insufficient to support all its local loads [28-30]. 

Based on the EMerge Alliance Data/Telecom Center, 380V is selected as the nominal 

bus voltage, as it is the global sweet spot for standardized components with the best balance 

of economics and safety. Power distribution at 380VDC has inherent advantages over 

lower voltages such as: (1) enhanced distribution capabilities (2) lower equipment costs 

and (3) improved sustainability from reduced copper use. [31]. It should be noted that in 

this research lower voltages for the common DC bus is considered to make the 

implementation of lab-scaled prototype more feasible.  
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To understand the power, and voltage rating applicable for different MG topologies, 

with referring to literatures, Table 1.1, and 1.2 show respectively some typical examples 

of AC and DC MG systems installed in various countries or used as testing prototypes. In 

most cases, the AC microgrid system operations is compatible to the voltage and frequency 

standards applied in most conventional distribution systems [2]. 

 

TABLE 1.1. Some typical practical example of AC microgrid 

Location Voltage 

Level 

Frequency 

(Hz) 

Capacity & Components 

Greek Island Single-phase 50 12KWp from PV system, 85KWh 

from battery 

Hachinohe, 

Japan 

N/A 50 150 KW Power from PV and wind, 

100KW from battery, 510KW from 

gas engine 

Senegal 220V 60 3 MW 

Japan 110V, 240V 50.60 50KW- 2MW 

Portugal 400V 50 50-200 KW 

 

As described before, due to the dominant application of DC based load, especially in 

consumer electronics, the DC power systems have been deployed considerably in industrial 

power distribution systems, telecommunication infrastructures and point-to-point 

transmissions over long distances or via sea cables and for interconnecting AC grids with 

different frequencies. Table 1.2 shows the typical examples of the DC MG systems used 

as a testing prototype or typically installed for most of the data centers or critical load 

applications.  
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TABLE 1.2. Some typical practical example of DC microgrid 

Location Voltage Range Capacity & Components 

Sweden for IBM data center 24-350/380 V Greater than 5MW 

Japan NTT group 380/400 V Greater than 5MW 

New Zealand Telecom 220V 0.5 – 5 MW 

US Intel Corp 400 V Greater than 5MW 

General Case 187.8 -450 V 600-2100 MW 

Testing prototype 200, 400, 415 5KW, 15 KW 

 

In a DC microgrid, power from the main utility or DG units and Energy Storage 

Systems (ESSs) can be transmitted using a common DC distribution line with single cable 

(monopolar dc link), two cables (bipolar dc link) or even three cables (homopolar dc link). 

The first two configurations are normally used for HVDC long distance transmission 

system while the homopolar one is mainly used in low voltage distribution system (LVDC 

network) [2-3].   

To avoid any possible technical issue such as power, and energy balance, power 

quality or protection problem, any MG must operate in both grid connected and islanded 

mode without compromising grid reliability, voltage and frequency balance, or protection 

schemes, consistent with the minimal standards for all connected devices. To comply with 

these standard, some requirements need to be met which is described in the Chapter 2.  
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1.3.Motivation  

Compared to conventional AC-based electrical systems, due to the considerable 

growth of renewable technologies, DC microgrids have attracted so much attention in 

recent researches, and have been extensively deployed. A DC microgrid provides an 

affordable, reliable, flexible and resilient local energy generation and delivery, and it is defined as 

an integrated energy system intelligently managing interconnected DC loads and distributed energy 

resources which can operate in parallel with (grid-connected mode), or independently (islanded 

mode), from the existing utility’s grid. Because of some reasons such as extensive application of 

DC-based consumer loads, inherited capability of facilitating static storage integration, significant 

cost and performance improvement due to the elimination of conversion stage, and consequently, 

increased efficiency, researchers have been encouraged to reconsider dc microgrids in recent years. 

This research by proposing two algorithms focuses on two different aspects of DC Microgrids:  

First is introducing a new anti-islanding protection method which is called locking frequency 

band detection (LFBD) method. Compared to other conventional method, this proposed method 

functions by introducing a virtual detection band only based on local grid frequency measurements 

at the Point of Common Coupling (PCC). Hence, it has little or no impact on DG output and its 

power quality, and it does not get affected by number of DGs. In addition, the proposed protection 

method eliminates the dreaded Non-Detection Zone (NDZ) for DG systems typically observed 

during most severe power system transient conditions. 

Second, with assuming that at least one controllable DC load such as energy storage system 

(ESS), or LED lighting system is connected to the DC common bus, a new algorithm is proposed 

to regulate the DC bus voltage without contributing the solar DC/DC converter. This system can 

intelligently and efficiently operate in islanding mode when load shedding is employed to regulate 

the DC bus voltage with providing the demand response requirements. Also, this enables 

controllable loads to ride-through grid outages, and it can be used as a retrofit solution for existing 
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topologies applicable to any type of controllable DC loads with increasing the efficiency and 

improving the reliability. Also, maximum power point (MPP) can be maintained by controlling the 

DC/DC converter integrated between the PV source, and the controllable load, and the solar DC/DC 

converter can be omitted which brings significant efficiency improvement, and anticipated saving 

in the probable maintenance cost.  

1.4.Aim and Outline  

Based on the motivation in the previous section, the aims with this research are: 

·  Microgrid protection requirements are briefly described, and islanding 

detection as one of these requirements which may cause fault into the system, 

and endanger safety of personnel is explained.  

·  Categorization of islanding detection methods and brief comparison of all 

conventional methods are described.  

·  A new method for islanding detection method which only relies on frequency 

measurement of point of common coupling (PCC), and is called locking 

frequency band detection (LFBD) is presented, and discussed for different 

conditions.  

·  The proposed anti-islanding method is tested, and verified for different load 

conditions with different quality factors (� � ).  

·  A new algorithm to regulate the DC bus voltage in a conventional DC 

microgrid without contributing the solar DC/DC converter is presented.  

·  The proposed method called power matching point tracking (PMPT) can 

eliminate the need to a bulky DC capacitor, and is used a retrofit solution for 

existing DC microgrids.  
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·  Proposed method can be used whenever there is any power mismatch between 

the source, and the controllable load which can be represented as an irradiance 

drop, probable shading, or power imbalance which might be caused after 

islanding event.  

·  PMPT is discussed in both adaptive, and non-adaptive modes. Adaptive mode 

is a practical condition when the exact amount of the occurred power mismatch 

is unknown, and non-adaptive mode happens when you know how much 

current would be enough to maintain the power balance which is an ideal case, 

and it is not happening practically.  

·  The proposed PMPT method is tested and verified through both simulation, 

and experimental results for different scenarios, and all possible associated 

challenges are discussed.  

Chapter 2 summarizes the microgrid protection requirements, and focuses 

islanding detection with indicating commonly developed methods.  

Chapter 3 explains the proposed anti-islanding method in details added with 

provided simulation results verifying the concept for different conditions. 

Chapter 4 explains the proposed PMPT method in details added with provided 

simulation results verifying the concept for different possible power mismatch. 

Chapter 5 presents the experimental verification of both proposed algorithms in 

different conditions.  

Chapter 6 contains conclusions and ideas for future work. 
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1.5.Scientific Contributions 

·  A new method for islanding detection method which only relies on frequency 

measurement of point of common coupling (PCC), and is called locking 

frequency band detection (LFBD) is presented, and discussed for different 

conditions.  

·  A new advanced paired control called power matching point tracking (PMPT) 

to regulate DC bus voltage with no grid information, and without contributing 

the solar DC/DC converter is proposed, and verified for different conditions.  

·  A multi-purposed generic converter (MPGC) which consists of DC/DC, and 

DC/AC converter with the capability of analog and digital control has been 

designed, prototyped, and tested. 

·  The proposed anti-islanding detection algorithm called LFBD is tested and 

verified through simulation for different quality factors for both single-

inverter, and multi-inverter system.  

·  LFBD method has been developed into a C++ code, and it has been run through 

TI Delfino DSP (F28335), and the implemented DC/AC converter for both 

single inverter, and multi-inverters system.  

·  A new PMPT method is tested and verified through simulation for different 

scenarios that can create power mismatch into the system. 

·  It has been shown that the source-load system will be shut down if the PMPT 

method is not employed, and this method is required to regulate the DC bus 

voltage.  
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·  A controllable DC load which has been implemented through a Chroma 

programmable load has been integrated through a DC/DC converter with a PV 

source which is modeled by a TerraSAS PV simulator.  

·  An experimental setup has been built and used to show the feasibility of using 

the PMPT method. This PMPT method in both modes of adaptive, and non-

adaptive control have been presented.  

1.6. Summary 

This chapter presents an introduction to this research providing a brief background 

about the definition of AC, and DC microgrids, and whey they are prevailing in modern 

power network.  Some typical examples of both AC, and DC architectures are presented, 

and the main reason that why DC microgrid are attracting more attention in recent research 

is discussed. Also, the main motivation of doing this research, the scope of this dissertation, 

and main contributions obtained after accomplishing this work are briefly presented.  In 

the next chapter, the main requirements to protect MG, and all challenges related to this 

matter will be described.  
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CHAPTER 2: MICROGRID PROTECTION REQUIREMENTS 
 
 
The design of protection system for AC, and DC MG is a challenging task because of 

contribution of many involved parameters. Also, due to the significant difference between 

fault currents in off-grid, and on-grid mode, same approach cannot be used for both modes.  

As one of these challenges in a DC microgrid compared to an AC microgrid, it can be 

mentioned that in DC systems, the current does not have any natural zero crossing, thus, 

short circuit current is very difficult to be detected. As another discrimination, in off-grid 

condition, inverter fault currents may not have sufficient magnitude to bypass the 

conventional threshold commonly set by over-current techniques. For this reason, it is 

valuable to realize which principles of protection design for AC systems can be applied to 

DC systems [32-36].   

In general, any protection scheme must be able to identify any abnormal operation 

with considering the required security level. To do so, it should able to detect any ground 

fault to ensure system safety. Also, to maintain the system stability, and to avoid any 

possible damage to equipment, the protective relays should respond in the least possible 

time in any abnormal conditions to resolve the fault condition. i. e. ‘the speed of response’ 

is an important parameter. Among all these issues, the protection scheme is basically 

derived from two: the number of the installed DGs which are also called microsources, and 

the availability of a sufficient level of short-circuit current in an islanded operating mode 
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of the microgrid [2, 16, 37-38]. In islanded mode, if there are directly connected rotating 

machines, it would be essential for protection system to respond fast enough to minimize 

the probable fault, and voltage dip duration.  The fast operation improves the ability to 

maintain the synchronization, and smooths the transition to the islanding [39]. In other 

words, when microgrid mode changes from grid-connected mode to grid-disconnected 

mode, fault current paths could be different. Due to the dynamic structure of microgrids, 

especially during the transition between different operation modes, MG topology can affect 

the protection scheme.  

Generally, main issues regarding protection systems for microgrid design can be listed 

below [40-43]:  

1. Those faults that can create high levels of current should be instantaneously detected 

by power electronics circuits to act properly 

2. During a fault, DG can be controlled to be a voltage reduction device or an impedance 

alteration device to limit fault current. 

3. Power control is required for grid-connected mode, and voltage, and frequency control 

are necessary for islanded operation. 

4. Traditional over-current methods will not be applicable as operating conditions are 

constantly changing. So, it does not guarantee fault sensitivity or selective operation 

for all possible faults.  

To resolve these issues, fulfilling the speed requirements, structural choices may be 

divided into: 1) switch technology needed; 2) communication technology needed; and 3) 

size of distributed energy storages or central energy storage on the low voltage microgrid. 
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After listing main protection issues which are common among all microgrid systems, we 

can focus the features that might vary for AC, and DC microgrids.  

2.1.  Protection Strategy for AC Microgrid  

There is no specific standard for overall protection of the AC microgrid, whereas the 

devices which are mostly used for the AC distribution network protection are: (i) 

overcurrent relays, (ii) reclosers, (iii) sectionalizers (SCB), (iv) miniature circuit breakers 

(MCB) and (v) fuses. So, for the low voltage distribution protection schemes, coordination 

philosophies vary from utility to utility such as (i) fuse saving schemes, (ii) fuse blowing 

schemes, (iii) instantaneous reclose and (iv) delayed reclose.  

Based on the literatures, the details for microgrid zones such as MG PCC protection 

zone with circuit breakers (CBs) and static switch transfer (SST), feeder protection with 

CBs and SCBs, accessible control for customers with MCB and the DG units with MCBs 

are provided. Also, applications of high speed protection devices such as the standards IEC 

61850- based communication for fast response, selective and reliable operating scheme, 

are highly recommended to maintain a fully smart grid. [44-47]. 

The protection systems that are commonly used in the AC MG can be directly utilized 

to protect against the faults happening on the AC side of the bi-directional inverter. If the 

same devices are going to be used to protect the DC side, different rating needs to be 

considered.  Also, for the fuses to operate fast enough, they require to tolerate high current 

in a short time. That’s why the load power converter should be selected with higher rating 

power than the amount of power which can be provided by the source. If that rating for the 

load power converter is not available, fuses should be replaced with much faster protection 

relays [48-49].  
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2.2    Protection Strategy for DC Microgrid  

The DC MG faults are covered with combined over-current and short-circuit 

protection together with earth fault protection. Furthermore, the DC MG short-circuit 

protection can be made with molded case which includes DC circuit breakers that are more 

cost-efficient than the fuses and over-current relay. On the AC side, the breaker protects 

against power converter switching faults [19]. 

In a DC system, two types of faults exist. 1) Line-to-ground fault and 2) Line-to-line 

fault. In line-to-ground fault, the fault current path is either in between positive line and 

ground or in between negative line and ground. Line-to-line fault occurs in between 

positive line and negative line. Also, DC circuit does not have natural ‘current zero’, which 

implies that the switch must incorporate a mechanism to set the current to zero.  Two 

contradictory requirements to design a proper grounding for a DC system are 1) minimizing 

the DC current, and 2) maximizing the personnel safety by minimizing the common mode 

voltage. Consequently, the stress on the contacts are greater in a DC switch than in an AC 

one for the same voltage and current. Unless, sometimes it is possible to use an overrated 

AC circuit breaker in DC systems, other applications require the development of a specific 

DC breakers. In addition, DC fault levels are very high in DC systems due to the low DC 

impedance [47].  

Fig. 2.1 shows the main protection challenges related to each general type of microgrid 

indicating the issues particularly for DC MGs. In summary, any protection system selected 

should provide the plug and play, and self-healing capability to maintain the smart grid 

requirements [50-51].  
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Figure.2.1 Protection challenges and their solution for AC and DC microgrids  

Referring to Fig.2.1, the goal of grid compliance is improving the stability of the grid. 

For instance, one requirement is the (LVRT) capability, i.e., the ability of a power plant to 

remain connected to a grid during voltage sags and to actively contribute stability to a 

power system by providing reactive power until fault clearance. Injection of reactive power 

during the grid fault may endanger coordination of the protective relays [52].  

2.3  Available Solutions for Protection Scheme of Microgrids 

Referring to the Fig.2.1, there are some methods to improve the stability, and 

protection performance of microgrids.  Hereby, the brief description for each solution 

mentioned in Fig.2.1 is explained in below [53-54]:  

Adaptive Protection: Due to different levels of fault during off-grid and on-grid 

modes, existing overcurrent relays should provide required sensitivity, and selectivity.  

Current Limiting:  Current limiting is required to avoid equipment damage, and 

safety issues.  
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Virtual Impedance: with contributing in power flow control, virtual impedance can 

compensate harmonics, shape a desired dynamic, and fault ride through.  

Fault Current Limiter:  Based on the LVRT requirements, the DG should be kept 

connected to the grid, during the fault condition.    

Fault detection: A promising islanding detection method is required to meet the smart 

grid requirements. 

Standardization: High reliable, cost-effective, and fast communication standards, 

and utility codes are required for the implementation. 

This work focuses on anti-islanding protection with proposing a new method which 

functions only based on the frequency measurement of point of common coupling (PCC). 

In the next section, the definition of islanding incident is presented, and conventional 

methods to detect islanding are briefly compared. Also, the proposed method which is 

called locking frequency band detection (LFBD) has been discussed in Chapter 3 provided 

with verified simulation results for different scenarios. Experimental verification of this 

method proving it in different conditions has been also discussed in the Chapter 4. 
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2.4 Anti-Islanding Protection  

This integration of distributed generation often placed close to the load being served 

creates active power networks [55-61]. In these active networks, accidental formation of 

an island(s) must be avoided mainly because of possible safety issues for maintenance 

personnel. With referring to Fig. 2.2, an island is created when the network is split into 

separate parts such that one part contains distributed generators and loads and the other 

part is the main utility. Under these circumstances, island’s load demand can be matched 

with the island generation. Naturally, insignificant changes in voltages and currents may 

be observed after the island is created and it causes problems to the operation of the grid 

and other units within the power island [59]. Moreover, it can also be hazardous for the 

maintenance personnel. Thus, according to many standards such as UL 1741 or IEEE 1547, 

accidental islanding in current practice of utility is not allowed, and upon islanding 

detection, all DGs are mandated to be disconnected [55-61].  

 
Figure 2.2.   Single Phase Inverter Based DG System under test for islanding detection 
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Islanding detection methods can be classified into two major groups: remote and local 

methods [57].   

Remote techniques are based on the communication between utilities and DGs such 

as power line communication, supervisory control and data acquisition that do not have 

non-detection zone (NDZ), but are expensive to be implemented [58-60]. NDZs are defined 

as a loading condition for which an islanding detection method is unable to detect islanding. 

[59]. As this parameter varies among different islanding detection methods, it causes to 

prioritize one approach to other methods. Load (the load inside the potential island) can be 

modeled as a parallel RLC circuit, as for most islanding prevention methods it is some type 

of RLC load that causes the most difficulty in detection. Local detection techniques which 

are just related to the DG can be classified into two major divisions: passive and active [55-

61].  

Passive methods are based on measuring local parameters of DG and comparing it 

with the reference value. Some famous passive methods are over/under frequency 

protection (OFP/UFP), over/under voltage protections (OVP/UVP), phase jump detection, 

and voltage harmonic monitoring [60-65]. However, all these methods are almost simple, 

they fail to detect islanding in some conditions; for example, when the inverter generated 

power closely matches with the load in OVP/UVP or OFP/UFP methods, or when the load 

power factor is unity in phase jump detection method [59, 66-67]. Rate of change of 

frequency, rate of change of power, change of impedance, voltage unbalance, and harmonic 

distortion are included in other well-established passive methods that fail to detect in some 

conditions. Therefore, these methods alone due to having some NDZ, are generally 

considered to be insufficient to detect islanding, and they need to be added to some other 
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methods to create hybrid techniques [68-71] 

Active methods try to reduce the NDZ of passive methods by adding some turbulence 

in the inverter [59-63]. The idea behind active detection method is that this small 

perturbation will result in a significant change in system parameters when the DG is 

islanded, whereas the change will be negligible when the DG is connected to the grid. This 

method is also unable to detect islanding in all conditions, such as active frequency drift 

(AFD) method made by adding small increase/decrease in the frequency of the inverter 

output current while monitoring the frequency of the voltage fails when the load phase 

angle matches with the phase offset of the perturbation. Also, in the multiple-inverter case, 

there wouldn’t any agreement between all manufacturers of inverters in the direction of the 

frequency bias [64].  Sandia frequency shift (SFS) method (AFD with feedback) also 

improves the performance of the AFD method by adding positive feedback to drift the 

frequency away from the nominal value, and it is faster than the AFD method, but phase 

angle of a parallel RLC load depends on the operating frequency, and this may result in 

islanding not being detected; so, this method should be combined with the Sandia Voltage 

Shift (SVS) method to be a very effective method. The main advantage of this method is 

that its efficiency does not change with the load’s quality factor [54].  

The main advantage of SFS method is that its efficiency does not change with the load’s 

quality factor [5]. Q (quality factor) of a circuit: determines how well the RLC circuit stores 

energy, and it is defined in (1)for a parallel RLC load.  

                                               � � � � � �

�
� � 	 �
 �

�

� � �
,                                                      (1) 

Where R is the load resistor, C is the load capacitor, L is the load inductor, and � 	  is the 

resonant frequency of the load respectively. 
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In sliding mode frequency shift (SMS) method which is very similar to AFD, phase 

angle of inverter current is controlled. When this phase is increased, it is interpreted by the 

controller as a frequency increase, until the frequency exceeds the over frequency limit. 

This method acts slowly and fails to detect islanding during certain load conditions [59].  

Ref. [72] shows active reactive power drift (ARPD) method which is similar to AFD 

and SMS in changing the phase difference between the load voltage and inverter output 

current, but it has a smooth and contentious phase variation, and it doesn’t depend on the 

zero- crossing detector such that the harmonic quality of output current is not deteriorated. 

More details about other methods including hybrid method which is combination of both 

passive and active methods can be found in the references [59, 73-81]. 

A new algorithm categorized in active methods of anti-islanding protection, without 

direct communication link, is proposed in this research. The concept behind this algorithm 

is creating a frequency command which should be applied to the DG. By measuring the 

variations of this frequency command, the islanding condition can be detected. Table. 2.1, 

and 2.2, show the main advantages of this proposed method compared to other common 

islanding detection methods. As demonstrated, no NDZ, not being influenced by the 

number of connected inverters, and being operable under multiple DG units are the main 

advantages of the proposed method compared to other active methods [57].  
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TABLE 2.1. Common Features of conventional anti-islanding protection method  

Islanding 
Methods 

Slip Mode 
Frequency 

Shift (SMS) 

Active Frequency Drift 
(AFD) 

Sandia Frequency 
Shift 
(SFS) 

Frequency Jump  
(FJ)  

Principle Applying 
positive 

feedback to 
the phase of 


 ���  

Adding a short period 
of zero time into output 
current of the inverter 

Similar to AFD 
with adding 

positive feedback 
(AFDPF)  

Inserting dead zones into 
the output current like 
AFD, but not in every 

cycle  

NDZ Small 
(For large Q 

loads) 

Small 
(For large Q loads) 

Small 
(For large Q loads) 
Less compared to 

other active 
methods 

Zero NDZ only for Single 
DG  

Operation 
Under 

Multiple 
DG 

Complex:  
Synchronization is required 

 

Ineffective:  
Each inverter can cancel 

each other out  
 

Power 
Quality  

Slight Degrade and negative impact on the MPP  
Due to the disturbance injection and the necessity to be combined with other active 

methods to be effective 
 

TABLE 2.2. Common Features of the proposed anti-islanding protection method which is called LFBD  

Islanding 
Methods 

Locking Frequency Band Detection (LFBD) 

Principle Applying positive feedback 
to the phase of 
 ���  

NDZ None 
(Verified up to Q=5) 

No need to be combined with other 
methods 

Main 
Formula 

� � � � � � � � � � � � ��� � � � �  Operation Under 
Multiple DG 

Possible: 
All units use a common command 

frequency to detect islanding 
Power 
Quality  

Slight Degrade: 
Due to the disturbance injection without changing the current/voltage amplitude 

 

2.5 Summary 

This chapter presents an overview about protection solution for microgrids that can 

overcome some of the problems related to protection of microgrids. This is based on fault 

detection, automatic adaptive protection, that is, change of protection settings depending 

on the microgrid configuration based on pre-calculated or on real-time calculated settings. 

The implementation of an adaptive protection system can be deployed with a centralized 

or decentralized approach, depending on the distribution of functionalities. Also, this 
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chapter summarizes the main protection challenges, and has focused on the anti-islanding 

(AI) protection as one of the main requirements which has been addressed in this research. 

It also discusses the drawback of conventional AI protection methods which are commonly 

used todays, and shows the reason why we need a new method to provide a better 

performance in detection.  Moreover, the main improvements obtained by the proposed 

method (LFBD) are listed, and it is compared with other conventional methods. The details 

of this proposed method is presented in the next chapter. 

  



 
 

 

 

 
 
 
 
 

CHAPTER 3: LOCKING FREQUENCY BAND DETECTION (LFBD) ANTI-
ISLANDING PROTECTION METHOD 

 
 

With referring to Fig. 1, assuming a grid frequency with 60Hz rated frequency, and 

existing power balance between sources and loads after islanding, sampled load frequency 

at PCC (f[n]) which is also called instantaneous frequency will be varying negligibly within 

the range of 59.3<� ���� <60.5. Hence, with comparing the � � � � before and after applying a 

low pass filter, the frequency error (��  ���  )is created due to the grid absence and lack of 

reference frequency set by the grid for the load. F[n] which is called trend frequency, or 

filtered frequency is the frequency extracted after passing the � � � � from a low pass filter 

implemented by using an infinite impulse response (IIR) digital filter as shown in Fig.3.1, 

and defined in (3.1). Eq. (3.2) shows how to extract ��  ���  by subtracting the instantaneous 

and trend frequencies. The proposed method utilizing this concept as shown in Fig.3.1, with 

relying on only local frequency measurement of PCC, provides a flexible, cost effective, 

easy to be implemented active method with no NDZ, and fast response to detect islanding 

incident. In an interconnected synchronous generator or droop-based microgrid, load is 

inversely proportional to frequency. Therefore, when load increases, frequency will drop. 

In other words, with referring to (3.2), the frequency error will become negative, and 

consequently, the inserted frequency to the DG (� � ��� ) defined as a command frequency will 

drop. Therefore, the inverter frequency will be aligned with the load frequency.  
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Figure 3.1   Proposed algorithm (LFBD) to detect islanding 
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This general relationship is used to determine the island even under closely balanced 

DG systems and microgrids.   

                                                         � � � � �
!"#

!
� � � $ % � �

#

!
����                                               (3.1)  

                                                                  � � � � � � � � � � $ ����                                                    (3.2)  

                                                                 � � � � � � � � � � � ���� � � � � .                                            (3.3) 

Where K>1 is an integer chosen based on desired system response time. The simplest analog IIR 

filter is an RC filter made up of a single resistor (R) feeding into a node shared with a single 

capacitor (C). The advantage of IIR filters over FIR filters is that IIR filters usually require fewer 

coefficients to execute similar filtering operations, work faster, and require less memory space. 

Then, deviation of frequency��  � � �  can be defined as an error measured between sampled and 

filtered frequency [55-57]: 

Based upon��  ��� , the frequency command,��&� � � ' of the inverter is calculated with adding 

amplified disturbance as shown in (3.3). Where �  as the accelerating coefficient is a constant 

integer, typically, greater than one and determines the rate at which the frequency command is 

adjusted. Therefore, frequency varies if the load is not matched with the generating power in such 

a way that it decreases if the load is larger than the generating capacity and vice versa. 

Consequently, through using an over/under frequency protection circuit (OFP/UFP) with setting a 

threshold limit (()*+ , � - , ./*( ) which is an acceptable range for gird frequency variations set 

by UL standard, islanding can be detected when the frequency passes the limit [76]. Frequency 

command variations (" �&0�defined in (3.4) as the mere parameter to detect islanding incident is the 

difference of command frequencies in two adjacent samples.   

                                                            ��1�� � � � � � � � � � $ � � � � $ % �                                           (3.4) 
 

A relatively difficult condition to detect islanding is for a stiff frequency grid with a constant 

frequency when the load exactly matches the generating capacity. So, when the grid frequency is 

stiff, and due to the power balance between source and load, both sampled and filtered frequency 
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cannot deviate considerably from the rated value. So, the frequency command of the inverter also 

remains constant, and therefore, the frequency command variation becomes almost locked as 

shown in (3.5) -(3.6). In this condition, " �& variations fall into inner threshold band2134) which is 

set very close to the zero.  

                                                      �� � � � � � � $ % � , F[n] =F [n-1]                                               (3.5) 

                                                F[n] =����� � � �  ,����� � � � � � � � � $ % ���' 1�� � � � � /                            (3.6) 

To present all possible scenarios, Resonant Tank (RT) condition is defined as a condition in 

which grid frequency is stiff, and the grid may or may not be connected. In other words, during the 

RT condition, the frequency may be either equal or it has small fixed error with respect to the rated 

frequency (60 Hz).  For example, when the grid is operating at 60.1 Hz while the rated frequency 

is 60 Hz. Likewise, for a weak grid, the frequency �&� � � 5 � &� � $ % � '�and the frequency command 

of the inverter varies. After islanding happens, both f[n] and F[n] are deviated gradually from the 

rated frequency, and therefore��  ���  moves close to zero, as the difference between sampled and 

filtered frequency, due to the missing updated frequency information from the grid, gets saturated 

in some minimal values. Consequently, " �&�is locked in some negligible values, and it falls into a 

band called outer threshold bands (1�67 ). After passing few cycles in this mode with observing the 

locked frequency band, the DG will be shut off. Then, to avoid any possible spurious event, one 

layer of coding is added to the firmware as the last step to verify the islanding event through 

measuring the PCC voltage such that if the 
 8&&�is changed to zero, it means that the grid is 

disconnected. In other words, if the frequency variation is within the inner band2134), and the grid 

is still connected, RT mode is occurred, and when the " �&� is beyond this band but is still limited 

within the outer band (1�67 ), and the grid is disconnected, islanding is detected.  As the detection 

is based on the frequency band in which " � � � is locked, this method is named locking frequency 

band Detection (LFBD) method.  
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3.1. Simulation Results and Discussion  

There are few parameters need to be addressed to ensure islanding detection within 

the standard requirements. As this method operates based on only frequency measurement 

of the PCC, the Infinite Impulse Response (IIR) filter is used to reach two main goals 

simultaneously: first is digitizing the sampled frequency, and second is lagging the 

measured frequency detect trend of the system, and ��  , when frequency reference gets lost 

due to the islanding event. 1<K<10 is selected in (2) to represent a single pole low-pass 

recursive filter smoothing the edge of a sampled frequency variation just as a RC filter when 

islanding happens. It should be noted that K>10 is avoided as it does not considerably affect 

the obtained frequency error. 

The next parameter is the accelerating coefficient � , which is defined based on the 

obtained�� � . �  is the gain multiplied by the frequency error to generate the injected 

disturbance, and its value is selected by the designer. It is better to set some initial values 

for �  relative to the��  , and do not change it for different load conditions. With 13s as the 

sampling time, the �� �  is obtained lower than 13Hz, and conclusively �  is chosen 1000 to 

create a disturbance in the range of at least 1 mHz (�� �  =1mHz) to ensure the stability criteria.  

For values around the selected � , detection time of islanding is almost constant and not 

sensitive to the chosen � , and accuracy is not affected.  
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(a) 

(b) 

Figure 3.2. (a) Negligible frequency command variations, and grid frequency when the grid is ideal 
with constant frequency (60 Hz) and there is no islanding (b) Grid current, load voltage, and frequency when 

islanding happens at Time=0.8 sec, and there is an exact power match between source and load (� � =2.5). 

Islanding occurrence 

Frequency is locked to 
59.5 Hz 
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(a)

(b) 

Figure 3.3. (a) MPP voltage and current for a commercial PV panel (b) Grid voltage and current in per 
unit (pu) when there is no islanding. 

 

Fig.3.2. (a) indicates that grid frequency is fixed, and frequency command variation 

is negligible. Results clearly show that due to the close power matching between the source 

(PV), and load, the grid current in Fig.3.2 (b) can be ignored. Fig.3.3 (a) shows the DC 



 
 

 

voltage with maintaining MPPT, and current of a commercial PV panel with 
 9887 = 31.3V, 

:9887 = 9.2A, 
 �& � +)*;
 , and Fig.3.3. (b) shows the grid voltage and current per unit when 

there is no islanding.  

 

(a) 

    

(b) 
 

Figure 3.4. (a) (" �&� � � $ 1� &� � $ % �0 vs. Time (sec) before islanding (RT mode) when it is locked within 

2134� (�<=>0  (b) (" �&� � � $ 1� &� � $ % �0 vs. Time (sec) after islanding when it is locked within the 
21340�?�@ 21�67 0  
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This creates the most difficult conditions to detect islanding, as the grid frequency is 

equal to the resonance frequency of the load (60Hz), and due to the power balance, grid 

current is negligible, and grid frequency is locked inside the acceptable frequency range 

(()*+BC , � - , ./*(BC0  as shown in Fig.3.2. b.  

Depending on the chosen PLL response time, sampling time (1us), and controller 

response time, islanding detection period in the presented simulation is assumed ten cycles, 

the inner threshold band (134) is assumed to be 5 3Hz noting the obtained results for the " �& 

in Fig.3.4. (a), and outer threshold band (1�67 ) is chosen 1 mHz to ensure precise islanding 

detection, and discriminate the RT, and islanding events (Fig.3.4. (b)). Whenever islanding 

happens, " �& is locked between the 134, and 1�67 , and after passing certain number of cycles 

in that region, islanding detection period is overflown, the inverter is turned off, and 

correspondingly islanding command is sent out if no voltage is detected at the PCC. As 

expected, OFP/UFP fails to detect the islanding as the frequency is still within the valid 

range. Therefore, we need another method such as LFBD with no NDZ to detect the 

islanding occurrence. Simulation results for this method in different scenarios based on the 

quality factor, and grid frequency conditions are discussed below:  

1)  Stiff frequency grid with rated frequency and low quality factor (� - � ./BC , � � =0.1): 

Fig. 3.5 and Fig.3.6 show the simulation results when � � =0.1, and an ideal grid with (�D �

./=>  ) is used. Islanding happens at 0.8 second and it should be detected at least in 2 seconds 

after occurrence. As expected, as long as the grid is still connected, operating with a constant 

frequency, RT mode should be detected. This condition is detected when " �& falls into the 

134 after passing minimum acceptable required cycles (ten cycles).  



 
 

 

 

Figure 3.5. Load voltage (EF���� ) and grid current in per unit (pu) with� - � ./BC , � � =0.1when 

islanding happens at Time= 0.8 sec, and it is detected at Time=1.28 sec. 

 

 

 

Figure 3.6.   Frequency command variations " �&, RT and islanding commands for Stiff frequency grid 
with rated frequency and low quality factor (�D � ./=> , GH=0.1) 
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When islanding happens at Time=0.8sec, the frequency command variations, " �&, 

becomes locked within the outer threshold band 21�67 ) and when the number of cycles in 

which these variations are locked exceeds ten cycles, the inverter is turned off. After 

shutting off the inverter, no voltage is detected at the PCC verifying that the grid is 

disconnected such that islanding is detected at Time=1.28 sec.   

2) Stiff frequency grid with rated frequency and high quality factor 2�- � ./BC' � � =2):  

Fig. 3.7 shows the grid voltage with constant rated frequency, and high quality factor (� � =2). 

The RLC values are selected based on the Table 3.1. As expected, a higher network Q 

factor leads to a stronger resonance circuit and consequently, islanding detection would be 

more difficult. Therefore, it needs more time to detect islanding event. As indicated in 

Fig.3.7, islanding is detected at Time= 1.316 sec.  

3) Weak frequency grid with variable frequency and low quality factor (� � =0.5):  it has 

been assumed that the gird frequency is variable in the shape of a sinusoid with 0.1Hz 

amplitude and 60 Hz average value. This is very similar to a practical grid frequency 

measured in the lab. Islanding happens at Time =0.7 sec, and it is detected at 1.15 second, 

as shown in Fig. 3.8 and Fig.3.9. As expected, due to the variable frequency, detection is 

slightly faster compared to the fixed frequency. It should be noted that the range of a valid 

grid frequency is within the acceptable range which is (()*+BC , � - , ./*(BC ).  If the grid 

frequency is out of this acceptable region, the proposed algorithm has also the ability to 

provide the OFP/UFP protection and trip off the inverter.   



 
 

 

 

Figure 3.7. Grid voltage and current in per unit (pu) with� - � ./BC , � � =2 when islanding happens at 

Time= 0.8 sec, and it is detected at Time= 1.28 sec. 

 

 

 

Figure 3.8. Frequency Command Variation " �� , RT and islanding commands for stiff frequency grid 

with rated frequency and high quality factor (�D � ./=>' G H=2) 
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Figure 3.9.  Load Voltage (
 8&&0�and grid current in per unit (pu) for a weak frequency grid with variable 

frequency and low quality factor (GH=0.5). 

 

 

 

Figure 3.10.   Frequency Command Variation " �&, RT and islanding commands (� � =0.5), after islanding 

happens at Time=0.7 sec. " �& becomes locked within 21�67 0  resulting in islanding detection at Time= 1.15 
sec. 
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Table 3.1. RLC Values in the simulation with various quality factors (� =1000, K=2) 

Implemented 
Scenarios 

Quality 
Factor 

L (H) C (F) Detection 
Time (s) 

Stiff Frequency Grid 5 590 3H 11 mF 0.5833 
Stiff Frequency Grid 2 1.49 mH 4.7 mF 0.5166 

Stiff Frequency Grid 0.5 5.9 mH 1.2 mF 0.50 

Stiff Frequency Grid 0.1 30 mH 240 3F 0.4833 

Weak Frequency Grid 0.5 5.9 mH 1.2 mF 0.45 

 

Table 3.1 summarizes the key features of all implemented scenarios including quality 

factor, LC values, and detection time for islanding through using LFBD method. It explicitly 

shows that as expected, with increasing the quality factor, the load persistence to the 

frequency deviation is magnified, and consequently the required time to detect islanding is 

increased. There is no linear relation between the detection time, and the quality factor, 

however with increasing the quality factor, stronger resonant tank circuit will be created on 

the load side which exacerbate the detection time.  

3.2. Comparison of LFBD with Sandia Frequency Shift (SFS) Method 

Adding positive feedback of disturbance to create command frequency is the only 

resemblance of this method to SFS method, but the detection criteria, and the parameter 

which should be monitored to detect islanding are completely different. SFS utilizes the 

positive feedback in frequency, and when the utility is disconnected and consequently, 

sampled frequency of the point of common coupling (PCC) varies, with referring to the 

(3.7), the frequency error 2�� $ � �34I 0which is the difference between sampled and nominal 

frequencies (� � ' � �34I 0 is increased, and the chopping fraction (
�0  is raised in result. In 

contrast, in the LFBD algorithm, when a frequency weak grid is connected, the command 

frequency varies in each sampling point, and the (" �&0 has non-zero value. When the grid 

is disconnected, there is no updated information about the frequency and so, the frequency 



 
 

 

command of the DG remains constant. In SFS, the chopping frequency (
�0  exceeds the 

threshold band to detect islanding, but in LFBD method, (" �&0 in a different concept, 

should fall within the inner and outer threshold band, and gets locked to detect the islanding 

event.  


� � 
� 	 � J2� � $ � �34I 0                                           (3.7) 

With referring to [54], it can be realized that in SFS, the inverter’s output current is 

set back to zero at each zero crossing of the PCC voltage to stay synchronized with the 

grid. So, it will be zero earlier than the voltage waveform when the inverter frequency is 

higher than that of the grid. Therefore, the current will stay at zero until the next zero 

crossing of the voltage. This behavior will create a short dead time in the inverter’s output 

current waveform. This event will produce current truncation which is depredating the 

output power. For example, when PV is used a DG under test, it will negatively impact the 

MPPT operation. Also, the efficiency of SFS method decreases significantly when the 

quality factor of load is high. In contrast, the current and voltage is not affected in LFBD 

method and no harmful impact on the power quality will be observed.  

In [59, 76], it has been shown that with reducing the K, which is the accelerating coefficient 

in SFS method, the power quality degradation and undesirable transient behavior in the system is 

reduced, but the size of NDZ is increased, especially for the loads with higher quality factor.  As 

the SVS method is not influenced by quality factor of the load, that’s why the combination of these 

two methods is very efficient to detect islanding and it presents a very small non-detection zone. 

Moreover, from power degradation point of view, the frequency error of the SFS 

method,K�8&&$ � -L3� M is significantly higher than the frequency error, ��   in the LFBD method 

when islanding happens. The reason is ��   is calculated based on the difference between the filtered 

and sampled frequency at the same point which is pretty small value, while frequency error in the 



 
 

 

SFS method is the deviation between the grid, and load frequency which is moderately increased 

after islanding occurrence. Therefore, it can be said that power degradation in LFBD method has 

also been improved compared to the SFS method due to the lowered injected disturbance. It has 

been noted that scenarios have been simulated in this paper are the severe condition in which SFS 

method is unable to detect due to having NDZ and exact power match between the generated power, 

and the demanded power. Therefore, it needs to be combined with other methods to be an effective 

method [81-83].  

 
(a) 

 
(b) 

 
Figure 3.11. Comparison of LFBD with other active methods based on the frequency disturbance injection 

from point of detection criteria and disturbance injection    



 
 

 

In general, Fig. 3.11 demonstrates why the concept and criterion to detect islanding in LFBD 

method is not similar to the criterion in other active methods. 

3.3. Multiple Inverters Operation  

For multiple-inverters system, the string consists of five prototype units is simulated in 

MATLAB/Simulink as shown in Fig.3.12. Each prototype unit emulates the behavior of a PV 

inverter, and a LC filter is assumed with Q (Quality Factor) <2.5 to create a sinusoidal waveform 

for each unit. Fig.3.13 including two PV inverter strings in parallel connection is selected to 

generate more power, and show the multi-inverter operation. Three different scenarios are 

simulated to show different system characteristics. In all cases, it is assumed that islanding happens 

at Time = 2 sec. According to IEEE 1547 standard, the algorithm must detect the islanding less 

than 2 seconds after occurrence.  
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Figure 3.12. PV Inverter string under test for islanding detection 
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In simulation, it is assumed that each PV inverter generates 300 W and the strings injects 

total amount of 3KW (5×300×2=3KW) to the grid. Fig. 3.14 shows both string specification when 

the load required power (4KW) is bigger than the generation power (3KW). As it can be seen, 

islanding is detected at Time = 2.35 sec. The event in which load demand power (2KW) is less than 

the production power (3KW) is shown in Fig. 3.15.  Islanding is detected much faster at Time = 

2.06 sec.  
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Figure 3.13. Circuit Diagram of whole system as islanding happens when S1 switch is opened 
 

 

Figure 3.14: load power higher than PV network 
 

 



 
 

 

 
Figure 3.15: load power lower than PV strings network 

 

 
Figure 3.16: Load power exactly matches to the generated power 

 
 
 

As expected, the current and voltage amplitudes vary after islanding happened depending on 

the load conditions such that the string current is increased/decreased respectively when the load 



 
 

 

power is higher/lower than the generated power to maintain the power balance between the load 

and production. 

The most difficult case to detect islanding is when the load power exactly matches 

the generated power as shown in the Fig.3.16. In this case, Islanding is detected less than 

0.1 after occurrence. 

In the large systems with multiple DG systems, the LFBD method can be as effective 

as a system with single DG. The reason behind that is this method doesn’t need any 

information of voltage, and current for the DG. The only required information is the 

frequency at the PCC which is common among all inverters regardless of number of them. 

Then, disturbance needs to be injected to each inverter individually, and the islanding event 

is detected for each inverter independently. So, if the same amount of disturbance is 

injected to each inverter, the detection happens simultaneously for them, and if different �  

is selected for each inverter, they will detect the islanding event in different times, and will 

be shut off with some delay respect to each other. Therefore, this method can be applied to 

any type of microgrid regardless of size, and capacity.  

3.4. Summary  

However, there are so many typical methods to detect islanding event, all of them 

lack to perform properly in sever conditions in which there is an exact power balance 

between the generated power by the source, and the demanded power by the load, or they 

might be very costly, or complex to be implemented. In this case, frequency deviation 

cannot pass the acceptable range for the rated value. So, the method is unable to deliver a 

reasonable form of protection against islanding. Due to these inadequacies in the power 

mismatch plane, a non-detection zone (NDZ) is created, and that’s why active methods 

need to be combined especially with the Sandia Voltage Shift (SVS) which is impacting 



 
 

 

the magnitude of voltage to detect islanding condition, even in the balanced power 

conditions.  This chapter proposes a new inexpensive method which with only measuring 

the frequency at PCC, and without any conflict with other detection methods, can detect 

islanding event in the most difficult conditions when there is no power mismatch between 

the power generated by the inverter, and the power demanded by load. In the next chapter, 

the details of the proposed power matching point tracking method including the simulation 

verifications will be presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 
 

CHAPTER 4: POWER MATCHING POINT TRACKING (PMPT) METHOD 
 
 

As already explained in the Chapter 1, a conventional DC microgrid can be pictured 

as shown in Fig. 4.1. If we have at least one controllable DC loads connected to the DC 

common bus, the proposed method named power matching point tracking (PMPT) can be 

employed to regulate the common DC bus without contributing the solar DC/DC converter. 

In the proposed control method, any controllable DC load integrated with a DC-DC 

converter can be directly connected to the PV array. Hence, the PV capacity could be 

notably smaller than a conventional AC system to produce the same amount of energy from 

PV to the DC loads. This means considerable reduction in installation costs for the same 

energy benefit. As the controllable load demands variable power, the DC-DC converter is 

tuned to supply required current for the load, and correspondingly regulate the bus voltage.  

In other words, the proposed solution will compensate the power mismatch whenever 

it is occurred due to a power outage in the islanded mode, when the grid is not available to 

provide the required voltage.  

The system without contributing a solar DC/DC converter can be simplified in Fig. 

4.2. The equivalent circuit of this local power network can be represented in Fig. 4.3 in 

which all power sources are replaced by current sources, and all DC loads are presented by 

current sinks. 
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Figure. 4.1. General Scheme for a conventional DC microgrid 
 

To prove the proposed solution, a system consists of a grid-tied PV inverter which 

has been integrated with a DC/DC converter is the main requirement. Fig 4.3 illustrates the 

implemented setup including the proposed control method for the grid tied PV inverter 

integrated with a controllable DC load which is paired with the common dc bus through a 

DC-DC converter. For the load connected buck converter, two current control methods 

including average current control for the load, and PV current control for the maximum 

power point tracking (MPPT) control are employed and utilized alternatively. For grid 

connected inverter, the outer loop controller maintains the maximum power point (MPP) 

voltage for the DC link voltage, and the inner loop controller regulate the AC current to 

preserve the unity power factor 
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Figure. 4.2. Simplified Model of a DC Microgrid in which PV is directly coupled to the controllable load 
through a buck converter 

 

Figure. 4.3. Equivalent model of the DC microgrid in islanded mode when the grid source is disconnected 
 

 
Figure.4.4. Implemented setup including a bidirectional inverter, and PV integrated with the controllable 

DC load 
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This bidirectional inverter is integrated to preserve the MPP in the grid connected mode, 

and compensate the probable power mismatch between the PV source and DC controllable 

load. More details about robustness analysis, filter design of the given inverter for high 

current applications, and distributed control for cascaded topology have been discussed in 

[84-87]. 

In grid connected mode, it has been assumed the system operates at MPP through a bi-

directional inverter as shown with a constant power line which is shown with green color 

at Fig.4.5. With assuming that the load demanded power is greater than maximum available 

PV power, the load nominal power is considered aligned with a virtual PV curve.  

loadP

´
lowequiV _

loadP pvP

pvP

 

Figure.4.5. Operation modes of the source (PV) and controllable DC load integration before and after 

possible power imbalance 
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In islanded mode, as the controllable load demands variable power, the DC-DC 

converter is tuned to supply required current for the load, and correspondingly regulate the 

bus voltage. In other words, load power is adjusted to meet the new equilibrium point              

( lowequiV _ ) to meet the power balance on the actual PV curve as shown in Fig.4.5.  

In Fig.4.5 power curves for both PV, and DC controllable load respect to the bus 

voltage in overloading mode when load power is greater than source power before the 

moment that islanding happens are shown. As shown in Fig.4.5 , when Islanding happens, 

or due to the irradiance drop for an islanded system, power mismatch is created, the bus 

voltage drops, and the load current controller needs to raise the duty cycle of the buck 

converter to regulate the constant load power. Lack of lowered power means that load 

operates with a constant power, representing the duty cycle of the associated buck 

converter as a hyperbola function respects to the bus voltage. So, with decreasing the bus 

voltage, the load current must increase to maintain the constant power, but increasing the 

duty cycle undesirable tends to lower load current as we move on the left direction of the 

PV curve, and correspondingly the available power can be generated by the PV is 

significantly reduced. This incident expedites the duty cycle increment, and increases the 

power imbalance which eventually results in the system instability, and controller shuts 

down. So, to avoid system failure, lowered load power, and applying load shedding is 

required for the integrated PV-controllable load system to meet the new matched power 

point which is an intersection of load and PV curves, as demonstrated in Fig 4.5. This 

enforced load shedding solution is called power matching point tracking (PMPT) method.  

In contrast, there is another mode called overgeneration in which load power is less 

than the source power as long as the grid is connected. In other words, the extra power 
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generated by the PV is delivered to the grid in overgeneration mode. This will cause the 

bus voltage to increase, and consequently the DC link capacitor is charged. In this mode, 

the load power will intersect the PV curve, so the system will operate automatically in a 

stable region and will meet the power balance autonomously. This feature helps us raise 

the load power without reaching the maximum allowable bus voltage to meet the power 

balance at a voltage below the maximum allowable bus voltage to increase the over voltage 

protection (OVP) margin of the system. So, the output voltage sensing for the DC-DC 

converter may be necessary for overvoltage protection to avoid overheating the converter. 

Also, it should have the capability to operate in overload conditions (10-20% above the 

full current) for certain amount of time. This will help us to increase the load power without 

reaching the maximum allowable input voltage. 

During the system startup, it can be assumed that the system operates at the grid 

connected mode, and the MPP is sustained by the bi-directional inverter. In other words, 

load power is fixed, and if overgeneration happens, the extra source power from the PV 

supplies the grid, and inversely if overloading happens, the remaining power is provided 

by the grid. It should be noted that in the overgeneration mode, there might be another 

intersection between the constant load power, and the PV power curve which might be 

mistakenly considered as a matched power point, but because the system tends to diverge 

at this point to meet the power balance, this is not a stable point to meet the power balance, 

and the system will skip it.  

In this research, only overload condition is discussed as shown in Fig.4 considering 

that system is automatically stable in the overgeneration mode when the bus voltage is 

increased due to the power mismatch, and will intersect the PV curve at the equilibrium 
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point. Contrary, if islanding happens at overloading mode, bus voltage drops to meet the 

new intersection on the PV curve which is called lowequiV _ . The reason is that the load power 

needs to be lowered to meet the diminished source power ( pvP ) in lower bus voltages due 

to the DC link capacitor discharging caused by the power mismatch ( loadpv PP <  ). The 

moment that load shedding is started, is related to the size of the capacitor such that with 

choosing a bigger DC link capacitor, the time interval to hold the load power at the nominal 

point is increased, and correspondingly the slope of bus voltage reduction after creating the 

power mismatch is reduced. Also, with considering direct coupling of PV and common dc 

bus, if the irradiance drop is raised, the power imbalance which is directly related to the 

current difference between the nominal load and actual PV curve is amplified, and the bus 

voltage drop will be faster as shown in Fig.4.5. 

 

Figure.4.6. Ideal load shedding of PMPT in overloading when there is no DC bus voltage drop   

Ideal load shedding in 
PMPT method 
(Impractical) 
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Figure.4.7. Anticipated path for Non-adaptive PMPT when you know the predefined reference load current 

 

In desired case as shown in Fig.4.6, we would like to have a direct load shedding path 

without affecting the bus voltage. This will result in the lowest fluctuation to the bus 

voltage, but in practical case, as explained before, power mismatch forces the DC link 

capacitor to get discharged, and consequently the bus voltage must decrease in overloading, 

and increase in the over generation modes. So, applying load shedding without DC bus 

voltage drop is impossible.   

The proposed PMPT method can be classified into two types of adaptive, and non-

adaptive methods. In non-adaptive method as shown in Fig. 4.7, it has been assumed that 

we know the load current required to meet the power balance. The anticipated path for the 

load curve is shown in Fig 4.7. We will see later that this is not also a practical scenario for 

islanded mode in which PV is directly integrated to the controllable load through a buck 

converter. The reason is we don’t know how much power mismatch has been created, and 
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in the load current controller shown in Fig. 4.4, it is impossible to intersect the PV curve 

on the voltages lower that MPP voltage by applying a predefined single-step reference load 

current.  

In other words, the predefined reference load current should be necessarily lower than 

the measured load current to maintain the load current regulation. This causes decrement 

on the duty cycle of the buck converter, such that it will increase DC bus voltage, and the 

system will jump to voltages higher than the MPP voltage. As expected, in this region, 

there is a positive relation between the direction of load current, and duty cycle increment, 

and the coupled source-load system has more tendency to operate in a stable condition.  

 

Fig.4.8. Adaptive PMPT which is a practical solution to meet the power balance 

Adaptive 
PMPT  
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Fig. 4.9. Proposed algorithm (PMPT) in adaptive mode to regulate the DC bus voltage  
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Fig. 4.8 shows the adaptive PMPT which is the only practical solution for meeting the 

new power matching point. In this method, as explained in the Fig. 4.9 the bus voltage is 

measured, and if two conditions are met, we can say that power mismatch is happened, and 

the load shedding needs to be applied.   

These two conditions which should be met both simultaneously are 1
 �& , / , and 


 �& , 
 9887  . 1
 �& , /  shows that we are moving on the left direction of the PV curve, 

such that the duty cycle of the buck converter keeps increasing, and 
 �& , 
 9887  means 

that the PV source power has become lowered than the MPP voltage, and therefore, load 

shedding is required to meet the power balance due to the lowered source power.  

As explained in the Fig. 4.9, when 1
 �& , $1
 �&"NO  it can be interpreted that bus 

voltage drop is significant, and it has been caused due to the capacitor discharging. 1
 �&"NO  

is called the threshold level of the bus voltage variation indicating the acceptable range of 

the bus voltage variations. When the bus voltage variation passes the lower threshold limit 

($1
 �&"NO 0 , load shedding needs to be applied to lower the demanded power, and this 

will continue in new sampling cycles as long as 1
 �&  is out of the predefined threshold 

band ($1
 �&"NO , 1
 �& , 1
 �&"NO  ) 

At the same time, and based on the implemented controller shown in Fig. 4.4, when 

power mismatch is created, duty cycle will be increased consistently, and the system will 

be unstable if we don’t limit the duty cycle. As explained in the Fig.4.9, limitation is 

required for the duty cycle to avoid system failure. To do so, duty cycle variations (4D) 

has been limited to force the system operate in the controllable region. Also, the controller 

error which is the difference between the reference, and measured load currents need to be 

measured to identify the direction of duty cycle variations.  In other words, if the error is 
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negative (Err < 0), it means that the duty cycle needs to be decreased, and vice versa: If the 

error is positive (Err > 0) the duty cycle has to be increased, and it needs to be limited on 

the upward direction. In the flowchart described in Fig.4.9, a threshold band based on the 

reference current has been considered for the error fluctuations, such that error within this 

range is assumed to be negligible representing that load current has been pretty much 

regulated.  

4.1 Simulation Results and Discussion 

In this section, the adaptive PMPT algorithm which was previously explained in detail 

has been simulated in MATLAB/Simulink. For better understanding of the proposed 

method, both incidents which may create power mismatch including power mismatch due 

to the irradiance drop, and power mismatch due to the power outage are tested, and verified. 

TABLE 4.1. Parameters selected for both simulation, and experimental verifications. 

PV Parameters  Value Load and Inverter 
Parameters  

Value 

Voltage at Maximum Power (mpptV ) 
32.9V Load Trip off Voltage 8V 

Current at Maximum Power (mpptI ) 
4.7 A Load Resistance 2.8 5  

Open Circuit Voltage (ocV ) 0.5 Switching Frequency 2�PQ) 40Khz 

Short Circuit Current (scI ) 5A DC Link Capacitor 2
 �& ) 10 mF 

Maximum Power (MPP) 151 W Grid Voltage 2
 - ) 25 V 

 

 

Fig. 4.10. Simplified model of a controllable load including a DC voltage source, and a resistor  
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For all simulation, and experimental verifications, the parameters for the PV panel, load, 

and inverter are selected form Table 4.1.   

 

Fig. 4.11. DC bus voltage without, and with employing the adaptive PMPT method  
 
 
 

 

Fig. 4.12. Load current results including the reference, and measured load currents after employing 
adaptive PMPT  

 

����	�56	
������-  

4���� 	��	� �	
��������	����	��	

���  

����������	���,�	  

����	� �����-	��	�,,����  

����������	���,�	��	
��7�	8	39:	���	  

4���� 	��	� �	
��������	����	��	���  

����	�56	������-  
����	� �����-	��	�,,����  ����	�������	��	��-������  

;�	8	*<	7�	��	� ��-�	� �	
���������	�������	  

;�	8	*�90	7�	  

;�	8	:$	7�  

����	� �����-	��	 ��� 	�,,����  



58 
 

 

Initially, the islanded system in which PV source is directly coupled to the controllable 

load is shown. For the controllable load, a LED lighting, or an energy storage system (ESS) 

is assumed. To simplify the equivalent model of this controllable load, it can be modeled 

as a DC voltage source connected in series with a constant resistor. For the simulation 

provided here, it has been assumed that the threshold voltage for the load is 7.5V, and 

equivalent resistor is 2 ohms.  

Fig.4.11 shows how much the bus voltage varies without, and with employing the 

adaptive PMPT method. As shown in this figure, without using the proposed load shedding 

method, the bus voltage drops significantly such that it will fall down to the threshold 

voltage (7.5Vdc). Therefore, the system loses its controllability, and basically it shuts 

down.  After applying the proposed PMPT method, the duty cycle of the buck converter is 

limited, and correspondingly the system failure is avoided. In parallel, the reference load 

current is decreased in multi-steps as long as the bus voltage drops.  

For the timing of the proposed PMPT method, as it was expected, at the startup of 

load shedding, because the power difference between load and source is higher, 

discharging current of the DC link capacitor will be bigger. So, the slope of bus voltage 

drops, and the speed of duty cycle increment will be faster, and consequently the system 

will hit the limit of duty cycle faster. Oppositely, whatever we are approaching the 

intersection of the PV, the power difference is considerably reduced, and it takes longer to 

pass the predefined limit for the duty cycle.  This has been clearly shown in Fig. 4. 12, and 

it has been demonstrated in more details in Fig. 4.13.  
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Fig. 4.13. Timing in the proposed adaptive PMPT  
 

 

Fig. 4.14. DC bus voltage with employing the non-adaptive PMPT method  
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Fig. 4.15. Load current results including the reference, and measured load currents after employing non-
adaptive PMPT  

 

As explained before, when the predefined reference load current is applied to the buck 

converter, while the duty cycles has also been limited to avoid system shut down, the bus 

voltage cannot be regulated at the voltages lower than MPP voltage. As demonstrated in 

Fig. 4.14, and previously described the reference current needs to be smaller than the actual 

current to cause current controller functions well. This results in the negative error for the 

current control (Err < 0), and consequently the duty cycle is expected to be decreased. That 

will force the system to jump to the voltages lower than the MPP voltage.  

As shown in Fig. 4.14, when irradiance drops, the bus voltage tends to be decreased, 

but after facing the new reference value for the load current, it is forced to jump to the 

voltages greater than MPP voltage to maintain the power balance, and as can be seen, it 

becomes constant around 36Vdc after reaching the steady state point.  
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For the current control, after passing the transient time which is less than 50ms, the 

load current is pretty much regulated, and the system operates with a constant duty cycle, 

and constant voltage which is greater than the MPP voltage. As previously explained, this 

type of controller for power compensation is not practical in the real case, as we never 

know that how much should be the chosen value for the reference load current to ensure 

stable operation of the PV-controllable load integrated system.  

The system depicted in Table. 4.1, and Fig. 4.4 is simulated in both grid tied and 

islanded mode to prove the functionality of the proposed PMPT control method in the 

outage mode.  It has been assumed that at the startup, system is running in the grid-tied 

mode with the =- inloadP 160w which is the demanded power by the buck converter, and bus 

voltage ( )dcpv VV = is regulated at mppV =32.9V after almost 0.2 sec as shown in Fig.5. 

When irradiance happens at Time = 1.2 sec, because without contributing the grid power, 

load power is greater than the maximum available PV power, the DC link capacitor needs 

to be discharged, and bus voltage should be decreased as shown in Fig. 4.16.  

For this reason, the PV voltage is decreased and simultaneously the PV current is also 

increased, moving slightly to the short circuit current.  

It should be noted that for the outage mode, even a non-adaptive PMPT will work 

properly and the system will fall down to a stable point below the MPP voltage. The reason 

behind that when power outage happens, bus voltage is decreased, and because there is no 

direct coupling between the PV source, and the controllable load, it can fall on the PV 

curve after applying load shedding.  

As the  winloadPwmppP 160150 =-<=  for the selected PV panel, the power difference 

(10w) is injected from the grid, as can be observed in Fig. 4.17, and due to the lower PV 
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power before retaining the MPP, the generated grid power is slightly higher at the startup 

as depicted in Fig.4.17.  

 

 

Fig. 4.16. DC bus voltage with employing the load shedding in islanding mode 
 

 
 

Fig. 4.17. pvP , gP , inloadP -  before and after islanding in overloading mode when inloadgpv PPP -=+  

MPP Region Islanding Region Transient 

mpptPpvP =  mpptPpvP <
inloadP -  

0=gP  
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Fig.4.18. P vs. V characteristics of the chosen PV panel before, and after applying load shedding 

 

 

Fig.4.19. Grid voltage (gV ), and current ( gI ) before and after retaining MPP in overloading mode. There is 

180-degree phase shift between grid voltage, and grid current 
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When MPP is maintained, the bus voltage is regulated around 32.9 which is the MPPT 

voltage, and when islanding happens at 1.2sec, the bus voltage drops because of DC link 

capacitor )( dcC discharging to compensate the power mismatch for the load. With employing 

the proposed control method operating at load shedding region, the inloadP - is lowered to 145w 

to match the PV power at the new regulated vdcVpvV 30== .To lower the load power, *
dc

I  

is reduced corresponding to the lowered bus voltage to avoid significant drop of dcV , and 

meet the new demanded power. Fig.4.18 also shows the PV curve and equilibrium points 

before and after islanding with employing the load shedding. 

As expected, and shown in Fig. 4.17, the generated grid power becomes zero after 

islanding occurrence. Fig. 4.19 also shows that when PV power reaches the MPP voltage, 

grid current, and grid voltage have 180-degree phase shift representing that the generated 

power by the grid is negative to compensate the extra power (10W) demanded by the load 

to meet the power balance.  

As was expected because the amount of power generated by the grid compared to the 

load power is small, the impact of power outage on the bus voltage drop is not very 

significant, and the bus voltage has been regulated around 30Vdc. This means that the load 

has minimal change after applying load shedding, and as can be observed in Fig. 4.18, the 

PV power is dropped from 150W to 145W.  

4.2. Summary:  

This chapter introduces a new method which can be utilized as a retrofit solution for 

existing DC microgrid topologies to maintain the MPP, and regulate the bus voltage on the 

DC link without using a solar DC/Dc converter.  This method which is called PMPT has 
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been fully described in this chapter. The only requirement to implement this method is 

having a controllable load such as ESS, or lighting system which has been directly integrated 

to the PV through a DC/DC converter. The proposed method in both adaptive, and non-

adaptive modes has also been tested and verified in this chapter. Provided results indicate 

that only adaptive PMPT can be applied to regulate the DC bus voltage, and without using 

it, the system will be shut down. Experimental verification of this method, and the LFBD 

method which was explained in chapter 3 are discussed in the next chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 
 
 
 

CHAPTER 5: EXPERIMENTAL VERIFICATION  
  
 
In this chapter, only experimental results for both proposed algorithms: LFBD 

islanding detection algorithm, and PMPT advanced control to regulate the DC bus voltage 

through a controllable load are presented.  

5.1. LFBD Verification:  

The proposed LFBD method has been implemented on a novel PV inverter 

architecture called AC stacked PV inverter as shown in Fig. 5.1. The AC stacked PV 

inverter, or Inverter Molecule™ (IMcule) is a distributed inverter topology suitable for 

PV/Battery applications. In its core, the IM utilizes low-voltage semiconductor devices like 

MOSFET with much better Figure of Merit (FOM) and higher yields compared to their 

high voltage counterparts. The first prototype of the IMcule architecture has been 

implemented to verify the proposed LBFE algorithm. In [83] the control scheme developed 

for the IMcule is described in detail. Here, we will rather focus on the supervisory control 

layer developed to verify the proposed LBFE method.  

The proposed islanding detection method (LFBD) is implemented in a lab scaled setup 

to prove the concept in both single prototype unit and a string consists of five units in a 

series architecture as shown in Fig.5.1. Each prototype unit emulates the behavior of a PV 

inverter, and there is an LC filter individually for each unit to create a sinusoidal waveform 

on the AC side. The stack of AC voltages added up together is in parallel to a RLC load.  
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Figure. 5.1.  Experimental test setup used for single prototype unit to prove LFBD method verification.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.2. Implemented setup in lab consists of five modules cascaded in a string, a grid emulator, and 
RLC load.  
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Choosing a higher Q compared to what mandated by the IEEE standard brings a 

tougher situation for the detection algorithm. It is also assumed that this PV inverter string 

is connected to the grid with
 - � %%/�WAX.  

Single phase AC stacked PV inverter including the conditioning circuit is shown in 

Fig.5.1. Fig. 5.2 illustrates the grid emulator and the RLC load, and five modules of the 

AC stacked PV inverter cascaded in one string.  Fig.5.3 depicts the string of five modules 

in series. For the first scenario, a weak grid is tested, and the quality factor of the load is 

assumed to be less than 2 (� � <2).  

 

Figure. 5.3. Implemented setup in lab consists of five modules cascaded in a string  
 

1) Weak frequency (practical) grid with high quality factor 2� � =2.236)  

As it can be extracted form Fig.5.4, the amplitude change of the load current (pink 

waveform) in both cases (before and after islanding) is about 100mA peak to peak verifying 

that generated power is almost matches the load power, and the grid current is negligible. 

The digitally modeled blue waveform representing the " �& is changed between (0 and 1) 

as long as the grid is connected. When islanding is detected, it is turned to be constantly 

one after hitting the allowance number of cycles in which the command frequency variation 

(" �&0 is locked within the outer threshold band 21�67 0 and the islanding is detected in almost 

one second. 
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2) Stiff grid frequency and low quality factor 2� � =2.236):  

In the next scenario as shown in Fig. 5.5, the grid is stiff with � - =60Hz, and the RLC 

is the same as the previous case with � � =2.236.  As expected, the amplitude change of the 

load current (pink waveform) in both cases is about 100mA verifying that there is no power 

imbalance, and consequently the grid current can be neglected.   

When islanding occurs, the command frequency variations (blue waveform) get locked 

and is kept high after passing minimum required cycles which has been five cycles in this 

experiment. With increasing the quality factor of the load (� � 0, the load opposition to the 

frequency change is strengthened. Referring to � � � � � �

�
� � 	 �
 �

�

� � �
  , higher quality 

factor needs higher capacitor, and lower inductor. A low resistance, high Q circuit has a 

narrow bandwidth, as compared to a high resistance, low Q circuit.  

 

        
(a)                                                                                                                         (b) 

 

 
 
 

Figure 5.4. Zoomed in view of LFBD verification tested in the lab with a practical frequency grid (a) 
before and (b) after islanding incident. Load voltage 
 8&&��(Yellow), load current (Pink), digitally modeled 

" �& (Blue) 
 

 

" �& gets locked 
after islanding 

 

 

Islanding event is 
detected   

Islanding event is 
occurred   

Islanding event is 
occurred   

Islanding event is 
detected   
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        Table 5.1. Experimental Setup Parameters 
 

 

Load 
Parameters 

Inductor 5 mH 

Capacitor  1 mF 

Resistor 5 ohm 

Quality Factor (� � ) 2.23 

 

Inverter  

Parameters 

DC Link Capacitor 2
 �& ) 10mf  

Switching Frequency 2�PQ) 40 KHz 

Grid Inductor 2Y- ) 50mH 

AC Filtering Inductor (L) 100uH 

AC Filtering Capacitor 2
 �& ) 20uF 

 
 
 

   
(a)                                                                                                                        (b) 

Figure 5.5. Zoomed in view (a) before and (b) after islanding detection for the presented lab scaled 
experimental setup when � � =2.236, load current (Pink), and load voltage 
 8&&��(Yellow), and digitally 

modeled " �& (Blue) 

 
 

Islanding event is 
detected   

 

Islanding 
event is 
occurred   

 

" �& gets 
locked 
after 

islanding 
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The LFBD method has also been applied to the same system with higher quality factor 

(� � >2) verifying the system operation when loads have high persistence to the frequency 

deviation. Based on the values selected from Table 5.1, the Q is obtained 2.236, and Fig.5.5 

shows the islanding detection for this system such that the acceptable range for command 

frequency variation, " �&' that oscillation within this range is supposed to be locked is 0.1 

Hz and the accelerating coefficient, Z, amplifying the frequency error, �  &'  to generate 

command frequency, �&' is assumed to be 4. 

 As shown in Fig.5.6, islanding is detected less than 1sec after grid gets disconnected. 

This result prove that the LFBD method works well even for loads with high Q when the 

conditions are much more stringent than what is required to be tested by IEEE 1547.1 

standard.  

 

 

 

 
 
 
 
 
 
 
 
 

Fig. 5.6. Islanding detection when � � >2 for single unit 
 

The result for the string implementation consisting of five AC stacked PV inverters 

cascaded is presented in the Fig. 5.7. In this case, each unit generates 50W, and the total 

injected power is almost 250W. A heartbeat generator is implemented in a high 

performance. TMS320F28335 MCU that broadcasts the heart beat signal which comprises 
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the grid synchronization information. The frequency disturbance of each PV inverter is set 

independently and locally within each molecule.  

The RLC tank consisted of a 25@ resistor, a 115 µF capacitor and a 45 mH inductor. 

Based on these values, the quality factor of the system equals 1.26, which is a load with a 

partially high Q-factor.  

In Fig.5.7, the yellow waveform is the grid voltage, Blue waveform is the current 

injected from grid to the load and the red waveform is string current. Because of high 

quality factor, the string current did not change after islanding happened. As it can be seen, 

the peak of this current is almost 5A. At the start up, all the load current is provided form 

the grid and there is no IM unit inverter connected. Gradually with adding more units, the 

grid current is reduced, and string current ramps up such that the power balance is 

maintained between the grid and PV side and the injected current from the grid becomes 

zero showing that all the power is provided by the PV generation. The zoomed in view 

after islanding happens shows the LFBD method can detect the islanding condition and 

shut down the PV string in less than 10 electric cycles (160ms) which is much lower than 

two seconds. 
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Fig. 5.7. Implementation of LFBD islanding detection for a string of five units of Inverter Molecule™  

 
 
5.2. PMPT Verification:  

For the hardware setup, a multi-purposed generic converter (MPGC) which can be 

operated in both DC/DC and DC/AC modes is utilized as shown in Figs 5.8. For the 

controllable DC load, a minimum threshold voltage source connected in series with a 

constant resistor is considered through the Chroma programmable load. This threshold 

voltage indicates the minimum voltage needed to be provided by the buck converter for the 

load to avoid possible system shut off. This gives us an equivalent model of a DC 

controllable load such as energy storage system (ESS), or LED lighting. For the 

implemented setup, VthV 5.7= , and W= 8.2loadR  have been assumed.  
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PV Source
Controllable DC Load 

MPGC in DC-DC mode

Cdc

 
 

Fig.5.8. Implemented setup of PV source integrated with DC controllable load by using a MPGC  

 
 

A Terra SAS photovoltaic emulator model ETS150X5.6C has been utilized as the PV 

source. With selecting the PV panel with the parameters shown in Table.4.1, both non-

adaptive, and adaptive PMPT method can be tested, and verified experimentally.  

For the results provided here, it is assumed that the system is tested in the islanded 

mode, so we can ignore the grid connected operation. In other words, PV is assumed to be 

directly connected to the common bus, and the grid is islanded. Grid connected operation 

is very similar to a single- phase grid-tied PV inverter as explained in [82-83]. It should be 

noted that in this system, it is assumed that initially, MPPT controller starts running to 

provide maximum power out of the PV source. As shown in the Fig.5.7, at the start up, PV 

and load currents start increasing to reach the MPP point, and simultaneously PV voltage 

which is same as the bus voltage is decreasing to reach vmpptVpvV 9.32== . Based on the timing 

scale shown in this figure, it takes almost ten seconds for the system to regulate the MPP 

voltage for delivering maximum available PV power which is about 150W.   
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Fig. 5.9. Experimental result to maintain the MPP vmpptVpvV 9.32== at the startup. Blue is bus voltage, green 

is PV current, pink is the load current 
 

Two different scenarios are tested and presented that in both, irradiance is suddenly 

dropped 20% representing the impact of abrupt shading. Fig. 5.10 demonstrates when no 

load shedding is applied. As it can be seen, the system shuts down due to losing the control, 

and it cannot reach any stable point. 

The reason behind that is when irradiance drops, the bus voltage drops in response of 

DC link capacitor discharging.  As demonstrated in Fig.5.8, the PV voltage keeps 

decreasing constantly, and at the same time, the duty cycle of the buck converter keep 

increasing to compensate the reduced amount of the load current. As demonstrated, by 

increasing the duty cycle, and correspondingly reducing the bus voltage, the generated 

power by PV is reduced more, and the power mismatch in intensified. So, the system moves 

to unstable region, and it is failed when the duty cycle reaches the maximum possible limit 

(duty cycle =100%).  

MPP Voltage 

Time required to 
maintain MPP 
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Fig.5.10. Experimental result without employing the load shedding after islanding. Blue is bus voltage, 

green is PV current, pink is the load current 
 

Fig.5.10 indicates that for the selected PV panel, duty cycle gets saturated at 

vdcVpvV 3.13== . After this point, both PV, and load currents become zero, and the bus voltage 

goes to the open circuit condition.  

Fig 5.11. shows the experimental results of a PV source system integrated with DC 

controllable load after applying a load shedding control when the irradiance drops 20%. It 

has been assumed that the duty cycle of the buck converter has been limited to some 

threshold values to avoid system shut down.  

When the irradiance drops, bus voltage is decreased and duty cycle is increased 

continuously such that it will hit the limit. At this point, which is indicated by vdcVpvV 7.26==  

in Fig. 5.11, the reference load current is decreased to the new value ( AdcI 5.5* = ). It should 

Hitting the duty 
cycle limit 
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be noted that the new chosen value for the reference current load should be selected such 

that it will be below the maximum current that the system can provide after irradiance drop.  

Also, with referring to the load current controller design, when load current reference 

drops, the error of comparator for the current controller loop becomes negative, and duty 

cycle is decreased.  That’s why the bus voltage is regulated at a value higher than MPP 

voltage. Fig. 5.11 clearly shows after employing the load shedding, the load current is 

regulated at the new value ( AdcI 43.5= ) which is pretty much close to the set reference 

value ( AdcI 5.5* = ), and bus voltage is regulated at vdcVpvV 9.34== which is higher than the 

MPP voltage. 

 
 

Fig.5.11. Experimental result with employing the non-adaptive PMPT after islanding. To avoid 
saturation of the duty cycle, it is assumed that load current reference is reduced to 5.5A with applying load 

shedding. Blue is bus voltage, green is PV current, pink is the load current 

 

 

Load current is 
regulated to 5.5A 
after employing 
load shedding 

Hitting the duty 
cycle limit and 

switch to the new 
reference current 

Bus voltage is 
regulated at 35V 
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In the next step, it is assumed that the proposed PMPT method is tested on a same 

system as shown in Fig. 5.10 in the adaptive mode. As expected the load current reference 

is reduced in multiple steps, and this will continue while the bus voltage drops as shown in 

Fig.5.12. The system takes almost 15 sec to reach the matched power point.  

Simultaneously, when the duty cycle increase, it is limited to avoid any undesired 

system shut off. When the bus voltage variation falls into the acceptable range which is 

depending on the sampling time, response time, and the DC link capacitor value, current 

reference decrement is stopped, and the DC bus voltage is regulated.  

Fig.5.13 shows the zoomed-in view of the Fig.5.12 to show the effect of variable 

timing steps for load shedding in the adaptive PMPT method. As it was expected, the 

timing interval at the beginning of load shedding is smaller, as the power mismatch is 

bigger, and the duty cycle gets saturated faster. By approaching to the power matching 

point, the power mismatch is reduced and duty cycle takes longer to hit the new limit value.  

 

Fig.5.12. Experimental result with employing the adaptive PMPT after islanding.  
Blue is the bus voltage, green is the PV current, pink is the load current 
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Fig.5.13. Experimental results to show timing in adaptive PMPT 

Blue is the bus voltage, green is the PV current, pink is the load current 
 
 

5.3. Summary   

In this chapter, both proposed algorithms required to test the LFBD anti-islanding 

production, and PMPT methods were developed experimentally. The system topology was 

selected and the different components of the converter were discussed. A multi-purpose 

generic converter which can operate in both DC/DC, and DC/AC have been considered, 

and single-phase AC stacked grid-tied PV inverter is implemented for islanding detection. 

The control algorithm for supervisory control of islanding detection for the AC stacked PV 

inverter, and the current loop for the DC/DC converter were derived. To regulate the DC 
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bus of the converter, both non-adaptive, and adaptive PMPT algorithms were designed, 

and tested with assuming that the power mismatch is created due to the irradiance drop.  

The experimental results obtained confirm the functionality of the DC bus 

regulation algorithm and the anti-islanding protection method tested in the most difficult 

conditions with different quality factors.  Results of the anti-islanding methods suggest 

that, if implemented correctly, the energizing of loads within an islanded section can 

successfully be prevented based on the requirements mandated by IEEE 1547 standard. 

Conclusions and the future work can be developed out of this research work have been 

described in the next chapter. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

 
 
 
 
 
 
 

CHAPTER SIX: CONCLUSIONS AND FUTURE WORK  
 

6.1. Conclusions 

This research presents an advanced load shedding control method paired with 

controllable DC load to regulate the bus voltage in DC microgrid architectures. Not only 

does this platform bring advantages such as lower power losses, lower cost of maintenance, 

less investments, and more compatibility with most efficient electric loads which operate 

internally on DC, it also provides a reliable, retrofit, and efficient system to properly 

regulate the bus voltage in both grid-tied, and islanded mode through the controllable DC 

load. 

Also, a new algorithm named Locking Frequency Band Detection (LFBD) to detect 

islanding for DG systems including the investigated DC microgrid architecture has been 

presented. Compared to other common methods for anti-islanding protection, this 

algorithm brings a reliable, simple method without any impact on the MPPT operation of 

PV, and it operates based on only frequency measurement of PCC. This method 

categorized in active methods is mainly worked based on monitoring the command 

frequency variations after injecting some disturbance to the frequency of DG to produce 

command frequency. In other words, without having any turbulence on the voltage/current, 

and with only frequency disturbance, islanding can be detected when the command 

frequency variation is kept constant. Another mode called Resonant Tank (RT) condition 
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in which grid is still connected, but its frequency is stable has also been shown. Fast 

response, easy to be implemented, no NDZ, flexible performance to detect both tank and 

islanding conditions are the main advantages of this method indicating the benefits of this 

algorithm. All the obtained results verified in the most difficult conditions to detect the 

event, and tested in different scenarios with different quality factors can detect islanding 

event within the range defined by IEEE 1547 standard in less than 2 sec 

Both proposed methods have been tested through simulation, and experiment showing the 

following achievements: 

·  Proposed anti-islanding protection method which is called Locking Frequency Band 

Detection (LFBD) can detect islanding only by measuring the frequency of PCC 

·  The proposed LFBD method can detect islanding even in the severe conditions in 

which there is an exact power balance between the generated power, and the demanded 

power by the load  

·  Compared to other conventional methods to detect islanding event, this method has 

no No-Detection Zone (NDZ), and can be applied to multi-inverters systems, and it 

is not influenced by number of DG resources.  

·  The effectiveness of the proposed LFBD method has been verified through both 

simulation, and experimental results in different conditions for both single, and 

modular architectures, single and multiple inverters system. 

·  Resonant Tank (RT) mode has been defined and the criteria for the system to operate 

in this mode have been explained 
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·  Based on the obtained results, it has been shown that with increasing the quality factor, 

the load persistence to the frequency deviation is magnified, and consequently the 

required time to detect islanding is increased. 

·  A new advanced control method called Power Matching Point Tracking (PMPT) is 

proposed to regulate the DC common bus voltage for DC microgrids without 

contributing the solar DC/DC converter, and with no grid information.  

·  Proposed PMPT method can be categorized into two types: non-adaptive PMPT, and 

adaptive PMPT 

·  It has been shown that using PMPT method is required to ensure stable function of the 

coupled PV-load system to avoid any possible system failure. 

·  It has been proved that non-adaptive PMPT is not practical in the real-world as it needs 

to know the reference current information before creating of power mismatch to ensure 

controllable operation of the system. In the real case, this information for the required 

current is not available.  

·  Adaptive-PMPT as the only practical solution to maintain the DC bus voltage 

regulation without using the solar DC/DC converter, and without having the required 

information of the load current reference, and the grid has been presented. 

·  The proposed adaptive PMPT method provides a reliable, efficient system to properly 

regulate the bus voltage in both grid-tied, and islanded mode through a controllable 

DC load. 

·  The proposed adaptive PMPT can be used as a retrofit solution to all existing DC 

microgrid architecture that at least connected to one controllable load. 
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6.2. Future Work  

·  Implementing a Low Voltage Ride Through (LVRT) detection on the existing setup 

for LFBD method such that it can discriminate both faults by providing both 

protection methods.  

·  Integrating both proposed algorithm including PMPT, and LFBD into one system 

to detect islanding event and apply load shedding to regulate the DC bus voltage.  

·  Development of a control system for a DC microgrid with different types of sources 

and energy storage to see the impact of other sources, and loads on the DC bus 

voltage regulation.  

·  Developing a Droop based control for the bus voltage when there are multiple 

controllable loads connected to the common DC bus  

·  Optimizing the adaptive PMPT method to provide the minimum bus voltage drop, 

and load current fluctuations at the same time.  

·  Comparing the implemented controller for the buck converter in the PMPT method 

with the constant switching frequency with other methods with variable switching 

frequency such as constant on-time, or constant off-time methods.  

·  Developing the proposed PMPT method when irradiance increases, and the bus 

voltage increased (Overgeneration Mode).  

·  Investigating to what extent it would be possible to use mixed AC/DC 

microgrids in the power system by using the proposed PMPT method, and how 

would it affect its stability and reliability. 
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 * pwm_isr.c 
 * 
 *  Created on: Feb 4, 2017 
 
#include <math.h> 
#include <stdbool.h> 
#include <stdlib.h> 
#include "DSP2833x_Device.h" 
#include "DSP2833x_Examples.h" 
#include "project.h" 
#include "common.h" 
#include "pwm_isr.h" 
#include "main.h" 
#include "adc_isr.h" 
 
// Global variables 
double  wdt_initial = 0;  
double  wdt = 0;  
Uint16 volatile  state_variable = 0;  
float  modulation = 0.0 ;  
float  modulation_dc = 0.0 ;  
bool  long_cycle = false ;  
 
// PWM variables 
double  wt = 0.0 ;  
float  twoPI = 2* PI ;  
float  PIbytwo = PI / 2;  
float  threePIbytwo = ( 3* PI )/ 2;  
float  mulfactor = ( 2* PI )/ PWM_FREQ;  
Uint16 counter1 = 0;  //For measuring the time between two rising edges 
Uint16 counter2 = 0;  //For measuring the number of rising edges 
Uint16 counter3 = 0;  //For measuring the frequency of sync signal 
float  Fn = 60.0 ;  //Previous implemented frequency 
float  fn = 60.0 ;  //Current calculated frequency 
float  A = 0.75 ;   //(k-1)/k 
float  B = 0.25 ;   //1/k 
Uint16 no_cycles = 0;  
float  cmpa = 0;  
float  cmpa_dc = 0;  
volatile  float  I_ref_conv = 0;  
float  func = 0.0 ;  
double  wtd = 2* PI * 60*( 300e-9 ) ;/ /sensor delay + gate driver delay 
float  sine = 0.0 ;  
float  sine1 = 0.0 ;  
Uint16 cavc_mode = 0;  
Uint16 num_mols = 0;  
float  Vg = 0.0 ;  
float  modulation_cmd = 0.0 ;  
Uint16 tb_relay_closed = 0;  

APPENDIX A: CODES 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

// ADC variables 
float  open_loop_modulation = 0.6 ;  
float  DC_duty_open = 0.5 ;  // DC-DC Converter 
float  DC_duty_close = 0.0 ;  // DC-DC Converter 
float  DC_duty_dd = 0;  
float  deltaD =0.0 ;  
float  ddup1 = 0;  
float  dddown1 = 0;  
float  shed = 0;  
float  dlimit = 0.6 ;  
float  delta_Vpv =0;  
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float  deltaI = 0;  
Uint16 c_freq = 0;  
Uint16 c_freq1 = 0;  
Uint16 c_freq2 = 0;  
Uint16 cnt_dI = 0;  
Uint16 cnt_dIref = 0;  
Uint16 cnt_dIref1 = 0;  
Uint32 offset_counter = 0;  
 
 
//Mode Variables 
Uint16 OP_Mode = 1;    
Uint16 Cmd_Start_OP = 0;  
Uint16 load_set = 0;  
Uint16 cnt_mppt2 = 0;  
Uint16 cnt_MPPT =0,  CNT_MPPT_10Hz=2500 ;  
int  CMD_MPPT_CNTR_ON=0;  
float  P_PV =0. ,  Old_P_PV =0. ;  
float  I_PV =0. ,  Old_I_PV =0. ;  
float   Delta_P_PV =0;  
float  V_PV =0. ,  Old_V_PV =25;  
float   Old_V_PV_shed = 34;  
float    P_PV_sum =0,  V_PV_sum=0;  
float  P_PV_avg =0,  V_PV_avg =0;  
float  I_PV_sum =0,  I_PV_avg =0;  
float  P_PV_inst =0;  
float  dI =0;  
int   mppt_status =0;  
 
//Controller Variables 
 
float  Idc_ref = 0. ;  
float  Idc_ref_new = 0. ;  
float  Idc_err = 0. ;  
float  kiid = 0.00 ;  //Integrator gain for Idc 
float  kpid = 0.00 ;  //Proportional gain for Idc 
float  intIdc = 0. ;  //Integrated value of Idc 
float  Idc_ref_open =0;  
float  Ipv_ref_open =0;  
float  Ipv_ref = 0. ;  
float  Ipv_err = 0. ;  
float  kiipv = 0.00 ;  //Integrator gain for Ipv 
float  kpipv = 0.00 ;  //Proportional gain for Ipv 
float  intIpv = 0. ;  //Integrated value of Ipv 
 
int  open_flag =0;  
int  xyz =0;  
int  count_shed =0;  
int  count_shed1 =0;  
int  count_shed2 =0;  
 
// This function executes any initialization requir ed for the pwm_isr 
void  isr_init ( void )  
{  
 wdt_initial = ( 2* PI )/ SAMPLE_COUNT;  
 wdt = wdt_initial ;  
} 
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if  ( CMD_MPPT_CNTR_ON == 0)  
 {  
  if  ( I_PV_avg_adc < 4 && V_PV_avg_adc < 34)  
  {  
   load_set = 2;  
   shed = 1;  
  }  
   if  ( DC_duty_close > 0.56  && I_PV_avg_adc < 4.0 )  
   {  
    load_set = 2;  
    delta_Vpv = V_PV_avg_adc -  Old_V_PV_shed ;  
    shed = 1;  
 
    if  ( cnt_dI >= 2000 )  
    {  
     Old_V_PV_shed = V_PV_avg_adc ;  
     cnt_dI = 0;  
 
    if  ( delta_Vpv < - 0.1 )  
    {  
     if  ( cnt_dIref >= 1)  
     {  
      deltaI = deltaI + 0.2 ;  
      cnt_dIref = 0;  
     }  
     else  cnt_dIref ++;  
    }  
    if  ( delta_Vpv > 0.1 )  
    {  
     if  ( cnt_dIref1 >= 1)  
     {  
      deltaI = deltaI -  0.2 ;  
      cnt_dIref1 = 0;  
     }  
     else  cnt_dIref1 ++;  
    }  
 
 
    }  
    else  cnt_dI ++;  
   }   
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  if  ( load_set == 2 && delta_Vpv < 0.1  && delta_Vpv > - 0.1 )  
   {  
    cnt_mppt2 ++;  
    if  ( cnt_mppt2 > 10000 )  
     {  
     Ipv_ref = I_PV_avg_adc ;  
     load_set = 0;  
     cnt_mppt2 = 0 
     }  
   }   
 }  
 if  ( CMD_MPPT_CNTR_ON == 1)  {  
 P_PV_inst = I_PV_avg_adc * V_PV_avg_adc ;  
 P_PV_sum += P_PV_inst ;  
 V_PV_sum += V_PV_avg_adc ;  
 I_PV_sum += I_PV_avg_adc ;  
 
  if  ( cnt_MPPT >= CNT_MPPT_10Hz)  
   {  
   P_PV_avg = P_PV_sum/ cnt_MPPT;  
   P_PV_sum = 0;  
   if  ( P_PV_avg > 149 )  
   {  
   CMD_MPPT_CNTR_ON = 0;  
   Idc_ref = Idc_output -  0.2 ;  
        load_set = 1;  
   }  
   V_PV_avg = V_PV_sum/ cnt_MPPT;  
    V_PV_sum = 0;  
   I_PV_avg = I_PV_sum / cnt_MPPT;  
   I_PV_sum = 0;  
   Delta_P_PV = P_PV_avg -  Old_P_PV ;  
 
 if  ( V_PV_avg <= Old_V_PV )  
 {  
  if  ( Delta_P_PV >= 0)  
   {  
  if  ( Delta_P_PV >= 1)  { dI =0.06 ;}  
  if  ( Delta_P_PV >= 0.2  && Delta_P_PV < 1)  { dI =0.05 ;}  
  if  ( Delta_P_PV >= 0.1  && Delta_P_PV < 0.2 )  { dI =0.028 ;}  
  if  ( Delta_P_PV >= 0 && Delta_P_PV < 0.1 )  { dI =0.01 ;}  
   Ipv_ref = Ipv_ref + dI ;  
   mppt_status = 1;  
   }  
   else  
        {  
  if  ( Delta_P_PV <= - 1)  { dI =0.06 ;}  
  if  ( Delta_P_PV <= - 0.2  && Delta_P_PV > - 1)  { dI =0.05 ;}  
  if  ( Delta_P_PV <= - 0.1  && Delta_P_PV > - 0.2 )  { dI =0.028 ;}  
  if  ( Delta_P_PV < 0 && Delta_P_PV > - 0.1 )  { dI =0.01 ;}  
   Ipv_ref = Ipv_ref -  dI ;  
   mppt_status = 2;  
   }  
 }  
 else  
 {  
       if  ( Delta_P_PV >= 0)  
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   {  
  if  ( Delta_P_PV >= 1)  { dI =0.06 ;}  
  if  ( Delta_P_PV >= 0.2  && Delta_P_PV < 1)  { dI =0.05 ;}  
  if  ( Delta_P_PV >= 0.1  && Delta_P_PV < 0.2 )  { dI =0.028 ;}  
  if  ( Delta_P_PV >= 0 && Delta_P_PV < 0.1 )  { dI =0.01 ;}  
   Ipv_ref = Ipv_ref -  dI ;  
   mppt_status = 3;  
   }  
  else  
   {  
  if  ( Delta_P_PV <= - 1)  { dI =0.06 ;}  
  if  ( Delta_P_PV <= - 0.2  && Delta_P_PV > - 1)  { dI =0.05 ;}  
  if  ( Delta_P_PV <= - 0.1  && Delta_P_PV > - 0.2 )  { dI =0.028 ;}  
  if  ( Delta_P_PV < 0 && Delta_P_PV > - 0.1 )  { dI =0.01 ;}  
   Ipv_ref = Ipv_ref + dI ;  
   mppt_status = 4;  
   }  
 }  
 
   Old_V_PV = V_PV_avg ;  
   Old_P_PV = P_PV_avg ;  
   Old_I_PV = I_PV_avg ;  
   cnt_MPPT =0;  
 }  
   else  cnt_MPPT ++;  
 }  
 
 // Current Control Code 
  if  ( load_set ==1)  
   {  
    kpid = 0.0005 ;  
    kiid = 0.00001 ;  
    Idc_err = Idc_ref -  Idc_output ;  
    intIdc = intIdc + kiid * Idc_err ;  
    if ( intIdc >= 1.0 )  intIdc = 1.0 ;  
    else  if ( intIdc <= - 1.0 )  intIdc = -  1.0 ;  
    modulation_dc = ( intIdc -  kpid * Idc_err );  
    DC_duty_close = DC_duty_open + modulation_dc ;  
 
   }  
   else  if  ( load_set ==0)  
   {  
    kpipv = 0.000001 ;  
    kiipv = 0.000002 ;  
    Ipv_err = Ipv_ref -  I_PV_avg_adc ;  
    intIpv = intIpv + kiipv * Ipv_err ;  
    if ( intIpv >= 1.0 )  intIpv = 1.0 ;  
    else  if ( intIpv <= - 1.0 )  intIpv = - 1.0 ;  
    DC_duty_close = DC_duty_open + ( intIpv -  
kpipv * Ipv_err );  
   }  
 
   else  if  ( load_set ==2)  
 
   {  
       kpid = 0.0005 ;  
    kiid = 0.00001 ;  
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    Idc_ref_new = Idc_ref -  deltaI ;  
    Idc_err = Idc_ref_new -  Idc_output ;  
    intIdc = intIdc + kiid * Idc_err ;  
    if  ( intIdc >= 1.0 )  intIdc = 1.0 ;  
    else  if  ( intIdc <= - 1.0 )  intIdc = -  1.0 ;  
 
    modulation_dc = ( intIdc -  kpid * Idc_err );  
    DC_duty_dd = DC_duty_open + modulation_dc ;  
 
    if  ( Idc_err > 0.05 )  
    {  
     ddup1 = dlimit ;  
 
      if  ( c_freq >= 333 )  
     {  
      dlimit = dlimit + 0.0001 ;  
      c_freq = 0;  
     }  
      else  c_freq ++;  
 
      if  ( DC_duty_dd >= ddup1 )  
       {  
      DC_duty_dd = ddup1 ;  
      Idc_ref = 5.5 ;  
      load_set = 1;  
 
       }  
    }  
 
    DC_duty_close = DC_duty_dd ;  
}  
 
   else  if  ( DC_duty_close >= 1.0 )  DC_duty_close = 1.0 ;  
   else  if  ( DC_duty_close <= 0.0 )  DC_duty_close = 0.0 ;  
 
   cmpa_dc = DC_PWM_TBPRD *  ( 1.0  -  DC_duty_close );  
   }  
 
#endif 
  #ifdef DCUNIPOLAR 
   EPwm3Regs . CMPA. half . CMPA = cmpa_dc ;  
   EPwm4Regs . CMPA. half . CMPA = cmpa_dc ;  
  #else 
  #endif 
 
 
  wt = wt + wdt ;  
  if  ( wt >= twoPI )  wt = 0;  
 
 }  
 else  if  ( state_variable == 1)  
 {  
  counter1 ++;  
  if  ( counter2 <= STARTUP_WAIT)  
GpioDataRegs . GPBCLEAR. bit . GPIO41 = 1;  
  if  ( counter1 > (( 5* CL)  + UCL))  
  {  
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   state_variable = 2;  
  }  
 
 }  
 else  if ( state_variable == 2)  
 {  
  Uint16 n = 0;  
  for  ( n = 1;  n < 6;  n ++)  
  {  
if  ( counter1 > ((( n- 1) * CL)  + LCL )  && counter1 < ((( n- 1) * CL)  + UCL))  
   {  
    counter2 ++;  
    counter1 = 0;  
    if ( counter2 <= ( STARTUP_WAIT -  5))  
GpioDataRegs . GPBSET. bit . GPIO41 = 1;  
    break ;  
   }  
//   else 
//   { 
////    state_variable = 0; 
////    counter1 = 0; 
////    counter2 = 0; 
//   } 
  }  
  state_variable = 1;  
  if  ( counter1 > (( 5* CL)  + UCL))  
  {  
   state_variable = 0;  
   counter1 = 0;  
   counter2 = 0;  
  }  
  if  ( counter2 == STARTUP_WAIT)  
  {  
   state_variable = 3;  
   counter1 = 0;  
   counter2 = 0;  
//   GpioDataRegs.GPASET.bit.GPIO28 = 1;  // Enable  
CPLD PWM 
   EPwm1Regs . AQCSFRC. bit . CSFA = 0x0 ;  
#ifdef ALL_DSP_PWM 
   EPwm1Regs . AQCSFRC. bit . CSFB = 0x0 ;  
   EPwm2Regs . AQCSFRC. bit . CSFB = 0x0 ;  
#endif 
   EPwm2Regs . AQCSFRC. bit . CSFA = 0x0 ;  
   EPwm4Regs . AQCSFRC. bit . CSFA = 0x0 ;  
 
#ifndef CONTROL_CARD 
   EPwm5Regs . AQCSFRC. bit . CSFA = 0x0 ;  
#endif 
  }  
 }  
 
 // if bytes are available in FIFO, copy them out, b ut not when 
the pwm is in state=3. This will 
 // only happen once per sync cycle (60 Hz) so, no d anger of 
missing data.  Also, don't run if 
 // the outer loop has locked any queues to avoid da ta corruption. 
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// if (! long_cycle) 
// { 
  // Check if a byte is waiting in the receive FIFO 
  if  ( SciaRegs . SCIFFRX. bit . RXFFST > 0)  
  {  
   // Check if there are eight or more bytes in the 
receive FIFO 
   if  ( SciaRegs . SCIFFRX. bit . RXFFST >= 8)  
   {  
    // let's disable comms until the fifo empties 
    uart_rx_disable (& termination_box );  
   }  
 
   // make sure the list isn't locked 
   if  (! sci_receive_list . locked )  
   {  
    // Check for empty list or full last entry and 
add new empty entry to end 
if  ( sci_receive_list . last == NULL ||  sci_receive_list . last -> full_packet 
== 1)  
    {  
   if  ( queue_receive_add (& sci_receive_list ,  NULL))  
   sci_receive_list . last -> full_packet = 0;  
    }  
 
    // Now, do we have a non-full list entry at the 
end of the list? 
    if  ( sci_receive_list . last !=  NULL && 
sci_receive_list . last -> full_packet == 0)  
    {  
     sci_receive_byte (& termination_box );  
    }  
   }  
  }  
  else  
  {  
   // nothing to receive so make sure we re-enable the  
UART if it was disabled previously 
   uart_rx_enable (& termination_box );  
  }  
// } 
 
 // Clear INT flag for this timer 
 EPwm6Regs. ETCLR. bit . INT = 1;  
 
 // Acknowledge this interrupt to receive more inter rupts from 
group 3 
 PieCtrlRegs . PIEACK. all = PIEACK_GROUP3; 
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APPENDIX B: MPGC DESIGN 
 

 
As explained before, a multi-purpose generic converter (MPGC) including both 

DC/DC, and DC/AC converter is used for the experimental verification of both proposed 

methods. A big picture of this implemented board has been shown in Fig.1, and its different 

sections have been demonstrated in the Fig.2. As can be seen in Fig.1, this board has some 

unpopulated sections which haven’t been used for this work, and it is basically for later 

developments which are mostly related to educational purposes of this design.  

 

 
 
 

Figure 1. Switches and Terminals to set-up on the MPGC board 
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Figure 2. General structure of the Power Electronics Educational Board 

As shown in Fig. 2, this board has the sections listed in below with different 

capabilities:  

1. Multi-inputs ports including DC input ports for both DC/DC, and DC/AC 

converter 

2. DC/DC converter configured as a half-bridge which is used for PMPT 

implementation and its associated current sensors  

3. Hybrid Si/SiC Inverter including the H-bridge power stage, AC filtering, and 

its associated current sensors 

4. High speed analog PWM circuit including the dead band generator. This circuit 

is able to run very high switching frequencies.  
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5. Measurements and communication part to monitor all analog, and digital PWM 

signals 

6. Mode selector section including four jumpers to switch between analog, and 

digital PWM signals.  

7. Digital to analog converter (DAC) circuit to generate reference signal for PMW 

generation through digital signal created by the TI microcontroller.  

8. Microcontroller which is designed for TI-F28335 control card.  

9. Extra high frequency current sensing circuit which consist of three Hall-effect 

current sensors for measuring currents in the MHz range of switching frequency  

10. Power supply section which consist of isolated AC/DC converter, and ±5V 

regulators  

11. Isolators and voltage conditioning circuits including mixed signal circuit, 

voltage sensors, and digital isolators. 

Some of the obtained results for the MPGC for different DC/DC, and DC/AC 

modes have been shown in Figs 3-6. For example, Fig. 3 shows how APWM is 

generated by comparing the constant DC value with a triangular waveform. In this 

figure, switching frequency has been assumed to be 25KHz. More details about the 

capabilities of this design, and its application for research and educational purposes can 

be found in [61, 82-83, 88-90].  
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Figure 3. PWM generator (2V) 

Yellow: Triangular-waveform, Green: PWM Reference, Blue: PWM output 

 

Figure 4. Buck converter output voltage with 50ohm (Discontinuous Conduction Mode) 

Yellow: Converter Output Voltage, Green: VGS_BOT, DC input voltage: 20V 
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Figure 5. Buck converter output voltage with 2ohm (Continuous Conduction Mode) 

Yellow: Converter Output Voltage, Green: VGS_BOT, DC input voltage: 20V 

 

 

Figure 6. Drain-Source Voltages of the MOSFETs in the Switching Transition (Top Left Switch is 
ON) 

Yellow: Vgs (Top Left), Vgs (Bottom Left), Blue: Vds (Top Left), Green: Vds (Bottom Left) 
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Figure 7. DC/AC operation of MPGC 

Blue: Inverter AC voltage, Green: Grid voltage, Yellow: DC Voltage, Red: Grid current 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


