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 ABSTRACT 

Globally, with the gradual exhaustion of fossil fuels, increase in carbon emissions and 

global warming, the quest for renewable energy sources has gained prominence. Among 

renewable sources, Photovoltaics (PV) has gained importance because of its easy deployment 

and considerable advantages over other renewable sources like wind, tidal etc. As all the 

renewable energy sources are intermittent in nature, it will be a noble idea if such distributed 

generators (DGs) are interconnected to elements like energy storage units and loads together 

to form a microgrid.  Distributed generators are the heart of microgrid applications. The 

distributed generators need reliable and efficient methodologies for their controlled operation. 

The methodologies involved in their control depend on whether DGs operated in islanding 

mode for feeding loads or in grid connected mode feeding active and reactive powers to the 

grid.  The main aim of the development of such control strategies is to increase the reliability 

and to enhance power quality. The thesis focuses mainly on developing such methodologies 

that are mainly helpful for microgrid applications. Many DGs are of small capacity with low 

power ratings are interfaced with single phase distribution systems. For example, roof-top 

based PV generation systems, which are gaining prominence in distribution systems, are in 

general interfaced with single phase power distribution networks. The interconnection of single 

phase DG inverter with utility grid becomes difficult due to the inherent pulsating nature of 

single phase powers at double the grid frequency. In this thesis, the control strategies involve 

two loops in which the inner control loop is used to establish the duty ratio/modulation index 

for the generation of sinusoidal output current that is in phase with the grid voltage; the outer 

loop is used to correct the error in real and reactive powers. 

The two loop control strategies for grid interconnection is proposed in this thesis, 

comprises three current reference generations, namely, scalar control, modified scalar control 

and simplified active and reactive power control for generating the required active and reactive 

powers along with the separate modulation method employed, these being either asynchronous 

sigma delta modulation (ASDM) or model predictive control (MPC) based space vector 

modulation (SVM). The performance of MPC based SVM and ASDM for the control of active 

and reactive powers of single phase grid connected DG is verified with different current 

reference generation schemes. The scalar reference generation scheme results in steady state 

error. Though the modified scalar reference generation scheme renders zero steady state error, 

and it induces delay in power tracking. The MPC based SVM in combination with simplified 

active and reactive power control (SRPC) has the advantages of quick, accurate and stable 
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control when compared with ASDM. Although the modified scalar reference generation 

scheme and SRPC have error correction mechanisms, their performance with ASDM is very 

poor. Therefore, the MPC based SVM with SRPC is observed to be the best combination 

among reference generation and modulation schemes. Though the MPC based SVM with 

SRPC proved to be better, there is a need of reducing the two stage to single stage as cascade 

loops always reduce efficiency.  

The development of single stage control strategy involves the powers to be generated 

as an objective function. Therefore, for the control of single phase DG to operate in grid 

connected mode, the powers are modeled using an MPC integrated with SVM. Further, for the 

operation of DG in islanding mode, the voltage is utilized as an objective function. A simple 

phase locked loop (PLL) free grid synchronization mechanism along with seamless transition 

control between grid connected mode and off-grid mode is developed. The developed MPC is 

integrated with SVM and examined for delivering the set-point powers in grid connection 

mode, supplying the local load at nominal voltage and frequency in off-grid mode and for 

smooth transition between these modes. The designated performance of the developed control 

scheme for single phase DG is confirmed through simulations, which are further validated on 

an experimental test bed. 

Though the achieved objectives are found to work fine for single phase designated 

systems, for large scale power supply single phase DGs are not suitable. Therefore, three phase 

systems are controlled using the objectives presented in the single phase system. However, for 

the large scale power generations in grid connected mode, it is observed that there is no problem 

in feeding power to the grid. During the islanding mode of operation in a microgrid, there may 

be multiple DGs. Hence, there is a need to develop a control strategy which addresses the issue 

of maintaining the voltage and frequency operated at nominal values while feeding the load. 

Also there will be rotating interface in addition to the photovoltaic operated DGs. To address 

these issues, a control strategy is proposed for multiple DGs coordination with a simple pulse 

width modulation strategy comprising of primary and secondary control. The primary control 

comprises modified droop control which decides the power sharing between the DGs whereas 

the secondary control begins restoring the voltage and frequency to nominal values if the 

primary control fails. The performance of the proposed control strategy is validated through 

simulations and hardware-in-loop (HIL) implementations using OPAL-RT.  
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 Chapter 1 

 Introduction 

1.1 General Overview 

Rapid industrial development and exponential population growth in world demand 

increased need of energy sources. However, the limited capacity for regeneration and 

sustainability of energy sources becomes a challenging concern for the technological and 

industrial growth. In view of sustainability problems in the global scenario, the governments 

and committees are encouraging technology promoters to develop ways of promoting 

sustainable energy sources. From the renewable energy statistics 2018 [1], the power 

generation by non-renewable energy is 73.5%, whereas the power generation by renewable 

energy sources is 26.5%. Out of the power generation from renewable energy, the major share 

of power is contributed by Hydropower (16.4%) followed by Wind power (5.6%), Bio-power 

(2.2%), Solar PV (1.9%) and other sources (0.4%) i.e., combination of ocean, concentrating 

solar thermal power and geothermal power respectively as shown in Figure 1.1.  

 

Figure 1.1 Global Energy generation using different renewable energy sources. 

With wide ranging developments, reduction in panel cost, easy maintenance and 

relatively less capital cost, the governments of different countries have started investing heavily 

in PV considering them as the best viable source. The governments have even started providing 

the incentives for the installation and development of projects based on PVs. According to the 

statistics [1], the power generation shared by different countries in the world is provided in 

Figure 1.2. The statistics shown in Figure. 1.2 indicate that China leads the power generation 
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with 32% followed by Japan (12%), Germany (10%), India (5%). The Government of India 

has the target of increasing renewable energy capacity to 175 GW by the year 2022 which 

includes solar power of 100 GW, wind power of 60 GW, bio-power of 10 GW and 5 GW from 

small hydro-power. The target of 100 GW of solar power is set under the Jawaharlal Nehru 

National Solar Mission (JNNSM) will predominantly comprise 40 GW from Rooftop and 60 

GW through Medium and Large Scale Grid Connected Solar Power Projects. In view of this 

high penetration of the solar energy sources, the state of art of the distributed generation has 

gained prominence. 

 

 

Figure 1.2 Solar power generation across the world. 

A DG is power generation source that can be connected with any distribution network 

or simply to a standalone load operating similar to an uninterrupted power supply (UPS) 

system. As all the renewable energy sources are intermittent in nature, it will be a noble idea if 

such distributed generators (DGs) are interconnected to elements like energy storage units and 

loads together to form a microgrid. The advantages of distributed generation are as follows: 

 High reliability in power supply. 

 Flexibility in effectively utilizing the renewable energy sources. 

 High power quality. 

 Rural applications. 

Despite the advantages offered under the distributed generation, there are also technical 

limitations such as: 
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 Significant transient voltages during connection/ disconnection from the grid. 

 Fluctuation in DG output because of intermittent nature of the renewable 

sources. 

 Impact on power system dynamics 

 Safety concerns in islanding operation. 

Due to the disadvantages stated above, the distributed generators need reliable and 

efficient methodologies for their controlled operation.  

1.2 Overview of a Microgrid 

The methodologies involved in the control of DG depend on whether their operation is 

in islanding mode for feeding loads or in grid connected mode feeding active and reactive 

powers to the grid. The block diagram of a DG connected to loads/ utility grid is shown in 

Figure 1.3. 

PV Source DC

DC

DC

AC
Grid

Residential 

loads  

Figure 1.3 PV based DG connected to load / utility grid. 

The photovoltaic based DG utilizes power electronic interfaces for the conversion 

process which provide greater flexibility between the energy sources and loads / utility grid is 

shown in Figure 1.3. Each DG has its own operation and method of control. The cluster of such 

DGs and local loads can be connected together to form a microgrid which offers various 

advantages of interconnection with the grid in terms of power injection and their ability to 

incorporate non-conventional energy sources with the existing conventional energy sources. In 

the grid-connected operation, the DGs are operated together with the utility grid supply power 

to the local loads connected. If the power generation from the microgrid is greater than the 

loads connected, the excess power is injected to the grid.  Alternatively, if the power generation 

is lower compared to the load demand, the deficit power can always be imported from the grid. 

During the islanding operation, the DGs should be always able to provide a stable operating 

voltage at the point of common coupling (PCC) supplying active and reactive powers to loads. 

The microgrid should always have the ability to reconnect with the utility grid whenever, the 
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grid is available. An additional function that can be performed by utilizing the microgrids is 

that each microgrid can always serve the grid as an ancillary service providing the voltage 

support and improvement of power factor. Due to the increase in penetration of renewable 

sources into active distribution systems, there is a need of DGs to be equipped with their own 

capability of supplying reactive power in addition to active power. It will be very helpful for 

utilities to reduce investments on voltage regulation devices. The application of the voltage 

regulating devices like static synchronous compensator (STATCOM) at the distribution 

networks is not feasible owing to its high cost to the system.  

In general, the main issues that are to be addressed for any renewable energy system to 

be interfaced with grid/ standalone system are power sharing, reliability with power quality, 

seamless transfer, protection and stability of the system. 

1.3 Organization of the Thesis 

The work carried out as part of the research is organized into seven chapters and presented as 

follows: 

The first Chapter describes the introduction and a brief overview of the microgrid and 

the need for the development of control methodologies for microgrid applications is presented. 

The scope of the work has been highlighted and author’s contribution in the research area has 

been summarized. 

The second Chapter presents comprehensive literature review of the existing control 

techniques for the distributed generators and microgrid applications. Thus, the motivation and 

objectives for the research work carried out in this thesis is explained. 

In third Chapter, three current reference generation schemes are developed for the 

control of grid connected DGs and the three current reference generation schemes are validated 

using two PWM methodologies using Asynchronous Sigma Delta Modulation (ASDM) and 

model predictive control (MPC) based space vector modulation (SVM). Simulation results of 

all three current reference generation schemes are presented with ASDM as well as MPC based 

SVM are performed and presented.   

In fourth Chapter, a single-stage PLL free MPC based SVM for grid connected and 

islanding mode is developed. In addition, a simple synchronization process is proposed to 
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achieve the seamless transition between islanding and grid connected mode. The proposed 

control methodologies eliminate multi loop control. The modelling, design and analysis of the 

proposed MPC based SVM are presented. Simulation results of the proposed control 

methodology are performed and validated on a test-bed.  

In fifth Chapter, the control strategy developed for single phase system is also applied 

for three phase system. The seamless transition is checked between the grid connected mode 

to islanding mode and vice versa. In the latter half of the chapter, for the parallel connected 

DGs, two control strategies viz; primary control as well as secondary control is proposed for 

the coordinated control operation of the DGs. The primary control is droop control that mimics 

the operation of synchronous generator and decides the power sharing between the two DGs. 

The secondary control restores the voltage and frequency to nominal values if the primary 

control fails. The simulation results of the different case studies are performed and validated 

with HIL using OPAL-RT. 

In sixth Chapter, the dynamic performance of the controller is validated using the diesel 

generator and the control strategies are validated with HIL using OPAL-RT. The proposed 

control strategies are effective in maintaining the voltage and frequency to nominal values and 

the elimination of filters drastically improves the performance and the settling of the real and 

reactive powers and voltages are quick to settle down to their values as per the controller 

parameters. The primary control decides the power shared between two distributed generators 

along with the diesel generator, with voltage and frequency maintained at nominal values at 

the point of common coupling (PCC). The secondary control strategy allows the distributed 

generators to restore the voltage and frequency to nominal values if the primary control fails. 

The proposed control strategy is free of conventional d-q transformations which eliminates the 

discrete filters and thereby increases the speed of the controller. The effect of communication 

delays also do not relatively affect the controller and the controller is quick in bringing the 

voltage and frequency values settle to nominal values.  

The Chapter-7 highlights the summary of overall significant contributions of the thesis 

work and provides the scope for further research in this area. 

 



7 

 

Chapter 2 

 

 

 

 

 

Literature Review on Control Methodologies of DGs 

 

 

 

 

 

 

 

 

 

 



8 

 

 Chapter 2                                                                               

 Literature Review on Control Methodologies of DGs 

2.1 Introduction 

The essential requirement for the power conversion process is whether the DG sources 

are connected to the grid or operated in islanding mode supplying the power to the local loads 

are power electronic converters. These converters help in providing smart and flexible interface 

between the customers and non-conventional energy sources. Due to the high penetration in 

the utilization of renewable energy sources like wind energy, solar PV and tidal energy, it has 

marked the beginning for the interface of renewable sources with AC or DC buses connected 

to the utility grid. Due to the increase in the penetration of non-conventional energy sources, 

the rise in development of control methodologies also began for effective and efficient 

utilization thereby achieving the power quality and higher stability dynamics [2-3]. Different 

pulse-width modulation (PWM) strategies have been developed and substantial research is 

being carried out in this area to fulfill these requirements; however, there is a need of advanced 

control methodologies to attain the objectives. 

Basically, the control methodologies developed are classified into two types.  

 Control of DG in Grid-Connected Operation 

 Control of DG in Islanding operation and Parallel connected 

operation of DGs 

DG Control

Grid Connected Operation
Islanding Operation/Parallel connected 

operation of DGs  

Figure 2.1 Control of DG. 

The control of DG mainly depends on the operation of the DG which is presented in Figure 

2.1. Based on the method of PWM and the method of control used, the control methodologies 

are classified as presented in Figure 2.2. 
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Converter Control

Linear Control Hysteresis Fuzzy logic Predictive control Others
 

Figure 2.2 Control methodologies of power converters. 

2.2 Control of DG in Grid Connected Operation 

 Several controllers were proposed in literature to operate the DG in grid connected 

operation. Out of these controllers, the conventional linear controllers with PWM schemes and 

nonlinear controllers based on hysteresis bands are most widely employed. Due to rapid 

increase in digital signal processing capability, complex control methodologies like sliding 

mode control, predictive control and fuzzy logic control were also developed. Due to the 

increase in PV penetration, the controllers should supply power to the grid based on grid 

requirements. Therefore, the controllers should have the capability to inject the required 

amount of active and reactive powers as demanded by the grid. Depending on the amount of 

power injection, the converters are classified into single phase and three phase as per grid 

regulations. For large scale power to be injected, the preferred converters are three phase and 

similarly for the small scale, the converters to be preferred are single phase. Due to the fact that 

the distributed sources of roof-top residential applications are of 5kW range, the most suitable 

converters are single phase in nature. DG systems are normally connected with the distribution 

system feeders along the line; reactive power is needed to support the load voltage, when loads 

are fed by the grid [4]. Due to the inherent reactive nature of modern domestic loads, continuous 

reactive power supply from DG side helps in meeting the reactive power demand when 

operated in islanding mode and reduce the load burden on the feeders when the load is grid 

connected [5]. With these features, it is evident that a single phase DG should possess the 

reactive power supplying capability as demanded by the grid. 

 The interconnection of the single phase DG becomes difficult with the grid because of 

the inherent pulsating nature of the single phase active and reactive powers at double the signal 

frequency. The amount of active and reactive powers is regulated by controlling the current 

synchronized with utility. A proper current control scheme for the generation of real and 

reactive powers is necessary subject to its stability, speed and accuracy. The basic block 

diagram of the single/three phase grid connected DG is presented in Figure 2.3. The block 
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diagram mainly consists of DC source as it is assumed that the voltage from PV source is fixed. 

In this thesis, developing the control methodologies to grid connected DG is focused. So, the 

conversion process starts assuming the voltage as a fixed DC source. The combination of a DC 

source, single/three phase inverter and filter is considered as DG. The filter can be either L or 

LC or LCL depending on the requirement. The DG can be connected to the grid by the use of 

transformer which can be a normal utility transformer. For the interface of DG with grid, 

synchronization process is essential for the interface with grid. The power and current control 

structure basically develops the reference currents that are used to inject the required amount 

of active and reactive powers to the grid whereas the PWM generator generates the switching 

pulses to the inverter. The combination of the current control and PWM generator can be any 

of the control methodologies shown in Figure 2.2. 

DC Source Inverter Filter

Transformer

&

Grid

Vg

iac

Grid 

Synchronization
Power + Current Control

PWM 

Generator

Pref

Qref

DG

 

Figure 2.3 Generalized block diagram of single phase/three phase grid connected DG. 

2.2.1 Control Methodology with PI Controller 

The PI controller is considered to be the best choice but due to its inherent inability to 

work with the single phase double frequency error signal, its control fails. To overcome this 

problem, the synchronous sinusoidal currents can be transformed into α, β domain so as to 

obtain reference and actual current stationary with respect to each other However, the 

conversion process utilizes the conventional (α-β) [6] transforms which induces the time delays 

in the circuit thereby affecting the overall time in the system dynamics. The schematic diagram 

in Figure 2.4 shows a single phase voltage source inverter connected to the grid by an L filter. 

The PLL is used to synchronize the single phase inverter to the grid. Depending upon the 

current generation scheme adopted, measured grid current (iac) and voltage (Vg) are fed to 
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current generation block, to calculate the instantaneous active and reactive powers needed to 

generate reference current. The generated reference current (iref) is then transformed into α, β 

frame to generate currents irefα and irefβ which are compared with transformed grid current iacα 

and iacβ respectively to generate errors in respective currents as shown in Figure 2.4. The errors 

developed in reference current and measured grid current, two PI controllers are required, that 

give rise to reference voltages Vrefα and Vrefβ which are then transformed into sinusoidal 

reference voltage synchronized with the grid. The reference voltage can be compared to 

triangular wave in order to generate sinusoidal PWM signals. SPWM can be unipolar or bipolar 

in nature. In order to reduce the filter size, the switching frequency must be kept high. But too 

high switching frequency can result in higher cost, derating of IGBT and higher switching 

losses. So a tradeoff must be made to determine the suitable switching frequency of the inverter. 

Inverter
DC 

Source AC

PLL

Inverse

α,β 

Transform 

α,β 

Transform 

Current 

Reference

Generation

α,β 

Transform 

PI

PI

PWM

Generation

irefα

irefβ

iacβ

iacα

iac

iac

θv

θv

L
iac

Vg
Vinv

+

-

Pref

Qref

iref

Switching pulses

Vref

+

+

-

-

 

Figure 2.4 Control methodology using PI controller. 

2.2.2  Control Methodology with Proportional Resonant (PR) Controller 

PR controller offers an inherent advantage of filter to a sinusoidal current reference that 

can track both the magnitude and phase of reference current with fair accuracy. PR controllers 

are mainly used as an inner loop for the control of output of grid connected inverters. In PR 

control methodology, the dc link capacitor needs to be properly designed for the approximation 

of the output inverter stage as linear and hence dependent on source side dynamics.  The PR 
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controller design procedure is discussed in [7-8]. The control of active and reactive powers 

with proportional and resonant (PR) controller is shown in Figure 2.5. It can be observed that 

the current control loop includes only one controller as compared to two controllers as in the 

case of PI control techniques. It includes the same single phase inverter connected to utility 

grid by L filter. The current reference generation unit produces a reference current iref that is 

compared with the measured grid current iac in order to produce an error which is applied to 

the PR controller. The PR controller is tuned at the fundamental grid frequency that results in 

a distorted sinusoidal reference voltage. Further, it can be provided with some damping. The 

output of PR controller is fed to the PWM generation unit in order to produce unipolar PWM 

pulses to the switches. 

InverterDC 

Source AC

PLL

Current 

Reference

Generation

PWM

Generation

iac
iac

θv

iac

Vg

Vinv

+

-

Pref

Qref

iref

PR

Controller+

-

e

Vref

L

Switching pulses

 

Figure 2.5 Control methodology using PR controller. 

2.2.3 Control Methodology with Hysteresis Controller 

Hysteresis current control (HCC) method [9-12] is based on the instantaneous 

comparison between the required reference current and the measured current. For the 

generation of switching pulses to the DG there will be two bands present i.e., upper hysteresis 

band (UHB) and lower hysteresis band (LHB). Based on the difference between the reference 

current and the measured current if the inverter falls in either of the bands, the switching pulses 

to the DG are generated. 
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(b) 

Figure 2.6 (a) Control methodology using hysteresis controller (b)  Hysteresis controller inner view. 

2.2.4 Nonlinear Controller using Lyapunov’s approach 

Linear controllers for nonlinear PV systems can provide satisfactory results only over 

a set of operating points, since the designed system will be linearized at the point of 

equilibrium. The restrictions in such operating points can be avoided by the design of suitable 

nonlinear controllers for nonlinear PV systems. The nonlinear controller is very powerful 

controller due to its ability to make the overall system asymptotically stable. It requires some 

set of governing laws that makes system to work subjected to variation in reference quantity. 

A nonlinear controller scheme based on Lyapunov’s stability criterion for single phase grid 

connected inverter is shown in Figure 2.7. The above scheme shows a single phase grid 

connected inverter with the same components as already explained in the case of PI controller 

based technique [7-8]. With same reference current generating unit, the reference current iref 

and measured current iac are compared and the difference between iref and iac yields error e.   To 

design the controller in order to eliminate error e, a governing law has to be developed as 

originally done in [13-14] employing Lyapunov’s criterion for absolute stability, which can be 
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deduced from the state equation of grid connected inverter. The switching pulses to the DG are 

generated by using a PWM modulator with a function of duty ratio u generated by the nonlinear 

controller.  
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Figure 2.7 Control Methodology using Lyapunov approach. 

From Figure 2.7, Applying KVL 

    .
ac

dc g
di

L uV V
dt

                            (2.1) 

Similarly, the state equation for reference ur can be expressed as: 

   .
ref

r dc g
di

L u V V
dt

                 (2.2) 

Where u and ur are the actual and reference duty ratio functions respectively. From the above 

equations u & ur can be given by:            

   ;

ac ref
g g

r

dc dc

di di
L V L V

dt dtu u
V V

 

                                    (2.3) 

The desired closed loop behavior from the system error dynamics can be obtained by 

synthesizing the control signal. Mainly the control signal u consists of two variables namely ur 

and eu designed for the elimination of system error. Now, perturbing the equation (2.1) 
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    ; ( )u r ac refu e u i e i                                        (2.4) 

                                 
 

 .
ref

u r dc g

d e i
L e u V V

dt


                                                   (2.5) 

The error dynamics can be obtained by equation (2.5) comparing with equation (2.2) as: 

                                                 .u dc
de

L e V
dt

                                                             (2.6)                 

In order to synthesize eu and prove the stability of the control, a Lyapunov’s function F 

may be defined as: 

         21

2
F Le                                                             (2.7) 

Differentiating above equation along the system trajectories, we get 

    u dc
dF de

Le ee V
dt dt

                (2.8) 

The closed-loop system will be globally asymptotically stable if the above expression 

is negative definite, i.e.𝑑𝐹/ 𝑑𝑡, if for all values of e different from zero. To make F positive 

definite function, 𝑑𝐹/ 𝑑𝑡 must be negative definite. This can be realized for all eu if: 

                                                  u dce K eV                (2.9) 

Where K >0 is a control parameter. By tuning the values of K, the controller can be designed 

to track the reference current. In this way, the non-linear controller for the grid connected 

inverter using Lyapunov’s approach is designed. However, the demerits of the non-linear 

controller using Lyapunov’s approach are system complexity and high variable switching 

frequency.  

2.2.5 Control Methodology with Fuzzy Logic Control 

Fuzzy logic control has the feature of adaptability and can achieve robust response to a 

system even under parameter variations, uncertainties and load disturbance. Figure 2.8 presents 

the fuzzy logic control applied to single phase grid connected inverter DG.  
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Compared with the nonlinear control using Lyapunov’s approach, the fuzzy logic control 

adapts to the parameter variations by using the fuzzy logic rules applied to the instantaneous 

error correction of reference currents and the evaluated grid current to be injected. At every 

sampling time instant, the error (e) is converted to corresponding fuzzy variable for the optimal 

switching state evaluation [15-16]. 
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Figure 2.8 Control methodology with Fuzzy logic control. 

2.2.6 Control methodology with Sliding Mode Control 

Sliding mode control (SMC) when adapted with the feedback linearization eliminates 

the parameter dependencies and uncertainties. Figure 2.9 shows the sliding mode control 

methodology adapted to the grid connected DG. The sliding mode control methodology 

consists of a sliding surface. The demerit of SMC is it leads to chattering (Higher Order SMC 

is better). Also, if the switching gain is not chosen properly, it may lead to limit cycle. The 

error between the generated and evaluated reference currents is given to SMC. In order to 

uphold the transient response and reduce the steady state errors, the sliding surfaces are chosen 

in the integral forms. Alternatively, these surfaces can also be designed by using back stepping 

as well as nonlinear damping methods. A Lyapunov’s approach is generally followed for 

obtaining the conditions that will force the evaluated to reference values. [17-19]. 
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Figure 2.9 Control methodology with Sliding mode control. 

2.2.7 Control methodology with Predictive Control 

The concept of predictive control gained prominence and is emerging as an attractive 

solution for the control of power electronic based converters and drives. There are different 

types of control proposed under predictive control. The most important types of control are 

dead beat, model predictive control (MPC) and vector based predictive control.  The deadbeat 

control adopts a system model for prediction of the reference voltage at each instant of 

sampling period. The voltage is mainly generated using any modulator [20-28]. A system 

model is utilized for predicting the behavior of the system variables over a time horizon and 

the objective function is developed for the selection of the optimal switching states [29-34]. In 

case of the vector based predictive control, the system variables are forced to follow the pre-

evaluated trajectories where the voltage vectors are used within each sampling period and 

different direct power control strategies are discussed in [35-44].  A summary of the control 

methodologies is presented in Table 2.1. Though the literature discussed several problems, the 

control of powers with single phase is a problem to be addressed and the controller should be 

PLL free and the grid synchronization algorithm should be simple and effective. 
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Figure 2.10 Schematic of predictive control. 

Table 2.1 Merits and Demerits of control methodologies 

Control 

technique  
Merits Demerits 

Classical PI 

control 

 Simple control structure and easy 

implementation and zero steady-state 

error in dq frame 

 Performance degradation during 

disturbances and Steady-state error in 

an unbalance system. 

Proportional 

Resonant (PR) 

 

 Improved performance with a robust 

inner current controller.  

 Almost zero steady-state error.  

 Low computational burden and 

implementation complexity  

 Sensitive to frequency variation. 

 Difficulty in controlling harmonics. 

 Require accurate tuning. 

Dead beat 

controller  

 Suitable for harmonics control. 

 Fast transient response with low THD 

and sampling frequency. 

 Require accurate filter model. 

 Sensitive to network parameters  

Hysteresis 

control 

 Easy implementation. 

 Fast transient response. 

 Inherent current protection. 

 Resonance problems. 

 Limited to lower power levels. 

 Error in current tracking and harmonic 

issues. 

Fuzzy control  

 Cannot be influenced by parameter 

variations and operational points.  

 Suitable for a large-scale non-linear 

system with easy design. 

 Slow control method. 

Sliding mode 

control 

 Reliable performance during 

transients. 

 Control over THD based on design. 

 Good disturbance rejection. 

 Chattering Phenomenon in discrete 

implementation. 

 Difficulty in designing procedure. 

Predictive 

Control  

 Suitable for use in non-linear system 

 Require less switching frequency. 

 Accurate current control with lower 

THD and harmonic noise. 

 

 

 Require extensive calculations. 
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2.3 Control of DGs in Islanding mode / Parallel Operation  

In islanding mode of operation, the control objectives are mainly to maintain the voltage 

and frequency at nominal values and supply the required amount of power to the loads. For a 

single DG, it will be easy to control and supply the loads to operate at nominal values of voltage 

and frequency whereas for multiple DGs there are different aspects that need to be addressed. 

The main aspect is to maintain the voltage and frequency at nominal values thereby catering 

the loads with required amount of active and reactive powers. The other important aspect is to 

minimize the circulating current by ensuring proper load sharing between multiple DGs. The 

control techniques adapted for the parallel operation of DGs are classified as: i) Droop control 

schemes and ii) active load sharing methods. 

2.3.1 Droop Control Schemes 

Droop control is a well-established methodology adapted for the large scale power 

system consisting of the synchronous generator. Among the droop control [45,46] schemes, 

the most commonly adapted scheme for parallel operation is voltage and frequency droop. This 

method mimics the parallel operation of the synchronous generators where there is increase in 

load, the frequency dips. The required power sharing is achieved by the tight adjustments over 

the inverter’s voltage amplitude as well as frequency. In literature, researchers have proposed 

different droop control techniques for DG applications, namely modified droop [47-54], 

adaptive droop [55-60], combined droop [61-63], networked droop [64,65] and hierarchical 

droop [66-69] control schemes. The droop techniques are summarized in Table 2.2. 

2.3.1.1 Conventional Droop 

Conventional droop control strategy [45,46] is mainly based on the assumption that a 

purely inductive line reactance (XL) is connected from the point of interface of DG to the point 

of common coupling (PCC). The single line diagram of DG to PCC and its phasor diagram is 

presented in Figure 2.11 (a) and (b) respectively. The active and reactive powers (P and Q) 

injected from the DG end to the PCC bus can be represented as: 

                                            
 cos

sin ;  
V E VEV

P Q
X X





                                          (2.10) 

In equation (2.10), if the power angle (δ) is assumed to be very small (sinδ≈ 

δ and cosδ =1), then the active power injected from the DG mainly depends on δ.  Since, cosδ 
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=1, the reactive power injected is dependent on the difference in voltage magnitudes. The 

conventional droop control schematic presented in a block diagram is shown in Figure 2.12 (a). 

Figures 2.12 (b) and (c) indicate the droop characteristics of  the P- and Q-E. The droop 

characteristic for each inverter can be expressed as: 

jX

PCC
E  0PCCV 

 

δ 
θ 

I 

V

I

jXI

E

 

                                (a)                                                               (b) 

Figure 2.11 DG connected to PCC bus (a) Equivalent single line diagram (b) Phasor diagram. 

 

(a) 

                   

                                 (b)                                                                           (c) 

Figure 2.12 Schematic of Conventional droop (a) block diagram (b) P- droop and (c) Q-E droop. 

                                                  0i i im P                                                                      (2.11) 

                                                   0i i iE E n Q                                                                    (2.12) 

Where Pi and Qi are the active real and reactive power outputs, ωi and ω0 are the frequency of 

the inverter and rated nominal frequencies, Ei and E0 are the inverter output voltage and rated 

nominal voltage and mi and ni are the positive droop constants of ith unit.  
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Where Pimax and Qimax are the maximum active power and reactive power supplied by the 

inverter of ith unit. Δω and ΔE are the maximum deviations allowed for the frequency and 

voltage magnitude respectively. From Figure 2.12 (b) and (c), it can be observed that at steady 

state, when 1=2 and E1=E2, DG1 is supplying P1 and Q1 while DG2 supplies 

P2 and Q2 to PCC. Therefore, if the droop coefficients are increased, better power sharing can 

be accomplished; however, the voltage regulation is observed to be poor. Therefore, while 

designing the droop coefficient, a tradeoff between voltage and frequency is to be considered. 

The main advantage of the droop mechanism is that, no communication is required between 

the parallel connected inverters thereby high modularity and reliability can be achieved. The 

drawbacks of the conventional droop are:  

 Load dependent frequency and amplitude deviations induce poor load voltage 

regulation. 

 Impedance mismatch affects sharing of powers. 

 Poor transient performance. 

2.3.1.2 Modified Droop 

To enhance the dynamic performance of parallel connected DGs, the authors [47] have 

proposed modified droop scheme by adding an extra transient to the conventional scheme.  

Though the control scheme achieves good transient response, it has the drawback of choosing 

a suitable value for the derivative term.  In [51], the droop equation is modified and adapted 

virtual impedance concept adopted to nullify the effect of line impedance. Though the adapted 

scheme provides good sharing of currents and reduction in circulating current harmonics, the 

sharing of Q is not discussed. The droop control adapted with a derivative control is presented 

in [52]. Though the power dynamics is significantly improved, for the simulation as well as 

experimentation, transient cases are not considered. In [53], the authors have proposed a 

modified droop equation by the subtraction of the rms voltage of the measured value from the 

nominal voltage rms. This method helps in compensating the voltage drop due to the load and 

the droop effect. Q versus rate of change of V with respect to time is discussed along with a 

voltage restoration function [54]. The voltage regulation is improved along with the reactive 
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power sharing. The schematic representation of some modified droop techniques is presented 

in Figure 2.13. 

 

(a) 

 

             (b) 

 

(c) 

Figure 2.13 Modified droop control: (a) supplemental transient droop [47], (b) complex line impedance droop 

[51], and (c) robust droop [53]. 

2.3.1.3 Networked Droop Schemes 

Networked droop schemes are employed for sharing the information among multiple 

DGs connected in parallel to improve the performance of the conventional droop control 

schemes. In [64], the authors developed an angle droop based methodology with the use of web 

based low bandwidth communications (shown in Figure 2.14 (a)) for the sharing of power. The 

power angle information from other DGs is utilized to make the adjustments  



23 

 

 

(a) 

DG1

DG2

 

(b) 

Figure 2.14 Schematic of Networked droop (a) networked droop with web based application [64] and 

(b) networked data based with weighted power function[65]. 

in DGs droop coefficients. Though the method achieves good sharing of P, the sharing of Q is 

not discussed. In [65], the authors proposed a weighted power function with the data sent 

through distribution network for improving the sharing of powers. DG1 sends the information 
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of powers shared to DG2 through a communication area network (CAN). DG2 further 

processes the information of powers and evaluates the power to be supplied as weighted 

powers. Though the authors claimed the methodology has superior load sharing but still the 

plots of P and Q sharing have not been presented as evidence. 

2.3.1.4 Hierarchical Droop Scheme 

Hierarchical control strategies are proposed by different authors for improving the P 

and Q sharing and voltage regulation of conventional droop schemes. The hierarchical control 

scheme consists of three layers. The first layer i.e., primary layer consists of the droop control 

with regulated voltage and frequency.  Secondary and tertiary controls were proposed in [66] 

to restore the deviations that are caused in voltage and frequency due to the change in loads. 

The control scheme can be employed on ac as well as dc microgrids providing good power 

sharing and voltage regulation. Communication is required between each inverter 

and the secondary controller.  

A schematic picture of the controller is presented in Figure 2.15 (a). In [67], the authors 

proposed another hierarchical control strategy.  Primary control consists of droop control and 

there is a compensation function designed for the deviations in voltage for secondary control. 

In the tertiary control, there is a synchronization mechanism adapted which ensures the DG’s 

voltage magnitude and phase to be the same as that of the PCC’s voltage and phase. The 

adapted method involves the measurement of the microgrid voltage for secondary and tertiary 

layers. Though there is good sharing of active power between DGs, the reactive power is not 

discussed. 

A schematic representation of this controller is shown in Figure 2.15 (b). In [68], the 

secondary control is adapted to compensate the load voltage unbalance as well as harmonics. 

The proposed method enhances power quality and the load sharing performance is improved. 

In [69], the authors proposed a two-layer with the primary control consisting of droop and 

secondary control comprising a mechanism to restore the voltage and frequencies to nominal 

values. Low bandwidth communication is employed between the DG and load.  Though this 

method presents a good sharing of powers along with voltage amplitude and frequency 

regulation, the communication delays to the controller are not considered. 
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(a) 

 

(b) 

Figure 2.15 Hierarchical droop (a) hierarchical control presented in [66] and (b) three layer control technique 

[67]. 

2.3.2 Active Load Sharing Schemes 

In order to achieve current sharing and voltage regulation among multiple DGs 

connected to microgrid, information should be shared between the DGs.  The second mode of 

control scheme employed for the DGs connected in parallel is named as active load sharing 

scheme [70]. These schemes employ different methods of sharing information among the 

multiple DGs.  The most cited active load sharing methods in literature are categorized as: 

master slave control [71-75], circular chain control [76], centralized control [77-78], average 

current sharing control [79-81], and average power sharing control [82-84].  
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2.3.2.1 Master Slave Control 

In master slave control shown in Figure 2.16, the master inverter plays a vital role in 

regulating the voltage as well as frequency while the other inverters act as slaves. In other 

words, it can be seen that the master inverter module serves as a voltage source inverter while 

the slave inverters act as the current sources. The control scheme achieves very good current 

sharing and also maintains stability. Some variants are present in the developed control scheme, 

which depend on the choice of the master module. One fixed module is to be chosen as master 

unit. Also there is a scheme in which the master unit is arbitrarily selected. In another variant, 

a module producing the maximum rms current is selected as the master module [70]. 

In [71], the reference current for slave inverter was source from the power 

distribution centre while in [72] output current from the master module was used 

as reference current for the slave module. The authors in [73] proposed master–slave control 

strategy, which allows plug-and-play integration of DGs thereby ensuring efficient and reliable 

operation under different operating conditions. However, it has the drawback of 

communication between different DGs which may result in entire system failure. Another 

approach of master slave control is proposed in [74]. The results presented show that the control 

strategy exhibits good dynamic features and is able to reject the power disturbances but the 

slave and master should be coordinated properly; or else there will be huge spikes in the power 

and currents resulting in damage to the loads. Another variant of the master control strategy is 

current limitation control using a hybrid PLL [75]. In this technique, there is a master module 

that controls the load voltage and the slave modules only supply and share 

the load current with the master module. A slave module receives a reference current 

command from the previous module which has limited amplitude, resulting in non-sinusoidal 

output current from each inverter. The technical difficulty and risk of master–slave control is 

relatively low compared to the other control. The failure of the master controller results in the 

damage to the whole MG. 
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Figure 2.16 Schematic of Master Slave Control. 

2.3.2.2 Circular Chain Control (3C) 

The 3C schematic is presented in Figure 2.17 [76]. Different inverter modules track the 

current of the consecutive inverter modules for achieving equal distribution of current. A 

circular chain connection is formed by forming the closed loop by the track of the last inverter 

module to the first. Based on the common reference voltage, the inverter modules regulate their 

own voltage. However, if a problem occurs i.e., any module gets damaged or failed inverter in 

the loop there will be an effect on voltage regulation. In case the problem is not detected and 

the inverter modules are not isolated, the performance of the entire system gets affected and 

may result in the entire system failure. Therefore, two communication lines are utilized for 

achieving the bidirectional data and increasing the reliability.  

 

Figure 2.17 Schematic of 3C methodology. 
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2.3.2.3 Centralized Control 

A schematic representation of centralized control scheme [77-78] is shown in Figure 

2.18. A central controller is present which regulates the load voltage in an outer loop and sends 

the reference value of current to each inverter. The reference current to each inverter is 

determined by the addition of output voltage and the average load current i.e., the total load 

current divided by the total number of inverter modules. The controller present in each inverter 

module evaluates the difference between the reference current and the output current. Though 

this control scheme provides good current sharing, it lacks redundancy and reliability. The 

measure of load current makes the control strategy inappropriate for a system with distributed 

loads.  

 

Figure 2.18 Centralized Control scheme. 

2.3.2.4 Average Current Sharing Control 

The average current sharing scheme utilizes the concept of the parallel connected dc/dc 

converters to DC microgrid.  A common sharing bus will be present which indicates the system 

average current information. The average current to be dispatched is evaluated by connecting 

each current sensor of the inverter through a resistor to current bus.  The central controller can 

also be utilized to evaluate the average current values before transmitting the data to each 

inverter module. This developed value of average current will be used as a reference current 

and the controller present in each inverter evaluates the difference between the reference and 
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average current and is implemented in the inner scheme of control. In this scheme, all the 

inverters present in the microgrid participate in the voltage, frequency and current regulation. 

The control schematic is shown in Figure 2.19. A current sharing bus with an instantaneous 

output voltage control with current deviation and cancellation control of such current deviation 

is presented [79]. A robust design of voltage and current controllers is presented [80] for 

improving the current sharing and voltage regulation. An average current sharing scheme by 

using GPS is presented in [81] using three shared buses (inverter reference, sensed load current, 

and feedback voltage) connecting all the parallel connected modules. The control scheme 

yields a fast dynamic response but the addition of an extra communication node makes it 

complex. 

 

Figure 2.19 Average Current Sharing methodology. 

2.3.2.5 Average Power Sharing Control 

A technique similar to current sharing is developed, while the power [82-84] is 

averaged. As a result of this, only low bandwidth will be enough in comparison with the high 

bandwidth signal required for average current sharing. Every inverter controls P and Q sharing 

by using voltage regulator and phase locked loop. The scheme adopted achieves good power 
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sharing but is only suitable for a balanced system. A summary of the control techniques for 

parallel connected DGs is presented in Table 2.2. 

Table 2.2 Control techniques for parallel connected DGs 

Control techniques  Advantages  Disadvantages  

Conventional droop  

 No communication 

 High modularity 

 Good reliability 

 Load dependent frequency and amplitude 

deviations that induce poor performance in load 

voltage regulation 

 Impedance mismatch will affect P and Q 

sharing Only based on predominantly inductive 

line impedance. 

 Poor transient and hot swap performance 

Modified droop 
 Fast transient response 

 Difficult to select the suitable coefficients for 

derivative term that ensures stable operation 

Combined droop 

 Improved load sharing 

capability. 

 Compensation of voltage 

unbalance. 

 Compensation effort is 

properly shared between DGs. 

 Requires communication and system is 

complex. 

 

Networked droop 
 Good active power sharing. 

 Requires communication 

 Performance under impedance mismatch is 

unknown 

 Q sharing cannot be analysed properly. 

Hierarchical droop 
 Good active power sharing.  

 Improved voltage amplitude 

and frequency regulation. 

 

 Q sharing performance is unknown. 

 Requires communication. 

Master Slave control  Current is shared based on 

rating. 

 Total system failure may occur if master fails. 

Circular Chain 

control  Good current sharing 

performance. 

 Total system failure may occur if 

communication fails. 

Centralized control  Good current sharing 

performance. 

 Lacks redundancy and reliability. 

Average Current 

Sharing  Excellent current sharing and 

fast dynamic response. 

 Communication signal for current, Voltage and 

frequency. 

Average Power 

Sharing Control  Low bandwidth  signal 

compared to current sharing. 

 Suitable for only balanced system. 
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2.4 Motivation 

Based on the literature review, following inferences were made for the control of grid 

and off grid connected inverters. 

i. Most of the control methodologies discussed in the literature on grid connected inverters 

require current reference generation schemes for the control of active and reactive powers 

as demanded by the load dispatch center. A current reference generation scheme in 

combination with the control methodology which is simple and free of the system 

parameters should be proposed. 

ii. Most of the control methodologies presented in literature, use PLL for the grid 

synchronization process and a multi loop approach for the grid and off grid connected 

operation which is not economically viable and further the control is complex. A PLL 

free synchronization mechanism should be proposed and the controller should be a single 

loop avoiding the multi loop methodology. 

iii. In case of the parallel connected operation of DGs, the literature presented various 

schemes which have their own merits and demerits. For schemes already available, the 

control strategies proposed are either complex or suitable for specific balanced systems. 

A control strategy should be proposed considering the objective of low band width 

communication and it should be applicable for all systems i.e., balanced or unbalanced 

systems. 

iv. The solar PV control strategies proposed in the literature do not consider the rotating 

interface. A strategy should be proposed which should be applicable for all kinds of 

interfaces. 

2.5 Objectives 

The objectives of the research work presented in the thesis are as follows: 

i. The interconnection of the single phase DG becomes difficult with the grid because of 

the inherent pulsating nature of the active and reactive powers at double the signal 

frequency. So for this, three current reference generation schemes are to be developed 

and their suitability for the application to grid connected inverters is investigated using 

MPC based SVM as well as ASDM method. However, the proposed scheme consists 
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of two loops i.e., outer loop for current reference generation and inner loop for the 

development of modulation index to generate sinusoidal output current. 

ii. A model predictive controller is proposed for single phase distributed generator with 

seamless transition between grid and off-grid modes of operation. In addition, a simple 

synchronization mechanism is developed to achieve the smooth transition between the 

grid and off-grid modes, thereby avoiding the complex multi-loop controls. The voltage 

vectors, hence the switching pulses are generated by using space vector modulation 

technique based on the minimization of the cost function of the predictive model. The 

two cost functions considered are instantaneous power error and instantaneous voltage 

error, respectively, for the grid and islanding operation of the single phase generator. 

The performance of the developed controller for feeding the set-point powers in grid 

connected mode and serving the load at nominal voltage and frequency in off-grid mode 

is verified using simulations. The simulation results are experimentally validated on a 

prototype. This can be further extended to the three phase systems as well. Though the 

proposed system performs very good for the control in grid and off grid connected 

operation, the system had drawbacks when multiple DGs are operated in islanding 

operation. 

iii. To overcome this drawback, a control strategy is proposed for the coordinated control 

operation of multiple distributed generators. A simple control strategy for primary as 

well as secondary control is proposed in this thesis. The primary control consists of 

droop control which is analogous to the synchronous generator control. The primary 

control decides the power to be shared between two distributed generators and regulates 

the voltage and frequency to nominal values at the point of common coupling, where 

loads are present. The secondary control strategy allows the distributed generators to 

restore the frequency and voltage to the nominal values, if the primary control fails. 

The developed controller possesses the features of adaptability for smart grid 

interconnection. The performance of the proposed control strategy is validated through 

numerical simulations and real-time implementation. However, the control strategy 

needs to be further validated dynamically. 

iv. To validate the dynamic performance of the controller, a diesel generator is considered 

along with the distributed generators. The proposed control strategy is free of 

conventional d-q transformations, which eliminates the filters and increases the speed of 
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controller. The performance of proposed control strategies is validated through different 

case studies of simulation and hardware-in-loop using OPAL-RT. 

2.6 Summary 

In this chapter, the first part consists of a brief overview of the DG. The second part of 

the chapter consists of the different control methodologies adopted for the control of grid 

connected DGs and their merits and demerits. The third part of the chapter reviewed different 

control schemes adopted for the control of parallel connected multiple DGs.  All the presented 

control schemes can be adopted for both single phase as well as three phase systems. Their 

characteristics, applications, advantages and disadvantages are briefly discussed.  

From the literature review on grid connected inverters, it can be seen that the 

interconnection of the single phase DG becomes difficult with the grid because of the inherent 

pulsating nature of the active and reactive powers at double the signal frequency. So in the 

chapter 3, three current reference generation schemes are developed and their suitability for the 

application to grid connected inverters is investigated using MPC based SVM as well as 

ASDM. However, the developed scheme consists of two loops i.e., outer loop for current 

reference generation and inner loop for the development of modulation index to generate 

sinusoidal output current. 
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 Chapter 3                                                                                 

Current Reference Schemes for Control of Single Phase 

Inverter using Model Predictive Control and 

Asynchronous Sigma Delta Modulation 

3.1 Introduction 

This chapter investigates three different current reference generation schemes 

developed for the control of single phase inverter based distributed generator with i) model 

predictive control based space vector modulation and ii) asynchronous sigma delta modulation 

(ASDM) schemes. The current references for the developed controller has been deduced from 

three different schemes, known as scalar, modified scalar and simplified active and reactive 

power control.  A clear analysis of the three different current reference generation schemes 

along with the ASDM as well as the model predictive control is presented. 

Simulations were performed in Matlab / Simulink environment. The performance of 

the developed controllers with considered current reference generation schemes are examined 

for different real and reactive power feedings from the single phase generator to the grid.  

3.2 Modeling of Inverter with ASDM 

 The block diagram of the single phase grid connected inverter along with ASDM 

switching scheme is shown in Figure 3.1. The DG is interfaced to the grid through inverter after 

filtering out the harmonics as depicted in Figure 3.1. The Pref and Qref are the two set point 

powers for which the reference current iref is generated by the respective current generation 

techniques. The iref is compared with the actual current fed by the inverter, iac to generate the 

current error, ierr. This ierr is fed to the first order current controller to generate reference voltage 

Vref. The basic operation of ASDM to modulate the current and produce PWM signals for the 

inverter switches is depicted in Figure 3.2. The ASDM consists of an integrator with error 

amplifier and a band comparator. The error signal, Verr, is the difference (Delta) between the 

input reference Vref and the output pulsating voltage train. The integrated signal Vint is the sum 

(Sigma) of error signal which will be processed by the comparator in order to generate the output 

pulsating voltage train for inverter switches. To understand the operation of ASDM, the 

reference signal is assumed to be constant during a switching period as the reference voltage 

frequency is very small as compared to the switching frequency. The waveforms of Vref , Verr 

and train of ASDM pulses can be shown in Figure. 3.3 for a particular frame of time. 
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Figure 3.1 Block diagram of single phase grid connected inverter with ASDM. 
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Figure 3.2 Block Diagram of ASDM. 

 

Figure 3.3 Switching pulse generation in ASDM. 

At the end of the time period T1 and just before the starting of the time period T2, it can be seen 

that Verr is a negative constant because of which the integral signal Vint will decrease with a 

negative slope, Sint
-. The Sint

- and T1 can be expressed as in (3.1). 
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where τ = R1C1 is the time constant of the integrator. As Vint reaches the lower limit of hysteresis 

band -∆V, the output of ASDM is changed from +Vcc to -Vcc changing the Verr from negative to 

positive value. With this, the slope will be changed from negative to positive. The slope Sin
+ 

and T2 can be expressed as (3.2) 
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As soon as the Vint with positive slope reaches the upper limit of hysteresis band +∆V the output 

of ASDM will be changed from -Vcc to +Vcc, thus completing one switching cycle. The duty 

ratio and switching frequency can be expressed in (3.3). 
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where Vcc is the DC train voltage of the op-amps, ∆V is the hysteresis voltage window of the 

band-band comparator, and τ is the time constant of the integrator. It can be observed that the 

duty ratio d of the PWM signal is linearly proportional to the reference signal and is irrelevant 

to circuit parameters, such as ∆V or τ. It implies that the ASDM can achieve very good 

controllability. Secondly, ASDM operates at various switching frequencies which can spread 

switching noise over a wider frequency spectrum. It has the merit of low electromagnetic 

interference.  

3.3 Modeling of Inverter using MPC based SVM 

The block diagram of single phase DG connected to grid using MPC based SVM and 

the block diagram of MPC based SVM are presented in Figures 3.4 and 3.5 respectively.  
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Figure 3.4 Single phase grid connected inverter with MPC based SVM. 
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Figure 3.5 Block diagram of MPC based SVM. 
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After simplification, (3.4) can be written as   
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On discretizing (3.5),  
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Simplifying and rearranging (3.7),  
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where Iact (k+1) is the predicted current for the next sampling instant. After the evaluation of 

the current for the next state is done, this current is compared with the generated reference 

current to evaluate the objective function as defined in (3.9).  

                                                          ( 1) ( 1)act refig I k I k                                             (3.9) 

Where Iref(k+1) is the reference current generated by using the current reference generation 

schemes developed in section 3.4 for the next sampling instant. As the system under study is 

a single-phase system, the inverter has four possible switching states/vectors. Out of four 

switching states, two are null states and for the remaining two states, the minimum of objective 

function is evaluated as in (3.10). The next switching state is selected such that the state should 

result in minimum value of the objective function. Based on the selected switching state, the 

MPC based SVM generates switching pulses as depicted in Figure 3.5. 

                                                                                                                                        

                                                           min ( );   i 1,2.ig g                                              (3.10) 

3.4 Current Reference Generation Schemes 

Three different current reference generation schemes, namely, scalar control, modified 

scalar control and simplified active and reactive power control are considered for the validation 

of ASDM and MPC based SVM. A brief discussion of these schemes is given as below: 

3.4.1 Scalar Current Reference Generation Scheme 

The simplest among the three current reference generation schemes developed is scalar 

control, as it involves the direct conversion of the power reference into current reference based 

on the instantaneous active and reactive power theory. The reference active and reactive 

powers can be written in complex form as shown in (3.11). The powers are converted into 

polar form as shown in (3.12) and (3.13). The magnitude value is divided by the peak value of 

the grid voltage obtained from PLL to obtain the peak value of current reference as in (3.14). 

Figure 3.6 depicts the principle of scalar current reference generation scheme. Though the 

current reference generation scheme is simple and converts the power references quickly, it 

can result in non-zero steady state error due to the absence of error correction mechanism.  
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                                                       ref ref refS P jQ                                                        (3.11) 
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                                                        (3.14) 

In Figure 3.6, ;
ref ref

m m

P Q
X Y

V V
   , Vm is the peak value of grid voltage   

The limitation of scalar current reference generation scheme is that it may result in 

nonzero steady state error which can be addressed by modifying the reference generation 

scheme as shown in Figure 3.7. 
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Figure 3.6 Scalar current reference scheme. 

3.4.2 Modified scalar current reference generation scheme 

The errors obtained after the comparison of the reference powers with the delivered 

powers will be processed by PI controllers to ensure the steady state errors be reduced to zero 

as shown in Figure 3.7. However, as this scheme involves PI controllers for reference current 

generation, dynamics of the system is influenced by the gains of the controllers. The scalar 

scheme is compared with modified scalar scheme reveals that the response induces delay, 

resulting from non-zero integral value of the PI controller. Hence, the current dynamics will 

be slower than the scalar current reference scheme. Moreover, the PI controller need to be 

tuned carefully to meet the control objectives, like overshoots, rise time and settling time, etc.  
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Figure 3.7  Modified scalar reference current generation scheme. 

3.4.3 SRPC current reference generation scheme 

In this scheme, the errors obtained from the comparison of the actual and reference 

powers are modulated as the reference current with the help of two hysteresis controllers. The 

hysteresis controllers are further used to deduce the reference current magnitude and the phase 

angle shown in Figure 3.8. As (X/R) ratio is low for the distribution systems, active power can 

be regulated by controlling the magnitude of injected current while reactive power can be 

regulated by controlling the phase angle of injected current. The current and phase angle 

references are generated as in (3.15) and (3.16), in which the subscript indices U and L denote 

the upper and lower bounds of the hysteresis band.     
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Figure 3.8 SRPC reference generation scheme for current. 
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                                            (3.16) 

As this method involves iterative changes in the phase angle and current magnitude, Im 

and  are modulated such that the steady state error is made zero. However, one should take 

care while choosing the magnitudes of perturbs, ∆I and ∆, otherwise sustained oscillations in 

the powers will degrade the performance of the DG.  The system parameters are presented in 

Table 3.1. 

 Table 3.1 System parameters 

Parameters Values 

Vdc 400 V 

Vg 230 V (RMS) 

fg 50 Hz 

Rf 0.2 Ω 

Lf 5 mH 

Kp 0.1 Ω 

KI 50 

Rg 0.1 

Lg 0.318 mH 

Vcc 15 V 

Ts 20 s 

3.5 Results and Discussion 

The performances of ASDM and MPC based SVM for single phase DG are examined 

with the three considered reference current generation schemes. The set-point real and reactive 

powers are considered as 2,500W and 1,250VAr (0.9 p.f.) until 1 s as shown in Figures 3.9 to 

3.12. The tracking of active powers with ASDM for different current reference generation 

schemes is shown in Figure 3.9 while Figure 3.10 depicts the tracking performance of MPC 

based SVM. To validate the performance of the controller, the set-point active power is 

changed from 2,500W to 3,000W at 1s. From Figures 3.9 and 3.10, it can be observed that 

among the three reference generation schemes, scalar scheme is the quickest with minimum 

settling time. However, the scalar scheme using ASDM suffers from relatively large steady 

state errors with respect to the set-point active powers than scalar scheme using MPC based 

SVM. This is due to fact that the optimal MPC based SVM has the higher accuracy and faster 

convergence.   
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Figure 3.9 Active powers with ASDM for different schemes. 

The settling time for the active powers with MPC based SVM for the set-point powers 

using modified scalar and SRPC methods is low when compared with the ASDM scheme with 

the same parameters. This can be understood as a consequence of finite control set 

optimization in the MPC based SVM against ASDM which uses the hysteresis controller to 

obtain switching pulses. Hence, for the set-point powers, MPC based SVM shows superior 

performance when compared with ASDM method. Whereas the current reference generation 

scheme such as the modified scalar reference scheme consists of PI controller and the power 

evaluation blocks, the response is comparatively sluggish with respect to the scalar scheme. 

From Figures 3.9 and 3.10, the SRPC scheme is almost as quick as modified scalar control 

scheme. However, it could reduce the steady state error to zero without using PI controller.  

 

Figure 3.10 Active powers with MPC based SVM for different schemes. 

To validate performance of the controller for the reactive power control, the set-point 

reactive power is changed from 1,250VAr to 1,500VAr at 1 s to maintain 0.9 p.f. As in the 

case of real powers, the scalar scheme is quickest for the reactive power control and lacks 

power correction mechanism. However, for the control schemes with power correction 
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mechanism, like SRPC and modified scalar control schemes, the MPC based SVM delivers 

superior performance compared to ASDM. Figures 3.11 and 3.12, shows that the SRPC 

scheme when controlled with MPC based SVM renders superior performance than the 

modified scalar scheme employed with either ASDM or MPC based SVM without using PI 

controller.  

 

Figure 3.11 Reactive powers with ASDM for different schemes.              

 

              

Figure 3.12 Reactive powers with MPC based SVM for different schemes. 

It can be seen that the SRPC is the best among reference generation schemes, since it is 

examined for the parameter variation using ASDM as well as MPC based SVM. The Figures 

3.13 and 3.14 show the SRPC scheme performance of single phase DG with 0.1A current 

perturb and 0.01rad phase perturb (∆I, ∆θ) and with (i) hysteresis bands of 30W and 30VAr in 

real and reactive powers as Set-1 and (ii) hysteresis bands of 20W and 20VAr in real and 

reactive powers as Set-2. From Figure 3.13, it can be seen that the change in the hysteresis 
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band results in high ripples in power tracking if the switching pulses are derived from ASDM, 

which is undesirable.  

 

Figure 3.13 Real power tracking with change in control parameters using SRPC with ASDM. 

From Figure 3.14, it can be inferred that the MPC based SVM is delivering smooth, ripple 

free tracking with zero steady state errors. Therefore, it can be concluded that the choice of the 

control parameters will affect the performance of the SRPC scheme when employed with 

ASDM as well as the DG output; however, the SRPC scheme employed with MPC based SVM 

promises excellent performance irrespective of control parameters. Moreover, its operation is 

independent of grid disturbances, operating points and set-point boundaries. 

 

Figure 3.14 Real power tracking with change in control parameters using SRPC with MPC based SVM. 

Figures 3.15 and 3.16 show the SRPC scheme performance with different upper and lower 

hysteresis bands in reactive powers as considered in real power control (30VAr as set-1 and 

20VAr as set-2) and with same perturbs (i.e., 0.1 A, 0.01 rad). The tracking performance in 

Figures 3.15 and 3.16 reconfirms the superiority of SRPC with MPC based SVM.  
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Figure 3.15 Reactive power tracking with change in control parameters using  SRPC with ASDM. 

 

Figure 3.16 Reactive power tracking with change in control parameters using  SRPC with MPC based SVM.         

From the discussions, it is evident that the control and performance of the single phase 

DG when employed with MPC based SVM shows superior performance, compared with 

ASDM for all the current reference generation schemes. To validate the efficacy of the 

proposed schemes, Integral Absolute Error (IAE) is considered for evaluating active and 

reactive powers as presented in (3.17). 
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
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                                                    (3.17) 

The performance of the current reference generation schemes with ASDM and MPC based 

SVM are evaluated using performance index IAE, as presented in Table 3.1. It can be 
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confirmed from Table 3.1 that the MPC based SVM exhibits excellent performance when 

compared with ASDM for all current reference generation schemes. 

Table 3.2 IAE for different schemes using MPC based SVM and ASDM 

 

Current reference 

Scheme 

 

ASDM 

 

 

Proposed MPC based SVM 

IAEP (W) IAEQ (VAr) IAEP (W) IAEQ (VAr) 

Scalar control 251.8561 22.2565 126.2347 16.8391 

Modified scalar 65.2871 19.3769 55.9503 7.1216  

SRPC  55.2652 16.1998 49.8903 6.1691 

 

3.6 Summary 

The performance of MPC based SVM and ASDM for control of active and reactive 

powers of single phase grid connected DG is verified with different current reference 

generation schemes. The scalar reference generation scheme results in steady state error. 

Though, the modified scalar reference generation scheme renders zero steady state error, it 

induces delay in the power tracking.  

The MPC based SVM method in combination with SRPC scheme has the advantages of 

quick, accurate and stable control when compared with ASDM method. Although, the 

modified scalar reference generation scheme and SRPC scheme have error correction 

mechanisms, their performance compared with ASDM is very poor. Therefore, it is concluded 

that that MPC based SVM with SRPC is the best combination among reference generation and 

modulation schemes considered in the study.  

Though the SRPC using MPC based SVM proved to be a better method when compared 

with ASDM, an effective method needs to be designed with a single stage conversion i.e., the 

elimination of the current reference generation scheme. A control strategy must be designed 

for both grid and islanding modes avoiding the multi-loop control. A strategy must be 

developed to achieve grid synchronization without the use of any PLL and to achieve a 

seamless transition between grid connected and islanding modes.  
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 Chapter 4                                                                                 

Model Predictive Controller based Single Phase 

Distributed Generator with Seamless Transition 

between Grid and Off-Grid Modes 

4.1 Introduction 

The primary objective of the inverter based DG is to supply the local loads continuously 

while feeding excess power to the grid. If the DG is operating in grid connected mode, it has 

to be controlled for specified real and reactive power feedings [85]. To achieve the successful 

integration with the grid thereby specified power feedings, the DG has to be synchronized with 

the grid. To accomplish successful synchronization, the voltage magnitude and its phase along 

with frequency of the incoming DG should match with that of the grid’s voltage, frequency 

and phase. The task of synthesizing the required voltage can be achieved by adopting zero 

crossing detection method. However, this methodology may yield unsatisfactory 

synchronization in case of distorted grid voltages, which is very common in weak grids. This 

limitation can be alleviated by filtering the grid voltage as proposed in [86-87]. However, with 

these methodologies, the inherent delay resulting from filtering circuits in control loop cannot 

be avoided. Whereas, the adaptive vectorial filter is proposed in [88], can be employed. 

However, this methodology involves complex coefficient filters and necessitates careful 

design. To address this limitation, phase-locked loop (PLL) based synchronization schemes 

have been developed and their detailed discussion is presented [89-91]. As concluded in [90], 

the second order generalized integrator (SOGI) based PLL, inverse park transform based PLL 

and adaptive transfer delay based PLL have superior performance when compared with other 

PLLs, in terms of dynamic response, filtering capability and computational complexity. 

However, PLL involves PI controllers, which requires rigorous tuning. Since the PI is a fixed 

gain controller, the performance of the PLL and hence the synchronization phenomenon will 

be affected by unavoidable nonlinearities in the system. Moreover, PLL based synchronization 

involves multiple control loops of voltage (magnitude, frequency and phase loops) which 

makes the control complex. Therefore, a robust controller that address the aforesaid issues with 

minimized control loops is to be developed for grid synchronization of the DG.  

Different seamless transition control strategies are discussed [92-94]. In [94], MPC based 

seamless control strategy is proposed; however, the control methodology adopted involves 

different weighting factors, acceptable tracking error ranges and initial weights which 
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necessitate careful design. In addition, the grid synchronization mechanism [94] involves the 

look-up table approach to find the right phase angle information using four zones of operation 

in one fundamental period.  

In this connection, this chapter presents a PLL free, single loop, instantaneous voltage 

based synchronization scheme, which is free of weighting factors and look-up tables, for the 

control of single phase DG using SOGI based MPC. SOGI is preferred over adaptive vectorial 

filter as it is simple to design, easy to implement and has been used only for orthogonal signal 

generation [95]. Though SOGI extracts the fundamental components by filtering all other 

components, it does not induce any delay into the signals that have been processed. The 

developed MPC is integrated with the SVM, to realize a FCS-MPC which gives robust 

performance even under system frequency variation. In addition, a simple scheme for seamless 

transition between grid and off-grid modes of single phase DG is developed. The developed 

controller along with the seamless transition scheme is examined through simulations and has 

been validated on a proto type. 

4.2 System Modeling in Grid Connected Mode  

A single phase inverter based DG system supplying the local loads and grid is shown in 

Figure 4.1.  
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Figure 4.1 MPC based SVM controlled single phase Inverter with residential loads and grid interface. 

The DG output voltage VP and current I0, sensed after filtering, are given to the MPC 

based SVM. Based on the status of the synchronization switch, the DG is operated in either off 

grid mode or grid connected mode. The synchronization process for the interconnection of DG 

with the grid is implemented as per the methodology proposed in Section 4.4. The DG output 

power (PDG, QDG) is equal to the sum of power absorbed by local load (Pload, Qload) and the grid 
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feeding (Pgrid, Qgrid). The system from the inverter end to the point of common coupling (PCC) 

can be represented as (4.1).  

                                            
i f f P

dI
V IR L V

dt
                                                      (4.1) 

Considering grid connected mode of operation along with residential loads, the currents can be 

written as  
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Differentiating latter part of (4.2) with respect to t 
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The PCC voltages and currents can be transformed into α-β domain using SOGI [11] 

methodology as VPα, VPβ, I0α, I0β.  
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Differentiating (4.4) with respect to ‘t’ 

                                      

sin

cos

P
m P

P

m P

dV
V t V

dt

dV
V t V

dt







  

  


 




 

 




                                                          (4.5) 

Substituting (4.4) & (4.5) in latter part of (4.3),  
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Differentiating (4.6) with respect to t, 
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Therefore, writing (4.1) and (4.2) in α-β domain  
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Since the objective of the control is to achieve the desired real and reactive powers in grid 

connected mode, the switching decisions for the converter are made based on the error between 

the actual and set point powers. In general, the power can be written as 

                                     
  

*
0

0 0

 

 P P

S VI

S V jV I jI   







 



                                                           (4.10) 

                                                 
 

 

0 0

0 0

P P

P P

P V I V I

Q V I V I

   

   








 



                                                      (4.11)                                                

 Differentiating with respect to t, (4.11) will be  
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For the evaluation of (4.12) & (4.13), 0I 



and 0 I 



are necessary  
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where dot operator represents differential of respective terms. Substituting (4.8) & (4.9) in 

(4.14) and on simplifying, the resultant 0I  and 0I    will be 
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After substituting (4.5), (4.9), (4.15), (4.16) in (4.12) and (4.13), the powers in state space 

representation is given as  

                              

   

2 2

2 2

1 1 1
*

1 1
*  

1 1

where 

f f iP P

P P if ff f f

f f P f f P f f P f f P P

P
f f P f f P f f P f f P

R L VV VP P

V V VL R QL L L
Q

L C V R C V L C V R C V V

VL C V R C V L C V R C V

P

 

  

    


   





   

   

                              

      
 

 
        
 

 ,
dP dQ

Q
dt dt



                  (4.17) 

Taking the powers as state variables and considering Vi as inputs, (4.17) can be re-written as 

follows. 
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         Where                         ;
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The equation (4.18) can be written as (4.21) 
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                               1l l s l l w s l Pl sX k I AT X k BV T C V T                                              (4.22) 

However,  

                        
   2

.. ..
2! n!

l s
s sl lAT

s sl l

n
AT AT

e I AT I AT                                                    (4.23) 

Hence, (4.22) can be written as 

                              1l l ld d w d PlX k X k A B V C V                                                  (4.24) 

where ;= ;   ;l sAT
ld d l s d l sA e B B T C C T    

With this, powers are taken as control variables to implement the model predictive 

methodology for the control of grid connected inverters. The cost function, gs for the model 

predictive control is taken as the Euclidean distance of the predicted powers and reference 

powers as   

                                         2 2
1 1s l ref l refg P k P Q k Q                                                 (4.25) 

Where gs is the objective function or cost function. The cost function represented in (4.25) is 

evaluated for all possible switching sets of inverter switching operation for which the voltage 

vectors are calculated based on SVM. As it is a single phase system, with four switches, the 

number of switching states will be four (00, 01, 11 and 10). Out of which only two are effective 
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states (01, 10), as the other two (00, 11) are null states. Hence, at any time the prediction states 

are limited to only two, resulting in decreased computational burden with quick control actions. 

Among the two effective states, the switching set will be selected such that for the given state, 

the cost function will result in minimum value for the considered sampling duration (4.26). The 

switches are controlled according to the derived switching set; the corresponding voltage vector 

will appear as inverter voltage. The control block diagram of the developed MPC with power 

as control variable is shown in Figure 4.2. 

                                               min ,  for  l 1,2
sl

g g                                                               (4.26) 
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Qref(k)
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Sb

 

Figure 4.2 Block diagram of model predictive control for grid connected mode.   

4.3 System Modeling for Off Grid Operation         

Considering the inverter for off-grid operation, the current dynamics can be represented as 

                              ;  ;
i f P P L

c L

f f

V IR V dV I IdI
I I I

dt L dt C

  
                                               (4.27) 

For the off-grid operation, the control variables are the load (PCC) voltage and frequency. 

Hence, considering the voltage VP and I as state variables, the state space representation of the 

inverter is  
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                                           (4.28) 

The above equation is of the form 

                              d d i LX AX BV CI                                                                          (4.29) 
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The second row of (4.28) determines the controlled voltage vector for the off-grid operation. 

where                              
1 1 0

1
1 =  ;
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0
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                                             (4.30)  

After discretization, the latter part in (4.27) can be written as:  
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Simplifying and rearranging of (4.33) results in  

                                                 
( ) ( )

1 s L s
P P

f f

I k T I k T
V k V k

C C
                                           (4.34) 

In (4.34), VP (k+1) is dependent on I which further depends on Vi. Discretizing former part of 

(4.27) by using Euler’s forward method, and on simplifying  
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For (4.34), I(k) is essential for the evaluation of the voltage vector. For evaluating I(k), I(k+1) 

is shifted to I(k) as (4.38)              
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On simplification, (4.38) can be rewritten as 
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Substituting (4.39) in (4.34) and on rearranging,  
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Considering the instantaneous voltage vector VP as the control variable and the 

instantaneous reference voltage Vref  as the reference variable, the cost function is defined as 

the Euclidean distance between the predicted voltage vectors and reference voltage vector 

(4.41). For every instant, voltage is predicted and is compared with the reference value.  

                                2 2
k 1 k 1v P ref P refg V V V V                                           (4.41) 

Where gv is the cost function or objective function for off-grid connected operation. The 

switching vector corresponding to minimum gv, as in (4.42), is selected and is given for the 

next sampling instant Ts to generate the voltage templates. Therefore, in steady state the voltage 

vector VP will resemble the reference voltage at the set-point frequency. The block diagram of 

the developed MPC in off-grid mode of operation is shown in Figure 4.3. 

                                                 min ,   1,2
vl

g g for l                                                           (4.42) 
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Figure 4.3 Block diagram of model predictive control for off grid mode. 
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4.4 Methodology of Grid Synchronization 

The grid synchronization methods can be classified as zero crossing detection, open loop 

and closed loop techniques.  Given its merits, the closed loop grid synchronization method is 

applied. In this method, the reference and actual voltages are compared after transforming the 

instantaneous symmetrical components into orthogonal components (α-β). Figure 4.4 

illustrates the steps to be followed for grid synchronization. Prior to the synchronization or 

resynchronization with the grid, the inverter will be operating in islanding mode.  

DG needs to 

be synchronized 

with grid?

Start

Nominal Voltage (instantaneous) 

signal as reference

Set grid voltage(instantaneous) 

signal as reference

Control in off-grid mode
Control in  off-grid mode

Yes

No

Figure 4.5

No

Yes

Feeding Residential loads/

local loads

End

Voltage match 

started?

 

Figure 4.4 Flow chart of grid synchronization process. 

Counter

Reset

Yes

No

>T/Ts Synchronization 

switch closed
VPCC   Vg

 

Figure 4.5 Decision making mechanism for instantaneous voltage match. 

However, the objective of grid synchronization is to supply the set point real and reactive 

powers to the grid at the voltage and frequency as defined by the grid. Hence, the controller 

reference values are toggled from the nominal reference voltage and frequency to the frequency 

and voltage of the grid. Hence the grid voltage is sensed and is given to the controller. The 

synchronization switch should be closed only when the incoming DG’s voltage magnitude, 

frequency and phase are matched with that of the grid’s voltage magnitude, frequency and 

phase. However, in the proposed methodology, all the three parameters can be verified by 

comparing instantaneous values of voltages. Even though the instantaneous voltages match at 
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one time instant, they may deviate at the next instant. However, to have safe synchronization, 

one has to have an assurance that there is sustained synchronization of instantaneous voltages. 

Hence, in this study the instantaneous voltages are observed for the duration of one complete 

cycle. The counter will be initialized once the instantaneous voltages start matching and the 

number of matching instants is counted. If the count reaches the set value (T/Ts), indicating that 

the instantaneous voltages of incoming DG and the grid are matched for a complete cycle, the 

synchronization switch will be closed while toggling the MPC to grid connected mode. If the 

instantaneous voltages deviate from each other before the counter reaches its set value, the 

counter will be reset to zero as shown in Figure 4.5. The counter will restart only after the 

voltages start matching again. This procedure is adopted to assure sustained matching of 

instantaneous voltages and ensure safe synchronization. The user can wait for more than one 

complete cycle for assured smooth synchronization, however it delays the process of 

synchronization. 

4.5 Simulation Results 

To verify the performance of the proposed MPC integrated with SVM, along with the 

seamless transition mechanism for single phase DG system, a simulation test bed is developed 

using Matlab. Different case studies with all the possible operating conditions and modes are 

formulated, discussed in detail as Case-1 to 4, in the following subsections. The parameters 

considered for simulation and experimentation are presented in Table 4.1. 

Table 4.1 Simulation and Experimental parameters 

Parameters Simulation Experiment 

Vdc 400 V 261 V 

VP (230-240) V (RMS) 150 V (RMS) 

Vref 230 V (130-150) V (RMS) 

fp (49-50) Hz (48-50) Hz 
Rf, Lf 

 
0.2 Ω, 5 mH 0.2 Ω, 5 mH 

Cf 50 F 50 F 

P (2-7) kW (0-1.5) kw 

Q (1-3.5)  kVAr - 

 

4.5.1 Case -1: Grid connected mode 

In this case, the DG is operated in grid connected mode with initial set-point real and 

reactive powers (Pgridref and Qgridref) as 5,000W and 2,500VAr (0.9pf) respectively. The Pgridref 
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is changed to 7,500W (0.9pf) at 1 s, to examine the capability of the controller in tracking the 

changes in reference powers. It can be seen from Figure 4.6 that the developed controller is 

very effective in tracking the new reference powers within 0.02 s (one cycle) with zero steady 

state error and without any appreciable oscillations (i.e., over/undershoots). 

 

Figure 4.6 Active power and reactive power for grid-connected operation. 

4.5.2 Case-2: Off grid mode 

In this case, the DG is operated in islanding mode with initial load of real and reactive 

powers (Pload and Qload of Figure 4.1) of 2,000W and 1,000VAr (0.9pf) respectively. Since the 

DG is operating in off-grid mode, Pgrid and Qgrid are zero. The Pload and Qload are changed to 

3,500W and 1,750VAr at 1 s, and the performance of the designed controller in serving the 

varying load is as shown in Figure 4.7.  
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Figure 4.7 Active power and reactive power of residential loads supplied by DG.     

As it is an islanding operation, to ascertain that the DG is operating at nominal voltage and 

frequency (230V rms, 50Hz), the output voltage, current and their total harmonic distortions 

(THDs) are plotted and shown in Figures 4.8 to 4.11.   

 

Figure 4.8 DG output voltage (VP), feeding only residential loads. 

The efficacy of the designed MPC for single phase DG system operating in islanding 

mode, while feeding the changing local loads at nominal voltage and frequency with very 

minimum THDs, can be ascertained from Figures 4.7 to 4.11. It can be observed from Figures 

4.7, 4.8 and 4.10 that despite the change in connected load (Pload and Qload) at 1s, the inverter 

output voltage (VP) is unaffected and remains at nominal value all the time. 
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Figure 4.9 THD in voltage under off-grid mode, supplying only residential loads. 

 

Figure 4.10 DG current in islanded mode, supplying only residential loads. 

 

Figure 4.11 THD in current under off-grid mode, supplying only residential loads. 

4.5.3 Case-3: Transition from grid to off grid mode 

In this case, the DG is supplying real and reactive powers (Pgrid, Qgrid) of 5,000W and 

2,500VAr (0.9pf), initially to the grid. The residential loads (Pload and Qload) connected in the 

systems are considered to be 2,000W and 1,000VAr respectively as shown in Figures 4.12 and 

4.13.  
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At 1 s, it is considered that grid is isolated; hence the DG has to maintain its stability 

while feeding only the residential loads. Since the DG got isolated from grid at 1s, the grid 

feeding (Pgrid, Qgrid) is becoming zero at 1s, as depicted in Figures 4.12 and 4.13. Even though 

the grid feeding has become zero at 1s, the DG output remains at 2,000W and 1,000VAr, which 

exhibits the superior seamless transition performance of the developed controller from grid 

connected mode to islanding mode.  

 

 

Figure 4.12 Active power during transition from grid mode to islanding mode. 

 

Figure 4.13 Reactive powers during transition from grid mode to islanding mode. 
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Figure 4.14 Current waveform for transition from grid to off-grid mode. 

Figure 4.14 shows the DG output current which exhibits the chattering/oscillations free 

response during, before and after the transition from grid connected mode to islanding mode in 

spite of change in system parameters resulting from isolation. Therefore, confirms the 

extraordinary performance of the designed controller in achieving seamless transition. The 

Figure 4.11 shows the current THD in islanding mode and Figure 4.15 infers the current THD 

in grid connected mode.  

 

Figure 4.15 THD in current under grid connected mode. 

4.5.4 Case-4: Transition from off grid to grid connected mode 

The performance of the controller for resynchronization of DG with grid is studied in this 

case. As discussed in section 4.4, the DG is supplying its load initially at nominal voltage and 

frequency (230V (rms), 50Hz). At the same time the grid is operating at 240V (rms), 49Hz.  It 

is decided that the DG which is operating in islanding mode is to be synchronized with the grid 

at 0.5 s. The grid synchronization algorithm (Figure. 4.4) will be initiated at 0.5s. It can be seen 

from Figure 4.16 that the DG voltage is having a magnitude difference of 10V (rms) and is 
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almost 180o out of phase with respect to the grid voltage at 0.5s, that is, the instant at which the 

grid synchronization algorithm is initiated. However, once the algorithm is initiated, the DG 

has quickly adapted its voltage magnitude and frequency along with phase so as to match the 

grid references, which is shown in Figure 4.16.  

The counter (shown in Figure 4.5) is initiated at 0.501 s. To ensure the successful 

synchronization of DG with the grid, the counter is allowed to reach 1,000 (= 20ms/20µs). As 

and when the counter reaches 1,000, the MPC is toggled from off-grid mode to grid connected 

mode and the synchronization switch is turned ON. The power outputs of DG in this case study 

are shown in Figure 4.17. Since the DG is operating in islanding mode till 0.501 s, it is 

supplying the local load of 2,000W. As the DG reference voltage has changed from nominal 

voltage (230V) to grid voltage (240V) at 0.5 s, the local loads start absorbing an extra power 

of 177.69 W (P = V2/R) from 0.5 s onwards as shown in Figure 4.17. Even after synchronization 

at 0.501 s, the DG power remains the same as the grid feeding references are kept zero till 0.9s., 

As the grid feeding references are changed to 1,000W and 500VAr at 0.9 s respectively, the 

DG supplies power of 3,177.69 W (local load + grid feeding) and 500VAr (0.988pf) as depicted 

in Figure 4.17.  

 

Figure 4.16 PCC and grid voltages before and after synchronization. 
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Figure 4.17 Active and reactive powers for transition from off-grid to grid mode. 

The DG current during different operating conditions of this case study is shown in 

Figure 4.18. It can be seen in Figures 4.16 and 4.18 that the moment the DG references are 

changed to grid references, the DG output voltage and current are changing their magnitude, 

frequency as well as phase according to the grid references from 0.5s. Altogether, the proposed 

MPC is exhibiting an excellent performance in all the operating conditions and is also 

delivering extraordinary seamless response during the transitions between different modes of 

operation. 

 

Figure 4.18 Current waveform for transition from off-grid to grid mode. 
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4.6 Experimental Validations 

An experimental set up is shown in Figure 4.19 with different components, to examine and 

validate the performance of the proposed SVM based MPC for the control of single phase DG 

under different operating conditions. Different case studies have been carried out to validate 

the proposed seamless transition mechanism.  

Using dSPACE DS1104 as control interface, the single phase DG is realized to achieve the 

defined objectives. The Figure 4.20 shows that the DG is supplying the local load at the 

specified nominal voltage of 150V rms (peak value of 210V). Due to the limitation in 

measuring infrastructure, which cannot measure reactive power averaged over a moving 

window, only a resistive load is considered during this experimentation. Since the considered 

load is of resistive nature, the phase difference between the voltage and current is zero, as 

shown in Figure 4.20. The THD in the experimental output voltage is recorded as 0.6% which 

is shown in Figure 4.21. The THDs in voltage as well as in current are well below the maximum 

allowable value of 5%. 

 

Figure 4.19 Experimental set-up of grid/off grid connected DG. 
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Figure 4.20 Voltage and current waveforms of off-grid with increased Resistive load. 

For the successful integration of DG, the voltage magnitude, frequency and phase at the 

PCC must be matched with that of the grid’s voltage, frequency and phase. To accomplish this, 

grid voltage is sensed by voltage sensor and is given to the controller which is operating in 

islanding mode. For the experimental validation, the magnitude of voltage at PCC which is 

supplied from DG, is kept as 130V (rms) at 48Hz, while the grid voltage is 150V (rms) at 50Hz, 

to validate the capability of the designed controller in synchronizing the DG which is operating 

at a voltage, frequency and phase that is different from the grid’s voltage, frequency and phase. 

As the grid frequency cannot be controlled by converter, the DG is controlled to operate at 

48Hz prior to synchronization.  

 

Figure 4.21 Voltage THD plot of off grid for Resistive load. 
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The performance of grid synchronization mechanism and the designed SVM based MPC 

scheme for seamless transition can be seen in Figure 4.22. The DG is operating in islanding 

mode till T0 as shown in Figure 4.22. It is decided to synchronize the DG with the grid at the 

end of T0, hence the synchronization mechanism will be activated at T0.  

T0

T1 T2

Vg
VP

I0

 

Figure 4.22 Voltage and current waveforms before and after grid synchronization. 

The designed SVM based MPC scheme along with synchronization mechanism is trying 

to match the DG voltage, frequency and phase with that of the grid’s voltage, frequency and 

phase between T0 and T1. Figure 4.22 shows that at T1, the controller is able to synthesize a 

voltage at PCC so that the DG can be synchronized with the grid. However, to secure successful 

synchronization, the synchronizing switch is closed at T2, as discussed in section 4.4. As the 

grid voltage (150V) is greater than the DG voltage (130V), there is slight increase in power 

(immediately after T1) compared to power before synchronization as discussed in case-4 of 

section 4.5, which can be seen in Figure 4.23.  

The power output of the single phase DG is depicted in Figure 4.23. At T3, the Pgridref is 

changed from 0W to 500W. Now the DG is feeding 500W to the residential load and 500W to 

grid. Figure 4.24 presents the inverter voltage and current waveforms for this variation of DG 

power from 500W to 1,000W. The current THD in grid connected mode (after T3) is shown in 

Figure 4.25. The power output of the DG for further increase in Pgridref by 500W at T4 is as 

shown in Figure 4.26. As demonstrated in Figure 4.26, the proposed controller is very effective 

in tracking the defined powers without any steady state errors and transient oscillations. 
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Figure 4.23 Power supplied by DG (Pload+Pgrid) during transition. 

T3

I0

Vg & VP

 

Figure 4.24  Voltage and current waveforms in grid connection mode with residential loads. 

 

Figure 4.25 Current THD at DG supplying 500W to grid and residential load. 
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Figure 4.26 Power supplied by DG (Pload+Pgrid). 

Similarly, the grid power feeding is reduced by 500W at both the instants T5 and T6. After 

T6, DG is supplying 0W to grid; however, it remains in grid connected mode while feeding 

only residential loads. At T6, it is decided to bring back the DG into islanding mode, and it is 

controlled to deliver the residential loads at 130V. The inverter power output during the 

transition from grid connected mode to islanding mode is shown in Figure 4.27. Beyond T7, as 

the DG is subjected to operate at 130V in islanding mode, against the grid voltage of 150V, 

there is a slight decrease in power fed by DG to the residential load as shown in Figure 4.27.  

500W
440W

1000W

1500W

 

Figure 4.27 Transition of power from grid connected mode to islanding mode. 

The voltage and current waveforms of DG prior to isolation are shown in Figure 4.28. At 

T6 the power feeding to the grid is made zero, hence the DG is supplying only residential loads. 

However, the synchronization switch is still in closed position. Beyond T6, once the grid 

feeding became zero, the synchronization switch is opened, hence islanding the DG. Figure 

4.29 presents the DG voltage and current after it has been islanded. At T7, the DG reference is 

changed to nominal voltage (130V, 48Hz) from grid voltage (150V, 50Hz). 
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Figure 4.28 Voltage and current waveforms of DG prior to isolation. 

Vg Vg & VPCC VPCC 
I0I0

T7 

 

Figure 4.29 Voltages and current waveforms with DG supplying load at nominal voltage signal as reference. 

The validated experimental results confirm the seamless transition of single phase DG 

between grid and off-grid modes while delivering the required powers, thereby achieving an 

extraordinary performance.  

4.7 Summary 

The proposed MPC integrated with SVM for the control of single phase DG to operate 

in grid connected mode as well as in off-grid modes is discussed in this chapter. A simple PLL 

free grid synchronization mechanism along with seamless transition control between grid 

connected mode and off-grid mode is developed. The developed MPC integrated with SVM is 

examined for delivering the set-point powers in grid connected mode, supplying the local load 

at the nominal voltage and frequency in off-grid mode and for smooth transitions between these 

modes. The designated performance of the developed control scheme for single phase DG is 
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confirmed through simulations, which are further validated on an experimental test bed. The 

performance of the controller proved to be very efficient in both the grid as well as off grid 

connected modes and the proposed methodology is free of weighting factors unlike seamless 

transition strategies using MPC references [34-43] [94]. 

The developed mechanism can be applied to the three phase DGs as well. The concept 

applied to three phase DG is discussed in the next chapter along with the parallel connected 

DGs.  
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 Chapter 5                                                                                  

Model Predictive Control Based SVM Applied to Three 

Phase Distributed Generation System and Parallel 

Connected Distributed Generators. 

5.1 Introduction 

 Different seamless control strategies are discussed in literature; however, they either 

need multiple loops for grid synchronization or utilize weighting factors based methodology 

for the reduction of the steady state errors. However, a PLL free based mechanism is to be 

developed without the use of any weighting factors to reduce the computational burden as well 

as the complexity in tuning. The modeling of the three phase DG operated in grid connected 

mode along with the islanding mode is not discussed as the modeling will be the same as the 

DG discussed in the fourth chapter of the thesis. 

 In the latter half of this chapter, the DG operating in islanding mode with the proposed 

control strategy is applied to three phase multiple DGs and the operation is discussed with the 

simulation results. The problems that are presented due to their operation are addressed by a 

new control strategy with the simulation results followed by HIL results. The results are 

verified for seamless operation, adaptability and suitability when applied with the introduction 

of communication delays. 

5.2 System Schematic Representation of the Three Phase DG 

The detailed modeling is presented in chapter 4. Figure 5.1 presents a three phase DG 

connected with the grid based on the synchronization process discussed in chapter 4. The three 

phase DG can be connected to the grid or can be operated in islanding mode by means of a 

circuit breaker. The primary objective of any DG is to supply the loads with required amount 

of active and reactive powers and supply the extra amount of power to the grid. Here, the 

operating modes are of two types: grid and islanding modes. In the grid connected mode of 

operation, it is required to supply the grid with the amount of set point powers along with the 

load power. In islanding mode of operation, the DG should cater the loads with the amount of 

active and reactive powers, while maintaining the voltage and frequency at nominal values. 

The DG should also possess the seamless transition capability while transiting from one mode 
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to the other. Based on these objectives, a model has been developed in Matlab/Simulink and 

the simulation results are presented in section 5.3. 
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Figure 5.1  Schematic of MPC based SVM applied to three phase DG. 

5.3 Simulation Results and Discussion 

To verify the performance of the proposed MPC integrated with SVM, along with the 

seamless transition mechanism for three phase DG system, a simulation test bed is developed 

using Matlab/Simulink. Different case studies with all the possible operating conditions and 

modes are formulated and discussed in detail from Case-1 to 4, in the following subsections. 

The system parameters considered for simulation are presented in Table 5.1. 

Table 5.1  System parameters for three phase DG  

Parameters Values 

Vdc 750 V 

VP (415-430) V (RMS) 

Vref 415 V 

fp (49-50) Hz 

Rf, Lf 

 
0.15 Ω, 15 mH 

Cf 50 F 

P (5-15) kW 

Q (2.5-7.5)  kVAr 

 

5.3.1 Case -1: Grid connected mode 

In this case, the DG is operated in grid connected mode with initial set-point of real and 

reactive powers (Pgridref and Qgridref) of 10,000W and 5,000VAr (0.9pf) respectively. The Pgridref 

is changed to 15,000W (at 0.9pf) at 1 s, to examine the capability of the controller in tracking 
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the changes in reference powers. The Figure 5.2 shows that the developed controller is very 

effective in tracking the new reference powers within 0.02 s (one cycle) with zero steady state 

error and without any oscillations. 

 

Figure 5.2 Active and reactive powers supplied to grid by DG. 

5.3.2 Case-2: Islanding mode 

In this case, the DG is operating in islanding mode with initial load of real and reactive 

powers of 5,000W and 2,500VAr (0.9pf) respectively. Since the DG is operating in off-grid 

mode, Pgrid and Qgrid are zero. The Pload and Qload are changed to 7,500W and 3,750VAr at 1 s, 

and performance of the designed controller in serving the varying load is shown in Figure 5.3.  

 

Figure 5.3 Active and reactive powers of residential loads supplied by DG.     
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As it is an islanding operation, to ascertain that the DG is operating at nominal voltage and 

frequency (415V rms, 50Hz), the output voltage, current and their total harmonic distortions 

(THDs) are plotted and shown in Figures 5.4 to 5.7.   

 

Figure 5.4 DG output voltage (VP), feeding only residential loads. 

The efficacy of the designed MPC for the single phase DG system operating in islanding 

mode, while feeding the changing local loads at nominal voltage and frequency with very 

minimum THDs can be ascertained from Figures 5.4 to 5.7. It can be observed from Figures 

5.3, 5.4 and 5.6 that despite the change in connected load (Pload and Qload) at 1 s, the inverter 

output voltage (VP) is unaffected and remains there at nominal value all the time. 

 

Figure 5.5 THD in voltage under off-grid mode, supplying only residential loads. 
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Figure 5.6 DG current in islanded mode, supplying only residential loads. 

 

Figure 5.7 THD in current under off-grid mode, supplying only residential loads. 

5.3.3 Case-3: Transition from grid to islanding mode 

In this case, the DG is initially supplying real and reactive powers (Pgrid, Qgrid) of 

10,000W and 5,000VAr (0.9pf), to the grid. The residential loads (Pload and Qload) connected 

in the system are considered to be 5,000W and 2,500VAr, respectively as shown in Figures 5.8 

and 5.9.  

At 1 s, it is considered that grid is isolated; hence the DG has to maintain its stability 

while feeding only the residential loads. Since the DG got isolated from grid at 1s, the grid 

feeding (Pgrid, Qgrid) is becoming zero at 1 s, as depicted in Figures 5.8 and 5.9. Even though 

the grid feeding has become zero at 1 s, the DG output remains at 5,000W and 2,500VAr, 

which reveals the superior seamless transition performance of the proposed controller from 

grid connected mode to islanding mode.  
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Figure 5.8 Active power during transition from grid mode to islanding mode. 

 

Figure 5.9 Reactive powers during transition from grid mode to islanding mode. 

Figure 5.10 shows the DG output current which exhibits chattering/oscillations free 

response during, before and after the transition from grid connected mode to islanding mode in 

spite of change in system parameters resulting from isolation. Thus, it confirms the 

extraordinary performance of the proposed controller in achieving seamless transition. The 

current THD in islanding mode is 0.01% as shown in Figure 5.7 whereas the current THD in 

grid connected mode is 0.98% as shown in Figure 5.11. 
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Figure 5.10 Current waveform for case-3. 

 

Figure 5.11 THD in current under grid connected mode. 

5.3.4 Case-4: Transition from islanding to grid connected mode 

The performance of the controller for resynchronization of DG with grid is studied in this 

case. As discussed in chapter 4, section 4.4, the DG is supplying initially its load at nominal 

voltage and frequency (415V (rms), 50Hz). At the same time the grid is operating at 430V 

(rms), 49Hz.  It is decided that the DG which is operating in islanding mode is to be 

synchronized with the grid at 0.5 s. The grid synchronization algorithm is initiated at 0.5 s. It 

can be seen from Figure 5.12, that the DG voltage is having a magnitude difference of 15V 

(rms) and is almost 180o out of phase with respect to the grid voltage at 0.5 s, that is the instant 

at which the grid synchronization algorithm is initiated. However, once the algorithm is 

initiated the DG has quickly adapted its voltage magnitude and frequency along with phase so 

as to match the grid references which is shown in Figure 5.12.  
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The counter (shown in Figure 4.5) is initiated at 0.501 s. To ensure the successful 

synchronization of DG with the grid, the counter is allowed to reach 1000 (= 20ms/20µs). As 

and when the counter reaches 1000, the MPC is toggled from off-grid mode to grid connected 

mode and the synchronization switch is turned ON. The power outputs of DG are shown in 

Figure 5.13. Since the DG is operating in islanding mode till 0.501 s, it is supplying the local 

load of 5,000W and 2,500VAr respectively. As the DG reference voltage has changed from 

nominal voltage (415V) to grid voltage (430V) at 0.5 s, the local loads start absorbing an extra 

power of 367.977 W (P = V2/R) from 0.5 s shown in Figure 5.13. Even after synchronization 

at 0.501 s, the DG power remains same as the grid feeding references are kept at zero till 1.1 s. 

At 1.1 s, as the grid feeding references are changed to 10,000W and 5,000VAr, the DG supplies 

a power of 10,367.977 W (local load + grid feeding) and 5,000VAr (0.9pf) as depicted in Figure 

5.13.  

 

Figure 5.12 PCC and grid voltages before and after synchronization. 

The DG current during different operating conditions is shown in Figure 5.14. It can be 

seen from Figures 5.13 and 5.14 that the moment the DG references are changed to grid 

references, the DG output voltage and current change their magnitude, frequency as well as 

phase according to the grid references from 0.5 s. Considering all the cases, the proposed MPC 

is exhibiting excellent performance in all the operating conditions and is also delivering 

extraordinary seamless response during the transitions between different modes of operation. 
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Figure 5.13 Active and reactive powers for case-4. 

 

Figure 5.14 Current waveform for case-4. 

From the simulation results, it can be concluded that the proposed controller is exhibiting 

superior seamless transition as well as suitable for systems with home appliances and the grid 

power injection can be adopted for the roof top solar PV based systems. Though the 

performance of the controller is very efficient in both the modes, the controller is to be tested 

for the parallel connected operation of DGs which improves the reliability and presents various 

problems that need to be addressed. So the parallel connected operation of DGs is a very 

significant problem which needs to be addressed. For the parallel connected operation of DGs, 

a crucial attention is necessary when they are operating in off grid operation.  Therefore, the 

latter half of this chapter discusses the issues faced by the proposed controller when the loads 

are remotely placed and they need to adjust to PCC voltage. 
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5.4 Parallel Connected Operation of DGs 

The parallel connected operation of DGs along with the problems associated with the 

DGs are discussed in this section. Figure 5.15 presents multiple DGs connected to PCC with 

line parameters. Figure 5.16 presents a three phase DG connected to utility interface which can 

be either grid or islanding mode of operation. 
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Figure 5.15 Single line diagram of multiple DGs connected to PCC. 

+

-

Vdc

IPCC
LfaRfa

Rfb Lfb

Rfc Lfc

Cfa

Cfb

Cfc

If

Vp

S1 S2
S3

S4 S5
S6

Line

Vi

 

Figure 5.16 A three phase DG connected to utility interface. 

5.4.1 Problem Formulation 

From Figure 5.16, applying Kirchhoff’s voltage law across the loop, the voltages can be 

represented as shown in (5.1). 

                                                          
f

i f f f p

dI
V I R L V

dt
                                                (5.1) 
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Where Vi  is the inverter output voltage, If  being filter current, Rf  the filter resistance,  Lf , Cf  

being the filter inductor and capacitor, VP is the voltage at the DG end, IPCC is the current 

transferred to load from the DG end.  

                                                                
p

PCC f f

dV
I I C

dt
                                                 (5.2) 

                                                     
1 1

PCC
p PCC PCC

dI
V V I R L

dt
                                             (5.3) 

Substituting (5.2) in (5.3) results in 

                                            
1 1

p PCC
p PCC f f

dV dI
V V I C R L

dt dt

 
    

 
                                  (5.4)  

Simplifying (5.4), results in (5.5) 

          

2

1 1 1 2
1

p f p

p PCC f f f

dV dI d V
V V I R R C L L C

dt dt dt
                            (5.5) 

Substituting (5.1) in (5.5) and on rearranging  

                  

2

1 1

2

1 1 1 1

1 1p p p f fi PCC

f f f f f f f

d V dV V I RV VR R

dt L dt C L L L C L C C L L

   
            

   

                      (5.6) 

Discretizing (5.6) results in  

 
1

1

2

1 1 1

1

( ) ( )

( 2) 2 ( 1) ( ) ( 1) ( ) ( ) 1 1

( )

i PCC

f f f
p p p p p p

f fs s f f

f f

V k V k

L C L CV k V k V k V k V k V kR

I k RT L T C L L R

C L L

 
  

         
                  

  

(5.7) 

Simplifying and rearranging (5.7) results in 

     

22 2

1 1

1 1 1

2 2

1

1 1

( )( ) ( )
2 ( 1)

( 2)

1 ( )

f f si s s PCC s
p

f f f f f

p

s s s
p

f f f

R I k TV k T R T V k T R
V k

L C L L C L L C
V k

R T T T
V k

L L C L C

   
              

   
  

      
  

           (5.8) 
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From (5.8), it is evident that the voltage that needs to be developed to meet the loads at 

the PCC is dependent on the line parameters and the VPCC. The method of adaptive virtual 

impedance [96 - 97] can be adopted and adjusting the values of the line parameters, the value 

of the voltage can be evaluated. The procedure of adaptive virtual impedance will be tedious if 

the load is either increased or decreased, it needs adjustment in voltage to compensate voltage 

drop. Therefore, a control strategy is developed by a combination of droop and adaptive 

secondary voltage control. The control strategy involves two loops, which were discussed in 

section 5.4.2 and section 5.4.3. The comparison of the developed method with the single loop 

method is be discussed in section 5.4.4. 

5.4.2 Power Based Control Strategy 

A DG with an output voltage of sV  is connected to the PCC ( 0PCCV  ) as shown in Figure 

5.17.  

 

Figure 5.17 A single DG connected to PCC. 

For the generalized power control strategy, a DG with output voltage with a distributed line 

impedance (Z) can be expressed as  

                                                                  *

PCC PCCS P jQ V I                                                   (5.9) 

                                                              
0s PCC

PCC

V V
I

R jX

   
  

 
                                            (5.10) 

Substituting IPCC in (5.9) and on simplifying, the resultant equation will be 

                                        
( )PCC s PCC s PCCV V Cos V Cos V Sin V Sin

P
Z Z

   
                                   (5.11) 

           
( )

  PCC s PCC s PCCV V Cos V Sin V Sin V Cos
Q

Z Z

   
                       (5.12) 

Where 2 2 2 2

2 2

;

Z ;

R X
Cos Sin

R X R X

R X

  
 

 

 

R L
PCC
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Simplifying (5.11) and (5.12) the resultant will be 

                                 
  2

  
PCC s PCC

V V Cos V Cos
P

Z Z

  
                                               (5.13) 

                                       
  2

PCC s PCC
V V Sin V Sin

Q
Z Z

  
                                                (5.14) 

Also ;
PCCsV V V   

In case of the transmission line, (X/R) ratio is high, 1;Cos Sin     whereas for the 

distribution system (X/R) ratio is always less than or equal to 1. Hence approximation cannot 

be done as the case for the transmission line. Extending the case for two DGs, the single line 

diagram for the aforesaid case is shown in Fig. 5.18. The case shown in Fig. 5.18 will have the 

line parameters with distances considered as the line inductance (L1) and line resistance (R1) of 

DG1 to PCC and the line resistance (R2) and the line inductance (L2). The voltages of DG1, 

DG2 are VS1, VS2 and with angles  being δ1 and δ2. Considering the case of two DGs and on 

assuming that the frequency and voltage is maintained at nominal values, the active and 

reactive powers transferred from DG1 to the load can be written as 

                        1

1

1 1 1
1

1

( )PCC s PCC s PCCV V Cos V Cos V V Sin Sin
P

Z Z

   
                                               (5.15) 

                         
  2

1 1

1

1 1

PCC s PCC
V V Sin V Sin

Q
Z Z

  
                                                              (5.16) 

 

Figure 5.18 Two DGs connected to point of common coupling (PCC). 

The active and reactive powers transferred from DG2 to the load can be written as 

                    2

2

2 2 2
2

2

( )PCC s PCC s PCCV V Cos V Cos V V Sin Sin
P

Z Z

   
                                          (5.17) 
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  2

2 2

2

2 2

PCC s PCC
V V Sin V Sin

Q
Z Z

  
                                                                        (5.18) 

The power sharing between the two DGs are discussed with four cases, i) if the DGs are 

of the same capacity and the distance between the DGs to the load is same. ii) The DGs of 

different capacity and the distance between the DGs to the load is same. iii) The DGs of the 

same capacity and the distance between the DGs to the load is different and iv) The distance 

between the DGs to the load as well as the DGs capacity are both different. These four cases 

are taken to test the versatility of the DGs and their self-adaptive capability. For case (i), the 

distance between the DG to the load is same. If both the distances are same, the line parameters 

are equal i.e., impedance(Z) and the phase angle(θ) will also be equal. Since the DGs capacity 

is equal, the voltage drop will be same as impedance is equal for the identical distance to PCC 

from DGs. 

                1 2

( )PCC s PCC s PCCV V Cos V Cos V V Sin Sin
P P

Z Z

   
                                          (5.19) 

                            
  2

1 2

PCC s PCC
V V Sin V Sin

Q Q
Z Z

  
                                                    (5.20) 

For the considered load active power (PL) and reactive power (QL). 

                                         
1 2

1 2

L

L

P P P

Q Q Q





 

 
                                                                            (5.21) 

Since P1=P2, implies that 
1 2

1 2

2

2

L

L

P
P P

Q
Q Q


  


 


 . 

For the case (ii), the DGs are of different capacities which indicate that Vs and δ for the DGs 

are not equal. As the distances are equal, the line parameters are same. So, in this case, the 

powers from the DGs towards the load is shown in (5.22) - (5.25). 

                              11 1 1
1

( )PCC s PCC s PCCV V Cos V Cos V V Sin Sin
P

Z Z

   
                                      (5.22) 
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  2

1 1

1

PCC s PCC
V V Sin V Sin

Q
Z Z

  
                                                                 (5.23) 

                             22 2 2
2

( )PCC s PCC s PCCV V Cos V Cos V V Sin Sin
P

Z Z

   
                                 (5.24) 

                             
  2

2 2

2

PCC s PCC
V V Sin V Sin

Q
Z Z

  
                                                         (5.25) 

From (5.22) and (5.24) and (5.23) and (5.25) the difference in powers can be written as 

     1 21 2 1 1 2 2
1 2

( ) ( )PCC s s PCC s sV V Cos V Cos Cos V V Sin V Sin Sin
P P

Z Z

       
   

 
                 (5.26) 

           
   1 1 2 2

1 2

PCC s PCC sV V Sin V V Sin
Q Q

Z Z

    
                        (5.27) 

Solving (5.21), (5.26) and (5.27) 

1 2

1 2

1 2 1 1 2 2
1

1 2 1 1 2 2
2

( ) ( )
;

2 2 2

( ) ( )

2 2 2

PCC s s PCC s sL

PCC s s PCC s sL

V V Cos V Cos Cos V V Sin V Sin SinP
P

Z Z

V V Cos V Cos Cos V V Sin V Sin SinP
P

Z Z

     

     

  
   

 

  
   

 

           (5.28)  

                           

   

   

1 1 2 2

1

1 1 2 2

2

2 2 2

2 2 2

PCC s PCC sL

PCC s PCC sL

V V Sin V V SinQ
Q

Z Z

V V Sin V V SinQ
Q

Z Z

   

   

  
   

 

  
   

 

                               (5.29) 

From (5.28) and (5.29), it is evident that, if the load is placed equidistant from the two DGs, 

the sharing between the two DGs depend on the two power rating capacities of the DG. If both 

the capacities are same, then the case will be same as the first case which was discussed earlier. 

For the remaining two cases, the load shared between the two DGs are presented as shown in 

(5.15) – (5.18). 

The variation of the frequency and voltage at the PCC resembles like that of the droop control 

strategy of the synchronous generator and can be shown as: 
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                         0 0( )ref Gm P P                                                               (5.30) 

                         0 0( )ref GE E n Q Q                             (5.31) 

Where ωref and Eref are the nominal frequency and voltage magnitude respectively, P0 and Q0 

are the measured active and reactive powers. PG and QG are the active and reactive power 

capacities of DG and ω0 and E0 are the frequency and voltage magnitude respectively. For the 

droop curves of P-ω and Q-E, m and n are the positive slopes. 

Integrating (5.30), the equation results in 

                                             0 0  ref Gt m P P dt                                                        (5.32) 

For the two DGs the different frequency and the voltage will depend on their power capacities. 

If power capacities are same, then (5.30) and (5.31) will be the same for both the DGs or else 

the equations can be written as shown below. 

                                                    
01 1 1 1

02 2 2 2

( );

( )

ref G

ref G

m P P

m P P

 

 

  

  
                                                (5.33)  

                                                      
01 1 1 1

02 2 2 2

( );

( )

ref G

ref G

E E n Q Q

E E n Q Q

  

  
                                              (5.34) 

Where P1G, Q1G and P2G, Q2G are the rated generating active and reactive power capacities and 

m1, n1 and m2, n2 are the positive slopes of the respective DGs. The voltage drops due to the 

line impedances must be considered so that the voltage to be developed at the generating end 

should be sufficient to supply the load thereby eliminating the steady-state errors in powers. 

                                                            PCCV I R jX                                                    (5.35) 

From (5.9), IPCC can be written as 

                                              

*

PCC

PCC PCC

P jQ P jQ
I

V V

    
    
   

                                             (5.36) 
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Substituting (5.36) in (5.35) results in  

                                           

 

     

PCC

PCC PCC

P jQ
V R jX

V

PR QX PX QR
j

V V

 
   

 

    
    
   

                                           (5.37) 

From (5.37), considering the real part then  

                                     

2 2

PCC PCC

PR QX PX QR
V

V V

    
     

   
                                           (5.38) 

                                        1

1 tan
PX QR

PR QX
   

  
 

                                                                (5.39) 

For the increase in load, the voltage must be developed at the generating end to prevent 

steady state errors in the powers at loads. The voltage drop ΔV increases with the increase in 

load. So, the voltage that needs to be developed at the generating end must be compensating 

the voltage drop to maintain the PCC voltage at nominal voltage (415 V r.m.s). 

5.4.3 Proposed Control Strategy 

The proposed control strategy predominantly comprises two loops. The primary control 

employs droop control and the secondary control for the restoration of frequency and voltage 

at PCC. The droop control determines the power to be shared among different DGs to maintain 

the PCC voltage and frequency at nominal values whereas the adaptive secondary voltage 

provides the information of the voltage drop to be compensated to restore the PCC voltage and 

frequency to nominal values if the primary control fails. The proposed control strategy is 

presented in Figure 5.19. The primary and secondary control for a single DG  is shown in 

Figure 5.19 (a) and Figure 5.19 (b) presents the proposed modified droop control.  The primary 

control for a single DG is developed based on the droop control which is free of the 

conventional d-q transformations.  
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Figure 5.19 Proposed Control strategy.  (a). Primary and secondary control for a single DG.   (b). Inner view of 

droop control. 

The power control based approach is followed rather than the conventional outer current 

loop and inner voltage loop based approach. The control strategy is developed based on (5.31) 

and (5.32) for the control of active and reactive powers respectively. Equation (5.31) describes 

the voltage control to supply the loads with the required amount of active and reactive powers, 

whereas (5.32) presents the control of frequency to meet the load demand. Based on (5.32), a 

PI controller is considered instead of an integrator whereas for the control of voltage from 

(a) 
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(5.31), a proportional controller is considered.  Figure 5.19(b) presents the block diagram of 

droop control consisting of the inputs i.e., powers evaluated and the phase angle sensed from 

the DG. The primary control also consists of two inputs from the secondary control Δm and Δδ 

to be incorporated for the generation of switching pulses using pulse width modulator (PWM). 

Till the activation of the secondary control, the values of the inputs from secondary control are 

zero.  

From Figure 5.19 (b), the values of Δδ, Δm, δ and E can be written as 

                                       Isf

nom PCC psf

k
f f K

s


 
    

 
                      (5.40) 

Where fnom is the nominal frequency (50 Hz), fpcc is the frequency at PCC.  Kpsf, kIsf are the gains 

of PI controller in secondary control for frequency. 

                                                Isv
psv nomrms pccrms

k
m K V V

s

 
    

 
                                                (5.41) 

Where Kpsv, kIsv are the PI control gain parameters in secondary control for voltage, Vnomrms, 

VPCCrms are the rms values of nominal voltage and PCC voltage respectively. 

                                      I
G P

K
t P P K

s
  

 
      

 
                      (5.42) 

                                                     ref pv GE E K Q Q              (5.43) 

where Δδ=0, till the secondary control is activated, Eref = 415 V (rms), KP and KI are gains of 

PI control parameters whereas Kpv is the gain of proportional controller for voltage of primary 

control. The obtained value in (5.43) is normalized and the output after normalization is treated 

as modulation index m, i.e., m=E/Eref. The values of Ea, Eb, Ec can be represented in (5.44) as 

                                                          

 

 

 

sin
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sin

a a

b b

c c

E m m

E m m

E m m







  

  

  

                                               (5.44) 
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Where the values of Δma, Δmb, Δmc are equal to zero till the activation of secondary control. 

After the generation of the modulation signals (Ea, Eb, Ec), the modulation signals are compared 

with the carrier to generate switching pulses to DG. The system parameters considered for 

simulation as well as HIL are presented in Table 5.1. 

Table 5.2 System parameters 

Parameters DG1 DG2 

Vdc 750 V 750 V 

VPCC 415 V (RMS) 415 V (RMS) 

fnom 50 Hz 50 Hz 

KP 2x10-4 Hz/W 4x10-4 Hz/W 
KI 2x10-3 Hz/W 4x10-3 Hz/W 

Kpv 5x10-4 V/VAr 5x10-4 V/VAr 

KPsv 0.001 0.001 

KIsv 0.5 0.6 

Kpsf 0.001 0.001 

KIsf 0.2 0.3 

PG  20 kW/30 Kw 20 kW 

Lf 15 mH 15 mH 

Cf 50 F 50 F 

Line parameters R, L  0.5 Ω, 1 mH 0.25 Ω, 0.5 mH 

Pload, Qload (10-15) kW, (5-7.5) kVAr 

 

5.4.4 Simulation Results and Discussions 

To verify the performance of the developed control strategy, the simulation results for 

the various cases are done in MATLAB/ Simulink are presented. 

5.4.4.1 Case-1: DG with equal capacities and line parameters 

For Case-1, the DG capacities are equal and the distance between the load to the DGs 

(i.e., the line parameters) is equal. Initially, the load is 10kW and 5kVAr respectively.  At 0.6 

s, the load is increased by 5kW and 2.5kVAr to test the performance of the controller. The load 

powers at PCC and the powers shared by two DGs are shown in Figure 5.20. As the line 

parameters are equal and the power capacities are same, the active and reactive powers shared 

by two DGs are equal as shown in Figures 5.20 and 5.21.  The voltage and current at PCC are 

shown in Figures 5.22 and 5.23 respectively. 
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Figure 5.20 Active Powers shared by DGs. 

 

Figure 5.21 Reactive Powers shared by DGs. 

 

Figure 5.22  Load Voltages at PCC. 
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Figure 5.23 Load currents at PCC. 

5.4.4.2  Case 2: DG with different capacities and line parameters  

For Case-2, the DG capacities and the line parameters are not equal. The load is 

considered same as in case-1. At 0.6 s, the load is increased to 5kW and 2.5kVAr to test the 

performance of the controller. The load active and reactive powers at PCC and powers shared 

by two DGs are as shown in Figures 5.24 and 5.25. The active powers shared between the two 

DGs are in the ratio of 2:1 because the controller parameters are in the ratio 1:2. The reactive 

powers shared between the two DGs depend on the line voltage drop which is presented in 

(5.37).  Figures 5.26 and 5.27 present the voltages and currents at PCC. In Figure 5.26, it can 

be observed that even for the change in load, the voltage always remains the same as the 

nominal voltage. 

 

Figure 5.24 Active Powers shared by DGs. 
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Figure 5.25 Reactive Powers shared by DGs. 

 

 

Figure 5.26 Load Voltages at PCC. 

 

Figure 5.27 Load Currents at PCC. 

5.4.4.3 Case-3: DG2 is disconnected 

Case-3 presents the dynamic performance of the controller with the loads considered 

same as in cases 1 and 2 except at 1 s; as DG2 is out due to fault and DG1 is supplying the full 

load. The responses for the active power and reactive powers are shown in Figures 5.28 and 

5.29. The voltage and currents at PCC are shown in Figures 5.30 and 5.31 respectively. 
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Figure 5.28 Active Powers shared by DGs. 

 

Figure 5.29 Reactive Powers shared by DGs. 

 

Figure 5.30 Load Voltages at PCC with DG2 disconnected. 
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Figure 5.31 Load Currents at PCC with DG2 disconnected. 

5.4.4.4 Case-4: DG2 is back into operation 

Case-4 presents the dynamic performance of the controller with the load operated by 

DG1, and it is seen that in Case-3, DG2 is out of service. At t=1.5 s, DG2 is back into operation 

and the load is being shared by two DGs. The performance of the controller with the load shared 

by the DGs is shown in Figures 5.32 and 5.33. The voltage and currents at PCC are shown in 

Figures 5.34 and 5.35, whereas Figures 5.32-5.35 shows the seamless transition of the DGs. 

 

Figure 5.32 Active Powers shared by DGs. 
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Figure 5.33 Reactive Powers shared by DGs. 

 

 

Figure 5.34 Load Voltages at PCC with DG2 back into operation. 

 

 

Figure 5.35 Load Currents at PCC with DG2 back into operation. 

5.4.5 Hardware-In-Loop (HIL) Results 

For different cases considered for the simulation, HIL results are performed in OPAL-RT. 

The HIL set-up is shown in Figure 5.36. The two DGs are considered in a single OPAL-RT 
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simulator whereas the other simulator consists of the DSO where the loads are connected. The 

set-up consists of a personal computer and a laptop with which the communication is done to 

the OPAL-RT simulators by using ethernet cables. The low bandwidth communication signals 

are assumed to be the signals from the second simulator with delays passed through analog 

outputs of second simulator. The analog outputs of second simulator are given as inputs of the 

first simulator. The initiation of the secondary control will be done automatically when the 

primary control fails i.e., the analog outputs of the simulator are non-zero. In this way, the 

controller takes decisions based on the analog output signals received from distribution system 

operator (DSO). 

Control PC for 

DGs 

DSO control 

laptop 

Tektronix 

DPO 

OPAL-RT 

simulator1

OPAL-RT 

simulator2

 

Figure 5.36 HIL set-up. 

Figure 5.37 presents the load active powers shared by the DGs and the load active power 

present at DSO with the controller parameters ratio as (1:2) whereas Figure 5.38 presents the 

load power at equal controller parameters for two DGs. Hence it can be observed that in Figure. 

5.37, the ratio of sharing between the two DGs is in the ratio of 2:1; whereas in Figure 5.38, 

the load shared by the DGs is equal. 

Active Power at DSO

DG1 DG2 T1 T2

T3

Scaling: 5kW/div

 

Figure 5.37 Load active powers and powers shared by DGs with unequal values of controller. 
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At T1, a load change is done to evaluate the performance of the controller and 

correspondingly the load sharing between the DGs is increased; however, the ratio of the power 

sharing between the DGs is unaffected as there is no change in the controller parameter values. 

At T2, DG2 is disconnected with some fault and it is observed that DG1 takes the entire load 

power. At T3, DG2 is brought back into operation and the active power sharing of both the DGs 

remains the same. It can be seen from Figure 5.38, that the sharing of the powers between the 

two DGs is same because of the same controller parameters. 

Active Power at 

DSO

DG1

DG2

T1
T3T2

Scaling: 5kW/div

 

Figure 5.38 Load active powers and powers shared by DGs with equal values of controller. 

The load reactive powers shared by two DGs are shown in Figures 5.39 and 5.40. The 

reactive power at unequal distances is shown in Figure 5.39, whereas Figure 5.40 presents the 

reactive powers with equal distances.  

Reactive Power at DSO

DG1 DG2
T1

T2

T3

Scaling: 2.5kVAr/div

 

Figure 5.39  Load reactive powers and powers shared by DGs with unequal distances. 
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Active Power at 

DSO

DG1

DG2

T1

T2
T3

Scaling: 2.5kVAr/div

 

Figure 5.40 Load reactive powers and powers shared by DGs with equal distances. 

At T1, the load reactive power is changed to observe the performance of the controller. In 

the proposed control strategy, the reactive power sharing takes place on the basis of the line 

voltage drop. The line parameters of DG1 to load are twice that of DG2. Therefore, in order to 

compensate the drop in line voltage, it is observed that the reactive power sharing of DG1 is a 

little more (500W) than DG2s share of reactive power during load change, i.e., an additional 

amount (500W) of reactive power is taken as a share of DG. At T2, the DG2 is out due to fault 

and DG1 has the entire share of reactive power. At T3, DG2 is brought back into operation and 

the reactive power sharing of both the DGs remains the same. It can be seen in Figure 5.40, 

that the sharing of the powers between the two DGs is same because of equal distances. 

Figures 5.41 and 5.42 present the load voltages and load currents at PCC. The scaling is 

presented in Figure 5.41 i.e., 1 V is equivalent to 48 V and in Figure 5.42, 1 A is equivalent to 

11 A. In Figure 5.41, the corrective action is done by using secondary voltage control strategy 

at T2, where the DG2 is out of action and the DG1 is made to share the complete load. The 

DSO will be placed in the second simulator of OPAL-RT where the communication delays are 

introduced. In this case, communication delay of 20 ms is introduced. Even with the 

introduction of communication delays, it can be observed that the voltages at PCC is brought 

again to the nominal voltages at PCC. In Figure 5.42, the instant of T1, is shown as there is 

change in load active and reactive power at T1. In all the above cases, it can be observed that 

there is a seamless transition in the load sharing of powers which is essential for the smart grid 

network. The comparison of the proposed controller with the conventional droop is presented 

in Table 5.2. 
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T2

 

Figure 5.41 Load Voltages at PCC during secondary control operation. 

T1

 

Figure 5.42 Load currents at PCC during load change. 

 

Table 5.3 Comparison of conventional droop with proposed control strategy 

Control technique  Conventional droop  Proposed control strategy 

Approach   P- and Q-V droop 

 Each inverter sends output P and Q to a central 

controller 

 Central controller evaluates the reference P and Q 

for each inverter 

 Inverter  supplies the load by adjusting phase and 

amplitude to achieve required P and Q. 
Communications   No   Yes 
Active power 

sharing 

performance  

 Achieves active power 

sharing with slow transient 

response  

 Achieves active power sharing with 

fast response (0.1s) 

Reactive power 

sharing 

 Not able to achieve 

reactive power sharing 

under line impedance 

mismatch conditions 

 Able to achieve reactive power 

sharing regardless of line impedance 

conditions. 
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Voltage frequency 

variation 

 There will be a trade-off 

between active power 

sharing and frequency 

regulation 

 Frequency is fixed as the adjustment is only applied 

to the angle of reference voltage. 

Voltage amplitude 

regulation 

 There is a trade-off 

between reactive power 

sharing and amplitude 

regulation. 

 Amplitude varied based on the 

reactive power sharing requirement. 

Other advantages   Easy to implement 

 Ability to share active and reactive power based on 

specified ratio. 

 No system failure even if there is communication 

loss. 

 Communication between inverters and central 

controller can be used for optimization of available 

power (economic dispatch) 

 

5.5 Summary 

In this chapter, MPC integrated with SVM for the control of three phase DG to operate 

in grid connected as well as in off-grid modes is discussed. A simple PLL free grid 

synchronization mechanism along with seamless transition control between grid connected 

mode and off-grid mode are developed. The proposed MPC integrated with SVM is examined 

for delivering the set-point powers in grid connection mode, supplying the local load at the 

nominal voltage and frequency in off-grid mode, for smooth transitions between these modes. 

The performance of the proposed control scheme for three phase DG is confirmed through 

simulations. The performance of the controller proved to be very much efficient in both the 

grid as well as off grid connected modes. The proposed methodology is free of weighting 

factors, unlike seamless transition strategies using MPC references. 

The parallel connected DGs have been discussed along with the problems associated with 

decentralized coordination control methods. In subsequent sections of the chapter, a control 

strategy is proposed which is free of conventional d-q transformations and eliminates the use 

of filters. The filters which make the system sluggish, thereby increasing the cost and reducing 

the system transient response, are eliminated in the proposed control strategies. The 

performance of the proposed control strategies is validated through different cases of 

simulation and the hardware-in-loop implementation of the considered cases of the simulation 

is performed. The simulation and HIL results indicate seamless transition of the DGs which 

are essentials for the smart grid network. Though the controller exhibits superior performance 

compared to the conventional droop, the dynamic performance of the proposed control strategy 

must be tested with multiple DGs. The multiple DGs must consist of a diesel generator along 
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with the DGs to study the dynamic performance of the controller which is discussed in chapter 

6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 

 

     Chapter 6 

 

 

 

 

 

 

 

Coordinated Control Operation of the Distributed 

Generators along with Diesel Generator 

 

 

 

 

 

 

 

 

 

 



108 

 

 Chapter 6                                                                                                        

Coordinated Control Operation of the Distributed 

Generators along with Diesel Generator 

 

6.1 Introduction 

The DGs which are photo-voltaic based will not be able to operate during night as well 

as snow fall countries. So, the operation of diesel generator in conjunction with the 

conventional DGs should be studied. In view of this, a diesel generator is connected along with 

two other DGs. The primary as well as secondary control strategies are proposed in this chapter.  

The primary control decides the power shared between two distributed generators as the other 

distributed generator i.e., the diesel generator is operated in constant power and voltage mode. 

The secondary control strategy allows the distributed generators to restore the frequency and 

voltage to nominal values. The developed control strategies always maintain the frequency and 

voltage at nominal values and they possess adaptability for smart grid interconnection. The 

performance of the proposed control strategies is validated through different case studies of 

simulation; Hardware-in-loop is also implemented using OPAL-RT. 

6.2 Proposed Control Strategy 

The above issues are addressed using the proposed control strategy, which is effective in 

meeting the requirements. The proposed control strategy has two loops i.e., one for power 

droop control and the other based on adaptive secondary voltage control. The power droop 

control gives an idea of the amount of power to be transferred to the load at PCC whereas the 

adaptive dc link voltage control helps in determining the dc link voltage to maintain the PCC 

voltage at nominal value (415 V r.m.s). The control strategy of droop as well as the secondary 

voltage control is presented in Figure 6.1. For the adaptive secondary voltage control, the 

difference in r.m.s values of the voltage are sensed at the distribution system operator (DSO) 

end and are sent to the individual DG units. By sending the difference (error) in the r.m.s values, 

the PI controller develops different modulation indexes for different phases. Similarly, for 

frequency adjustment, the frequency is sensed at the DSO and subtracted from the nominal 

values. The resultant value (error) is passed through a PI controller and the difference in the 

phase adjustment (Δδ) is given to the primary control. At the DG end, the switching pulses are 
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given to the DG in such a way that it compensates the voltage drop and at the PCC, the load is 

always maintained at nominal values of voltage and frequency at PCC. Similarly, for the diesel 

generator, the voltage and frequency that are sensed at the load point are given to the speed 

regulator and voltage regulator to maintain the load voltage and frequency at nominal values. 

Figure 6.2 presents the single line diagram of control strategy with single DG along with diesel 

generator (DG3). The proposed control strategy uses the low bandwidth communications 

(LBC) for the transfer of data which has communication dependency as low and the viability, 

sharing accuracy and voltage quality are very high which are essential aspects for the 

development of the coordination control strategy. Also, the proposed control strategy is free of 

the conventional (d-q) transformations. 

 

(a) 
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Figure 6.1 Proposed control strategy for single DG. (a) Primary and Secondary control. (b) Droop control. 

From the DSO, the centralized system sends the difference in voltage and frequency 

values to the diesel generator as well as to two other DGs. Based on the difference in the values 

of the voltage and frequency, the control operator will set the controller values and adjust the 

controller values to dispatch the power as directed by the centralized controller.  
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Figure 6.2 Single line diagram of control strategy with single DG and diesel generator. 

Table 6.1 System parameters 

Parameters DG1 DG2 DG3 (Diesel generator) 

Vdc 750 V 750 V - 

VPCC 415 V (RMS) 415 V (RMS) 415 V (RMS) 

fnom 50 Hz 50 Hz 50 Hz 

KP 2x10-4 Hz/W 4x10-4 Hz/W - 

KI 2x10-3 Hz/W 4x10-3 Hz/W - 

Kpv 5x10-4 V/VAr 5x10-4 V/VAr - 

KPsv 0.001 0.001 10 

KIsv 0.5 0.6 8 

Kpsf 0.001 0.001 - 
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KIsf 0.2 0.3 5 

PG  20 kW/30 kW 20 kW 5 kW 

Lf 15 mH 15 mH - 

Cf 50 F 50 F - 

Line parameters R, L  0.5 Ω, 1 mH 0.25 Ω, 0.5 mH 0.25 Ω, 0.5 mH 

Pload Qload (10-15 kW), (5- 7.5) kVAr 

 

6.3 Simulation Results and Discussions 

The performance of the proposed control strategy is verified using MATLAB / Simulink 

simulations for various case studies. This section consists of the different cases that are suitable 

for the coordinated control operation of DGs. 

6.3.1 Case-1: Three DGs operating in parallel 

In Case-1, the DG capacities and the distance between the load to the DGs (i.e., the line 

parameters) are not the same. As mentioned earlier, the diesel generator is operated in constant 

power and constant voltage mode and the generator supplies active power of 4.1kW rated 

capacity. The parameters are considered as mentioned in Table 6.1. Initially, the load is 10kW 

and 5kVAr respectively.  At 1.05 s, the load is increased to 5kW and 2.5kVAr to test the 

performance of the controller. The power delivered at PCC and the power shared by two DGs 

are depicted in Figure 6.3. As the line parameters and the power capacities are not same, the 

active powers shared by the two DGs are not equal and are shared based on the parameters of 

the controller of two DGs as presented in Figure 6.3. The comparison of the active power of 

the proposed method (Pprop) with the traditional method (Ptrad) (conventional d-q 

transformations) is shown in Figure 6.3. It can be observed from Figure 6.3, that the traditional 

method comprising d-q transformation takes 0.8 s to settle down whereas the proposed method 

settles at almost 0.2 s. Figure 6.4 presents the comparison of the reactive powers for proposed 

(Qprop) along with the traditional method (Qtrad). The reactive power delivered to PCC for the 

traditional method takes more time when compared with the proposed method. In both 

traditional as well as the proposed method, it can be seen that the reactive power shared by 

DG1 is more compared to DG2 because the line voltage drop is higher; therefore, the reactive 

power required to compensate the line voltage drop is more. The voltage and current at PCC 

are indicated in Figures 6.5 and 6.6 respectively. The Figures 6.3 to 6.6, present smooth 

transition during the load variation. 
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Figure 6.3  Active Powers shared by DGs. 
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Figure 6.4 Reactive Powers shared by DGs. 

 

Figure 6.5 Load Voltages at PCC. 
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Figure 6.6  Load currents at PCC. 

6.3.2 Case-2: DG2 is disconnected 

For Case-2, it is assumed that DG2 is not able to supply the load due to fault and is 

disconnected. Therefore, the load is being supplied by DG1 and the diesel generator DG3. 

Figure 6.7 depicts a comparison of the proposed control with the traditional control for active 

powers. It is assumed that DG2 is out with the fault at 2.52 s and it can be observed that the 

active power supplied by DG2 is zero and the active powers are supplied by DG1 and DG3 

only.  
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Figure 6.7 Active Powers shared by DGs. 

As DG2 is out with fault, the reactive power of the load is supplied by DG1 and it is 

presented in Figure 6.8. It can be observed that the proposed control performs better in terms 

of controller speed when compared with the traditional control in supplying the required 

amount of active and reactive powers. The time taken by the proposed control in delivering the 
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active and reactive powers is 0.2 s, whereas the traditional control takes 1.1 s. Figures 6.9 and 

6.10 present the voltage and currents of loads at PCC.  
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Figure 6.8  Reactive Powers shared by DGs. 

 

Figure 6.9  Load Voltages at PCC with DG2 disconnected. 

 

Figure 6.10  Load Currents at PCC with DG2 disconnected. 
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6.3.3 Case 3: DG2 is back into operation 

Case-3 presents the dynamic performance of the controller with the same loads 

considered for case-1 and case-2. At 4.15 s, DG2 is brought back into operation and all the 

DG’s are supplying the load. The responses for the active power and reactive powers and 

comparison of the proposed and traditional control of active and reactive powers are shown in 

Figures 6.11 and 6.12. 
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Figure 6.11 Active Powers shared by DGs. 

The controller is very effective in bringing back the powers to normal values when both 

DGs are in operation. The time taken by the proposed control is 0.35 s whereas the traditional 

control takes 1.05 s in delivering the load with required power.  
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Figure 6.12  Reactive Powers shared by DGs. 

Figures 6.13 and 6.14 present the voltage and currents at PCC whereas the Figures 6.11-

6.14 present the seamless transition. Therefore, the controller is effective in delivering the 
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required amount of active and reactive power. From the simulation results it is evident that the 

proposed control strategies show superior performance compared with the traditional 

controller. 

 

 

Figure 6.13 Load Voltages at PCC. 

 

Figure 6.14 Load Currents at PCC. 

6.4 Validation of Robustness of Proposed Control 

To validate the robustness of the proposed control, a parameter variation of 10% increase 

in all the parameters i.e., both filter parameters (Rf, Lf, Cf ) and line parameters (R,L) . All the 

three cases discussed are considered for the proposed control for the evaluation of robustness.  

6.4.1 Case 1: Change in Load and Three DGs are operating in parallel 

Case 1 considers the load change and the three DGs are operating in parallel. At 1.05 s, 

the load is increased to 5kW and 2.5kVAr to test the performance of the controller. The active 

and reactive powers delivered to the load and by the three DGs are presented with a red dotted 
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line in Figures 6.15 and 6.16 respectively.  The results presented indicate the robustness of the 

proposed control. 

Figure 6.15 Active power with and without parameter variation for case1. 

 

Figure 6.16  Reactive power with and without parameter variation for case1. 

6.4.2 Case2: DG2 is disconnected 

Case 2 considers DG2 being disconnected and the two DGs are operating in parallel. At 

2.55 s, the DG2 is disconnected to test the dynamic performance of the controller. The active 

and reactive powers delivered to the load and by the three DGs are presented with a red dotted 

line in Figures 6.17 and 6.18 respectively.  The results presented indicate the robustness of the 

proposed control. 
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Figure 6.17 Active power with and without parameter variation for case2.  

 

Figure 6.18 Reactive power with and without parameter variation for case2. 

6.4.3 Case 3: DG2 is brought back into operation 

Case 3 considers DG2 brought back into operation and the two DGs are operating in 

parallel. At 4.15 s, the DG2 is disconnected to test the dynamic performance of the controller. 

The active and reactive powers delivered to the load and by the three DGs are presented with 

a red dotted line in Figures 6.19 and 6.20 respectively.  The results presented indicate the 

robustness of the proposed control. 
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Figure 6.19 Active power with and without parameter variation for case3. 

 

Figure 6.20 Reactive power with and without parameter variation for case3. 

From the three cases, it is evident that the proposed control is robust which is essential 

for any control strategy. 

 

6.5 Hardware-In-Loop (HIL) Results 

The HIL results are performed in OPAL-RT for different cases considered for the 

simulation. The HIL set-up is shown in Figure 6.15. The three DGs are considered in a single 

OPAL-RT simulator whereas the other simulator consists of DSO where the loads are 

connected. The set-up consists of a personal computer (PC) and a laptop with which 

communication is carried out to the OPAL-RT simulators by using ethernet cables. The low 

bandwidth communication signals are assumed as the signals from the second simulator with 

delays passed through analog outputs of second simulator.  
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Figure 6.21 HIL set-up. 

The analog outputs of second simulator are given as analog inputs to the first simulator. 

The initiation of the secondary control will be done automatically when the primary control 

fails i.e., the analog outputs of the second simulator are non-zero. In this way, the controller 

takes the decisions based on the analog output signals received from DSO. Figure 6.16 presents 

the load active power shared by the DGs and the load active power present at DSO with 

controller ratio (1:2). The DG3 is operated in constant power and constant voltage mode. 

Therefore, the DG3 i.e., the diesel generator is operated with a fixed amount of power.  

T1

DG1

DG2 DG3

T2

Pload 3.5kW/div
7kW/div

3.5kW/div
3.5kW/div

 

Figure 6.22 Load active powers and powers shared by DGs. 

The other two DGs share load in the inverse ratio of their droop constants. Hence it can 

be observed in Figure 6.16 that the ratio of sharing between the two DGs is 2:1. At T1, a load 

change of 5 kW is done to evaluate the performance of the controller and correspondingly the 

load sharing between the DGs increases; however, the ratio of the power sharing between the 

DGs is unaffected as there is no change in controller values. At T2, the DG2 is disconnected 

with some fault and it is observed that the DG1 is sharing the entire load power along with 

DG3.  



121 

 

The load reactive powers shared by the three DGs are presented in Figure 6.17. At T1, the 

load reactive power is changed from 5 kVAr to 7.5 kVAr to test the performance of the 

controller. The proposed control strategy shows that the reactive power sharing takes place on 

the basis of line voltage drop. The line parameters of DG1 to load are twice that of the DG2. 

So, in order to compensate the drop in line voltage, it is observed that the reactive power sharing 

of DG1 is 750 VAr more than DG2’s share of reactive power during load change.  An additional 

amount of reactive power is taken as a share of DG1. At T2, the DG2 is out due to fault and the 

DG1 has the entire share of reactive power along with DG3. 

Qload
6.25kVAr/div

6.25kVAr/divDG1

DG2

DG32.5kVAr/div T1

T2

6.25kVAr/div

 

Figure 6.23 Load reactive powers and powers shared by DGs. 

Figures 6.18 and 6.19 present the load voltages and load currents at PCC at the point of 

change in the load. The scaling of the voltage is presented in Figure 6.18.  

170V/div170V/div

T1

 

Figure 6.24  Load Voltages at PCC during load change. 

In Figure 6.19, at the instant of T1, there is change in active load and reactive power of 5 

kW and 2.5 kVAr respectively, shows the change in the currents at the time instant T1.  In 
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Figure 6.20, the voltage at PCC is presented. Corrective action is taken by using the secondary 

voltage control strategy at T2, where DG2 is out of action and DG1 is made to share the 

complete load. As the DSO will be placed in the second simulator of OPAL-RT where the 

communication delays are introduced. Here a communication delay of 20 ms is considered and 

it is assumed that the transferring of data for the individual DG is through optical fiber cable. 

Even with communication delays, it shows clearly that the voltages at PCC are brought again 

to nominal values. In all the above cases, it can be observed that there is a seamless transition 

in the load sharing of powers of the DGs which are essential for the smart grid network. 

20A/div
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Figure 6.25  Load currents at PCC during load change. 

170V/div
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Figure 6.26 Load Voltages at PCC with DG2 disconnected. 

A tabular column is formulated and the time taken by the proposed control and the 

traditional control (d-q transformations) are presented in Table 6.2. 
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Table 6.2 Time comparison between traditional and Proposed Control 

Cases 

Considered 

Traditional Control 

(d-q transformations) 

Proposed 

Control 

Case-1 0.8s 0.2s 

Case-2 1.1s 0.2s 

Case-3 1.05s 0.35s 

 

6.6 Summary 

This chapter presented the dynamic performance of the proposed controller when the 

DGs are connected with a diesel generator. The proposed control strategies are effective in 

maintaining the voltage and frequency to nominal values and the elimination of filters 

drastically improves the performance and the powers and voltages are quickly settling down to 

their values as per controller parameters. The primary control decides the power shared 

between the two distributed generators along with the diesel generator with voltage and 

frequency maintained at nominal values at the point of common coupling (PCC). The 

secondary control strategy allows the distributed generators to restore the voltage and 

frequency to nominal values if the primary control fails. The proposed control strategy is free 

of conventional d-q transformation which eliminates the discrete filters and thereby increases 

the speed of the controller. The communication delays are introduced and it is found that the 

effect of communication delay also does not affect the controller performance. Therefore, the 

proposed controller is quick in bringing the voltage and frequency to settle to their nominal 

values and robust. Hence, the controller can be used for real-time applications.  
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 Chapter 7                                                                                     

Conclusions  

7.1 General Overview 

Distributed generation offers several advantages such as: enhanced reliability, 

reduction in peak power requirements, improvement in power quality, provision of ancillary 

services including reactive power supply and helps in reducing the carbon emissions. Though 

distributed generation offers the advantages, it needs suitable control strategies to make it user 

friendly and efficient. The literature reported different control methodologies for DGs for grid 

as well as islanding operation. Based on the methodologies adopted for grid and off grid 

operation, the research objectives were identified and addressed in the thesis. In view of above 

context, this thesis presents research work on control methodologies of distributed generation.  

 

7.2 Summary of Important Findings 

i. Development of Current Reference Generation Schemes for Single Phase Grid 

Connected Inverter: 

Two current reference generation schemes viz. i) Simplified active and reactive power 

control (SRPC) and ii) Modified scalar control along with the conventional scalar 

reference generation scheme are developed. The performance of MPC based SVM and 

ASDM for control of active and reactive powers of single phase grid connected DG is 

verified with different current reference generation schemes. The scalar reference 

generation scheme results in steady state error. Though the modified scalar reference 

generation scheme renders zero steady state error, it induces delay in power tracking and 

tuning of PI controller is tedious. The MPC based SVM in combination with SRPC has 

the advantage of quick, accurate and stable control when compared with ASDM. 

Although the modified scalar reference generation scheme and SRPC have error 

correction mechanisms, but their performance with ASDM is very poor. Therefore, it is 

concluded that that MPC based SVM with SRPC is the best combination among 

considered reference generation and modulation schemes.  

ii. Model Predictive Controller for Single Phase Distributed Generator with 

Seamless Transition between Grid and Off-Grid Modes: 
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MPC integrated with SVM for the control of single phase DG to operate in grid 

connected as well as in off-grid modes is presented. A simple PLL free grid 

synchronization mechanism along with seamless transition control between grid 

connected mode and off-grid mode is developed. The developed MPC integrated with 

SVM is examined for delivering the set-point powers in grid connection mode, supplying 

the local load at the nominal voltage and frequency in off-grid mode and for smooth 

transitions between these modes. The designated performance of the developed control 

scheme for single phase DG is confirmed through simulations, which are further 

validated on an experimental test bed. The performance of the controller proved to be 

very efficient in both the grid as well as off grid connected modes and the proposed 

methodology is free of weighting factors unlike seamless transition strategies using MPC 

references.  

iii. Model Predictive Controller for Three Phase Distributed Generator with 

Seamless Transition between Grid and Off-Grid Modes: 

MPC integrated with SVM for the control of three phase DG to operate in grid 

connected as well as in off-grid modes is discussed. A simple PLL free grid 

synchronization mechanism along with seamless transition control between grid 

connected mode and off-grid mode is developed. The developed MPC integrated with 

SVM is examined for delivering the set-point powers in grid connection mode, supplying 

the local load at nominal voltage and frequency in off-grid mode and for smooth 

transitions between these modes. The performance of the developed control scheme for 

three phase DG is confirmed through simulations. The performance of the controller is 

proved to possess superior performance in both the grid as well as off grid connected 

modes and the proposed methodology is free from weighting factors. 

iv. Distributed Control Strategy for the Coordinated Control Operation of 

Distributed Generators: 

A control strategy is proposed which is free of conventional d-q transformations and 

eliminates the use of filters. The filters should be eliminated which makes the system 

sluggish, thereby increasing the cost and reducing the system transient response. The 

performance of the proposed control strategies is validated through different cases of 

simulation and the hardware-in-loop (HIL) implementation of the considered cases of 

the simulation is performed. The simulation and HIL results indicate the seamless 
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transition of the DGs, which are essential for the smart grid operation. The proposed 

controller exhibits superior performance when compared to the conventional droop 

method.  

v. Control Strategies for the Coordinated Control Operation of the Distributed 

Generators along with Diesel Generator: 

The dynamic performance of the proposed controller with the DGs are connected along 

with a diesel generator. The proposed control strategies are effective in maintaining the 

voltage and frequency at nominal values and the elimination of filters, drastically 

improves the performance as well as fast settling time. The primary control decides the 

power shared between the two distributed generators along with the diesel generator, 

with voltage and frequency maintained at nominal values at the point of common 

coupling (PCC). The secondary control strategy allows the distributed generators to 

restore the voltage and frequency to nominal values if the primary control fails. The 

proposed control strategy is free of conventional d-q transformations which eliminates 

the discrete filters and thereby increases the speed of the controller. It is observed that 

the effect of communication delays does not significantly affect the controller 

performance as well as fast settling time in bringing the voltage and frequency values 

to nominal values.  

7.3 Scope for Future work 

Any research never ends without leaving an open window for further research. The 

following aspects may be looked at by future researchers: 

 The application of the developed objectives to multilevel inverter topologies would 

be a very interesting topic.  

 Investigations on application of multi-agent system for the distributed generation to 

study the distributed coordination of DGs.  

 Application of real time communication into the developed control methodologies 

would provide an innovative idea to investigate. 
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