
MODELING AND STABILITY ANALYSIS OF AC AND DC MICROGRIDS 

by 

Ankith Reddy Arra (B.S.E.E) 

A Thesis 

In 

ELECTRICAL AND COMPUTER ENGINEERING 

Submitted to the Graduate Faculty 

Of Texas Tech University in 

 Partial Fulfillment of  

the Requirements for 

the Degree of 

 

MASTER OF SCIENCE 

 

Approved 

Dr. Stephen Bayne 

Chair of Committee 

 

Dr. Miao He 

 

Dr. Mark Sheridan 

Dean of the Graduate School 

December, 2015 

 



 

 

 

 

 

 

 

Copyright 2015, Ankith Reddy Arra 

  



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

ii 

 

   ACKNOWLEDGEMENTS 

This thesis would not have been be possible without support from the several individuals 

in my research group. First and Foremost, I am very thankful to my thesis advisor Dr. 

Stephen Bayne for giving me the opportunity to do research under his guidance and for 

his exceptional support during the entire course of the project. He is an outstanding 

motivator which helped me to push myself to complete the task as quickly as possible. He 

is an exceptional mentor. Without his support from the beginning of my thesis, I would 

not be able to finish my work in this time span. 

Secondly, I would show my gratitude to my committee member Dr. Miao He for his 

support and concern during my time in the research program. He helped me to overcome 

the hurdles during this course of my project. 

I am happy to acknowledge support from my doctoral friends Anitha Sarah Subburaj, 

Sundari Ramabhotla and Venkatesh Yadav Singarao who helped me throughout my 

graduate studies in many aspects. I am grateful to my parents and my family for their 

constant support and love during my career. 

 

 

 

 

  



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

iii 

 

 

TABLE OF CONTENTS 

   ACKNOWLEDGEMENTS             ii 

    ABSTRACT               vi 

    LIST OF TABLES              vii 

    LIST OF FIGURES                  ix 

I. INTRODUCTION               1 

1.1 Electrical Grid                1 

1.2 Concept of microgrid              2 

1.3 Motivation to go for microgrid            3 

1.4 Research outline               4 

  

II. OPAL-RT REAL TIME DIGITAL SIMULATOR          5 

2.1 Introduction on Real Time digital Simulation          5 

2.2 Modelling concepts to run AC/DC Microgrid Matlab/Simulink         5 

      models in OPAL-RT 

2.3 Hardware in loop simulation using OPAL-RT simulator         7 

         2.3.1 Testing a low-dropout (LDO) in hardware in loop          8 

                   using OPAL-RT simulator 

 

III. DISTRIBUTED ENERGY SOURCES            13 

3.1 Modelling of PV cells              13 

      3.1.1 Mathematical model of photovoltaic cell           14 

      3.1.2 Maximum power point tracking (MPPT)           15 

3.2 Battery Energy storage system             15 

      3.2.1 Lead acid battery              15 

3.3 Wind–Turbine Induction Generator            17 

      3.3.1 Principle of operation of Induction machine          17 

      3.3.2 Excitation methods to the Induction generator          18 

3.4 Solid oxide Fuel cell (SOFC)             19 



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

iv 

 

      3.4.1 Operation of Fuel cell             20 

IV. CONVERTER CONTROL STRATEGIES USED IN MICROGRID       21 

4.1 PWM switching techniques             21 

4.2 Voltage and frequency control (V/f control)           23 

4.3 Active and Reactive power control (PQ control)           25 

4.4 Types of control strategies used during grid           26 

     connected mode and Islanded mode 

 

V. MODELING AND STABILITY ANALYSIS OF AC MICROGRID       28 

5.1 Modeling of the AC micro grid             28 

5.2 Stability Analysis of AC microgrid when a           38 

      three phase fault occurred on main grid  

5.3 Stability Analysis of AC microgrid during sudden load          33 

    variations in grid connected mode 

5.4 Stability Analysis of AC microgrid during temporary          38 

      fault on main grid 

5.5 Stability Analysis of AC microgrid during temporary          43 

    fault on distribution feeder 

5.6 Stability Analysis of microgrid when connected to weak grid         48 

5.6.1 Effect of weak main grid on AC micro grid when SCR = 5        49 

5.6.2 Effect of weak main grid on AC micro grid when SCR = 2        50 

 

VI. MODELING AND STABILITY ANALYSIS OF DC MICROGRID        52 

6.1 Modelling of the DC micro grid             52 

6.2 Stability Analysis of DC microgrid when a three phase          52 

    fault occurred at main grid side 

6.3 Stability Analysis of DC microgrid during sudden load variations        55 

6.4 Stability Analysis of DC microgrid during temporary fault on main grid        58 

6.5 Stability Analysis of DC microgrid during temporary fault on main grid        61 

6.6 Effect of weak grid on DC micro grid           63 

6.6.1 Effect of weak main grid on DC micro grid when SCR = 5       64 

6.6.2 Effect of weak main grid on DC micro grid when SCR = 2        65 

 



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

v 

 

VII. OBSERVATIONS AND CONCLUSIONS            66 

7.1 Observations               66 

7.1.1 Effect of weak grid on AC/DC microgrids           66 

7.1.2 Harmonic Effects on AC/DC microgrid           66 

7.1.3 Selection of DC source voltages in AC/DC microgrid         66 

7.1.4 Output power limits for DC sources in AC/DC microgrid         67 

7.1.5 Voltage drop due to line impedance in AC and DC microgrid        67 

7.2 Conclusions                68 

7.3 Future work                68 

VIII. REFERENCES               69 

IX. APPENDIX               72 

  



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

vi 

 

 

ABSTRACT 

There has been a significant improvement in Micro grid Technology to utilize the local 

distributed sources and also to minimize the transmission losses. In certain cases of power 

blackouts they serve as main sources of power for some emergency loads. Traditionally 

AC grids are preferred over DC grids to transmit power over long distances even though 

there are many problems associated with AC grids such as frequency dip, voltage drop due 

to reactance, charging currents, leakage currents, low power factor problems, skin effect, 

Ferranti effect etc. because the voltages can be easily stepped up or stepped down using 

transformers. Whereas in DC grid systems voltage conversion accounts for switching 

losses and equipment costs. 

 But at the micro grid level the supply voltages are low, and most of the sources are DC. 

The Rapid development in power semiconductor technology makes it possible to convert 

voltages in DC with low cost and reduced power losses. Most of the problems associated 

with AC grid can also be overcome by moving to DC grid. AC and DC microgrid models 

were developed in MATLAB/SIMULINK environment and the stability and transient 

analysis is performed during faults and sudden load variations on both the microgrids in 

real time using OPAL-RT real time digital simulator. Effects of weak main grid on stability 

of both the microgrids have been analyzed.   
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 CHAPTER 1 

   INTRODUCTION 

Electricity demand has been significantly increasing over the past few years due to many 

factors [1]. In countries such as the United States, Energy production will play an important 

role because of its power based civilization. Thermal, hydro and nuclear power plants are 

the major sources of electricity to date. But the limited availability of resources like coal 

and nuclear energy made us to concentrate on renewable sources such as wind and solar 

energy. Even though there has been a rapid development going on in wind and solar power 

technology to make use of renewable sources efficiently and to increase the stability of the 

system, there are many problems associated with these time- and environment- dependent 

sources. Because of the variations in parameters such as wind speed, intensity of sunlight, 

etc., the power extracted from these sources varies accordingly which in turn imposes series 

problems on the stability of the main grid system. The problems include voltage 

fluctuations, oscillations in frequency, harmonics, and imbalances in power generation and 

load demand etc. The best way to shield this problem is to move towards the smarter 

localized grid system which is called as a microgrid (MG).  Microgrid can act as backup 

power when there is a shortage of supply from the main grid which in turn reduces the 

voltage fluctuations caused by high demand. Microgrid can also operate in an islanded 

mode during power blackouts to supply power to localized loads. Microgrids are connected 

to the main grid through the point of common coupling (PCC). Circuit Breakers are used 

to isolate MG from the main grid during faulty conditions. 

1.1 Electrical Grid 

An electrical grid is an interconnection of generating stations, transmission lines and 

distribution lines, which provide power supply to customers. At generating stations, 

electric power is produced from renewable or non-renewable sources. Then the electric 

power is carried from one place to other by the transmission lines. Finally, electric power 

is distributed among consumers with the help of distribution feeders. 
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1.2 Concept of microgrid  

Microgrid is defined as the “localized grid that interconnects distributed energy resources 

with organized loads and normally operates connected to traditional centralized grid 

synchronously. During faulty conditions can act in islanded mode i.e. disconnected from 

the centralized grid.” [17]. The sources in the microgrid are called as micro sources, which 

can be battery storage, Solid oxide fuel cell, wind, solar, diesel generator, etc. Each source 

is controlled in the respective manner to connect it to distribution network. Loads are 

connected to the distributed network whose power demand is met by micro sources and 

main grid. 

 

 Figure 1.1 Example of Micro Grid, GE MEM framework (source: GE global research) [2]. 

Micro grid can operate in two modes.  
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1) Grid connected mode: During normal operating conditions, the microgrid is connected 

to main grid through the point of common coupling (PCC) and a Circuit Breaker (CB). 

Voltage and frequency of the microgrid are synchronized with the main grid. Different 

control strategies are used to maintain the synchronization at PCC. Power delivered to the 

distributed load is shared by main grid and the microgrid. The microgrid sources can 

deliver excess power to balance the load when there is power shortage from the main grid. 

Similarly, if there is any fault occurred at one of the micro sources, main grid delivers the 

excess power along with remaining active micro sources to balance the power shortage 

caused by faulty source.  

2) Islanded mode: During faulty conditions on the main grid, MG is disconnected from the 

main grid at PCC by operating the circuit breaker which separates MG with main grid. 

After disconnection from main grid, MG operates on its own to supply power to the load 

by stepping up the power delivered from all the micro sources according to the control 

strategies that are pre-defined. In this way, the load is powered up even during the power 

blackouts. In islanded mode, some of the non-emergency loads can be disconnected if the 

load demand exceeds the micro sources capacity. The grid voltage and frequency are 

maintained by operating at least one converter in V/f control. After fault clearance, to 

reconnection of MG with the main grid is possible only when error in voltage is below 3%, 

error in frequency is below 0.1Hz and error in phase angle is below 100
 [3].  

1.3 Motivation to go for the microgrid 

During the power blackout, many critical loads suffer from tremendous loss. North Eastern 

power blackout of 2003 is one of the major power blackouts in the history of United States, 

which affected 45 million people in eight US states [4]. Building the microgrids is one of 

the objective ways to minimize the severities caused by power blackouts which ensures to 

provide continuous power to critical loads by generating power at the distribution facilities. 

When the power demand is high, the microgrid provide benefits to the utility by dispatching 

power to shave the peak loads [5]. Hence it helps to maintain system stability when 

generation doesn’t meet demand. Cost of electricity for the end users can be reduced when 
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the microgrid meet the load demand especially when electric prices are high [5]. Microgrid 

helps to reduce the transmission losses by producing power at local facilities. Moreover, 

any upgrades needed by the transmission system to increase its capacity can be postponed. 

Many of the sources used in the microgrid like solar array, wind farm, rechargeable 

batteries are environmental friendly, and hence there are less carbon emissions.  

1.4 Research outline 

This report mainly concentrates on modeling and stability analysis of AC Microgrid and 

DC Microgrid during fault conditions, sudden load variations and when connected to weak 

grid in real time digital simulator. An overview of real time digital simulator and hardware 

in loop simulation are presented in second chapter. In the third chapter, modeling of 

different distributed resources used in the microgrid is discussed. The different control 

strategies used to control the distributed energy resources are discussed in fourth chapter, 

which then followed by Stability analysis of AC microgrid and DC microgrid during 

different conditions of operation is discussed in fifth and sixth chapters. Finally seventh 

chapter includes my observations, conclusions and future work.  

  



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

5 

 

CHAPTER 2 

OPAL-RT REAL TIME DIGITAL SIMULATOR 

2.1 Introduction on Real Time digital Simulator 

Real time digital simulator provides reliable, high speed, accurate simulation technology 

used to perform complex simulations in real time for cost effective study of a complex 

system. It has more applications in hardware in loop (HIL) and power hardware in loop 

(PHIL) testing. Its real time simulation capability is used to test a device in HIL rather than 

testing it while connected to the real plant. OPAL-RT is a world leader in providing real 

time digital simulators based on PC/FPGA [18]. 

2.2 Modelling concepts to run AC/DC Microgrid Matlab/Simulink 

models in OPAL-RT 

There are few process steps involved to run AC/DC Microgrid Matlab/Simulink models in 

real time using OPAL-RT simulator [19]. They are 

1. An accurate AC/DC Microgrid models needs to be designed using Matlab/Simulink 

software. 

2. Microgrid model has to be grouped in to three types of subsystems 

i. SM_Master subsystem 

ii. SS_Slave subsystem 

iii. SC_Console subsystem 

SM_Master subsystem and SS_Slave subsystem has the computational elements of the 

Microgrid model whereas SC_Console subsystem has the user interface blocks likes scopes 

and output displays etc. User can analyze the real time behavior of the system using the 

SC_Console subsystem. Each subsystem runs in each different core of the simulator. 
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                       Figure 2.1 Microgrid model grouped in to subsystems. 

 

3. All inputs signals to the subsystem must first go through Opcomm block, which saves 

the communication setup information. 

4. Microgrid Model has to be run in fixed step time in order to run the model in real time 

by choosing fixed step size according to model requirement and hardware capability. 

5. Then RT-Lab software is used to convert the Simulink model in to C-code and to load 

each subsystem in to each core of the simulator. 

6. Finally, Microgrid model should be executed in RT-lab to analyze the real time behavior 

of the system.  

While the model is running in real time, the transients can be analyzed using the user 

interface window. All the outputs can be visualized in real time to estimate the behavior of 

the system under different conditions. 
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2.3 Hardware in loop simulation using OPAL-RT simulator. 

Hardware in loop testing is a technique used to test complex systems in real time. To use 

an embedded system in real plant it needs to be tested to check whether it can operate in a 

proper way as needed in actual conditions when it is installed in that plant. It can be tested 

in two ways. 

1) Testing it while the embedded system is connected directly to the real plant 

2) Testing it in hardware in loop 

An embedded system can be tested while connected to the real plant to know the behavior 

of the system in actual conditions, but there are many problems associated with it. Safety 

is the major concern when a system is tested in this way. Any fault in the test device might 

lead to hazards. Testing an embedded system by connecting it to real plant is much costlier 

process because an embedded system needs to be installed in a real plant and test conditions 

need to be created. In some cases the real plant will not be available to test an embedded 

system while it is busy. To overcome these problems, we test an embedded system using 

hardware in loop techniques [20]. 

In HIL technique, a real plant model is created by mathematical representation of a real 

plant called as plant simulation. Then the system that needs to be tested is interacted with 

the plant simulation running in real time with the help of Real time digital simulator such 

as RTDS and OPAL-RT. Real Time digital simulator helps the plant simulation to run in 

real time to provide input signals to the embedded system and also to receive output signals 

from the embedded system in order to run the system in hardware in loop. This technique 

has many advantages when coming to applications. This is a simple process which can be 

used to test any device in real time accurately. Quality of testing can be improved by 

performing HIL in real time. Moreover, the delay time needed for the prototype to be 

available can be eliminated. 
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Case study: 

2.3.1 Testing a low-dropout (LDO) in hardware in loop using OPAL-RT simulator. 

LDO is a linear voltage regulator used to regulate voltage at the output terminals when the 

input voltage is varying. A real plant model is created using the MATLAB/SIMULINK 

software as shown in figure 2.2 to test an LDO in hardware in loop using OPAL-RT real 

time digital simulator.  

 

 

Figure 2.2 Plant simulation model. 

As seen from plant simulation model, it has three LDO’s connected parallel to the resistive 

load of 50 ohms. Each LDO is active particular for particular range of voltage levels. The 

regulated output voltage of each LDO is given in table 2.1 and the range of voltages for 

which the LDO’s will be active is given in table 2.2. 
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Table 2.1 Output voltage ratings of the LDO’s 

LDO Regulated Output voltage  

LDO1 2.5V 

LDO2 3.5V 

LDO3 4.5V 

 

A varying periodic voltage signal ranging from 0 to 40 V is given to the LDO’s operating 

in parallel. As shown in table 2.2 all the LDO’s are inactive when voltage is below 2.5V. 

LDO 1 is active when the input voltage is in between 2.5 V and 15 V. LDO 2 is active 

when the input voltage is in between 15 V and 30 V. LDO 3 is active when the input voltage 

is in between 30 V to 40 V. the output voltage across the load is same as the output voltage 

across the LDO which is active.  

Table 2.2 Voltage Ranges for which the LDO’s are active 

Input voltage 

 

LDO1  LDO2  LDO3  Output voltage of 

Circuit across R  

0-2.5V In-active In-active In-active In-active 

2.5-15V active In-active In-active 2.5 V 

15-30V In-active active In-active 3.5 V 

30-40V In-active In-active active 4.5 V 

 

Now the actual LDO hardware device with output regulated voltage of 2.5 V is tested in 

HIL which replaces the LDO 1 in the plant simulation model to check whether the hardware 
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device (LDO) is compatible when connected to the real plant. Now the LDO device under 

test is interacted with the plant simulation running in real time with the help of OPAL-RT 

real time digital simulator. To maintain same load conditions across the LDO device under 

test an external resistance of 50 ohms is connected across it. Whenever the input voltage 

exceeds 2.5 V, switch across the input terminals of the LDO device under test is closed. 

Immediately, LDO device under test operates as the voltage regulator to maintain 2.5 V 

across the output until input voltage exceeds 15 V. Now the behavior of LDO device under 

test can be analyzed by observing its output. 

 

 

                Figure 2.3 Input periodic voltage signal across the LDO’s connected in parallel 
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                            Figure 2.4 Output voltage across the load resistance R 

 

 

Figure 2.5 Output current across the load resistance R 

 

Figure 2.3 shows the input periodic voltage signal across the three LDO’s. Whenever the 

input voltage across the LDO1 is between 2.5 V and 15 V immediately the switch1 is 

closed. Hence this voltage appears across the LDO1. As the LDO1 is connected in HIL, it 
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takes input signals from the Real time digital simulator (OPAL-RT) and generates 

regulated output voltage to drive load R. The output voltage of the LDO1 is analyzed to 

know how it behaves when it is used in real plant. Figure 2.4 shows the output voltage 

across the load when LDO1 is connected in HIL using OPAL-RT real time digital 

simulator. It shows that LDO1 output voltage is 2.5 V when it is active. Hence it can be 

said that its behavior will be same when connected to the real plant because it is undergoing 

similar conditions in HIL test as it does when connected to the real plant.  
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     CHAPTER 3 

    DISTRIBUTED ENERGY RESOURCES 

Distributed energy resources (DER) are smaller scale power generation units, which can 

be integrated to provide electricity. These units are small, typically in the range of 1KW to 

10000KW to provide power in localized areas. Most of the sources in DER systems are 

renewable energy sources like solar, wind, biomass, hydro, etc.  

In this chapter, modeling of DER’s such as Solar, Battery storage is discussed, Wind 

Turbine Induction Generator and Solid oxide fuel cell. 

3.1 Modeling of PV Cell: 

A photovoltaic array is a series and parallel combination of PV cells that are electrically 

connected to produce rated output voltage and current for the PV array. Each PV cell 

converts sunlight into Electric power by means of photovoltaics (PV).  When PV cells are 

connected in series, the resultant output voltage is equal to the sum of individual voltages 

of the cells connected in series. Whenever the PV modules are connected in parallel, the 

output current is equal to the sum of individual currents of parallel connected PV modules. 

PV array acts a DC voltage source with output power, voltage and current inter dependent. 

 

          Figure 3.1 Power versus voltage and current of PV cell [6] 
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The inter dependency of voltage versus current and voltage versus power is shown in 

Figure 3.1. 

3.1.1 Mathematical model for photo voltaic cell 

Two Diode model 

 

        Figure 3.2 Two diode model of PV cell [7] 

The output current of PV cell is given by 

I = IPV – Id1 – I d2 – (V+IRs)/Rp  [7]    (3.1) 

Where  

 Id1 = I01 [exp (V+IRs) / (a1VT1) – 1]   and     (3.2) 

 Id2 = I02 [exp (V+IRs) / (a2VT2) – 1]  [7]   (3.3) 

Where 

 I01, I02      Reverse saturation current of diodes 1 and 2 respectively 

  VT1, VT2   Thermal voltage of diodes 1 and 2 respectively 

a1, a2        Ideality constant of diodes 1 and 2 respectively 

 This model can be used for greater computational accuracy even though it requires 

computation of many parameters. Parameters a1 and a2 can be assumed to be 1 and 2 
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respectively for simplicity. Even though there are many attempts made to decrease the 

computational time of the model, success was not achieved [7]. 

3.1.2 Maximum Power Point Tracking (MPPT) 

The output voltage of the PV cell depends on the current flowing through the PV cell. As 

the current flow increases voltage across the output terminal decreases as shown in Figure 

3.2. For one particular combination of voltage and current the output power reaches to its 

maximum value and decreases as the voltage increases further. This point is called as 

Maximum power point (MPP). Maximum power point tracking (MPPT) is a technique 

used to extract maximum available power from the solar array using charge controllers. 

In the microgrid model, MPPT technique is applied on the solar array to find the maximum 

power available from PV array. Then a reference signal is given to Active/Reactive power 

controlled Inverter in order to operate solar array at MPP. Hence, power output of the 

inverter is almost equal to the maximum available power from PV array.  

3.2 Battery Energy Storage system 

Battery systems are used to store energy electrical energy in the form of chemical energy. 

It consists of series and parallel connected electrochemical cells to get desired rated output 

voltage and current. If cells are connected in series then the resultant output voltage will 

be equal to sum of individual voltages of electrochemical cells connected in series and if 

the series modules are connected in parallel then the output current limit is equal to the sum 

of individual current limits of parallel connected modules. Charging and discharging of 

battery is a reversible process.  

3.2.1 Lead acid battery 

Lead acid battery is good for its capability to supply high surge currents. The series of 

reactions that takes place in lead acid battery are as follows 

Because sulfuric acid is one among the strong acids it decomposes in to 

 H2SO4  →  H+ + HSO4
─     

(3.4) 
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Half cell reaction that takes place at the negative plate as battery discharges is as follows: 

 Pb + HSO4
─

 →  H+ + PbSO4 + 2e
─    

(3.5) 

At the same time the other half cell reaction that takes place at positive plate as the battery 

discharges is as follows: 

 PbO2 + 3H+ +HSO4
─

 + 2e
─

 → PbSO4 + 2H2O  (3.6) 

 

Overall reaction during discharge is given by  

 Pb + PbO2 + 2 H2SO4   → 2PbSO4 + 2H2O   (3.7) 

 

        Figure 3.3 Lead acid battery [8] 

When fully charged the chemicals present in Lead acid batteries are Pb, PbO2, H2SO4 and 

H20. These chemicals decompose in PbSO4 and dilute H2SO4 while discharging. In this 

way chemical energy is converted to electrical energy. 
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3.3 Wind–Turbine Induction Generator 

Induction generator is mainly used in the wind systems because of its simplicity and 

flexibility with wide speed range of operation [9]. Squirrel cage induction generator 

coupled with wind turbine is used in this paper.  

3.3.1 Principle of operation of Induction machine 

The main components of induction motor are stator and the rotor. When AC supply is given 

to the stator, a rotating magnetic flux is produced, which cuts the rotor winding inducing 

rotor currents. A torque is produce on the rotor windings which helps the rotor to rotate in 

order to oppose the cause that produced it as per Lenz law. When the external mechanical 

load is connected to the rotor shaft the machine act as induction motor, which rotates with 

a speed less than the synchronous speed. 

Synchronous speed of Induction machine (Ns) is given by  

    Ns  =  
120f

P
   [ref]   (3.8)  

Where  

f :  frequency of the AC supply system 

P: Number of poles 

When the rotor shaft of the Induction machine is rotated more than synchronous speed by 

applying an external torque on the shaft, the induction machine operates as a generator by 

supplying electrical power to the grid. Whenever induction machine operate as a generator 

it absorbs reactive power from the grid. 

Slip is defined as the ratio of difference between synchronous speed and the operating 

speed to the synchronous speed at same frequency. Figure 3.4 shows that Induction 

machine act as a generator when the slip is negative i.e. if the operating speed is more than 
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the synchronous speed. Slip can be negative only when an external torque is applied on the 

rotor shaft. 

 

Figure 3.4 Conditions for motoring and generating operation of Induction machine [10] 

3.3.2 Excitation methods to the Induction generator 

Induction machine needs excitation to operate it as a generator apart from driving torque 

on the rotor shaft. There are two methods to give excitation to an induction machine. 

In normal type of Induction generators excitation is provided by the external AC source. 

Here the voltage and frequency of the system are same as AC supply. Whereas in the self-

excited induction generator excitation is provided by the installed capacitor banks [9]. The 

frequency and voltage of the system depend on power factor, excitation capacitor, speed 

of rotor shaft and load [11]. 
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3.4 Solid oxide Fuel cell (SOFC) 

Fuel cells are characterized by the type of electrolyte material used. Solid oxide Fuel cell 

has a solid oxide electrolyte. It produces electricity by oxidizing a fuel. SOFC has high 

efficiency and it is flexible to operate 

 

   

Figure 3.5 Solid oxide fuel cell [12] 

The basic cell reactions of fuel oxide are given as follows: 

At Anode:   

H2 + O2- → H2O + 4e−   (3.9) 

CO + O2- → CO2 + 2e−   (3.10) 

At Cathode:    

   O2 + 4e− → 2O2-     (3.11) 

Overall cell reaction: 
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H2 + CO + O2 → H2O + CO2 + Energy (3.12) 

3.4.1 Operation of Fuel cell: 

It operates at range of temperatures from 7000C to 10000C. Oxygen is converted into 

oxygen ions near the cathode. These ions are carried to the anode by electrolyte. 

SOFC uses the mixture of hydrogen, carbon monoxide and air as an oxidant to produce 

electricity. Water and carbon dioxide are the end products of this process. The output 

voltage of the fuel cell is DC. At anode oxygen, ions react with the hydrogen and carbon 

monoxide to form carbon dioxide and water. The open circuit voltage of one single cell is 

1 Volt and on load will be around 0.5 to 0.7 Volts. Current density of the fuel cell is around 

200 to 1000mA/cm2 [13].  

If the cells are connected in series then the resultant output voltage will be equal to sum of 

individual voltages of solid oxide fuel cells connected in series and if the series modules 

are connected in parallel then the output current limit is equal to the sum of individual 

current limits of parallel connected modules. 
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          CHAPTER 4 

CONVERTER CONTROL STRATEGIES USED IN THE 

MICROGRID 

Power Electronic converters are connected between the micro sources and the distribution 

transmission line system to convert the source side voltage and frequency to grid side 

voltage and frequency. Efficient control over the converter output is required to maintain 

micro grid stability. The main control parameters of the converter output are voltage, 

frequency, active power and reactive power. Different control strategies are used to control 

these parameters depending up on source type and our requirements.  

A typical three phase DC to AC converter is shown in figure 4.1. It consists of three legs, 

and each leg corresponds to one phase. Each leg output (VAN or VBN or VCN) is a function 

of input DC voltage Vd and status of the switch on that particular leg. In this paper, Pulse 

Width Modulation (PWM) switching technique is used to control the status of the switch.  

 

  Figure 4.1 DC to AC converter used in PWM technique [14] 

4.1 PWM switching techniques 
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In PWM, switching a control signal is compared with the periodic and repetitive triangular 

waveform. The frequency of the triangular waveform has frequency fs which serve as a 

switching frequency of the converter. If the control signal is greater than the triangular 

signal, a switching signal is generated to turn on the switch. Otherwise, switch will be in 

off condition. All the six switches of the converter are controlled in the same fashion. The 

control signal decides the shape of the output waveform and has frequency f1, which is the 

desired frequency of converter output voltage.  

Amplitude Modulation ma is defined as the ratio of peak amplitude of the control signal to 

the peak amplitude of the triangular signal. For linear operation of the converter the range 

of ma is 0 to 1. 

ma  = Vcontrol / Vtri [14]   (4.1) 

Vcontrol      Peak magnitude of control signal  

Vtri      Peak magnitude of triangular waveform 

The peak value fundamental frequency component of the PWM controlled converter output 

voltage (VA0)1 is given by :    

              (VA0)1= ma *(Vd/2)  for    ma<=1 [14]  (4.2) 

Frequency modulation mf is defined as the ratio of switching frequency to the fundamental 

frequency 

mf  = fs / f1     (4.3) 

The output voltage of the converter controlled using PWM techniques will have harmonics 

at frequencies given by 

   fh= (jmf ± k)f1  [14]    (4.4) 

Where h is the harmonic order. If j is even k should be odd and vise-versa. Output 

harmonics are eliminated by passing it through the low pass LC filter. 
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Two types of converter feedback control are discussed in this paper   

1) Voltage and frequency control (V/f control) 

2) Active and reactive power control (PQ control) 

 

Figure 4.2 Voltage waveforms of DC to AC converter [14] 

  

4.2 Voltage and frequency control (V/f control) 

In V/f feedback control technique converter switches are controlled so that the output 

voltage and frequency of the converter are equal to the reference voltage and frequency of 

the system. The active and reactive power flowing through the converter depends on the 

net output load. This type of control can be used if the distribution source is capable of 
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delivering power as required by the load i.e. as the load increases the source should be 

capable to provide the increment in power immediately and vice versa.  

 

Figure 4.3 PWM V/f control strategy [17] 

As seen from the figure 4.3, In V/f control feedback technique the actual output voltages 

are measured at the output of the converter. Part transformation (abc to dq0 transformation) 

is applied on both measured and reference voltage signals. After Park transformation of 

signals the error in measured and reference signals is calculated and sent to the 

Proportional-Integral (PI) controller. Reverse park transformation (dq0 to abc) is applied 

to the output control signal from PI controller. After which the transformed control signal 

is given as an input to the PWM generator which gives triggering signals to the converter. 

Here PI controller in the feedback loop helps to minimize the error in reference signal and 

measured signal. Finally, the output voltage and frequency of the converter will be 

approximately equal to reference voltage and frequency.  

In V/f control technique, output voltage and frequency of the converter will not depend on 

the load current but only depend on the reference signals. Hence it will set fixed voltage 

and frequency on the distribution network. Even though LC filter is used to remove 

harmonics generated by the converter due to PWM switching, the output voltage will have 

very small magnitude of harmonics present in it. It must be noted that total harmonic 
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distortion should be less than 5 percent to ensure that it would not have negative effect on 

sensitive equipment. 

Total harmonic distortion = THD = [V2
2 + V3

2 + ….Vn
2]2 / V1 (4.5) 

Where V1
 is the fundamental frequency and Vn is the magnitude of nth harmonic frequency. 

For the microgrid to operate in the islanded mode at least one source should be controlled 

by V/f technique so that particular source can set the reference voltage to the grid. 

4.3 Active and Reactive power control (PQ control) 

In PQ feedback control technique, converter switches are controlled so that the output 

active and reactive power through the converter are equal to the reference active and 

reactive power set by the user. Accordingly converter output voltage and frequency are 

adjusted. This type of control technique is used when distributed source can only provide 

fixed amount of power to the system. 

Power flowing between two points is giving by  

  P = Vs .Vr sin(δ) / X 

Where Vs , Vr are the voltages at two points 1 and 2 respectively. ‘δ’ is the phase angle 

between  Vs and Vr.  
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Figure 4.4 PQ control strategy [15] 

In PQ control strategy, the active power and the reactive power is measured and compared 

to the reference active and reactive power. The error is passed to PI controller. The output 

control signal of PI controller is used as input for PWM generator which gives triggering 

signals to the converter.  

4.4 Types of control strategies used during grid connected mode and 

Islanded mode 

In grid connected mode, the micro grid is connected to the main grid. Hence the operating 

voltage and frequency of the micro grid are set automatically. There will not be any 

problem even though PQ control technique is used on all the converters connected to DES. 

But during Islanded mode, the micro grid disconnects from the main grid. Hence V/f 

control strategy should be used on at least one DER that is compatible with this technique 

in order to maintain the microgrid standard voltage and frequency.  

Some DER’s like solar array should be controlled only by PQ control technique because 

the maximum power available at the input of the inverter depends on the light intensity and 
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cannot be controlled as the output load changes. Hence, output power of the converter 

needs to be controlled based on the Maximum available power at the inverter input.  

If the load of the distribution system increases, the extra power needed to compensate the 

load will be shared automatically among the main grid and DER’s that are controlled by 

V/f technique. PQ controlled inverters do not contribute any excess power to compensate 

the load because the output active and reactive powers are constant irrespective of the load 

variations. Hence to decrease the stress on the main grid more DER’s need to be controlled 

by V/f control technique. 

In a typical micro grid that can operate both in grid connected mode, and the islanded mode 

V/f control strategy should be applied on at least one inverter connected to DER because 

whenever the fault has occurred on the system, the micro grid system operates in islanded 

mode. Other Inverters can be controlled in V/f control technique or PQ control technique 

as per the requirements. 
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       CHAPTER 5 

MODELING AND STABILITY ANALYSIS OF AC MICROGRID  

AC micro grid is defined as the localized grid where the operating voltages and currents of 

the distribution network are in AC. Power converters are used to Convert AC or DC 

voltages from DER’s to standard three phase AC Voltage. Consumer loads are powered by 

the AC supply from the distribution feeder.  

5.1 Modeling of the AC micro grid. 

In an AC micro grid distributed energy resources DER such as battery, fuel cell, etc. act as  

power banks to provide power to loads. If the source type is DC, then DC to AC converters 

are used as a medium to connect the source to the distribution feeder by converting DC 

input voltage from source to AC output voltage to the feeder. If the source is AC, then 

source is directly connected to the distribution feeder or connected via step up or step down 

transformer. As discussed earlier in chapter 4, PQ control scheme or V/f control schemes 

are used to control converter output parameters such as voltage, frequency, power, etc. LC 

filter is implemented to eliminate most of the harmonics from the output voltage of the 

Inverter. A proper tuning strategy is followed to estimate the values of the LC filter. 

5.2 Stability Analysis of AC microgrid when a three phase fault   occurred 

on main grid 

In grid connected mode micro grid shares the load along with the main grid.  The power 

shared among each distributed energy resource should not exceed its maximum power 

rating. At least one source like the storage device should be controlled by V/f inverter 

control strategy in order to ensure that micro grid also operates in the islanded mode in 

case of fault. The remaining sources should be controlled by PQ inverter control strategy.  

When a fault occurs on a main grid immediately circuit breaker is tripped disconnecting 

the microgrid from the faulty main grid. Microgrid then operates in an islanded mode to 

provide continuous power supply to the critical loads. 
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Case 1: In this case, A sudden three phase fault is given to the main grid side at t = 10. 

Immediately the microgrid operates in islanded mode disconnected from the grid. The non-

critical loads are disconnected to ensure that the microgrid provide enough power to critical 

loads for required time.  

Table 5.1 Load on microgrid before and after fault 

Fault state Active Load Reactive Load 

Before fault 550KW 75KVAR 

During fault 190KW 50KVAR 

     

Table 5.1 shows the Active and Reactive load on the microgrid before and after the fault. 

Immediately after fault at t=9.98 ,a non-critical active load and reactive load of 360KW 

and 25KVAR respectively is disconnected from the microgrid so that it  operates it in 

islanded mode providing continuous supply to the critical loads connected to the microgrid.

 

Figure 5.1 Voltage response at main grid  

Voltage at the main grid drops to zero immediately after fault at t = 9.98 as shown in the 

figure 5.1. Then the Circuit breaker at PCC trips at t=10 to disconnect the microgrid from 

the main grid.  
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  Figure 5.2 Current response from main grid  

Figure 5.2 shows a large ripple in the current waveform after t=10sec. It is a fault current 

supplied to three phase fault on the main grid by microgrid before the circuit breaker trips 

all the three phases. 

 

     Figure 5.3 Voltage response at Point of common coupling (PCC) 

Figure 5.3 shows how the voltage at PCC is recovered after the fault. The battery storage 

system and the fuel cell operate using V/f control strategy to set the rated voltage and 

frequency to the micro grid even after it gets disconnected from the grid. 
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          Figure 5.4 Output power response from grid 

As the main grid is disconnected from the microgrid, active and reactive power flow from 

the main grid to microgrid is zero after t=10sec as shown in figure 5.4. Here the main grid 

has maximum share of power before it is disconnected from the microgrid.  

 

       Figure 5.5 Output power response from Battery  

Figure 5.5 shows that after the fault the active power shared by the battery is decreased 

even though the main grid has been disconnected because the non-critical loads are 

disconnected after the fault to supply power to critical loads for long time. As 25 KVAR 

of reactive loads are disconnected after fault which could not compensate the reactive 
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power supplied from main grid before fault, the reactive power shared by the battery is 

increased after fault.   

 

   Figure 5.6 Output power response from Fuel cell 

Similar to the battery energy storage system the Fuel cell has the flexibility to supply power 

according to the load variations as shown in figure 5.6. Fuel cell is controlled by V/f control 

strategy hence the power extracted from it can be varied by changing the net load across it.

 

   Figure 5.7 Output power response from Induction generator 



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

33 

 

Mechanical torque to Induction generator is provided by the constant speed wind turbine. 

As long as the excitation voltage remains constant the power input to the generator is 

constant. Hence even after the fault it shares almost same amount of load as seen from 

figure 5.7. Any small changes in its output power is due to changes in excitation voltage 

across its terminals because of distribution line impedance. 

 

   Figure 5.8 Output power response from solar array 

As the solar array is controlled by PQ control strategy, it provides same output power 

before and after the fault. As input power to the solar array is constant (constant irradiance 

and temperature), the output power is constant before and after the load as seen in figure 

5.8. A small distortion in output power at t=5 and t = 15 is due to changes in irradiance 

input to the solar array. 

5.3 Stability Analysis of AC microgrid during sudden load variations in 

grid connected mode 

When there is sudden load applied on the microgrid, immediately the excess load is shared 

among main grid and V/f controlled sources. At the same time, the power shared by V/f 

controlled sources should not exceed its power rating.  
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Case 2: A sudden load is applied to the microgrid at t= 10. Immediately the excess load is 

shared among the sources to maintain stability of the system by balancing power demand 

with power generated.  

Table 5.2: Load on microgrid before and after the sudden load variation 

Fault state Active Load Reactive Load 

Before adding sudden load           410 KW          62 KVAR 

After adding sudden load            500 KW          72 KVAR 

  

Table 5.2 shows that active load of 90KW and reactive load of 10KW is suddenly applied 

on the microgrid at t=10. Immediately increment load is shared among different sources 

including main grid to maintain the grid stability. 

 

    Figure 5.9 Voltage response at PCC  
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After providing sudden load to the microgrid at t=10 there are no transients in voltage 

waveform at PCC as shown in figure 5.9 the transition is smooth and stable.  

   

 

   Figure 5.10 Current response from main grid side  

Figure 5.10 shows that there an increment in current from main grid at t=10. There are no 

oscillations seen in this transition and is stable. 

 

   Figure 5.11 Output power response grid side 

 Figure 5.11 shows that there is increment in load shared by the grid with the 

increase of load demand.  
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        Figure 5.12 Output power response from battery side 

As the battery is V/f controlled, it generates power according to the changes in net load 

across its terminals. As seen from figure 5.12 the power generated by battery is raised with 

the increment in net load across its terminals after t=10  

 

Figure 5.13 Output power response from Fuel cell 

Any load variations across the fuel cell results in increment in power generated by fuel cell 

as it is V/f controlled in this case as shown in figure 5.13. 
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    Figure 5.14 Output Power response from Induction generator 

Figure 5.14 shows the power generated by the Induction generator is constant before and 

after the sudden load increment. In fact, that there is a very small decrease in its output 

power because the power output from battery and fuel cell has been increased, which 

results in I2R drops on distribution line which in turn results in decrease in excitation 

voltage across the Induction generator. 

 

Figure 5.15 Output power response from solar array 

Figure 5.15 shows there is no change in output load shared by the solar array before and 

after the load variations because it is controlled by PQ control strategy as discussed earlier 

in this chapter. Whatever might be the distribution feeder voltage, the output power is 
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constant. The PQ controlled converter output voltage is adjusted in order to provide 

referenced output power. 

 

5.4 Stability Analysis of AC microgrid during temporary fault on main 

grid  

When a temporary fault occurs on the microgrid, immediately the microgrid enters into 

islanded mode during fault time, and the non-critical loads are disconnected from the 

microgrid so that power balance is maintained between generation and demand. During 

islanded mode the voltage and frequency of the microgrid is maintained by V/f controlled 

sources. When the fault is cleared , the microgrid again operates in grid connected mode 

providing power to critical and non-critical loads along with the main grid. 

Case 3: In this case, main grid suffers from a temporary fault for ten cycles starting at 

t=9.98. During the fault time, the microgrid enters into islanded mode by disconnecting 

non-critical loads from it. Immediately after the fault is cleared after 10 cycles, the 

microgrid operates in grid connected mode providing power to load along with the main 

grid. 

Table 5.3 Load on microgrid before, during and after the temporary fault  

Fault state Active Load Reactive Load 

Before fault occurred 550KW 75KVAR 

During fault 190KW 50KVAR 

After fault cleared 550KW 75KVAR 

 

Table 5.3 shows that the non-critical active and reactive load of 360KW and 25KVAR 

respectively are disconnected from the microgrid and a critical active and reactive load of 

190 KW and 50KVAR is still connected to the microgrid during the fault time for 10 cycles. 
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Here during fault time, the microgrid operates in islanded mode providing power to only 

critical loads. Immediately after the fault is cleared the non-critical loads are again 

connected to the microgrid to operate in normal conditions. 

 

Figure 5.16 Voltage Response at main grid 

When the three phase fault occurred on the main grid immediately the circuit breaker across 

the faults trips to isolate the fault. Figure 5.16 shows that when the fault occurred at t=9.98 

the grid voltage drops to zero. During fault the micro grid is disconnected from the grid. 

When fault is cleared after 10 cycles the voltage at main grid side is bought back to rated 

voltage and the microgrid again connected to main grid to operate in normal conditions.

 

   Figure 5.17 Current response from main grid 
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Figure 5.17 shows that immediately after the fault on main grid there is a current flow from 

the microgrid to main grid before the circuit breaker trips. After the Circuit breaker trips 

all the three phases the current reaches to zero. 

 

  Figure 5.18 Voltage response at point of common coupling (PCC) 

When the temporary fault start, the micro grid operates in islanded mode immediately after 

the circuit breaker breaks maintaining its rated voltage by using its V/f controlled sources. 

Figure 5.18 shows that immediately the circuit breaks trips all the three phases the voltage 

of the microgrid is bought back to rated voltages. When the fault is cleared it still maintains 

its voltage but operates in grid connected mode. 

 

        Figure 5.19 Output power response from main grid 
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Figure 5.19 shows the power response from the grid side. The power flow reaches zero 

immediately after the fault and gets back to normal value after the fault is cleared.   

  

 

   Figure 5.20 Output power response from battery 

When the temporary fault occurred on the grid system, the microgrid operates isolated with 

the reference voltage and frequency. When the grid is connected back after the fault is 

cleared there will be instability in the power flow from different sources because the need 

to synchronize to a voltage with slight amplitude difference as shown in figure 5.20. Hence 

it takes some time to minimize the voltage error by the PID controllers.

 

Figure 5.21 Output power response from fuel cell 
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Figure 5.21 shows the instability in power flow from fuel cell similar to the battery storage 

system as it takes some time for the controllers to minimize the voltage error. 

 

  Figure 5.22 Output power response from Induction generator 

As discussed earlier mechanical input to induction generator is fed from constant speed 

wind turbine, any changes in the excitation voltage results in changes in its output power. 

Figure 5.22 shows that as there is voltage fluctuation on distribution feeder immediately 

after the fault at t=9.98, the power output of the generator is fluctuated. When bought back 

to grid connected mode there are small output power fluctuations until grid voltage gets 

stabilized. 

 

Figure 5.23 Output power response from solar array 
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Figure 5.23 shows that during temporary fault, there are some power flow fluctuations from 

solar array and immediately gets back into stability after the fault is cleared. These 

fluctuations are due to voltage fluctuations immediately after the fault that requires some 

time for the PID controller to minimize the power output error. 

5.5 Stability Analysis of AC microgrid during temporary fault on 

distribution feeder 

When a temporary fault occurred on a distribution feeder of a microgrid, immediately the 

circuit breakers across the fault trips isolating the fault. The microgrid divides into two 

parts operating separately. One part connected to the grid while the other part operates 

isolated until the fault is cleared. For isolated part to operate separately, there must be at 

least one source operating in that part which is controlled by V/f control strategy.  

Case 4: A temporary fault for 10 cycles is given on the distribution feeder at time t = 9.98, 

immediately the microgrid separates into two parts one part consisting battery connected 

to the grid, and the other part have the Solid oxide fuel cell, Induction generator and Solar 

array. The rated voltage for isolated part is maintained by the Solid oxide fuel cell since it 

is controlled by V/f control scheme. 

Table 5.4 Load on microgrid before, during and after the fault on distribution feeder 

Fault state Active load Reactive load 

Before fault 450 KW 70 KVAR 

During fault 410 KW 62 KVAR 

After fault 450 KW 70 KVAR 

 

Table 5.4 shows that when a temporary fault occurred on the distribute feeder, the circuit 

breakers trips across the fault disconnecting an active load of 40 KW and reactive load of 

8 KVAR. Immediately after the fault the total load on the microgrid gets back to normal 
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value i.e. active and reactive load of 450KW respectively. Active and reactive load on the 

grid connected part of the microgrid are 140 KW and 12.5 KVAR respectively. Whereas 

active and reactive load on isolated part is 270 KW and 49.5 KVAR 

 

 

             Figure 5.24 Voltage response at PCC 

Figure 5.24 shows that there are slight voltage fluctuations at PCC when one part of the 

microgrid is isolated after fault. After the circuit breaker across the fault trips, both parts 

of the micro grid tend towards stability by maintaining rated voltage on the distribution 

feeder. 

 

   Figure 5.25 Current response from the microgrid. 
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Figure 5.25 shows that there is a large current fluctuations at t=9.98 when fault occurred. 

When the circuit breakers trips at t=10,the microgrid separates in to two parts. As the grid 

now shares power with only one part of the microgrid, its current level is decreased. 

Immediately after the fault is cleared it shares power with the entire microgrid and its 

current level reaches normal. 

 

 

 Figure 5.26 Voltage response on Distribution feeder of isolated part microgrid. 

As the fault occurred at t= 9.98, there is a large voltage drop on the non-grid connected 

part of the microgrid feeder as shown in figure 5.26 due to high current flow in to the fault 

before circuit breaker trips. After breaker trips the isolated part stabilizes to maintain rated 

voltage. 
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   Figure 5.27 Output power response from Grid 

At t=9.98 a high power flows from grid to fault. After the circuit breaker trips the output 

power flow from the grid to PCC is decreased during fault period because it provide power 

only to grid connected part of the microgrid. Immediately after the fault is cleared system 

operates stable as before as shown in figure 5.27 

 

Figure 5.28 Output power response from battery 

Figure 5.28 shows that during the fault time there are power fluctuations from battery side. 

Immediately after the fault is cleared there is some time delay to achieve stability in power 

flow is due to time delay caused by PID controllers to minimize the voltage error after the 

fault is cleared. 
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   Figure 5.29 Output power response from Fuel cell 

Similar to the variations in power shared by the battery as shown in figure 5.28, there are 

also variations in power shared by the fuel cell after the fault is cleared as shown in figure 

5.29. When the isolated part is connected to the grid connected part of the microgrid it 

needs to synchronize voltage with the grid, so there are some overshoots in power before 

reaching the steady state.  

 

  Figure 5.30 Output power response from Induction generator 

Figure 5.30 shows that when fault occurred on the microgrid at t=9.98 the distribution 

feeder voltage at the fault point is almost zero until circuit breaker trips. It results in almost 

zero voltage at all points below the fault point. As the voltage approaches zero, active and 

reactive power from induction generator approaches zero. Immediately after the fault is 
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cleared, the Induction generator operates under rated excitation voltage to provide rated 

voltage 

 

       Figure 5.31 Output power response from solar array 

When the fault occurred the power from solar panel has some fluctuations until circuit 

breaker trips because of voltage fluctuations at the output of the solar panel. Power flow 

fluctuations from the solar array attained stability very fast as shown in figure 5.31. 

5.6 Stability Analysis of the microgrid when connected to weak grid 

A grid is said to be weak at a point when any variations in active or reactive power causes 

fluctuations in voltage at that point [16]. Usually weak grid is defined in terms of short 

Circuit ratio which is defined as ratio of short circuit power to the nominal power. 

                          SCR =  Sk / Pn     (5.1) 

       (5.2) 

Sk               Short circuit power  

Pn               Nominal power 

Ueq           Rated voltage at reference bus 
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Req , Xeq         Equivalent resistance and reactance of the transmission line 

If the short circuit ratio is less than 25 then the grid is said to be weak [16].  

Case 5: 

5.6.1 Effect of weak main grid on AC micro grid when SCR = 5 

A weak grid is designed using the design parameters of the transmission system from table 

5.5 and it is connected the AC microgrid through a step down transformer. Table 5.6 shows 

the voltage fluctuations on main grid near the tapping point of the microgrid and voltage 

fluctuations on distribution feeder with variations in power flow. Table 5.5 gives the rated 

design parameters of the electrical system considered for this analysis. 

Table 5.5 Weak grid system parameters for SCR =5 

Parameter Value 

Open circuit grid voltage 11KV 

Short Circuit Power 200KVA 

Rated micro grid voltage 480ph-ph 

Short circuit ratio 5 

                

Table 5.6 Voltage fluctuations Versus Nominal power when SCR=5 

Power flow Vgrid side (ph-ph) (Volts) V dist side (ph-ph) (Volts) 

0.8Pn 8873 515 

0.9 Pn 8666 503 

Pn 8270 480 

1.1 Pn 8110 470 

1.2 Pn 7873 457 
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Table 5.6 shows that when power flowing through the transmission line is equal to the 

nominal power Pn the voltage at the microgrid level is equal to its rated voltage of 480ph-

ph rms. If the power flow is less than nominal power the voltage of the microgrid increase 

and vice-versa. 

Case 6: 

5.6.2 Effect of weak main grid on AC micro grid when SCR = 2 

Table 5.7 Weak grid system parameters for SCR =2 

Parameter Value 

Open circuit grid voltage 11KV 

Short Circuit Power 200MVA 

Rated micro grid voltage 480ph-ph 

Short circuit ratio 2 

            

Table 5.8 Voltage fluctuations Versus Nominal power when SCR = 2 

Power flow Vgrid side (ph-ph) V dist side (ph-ph) 

0.8Pn 6244 507 

0.9 Pn 6104 495.5 

Pn 5912 480 

1.1 Pn 5862 475 

1.2 Pn 5798 470 
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Table 5.8 shows that if the power flowing through the transmission line is less than the 

nominal power the voltage at micro grid increases and if the power flowing through the 

transmission line more than the nominal power the voltage at the microgrid decreases. The 

voltage distortions on the microgrid are more if SCR = 2 when compared to SCR = 5 as 

shown in figure 4.32. 

 

    Figure 5.32 Power flow versus voltage at microgrid 

Figure 5.32 shows that dV/dP is high when SCR = 2 compared to SCR = 5. Higher dV/dP 

indicated that the grid is weak and voltage distortions are more.  
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      CHAPTER 6 

MODELING AND STABILITY ANALYSIS OF DC MICROGRID  

DC micro grid is defined as the localized grid where the operating voltages and currents of 

the distribution network are in DC. Power converters are used to Convert AC or DC voltage 

from DER’s to DC Voltage. Consumer loads are powered by the DC supply from the 

distribution feeder.  

6.1 Modelling of the DC micro grid. 

In a DC micro grid distributed energy resources such as battery, fuel cell, etc. act as a power 

bank to provide power to loads. Buck or boost converters are used in closed-loop control 

to convert DC voltages to rated DC voltage of the microgrid. If the source voltages are AC, 

then a three phase rectifier combined with DC-DC converter in the closed loop control is  

used to convert it in to DC voltages. Proportional integral controller helps DC-DC 

converter to maintain reference output voltage.  

6.2 Stability Analysis of DC microgrid when a three phase fault occurred 

at the main grid side. 

In grid connected mode, the microgrid shares the load along with main grid. The power 

shared among each distributed energy resource should not exceed its maximum power 

rating. When the fault occurs on the main grid immediately the microgrid enters into 

islanded mode to supply continuous power to the critical loads. 

Case 1: In this case, A sudden three phase fault is given to the main grid side at t = 9.98. 

Immediately the microgrid operates in islanded mode disconnected from the grid. The non-

critical loads are disconnected to ensure that the microgrid provide enough power to critical 

loads for required time.  
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Table 6.1 Load on DC microgrid before and after fault 

Fault status                Load 

Before fault              550 KW 

During fault              250  KW 

     

Table 6.1 shows the total load demand on the microgrid before and after the fault. 

Immediately after the fault at t=9.98, a non-critical load of 300KW is disconnected from 

the microgrid so that it operates in islanded mode providing continuous supply to the 

critical loads. 

        

   Figure 6.1 Voltage response at main grid  

Voltage at the main grid drops to zero immediately after fault at t = 10 as shown in the 

figure 6.1. Then the Circuit breaker at PCC trips to disconnect the microgrid from main 

grid.  
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 Figure 6.2 Current response from main grid  

Figure 6.2 shows that after the circuit breaker trips at t=10, the current flowing from main 

to the microgrid is zero.  

 

 

     Figure 6.3 Voltage response at Point of common coupling (PCC) 

After the fault on the main grid the circuit breaker trips at t=10 to isolate the microgrid 

from the main grid. The voltage of the microgrid is set to reference voltage by controlling 

converters in the closed loop. Figure 6.3 shows that immediately after the circuit breaker 

trips at t = 10, the microgrid operates in islanded mode maintaining rated voltage at PCC. 
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Figure 6.4 Power shard by different sources in microgrid along with main grid 

When the micro grid is disconnected from the main grid, the power provided by the main 

grid reaches zero. Immediately all the non-critical loads are disconnected to provide 

continuous power to the critical loads from the isolated microgrid. Figure 6.4 shows the 

power shared among different sources before and after the fault. Induction generator and 

the solar array have constant input power, the output power provided by them before and 

after the fault does not vary. Because the battery and the fuel cell have the ability to vary 

their output power, they absorb any changes in the load by delivering required output 

power. 

6.3 Stability Analysis of DC microgrid during sudden load variations 

During sudden load variations on the microgrid, the excess load is shared among the 

Distributed energy resources whose output power can be varied like battery and fuel cell 

along with the main grid. 
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Case 2: A sudden load is applied on the microgrid at t=10, immediately the increment in 

load is shared among different sources to maintain stability of the system by balancing 

power demand with power generation.  

     Table 6.2 Load on DC microgrid before and after load variations 

Fault state           Load 

Before adding sudden load           437 KW 

After adding sudden load            500 KW 

 

Table 6.2 shows the load on the microgrid before and after the load variation. A sudden 

load of 70KW is added to the microgrid at t=10. The excess 63KW of load is shared among 

battery, fuel cell and the main grid. 

      

         Figure 6.5 Voltage response at Point of common coupling (PCC) 

Figure 6.5 shows there are no transients in voltage even after a sudden load is added to the 

microgrid at t=10. The transition is stable.  
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Figure 6.6 Current response from main grid  

Figure 6.6 shows that the current from the main grid is increased during sudden load 

variation which indicates the main grid is delivering excess power to the microgrid to share 

increment in load. 

 

Figure 6.7 Power shared by different sources in microgrid along with main grid 
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Figure 6.7 shows that when a sudden load is applied at t=10, Induction generator and Solar 

array do not take part to share the excess amount of load. Induction generator is excited by 

the external supply, and it is assumed that its operating speed is constant. At constant 

excitation and operating speed the output power from the generator is constant. Solar array 

do not share the excess load because its input power is constant. Therefore, the increment 

in load is shared by battery, fuel cell and the main grid. There are no transients occurred 

during the load variation. 

6.4 Stability Analysis of DC microgrid during temporary fault on the 

main grid 

When a temporary fault occurs on the microgrid, immediately the microgrid enters into 

islanded mode during fault time, and the non-critical loads are disconnected from the 

microgrid. During islanded mode, the voltage of the microgrid is set by the closed loop 

controlled converters connected to the DER’s. When the fault is cleared the  microgrid 

again operates in the grid connected mode providing power to the critical and non-critical 

loads along with the main grid. 

Table 6.3 Load on DC microgrid before, during and after temporary fault 

Fault status                Load 

Before fault              530 KW 

During fault              250  KW 

After fault               530KW 

 

Case 3:  In this case main grid suffers from a temporary fault for 200ms starting at t=9.98. 

During fault time the microgrid enters in to islanded mode by disconnecting non-critical 

loads from it. Table 6.3 shows that when the fault occurred on the micro grid a non-critical 

load of 280KW is disconnected from the supply. Immediately after the fault all non-critical 

loads are reconnected to the microgrid. 
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                Figure 6.8 Voltage response at main grid 

Figure 6.8 shows that when temporary fault occurred on the main grid its voltage drops to 

zero. Immediately after the fault is cleared at t = 10.2 grid gets back rated voltage. 

 

            Figure 6.9 Current response from main grid 

Figure 6.9 shows that whenever the fault occurred on the microgrid the circuit breaker trips 

at t = 10. Immediately grid current drops to zero. Current increases to normal value 

immediately after the fault is cleared.  



                                               Texas Tech University, Ankith Reddy Arra, December 2015 

 

60 

 

 

          Figure 6.10 Voltage response at Point of common coupling (PCC) 

Figure 6.10 shows when the micro grid enters in to islanded mode at t=10 the voltage at 

PCC is maintained by DER’s using the closed loop feedback converters. Once the fault is 

cleared the micro grid enters in to grid connected mode without undergoing any 

fluctuations.   

 

Figure 6.11 Power shared by different sources in microgrid along with main grid 
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During the fault, the power delivered by the main grid is zero. All the non-critical loads are 

disconnected from the microgrid to ensure critical loads get continuous power supply from 

the DER’s. Figure 6.11 shows that immediately after the fault is cleared power delivered 

by the solar array goes down. Which indicates that solar array is not operating in MPPT 

mode just after the clearance of the fault.  

 

6.5 Stability Analysis of DC microgrid during temporary fault on 

distribution line. 

When a temporary fault occurs on a distribution feeder of the DC microgrid, immediately 

the circuit breakers across the fault trips and divides the micro grid in to two parts.  

Case 4: 

A temporary fault for 10 cycles is given on the distribution feeder at t=9.98. Immediately 

the microgrid divides in to two parts one part consisting the battery connected to the grid 

and other part has Induction generator, fuel cell and the solar array. The isolated part 

voltage is maintained by fuel cell.  

Table 6.4 Load on DC microgrid before, during and after fault 

Fault status                Load 

Before fault              480 KW 

During fault               437.5KW 

After fault               480 KW 

    

Table 6.4 shows that total load before fault on the microgrid is 480 KW. Immediately after 

the circuit breaker across the fault trips, a load of 42.5 KW which is near to the fault is 

disconnected from the microgrid. When fault is cleared after 10 cycles the load of 40 KW 

is re-connected to the microgrid. 
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         Figure 6.12 Voltage response at PCC 

Figure 6.12 shows that when fault occurs at t=9.98, there are no transients in the voltage at 

the point of Common coupling. 

 

 

Figure 6.13 Current response from main grid 

When a temporary fault occurred on the system, one part of the microgrid grid is isolated. 

The grid connected part of the microgrid shares small load with battery. Figure 6.13 shows 

that there is a decrement in the power shared by the main grid during the fault. It is because 

the net load on the battery and grid has decreased during the fault. 
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Figure 6.14 Power shared by different sources in microgrid along with main grid 

 

Figure 6.14 shows that immediately after the fault clears, the micro grid attains its 

stability to operate in normal conditions. During the fault the load is shared by the battery 

and the main grid is less due to decrease in load demand across the grid connected part. 

Any load across the isolated part is shared by the Fuel cell. The power shared by 

induction generator and the fuel cell is constant.  

6.6 Effect of weak grid on DC micro grid 

AC main grid is connected to the DC micro grid through AC to DC converter. This 

converter is controlled in the closed loop feedback system with a standard reference 

voltage signal. Any voltage variations in the input don’t affect the converter output 

voltage because controller maintains the output voltage to be constant irrespective of the 

input voltage.  Hence DC micro grid is not affected by the weak grid. 
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6.6.1 Effect of weak main grid on DC micro grid when SCR = 5 

              Table 6.5 Weak grid system parameters for SCR =5 

Parameter Value 

Open circuit grid voltage 11KV 

Short Circuit Power 200KVA 

Rated micro grid voltage 500V DC 

Short circuit ratio 5 

 

  Table 6.6 Voltage fluctuations Versus Nominal power when SCR = 5 

Power flow Vgrid side (ph-ph) (Volts) V dist side (ph-ph) (Volts) 

0.8Pn 8873 500 

0.9 Pn 8666 500 

Pn 8270 500 

1.1 Pn 8110 500 

1.2 Pn 7873 500 

 

Table 6.6 shows that even though weak grid results in grid voltage fluctuations at SCR = 

5, the voltage on the microgrid is not effected.  
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6.6.2 Effect of weak main grid on DC micro grid when SCR = 2 

           Table 6.7 Weak grid system parameters for SCR =2 

Parameter Value 

Open circuit grid voltage 11KV 

Short Circuit Power 200KVA 

Rated micro grid voltage 500V DC 

Short circuit ratio 2 

 

Table 6.8 Voltage fluctuations Versus Nominal power when SCR = 2 

Power flow Vgrid side (ph-ph) V dist side (ph-ph) 

0.8Pn 6244 500 

0.9 Pn 6104 500 

Pn 5912 500 

1.1 Pn 5862 500 

1.2 Pn 5798 500 

 

Table 6.8 shows that even though weak grid results in grid voltage fluctuations at SCR = 

5, the voltage on the microgrid is not effected. Hence the DC microgrid is not effected for 

any SCR value of the main grid  
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CHAPTER 7 

OBSERVATIONS AND CONCLUSIONS 

7.1 Observations   

7.1.1 Effect of weak grid on AC/DC microgrids. 

 DC microgrid is not affected by the weak grid as in case of AC microgrid as discussed in 

chapter 5 and chapter 6. In a DC microgrid the closed loop feedback AC-DC converter is 

used to convert AC voltage from main grid to DC voltage. It helps to maintain steady 

reference DC output voltage even though the AC input voltage is fluctuating.   

7.1.2 Harmonic Effects on AC/DC microgrid 

The battery and the fuel cell deliver power according to the load demand, i.e. the current 

from these sources varies with the load demand. As the net load is not constant for these 

sources, it is difficult to design an LC filter to eliminate higher harmonics in AC microgrid 

system. Hence there will be harmonics present in the AC microgrid system. In a DC system, 

microgrid do not have harmonics. 

7.1.3 Selection of DC source voltages in AC/DC microgrid 

As discussed in chapter 4, the peak value fundamental frequency component of the PWM 

controlled DC to AC converter output voltage (VA0)1 is given by:    

              (VA0)1= ma *(Vd/2) for    ma<=1  

From above equation, the output voltage of the converter depends on ma and input DC 

voltage for DC to AC converters. But the range of ma is between 0 to 1. Hence to get the 

rated output voltage input DC voltage should be at least greater than twice the output 

voltage. Moreover, as the load current increases voltage drops across the inductor in LC 

filter increases. Hence magnitude of VA0 should be increased in order to keep the filtered 

output voltage constant. As VA0 depends on modulation index and input DC voltage, one 

among these parameters should be increased. But modulation index can have a maximum 
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value of one. Hence Input DC voltage should be large in order to keep the load current 

high. This condition holds good for DC sources used in AC microgrid. Whereas in DC 

microgrids there are no source voltage limitations because the buck or boost converters are 

as per the output voltage requirements. 

7.1.4 Output power limits for DC sources in AC/DC microgrid. 

As seen earlier, to increase the output maximum current flow from PWM controlled DC to 

AC converter its input DC voltage needs to be increased. For a source with fixed input 

voltage, there will be a maximum power associated with it to operate in modulation index 

limits. Hence maximum power extracted from DC sources in AC microgrid is limited and 

depends on Input source voltage. 

7.1.5 Voltage drop due to line impedance in AC and DC microgrid. 

In AC system, voltage drop on line with impedance Z is given by  

      V = IZ     (7.1) 

      Z = R + j(X)    (7.2)  

      V = IR + j(IX)    (7.3) 

Where R is the resistance of the line and X is the reactance of the line.  

For DC system voltage drop on a line is given by  

      V = IR      (7.4) 

From equation 7.3 and equation 7.4 it can be said that voltage drop on the line in AC system 

is more than the voltage drop on the line in DC system.  
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7.2 Conclusions 

This paper discusses on control of Distributed energy resources to integrate them to form 

a microgrid. AC and DC Microgrid models have been developed in MATLAB, Simulink 

environment. Steady state and transient stability analysis is performed on both AC and DC 

microgrid during permanent faults, temporary faults and sudden load variations in real time 

using OPAL-RT real time digital simulator.  

Results indicate that DC microgrid is not affected when connected to a weak grid. It attains 

stability faster than the AC microgrid immediately after a fault is cleared. There are no 

harmonic effects present in the DC microgrid. Because of the absence of the PWM 

controlled DC to AC converters the output power extracted from these sources is not 

limited by input DC source voltage or the modulation index limitations. Moreover, voltage 

drop in DC system is not affected by the reactance of the line. Controllers for the converters 

in the DC system are simple as they do not need to have control over the frequency of the 

converter output signal. Practically the DC microgrid systems do not suffer from skin effect 

or Ferranti effect. The above mentioned advantages of  the DC microgrid system might 

play an important role in the future to make a transition from AC to DC microgrid systems. 

7.3 Future work 

Stability and transient analysis during faults and sudden load variations of the microgrid 

were performed assuming the main grid is strong. In future work, these analyses can be 

performed when connected to the weak main grid. 

 In DC microgrid, the circuit breaker considered as an ideal breaker with no arc formation 

and zero crossing tripping. Practically it is not possible. So in future work a more practical 

circuit breaker needs to be designed to perform the stability analysis on the DC microgrid.  
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APPENDIX 

1) Ratings of Battery 

Table Appendix 1: Ratings of the battery 

Type of battery Nominal voltage Rated Capacity Rated power 

Lithium ion battery 2000V       200Ah   80KW 

2) Ratings of the Fuel cell 

Table Appendix 2: Ratings of the Fuel Cell 

No. of cells in 

series 

Rated voltage of 

each cell 

Rated open circuit 

voltage 

Rated Power 

1500 1.18V 1770V 70KW 

 

3) Ratings of Induction generator 

Table Appendix 3: Ratings of the Induction generator 

Type of rotor Operating 

Voltage 

Frequency of 

operation  

Number of 

pole pairs 

Input 

Angular 

speed 

Squirrel cage 480Vrms 

(ph-ph) 

      50Hz         2 158.30 

rad/sec 

4) Ratings of the Solar Panel 

Table Appendix 4: Ratings of the Solar Array 

No. of Series 

connected cells 

in module 

Parallel connected 

modules  

Open Circuit 

Voltage 

Rated current 

4500 50 2700V 25A 
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 Figure Appendix 1: AC microgrid model  
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Figure Appendix 2: DC microgrid model 


