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ABSTRACT 

This thesis concerns with the impact of renewable generation resources on 

the power system stability. The rapidly increasing integration of renewable energy 

sources into the grid can change the way power systems operate and respond to 

system disturbances. This is because the available inertia from synchronous ma-

chines, which helps in damping system oscillations, gets reduced as an increase in 

renewables like wind and solar photovoltaics is accompanied by a decrease in 

conventional generators. This aspect of high penetration of renewables has the 

potential to affect the rotor angle stability and small signal stability of power sys-

tems. 

 The system with increased renewables is mathematically modeled to rep-

resent wind and solar resources.  Transient and small signal stability studies are 

performed for various operating cases. The main conclusion drawn from the dif-

ferent studies is that increased renewable penetration causes a few instability 

problems, most of which are either localized and do not adversely affect the over-

all system stability. It is also found that the critical inter-area modes of oscilla-

tions are sufficiently damped.  
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Chapter 1. INTRODUCTION TO CHALLENGES POSED BY RENEWA-

BLES 

1.1 Introduction 

Due to the greater need to meet various renewable portfolio standards to 

increase renewable resource generation to reduce the green-house emissions and 

because of an abundance of wind and solar energy resources in the U.S., renewa-

ble power generation integration has been increasing at an unprecedented pace.  

The average wind energy growth rate in the U.S. is about 25% per annum for the 

past five years with predictions for even higher rates for next few decades [1],[2]. 

Similarly, generation from solar photovoltaics (PV) and solar thermal resources 

have also increased by more than 35% per annum for the last two years [2]. But 

with the transmission grid throughout the nation already loaded close to its limits, 

the delivery of electric power from these renewable resources to the load centers 

becomes a challenging task.  

With many states adopting their respective renewable portfolio standards 

(RPS) to accomplish the ambitious renewable energy targets in next 10-15 years, 

integrating these renewables into the power system poses great technical chal-

lenges. One of the challenges is to ensure the transient and small-signal stability 

of the power system. A bulk of the new renewable capacity addition will come 

from wind generators, solar PVs and centralized solar thermal plants (CST). The 

introduction of new renewable resources together with the phasing out of conven-

tional fossil-fired power plants has the potential of drastically changing the way 
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power systems work in terms of change in power flow patterns, effect on syn-

chronizing powers and the sensitivity of the system to faults. While the effect of 

conventional synchronous generators on system stability is well understood, it is 

not the case for wind and solar power plants. Their intermittent, non-dispatchable 

nature puts them at a disadvantage from the system reliability point of view. Also, 

because of their inherently different operating principles than synchronous ma-

chines, their interaction with the power system is also markedly different. The 

problem becomes even more uncertain at high renewable penetration levels as has 

been envisioned in the RPS standards. Most of the modern wind generators are 

connected to the grid through a power electronics interface thereby effectively 

masking their rotating mass inertia. Hence, there is no inertia available from these 

wind generators to dampen the electromechanical oscillations due to power sys-

tem faults. This is also true for solar PV farms. Therefore, high levels of wind and 

solar PV penetrations, together with replacement of conventional fossil-fired 

power plants cause an appreciable decrease in overall system inertia. Hence, it is 

necessary to correctly model these renewable resources and conduct a compre-

hensive system study to examine the transient and small-signal stability of the 

system with the new resources included. 

As compared to conventional synchronous generators, wind and solar pho-

tovoltaic (PV) generation resources show markedly different characteristics at the 

point of interconnection (POI) with the bulk power system. The recent advances 

in wind generation technologies have led to the development of variable speed 
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wind turbine generators and these generators are expected to form the bulk of new 

wind generation installations throughout the world.  

1.2 Problem statement and rationale 

  The increased penetration of renewable energy resources with power elec-

tronics converters shows marked impact on system stability. Following a large 

disturbance, the restoring forces that bring the position of the affected generators 

back to nominal values are related to the interaction between the synchronizing 

forces and the total system inertia. In the case of power electronics based renewa-

ble resources; however, the electrical power generated by the unit is effectively 

tightly controlled by the current control loops of the converter. Subsequent to an 

electrical disturbance, the converter quickly controls the unit to return to its pre-

disturbance power output, thereby curtailing the potential inertial response of the 

turbine from the grid. Hence, with increased penetration of such generation re-

sources, the effective inertia of the system is markedly reduced, thereby, poten-

tially affecting the system dynamic performance. 

  The reduced inertia affects the system in two ways: (i) after a disturbance 

the effective angular acceleration of the rotors of synchronous generators would 

be increased. Consequently, the restoring synchronizing forces would have to be 

larger to bring the disturbed machines back to equilibrium position, and (ii) the 

rate of decay of frequency would be increased for generation loss events and 

therefore, the transient stability of the system could be compromised for certain 

severe disturbances.  
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  The converter controls the rotor speed and electrical power, thereby de-

coupling the turbine from the grid. It also damps out any rotor speed oscillations 

that may occur within the wind turbine generator (WTG). WTGs primarily only 

have four mechanisms by which they can affect the damping of electromechanical 

modes (since they themselves do not participate in the modes) [11]: 

1. Displacing synchronous machines thereby affecting the modes 

2. Impacting major path flows thereby affecting the synchronizing forces 

3. Displacing synchronous machines that have power system stabilizers 

4. DFIG controls interacting with the damping torque on nearby large 

synchronous generators  

  The changes in operations of the grid due to the placement of wind farms 

can also impact the oscillations. Wind farms are normally located far from major 

load centers. This requires power delivery over longer distances and might cause 

overloading of already congested lines. The same is true for solar generation at 

commercial scales. This scenario might lead to significant change in generation 

profile and power flow, thereby, affecting the small signal stability of the system. 

Given this scenario, the major part of the present work encompasses the issues 

related to system dynamic performance with the penetration of wind farms and 

solar generation facilities. The impact study is carried out by perturbing the sys-

tem with three-phase short circuit faults and applying disturbances at various lo-

cations in the system. 



 

5 
 

  The inertia constants of conventional synchronous generators of a large 

power plant are in the order of 2-9 s [3] and this inertia is automatically available 

as the frequency of the grid tends to decrease following a disturbance or loss of 

generation/transmission line. In the case of wind farms, as discussed above, the 

inertia of the turbine is effectively decoupled from the system. The decoupling of 

the inertia in wind farms, however, can be overcome by appropriate use of con-

trol. Significant amount of kinetic energy is stored in the rotating turbine blades 

with typical inertia constants in the range of 2-6 s [4]. It is possible to exploit the 

isolated inertia and support the system if proper control mechanisms are devel-

oped.  

1.3 Objectives 

The overall objective of this research is to study the impact of increased 

penetration of renewable resources on transient and small signal stability of the 

bulk power system. The steps to achieve this objective are as follows: 

 To develop a suitable model of the system and incorporate wind, solar PV 

and solar thermal renewable generation resources that would have an im-

pact on the system performance 

 To identify critical contingencies which could affect the system by con-

ducting N-1 and N-2 static security analyses 

 Based on the highly ranked static contingencies, perform transient stability 

studies within the system and at the boundary with neighboring systems 
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 To examine if there is any detrimental impact on the system due to in-

creased renewable penetration 

 To conduct small signal stability analysis within the system and at the 

boundary with neighboring systems  

 To provide a reasoning for the research findings  

1.4 Organization of thesis 

The thesis is organized in seven chapters. Chapter 1 gives an introduction 

which presents the background of the study. The chapter contains the problem 

statement, rationale and objectives of the study.  

Chapter 2 presents the literature review with regard to several wind and 

solar power technologies in existence. The chapter also summarizes various re-

search work carried out in the past in modeling of these technologies and their 

impact on power system operations and stability. 

Chapter 3 deals with theory of mathematical modeling and control of vari-

ous commercially available wind and solar power technologies so that they can be 

used for system stability studies. The fundamentals of transient and small signal 

stability studies of a power system are also discussed. 

Chapter 4 provides the proposed methodology to carry out the study. 

Chapter 5 gives the simulation results obtained and the inferences are 

drawn out of those results. 
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Chapter 6 concludes the findings from the work and proposes future work.
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Chapter 2. LITERATURE REVIEW 

DFIGs have the characteristics of independent control of reactive power 

from real power, and shorter response time of power electronic converters. Varia-

ble speed design of DFIG helps in limiting transient oscillations after a disturb-

ance, leading to better rotor angle stability than a conventional synchronous gen-

erator. Modern DFIG based wind power plants with power electronics converters 

and low-voltage ride-through capability have been shown to provide stable opera-

tion even when connected to weak power grids [5]. A comparison between the 

conventional fixed speed wind turbines and the recent doubly-fed induction ma-

chines is provided in [6] where the operation of these two kinds of machines is 

compared during transient disturbances like three-phase faults, and network volt-

age sags. It is shown that whereas the inherent speed and power factor controls 

within the DFIGs help in improving the system stability and voltage recovery, the 

limitations of the fixed capacitor power factor correction in a fixed speed induc-

tion generator (FSIG) may lead to uncontrolled acceleration of the generator rotor. 

The instability problem in FSIG becomes more acute when the wind farm is con-

nected to weak grid. As pointed out in [7] the DFIGs have a tendency to increase 

the inter-area oscillation damping by properly adjusting control parameters. It is 

shown that if the DFIG is operating under power factor control mode, the elec-

tromechanical eigenvalue damping increases with more wind power penetration. 

Even when the DFIG is operating in voltage control mode, the system does not 

show small signal stability problems provided there is proper tuning of reactive 
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power controllers. Further investigation of the effect of increased wind power 

penetration on small signal stability is investigated in [8] where it is pointed out 

that increase in wind power penetration can lead to either increase or decrease in 

inter-area oscillation damping depending upon the operating conditions. It is also 

pointed out that although wind generators as such do not deteriorate the inter area 

oscillations, the stability may still be affected due to the change in operational 

structures of the system such as significant changes in generation profiles and the 

power flow patterns over the lines as more and more wind power gets transmitted 

over longer distances. One particular scenario is discussed where the decrease in 

damping is caused due to the congestion of the lines in an already weak transmis-

sion system. It is also noted that if the damping decreases in a system, suitable 

power system stabilizers need to be installed. The effectiveness of suitably tuned 

PSS installed in the wind power generators in damping the electromechanical os-

cillations is further discussed in [9]. It is also noted that the PSS in wind genera-

tors should be tuned in coordination with those installed in synchronous genera-

tors for good damping throughout the bulk power system. A PSS has been pro-

posed in [10] based upon flux magnitude-angle controller scheme. In this scheme, 

the magnitude of the rotor voltage vector and its phase angle are adjusted inde-

pendently of each other to control the terminal voltage and electrical power re-

spectively. This scheme is different from that of the excitation control of a syn-

chronous machine, since the excitation control of a synchronous machine can 

change only the magnitude of the rotor flux vector and not its angle which coin-
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cides with the physical position of the rotor itself. But a DFIG with the proposed 

scheme can adjust both the magnitude as well as position of the rotor flux vector, 

providing a much greater control capability. This scheme is shown to provide en-

hanced network damping over the full operating slip range covering both the sub-

synchronous and super-synchronous operating regions. Also, the increased damp-

ing can be achieved without compromising the voltage control quality. This as-

pect is very different from a synchronous machine where damping improvement 

is accompanied by reduced voltage control performance. Further analysis on the 

impact of increased penetration of wind generators is examined in [11] where 

analysis method involves the conversion of DFIGs to equivalent MVA rating 

conventional round rotor synchronous machines. These machines are then evalu-

ated for the sensitivity of eigenvalues with respect to inertia. The increase wind 

penetration is shown to have both positive and negative impacts upon the system 

stability depending upon different scenarios. The negative damping cases as iden-

tified in the eigenvalue analysis are also verified in the transient stability analysis 

by placing three phase faults close to the generators having the largest participa-

tion factors in the oscillatory modes. The same authors propose a PSS control 

mechanism [12] where the wind generator power output is fed as input to the PSS 

and this active power input command is modulated in phase opposition to the un-

damped power system oscillations. There is an additional control block with the 

terminal voltage as input to the PSS to be fed to the reactive power control loop. It 

is shown that such PSS design improves the damping of critical modes as seen in 
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eigenvalue analysis and also damps the low frequency inter area oscillation 

modes. Further simulation studies on high wind power penetration reveals that the 

transient stability worsens if faults are applied close to the wind farms [13]. This 

happens because of the crowbar operation at individual wind generators which 

causes significant reduction in active power generation as well as high absorption 

of reactive power. The studies also reveal that faults close to synchronous ma-

chines do not worsen transient stability because the power flows from wind gen-

erators help in maintaining synchronizing forces in the power system. To improve 

transient stability, avoidance of crowbar protection and deployment of active fault 

ride-through schemes are advocated. The impact of integrating large grid-level 

solar photovoltaic plants has also been investigated. It has been shown that solar 

PV plants if operated under constant voltage mode can help in improving system 

transient stability by increasing the loadability margin at which the system shows 

oscillatory behavior [14], which need not be true under constant reactive power 

mode of operation. It is pointed out that high solar PV penetration can either in-

crease or decrease the damping of inter-area oscillation modes depending upon 

the location and penetration levels [15]. The solar PV generation also has the ef-

fect of changing the mode shape of the inter-area mode for the conventional syn-

chronous generators which are not displaced by the PV generators. It is also noted 

that in the absence of sufficient damping due to increased PV generation, some 

synchronous generators in critical areas should be kept in service and not dis-

placed by PV generators. Also, if the synchronous generators are absolutely nec-
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essary to be displaced, then suitable measures like SVCs need to be installed to 

maintain sufficient damping of low frequency oscillations. The above mentioned 

finding is also asserted in [16] where it is stated that damping can either increase 

or decrease depending upon the solar PV penetration level. It is pointed out that 

for a fixed load; penetration beyond a critical operating condition decreases the 

damping of power system oscillations. Also, for a fixed solar PV generation, 

damping decreases with decrease in generation from conventional generators. 

Further studies, for example on IEEE-39 bus test bed [17], also confirm the fact 

that increasing solar PV penetration levels make the power system angle and volt-

age unstable in terms of more time to return to normal state on occurrence of a 

fault.    
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Chapter 3. THEORY AND MODELING OF RENEWABLES 

3.1 Theory of renewables 

3.1.1  Fixed speed wind turbine generator 

The most basic wind generator uses fixed speed technology with squirrel 

cage induction generators. The generators using this technology are also referred 

as Type-1 wind generators in literature [18]. The generator is coupled to the grid 

through a connecting transformer. Since induction machines do not provide any 

reactive power output, power factor correction capacitors are usually provided at 

each wind turbine, which are typically rated around 30% of the wind generator 

capacity [6]. Figure 3.1 shows the schematic diagram of such a machine. 

 

Figure 3.1  Fixed speed wind turbine generator 

3.1.2 Variable speed wind turbine generator 

The motivation for variable speed technology is the ability to capture 

greater wind energy. This concept allows operating the wind turbine at the opti-

mum tip-speed ratio and hence at the optimum power coefficient for a wide wind 

speed range. The variable speed configuration is very flexible, in that it can be 

used to control different parameters, namely, active and reactive power, torque, 

 

Induction 
generator 

Gearbox 

Wind turbine 

Grid 

Transformer 

Terminal bus 
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power factor or terminal voltage. The variable speed WTGs can act as a reactive 

power source or supply in contrast to a fixed speed generator which always ab-

sorbs reactive power. The two most widely used variable speed wind generator 

concepts are the DFIG and the full converter wind turbine (FCWTG). 

Doubly fed induction generator wind turbine (Type-3) 

The DFIG is basically a wound rotor induction generator using slip rings 

to take current into or out of the rotor. The rotor is fed through a voltage source 

converter and is operated at a variable ac frequency, thereby allowing for control 

of mechanical speed of the machine. The stator winding is coupled directly to the 

grid and the rotor winding is connected to a power converter as shown in Figure 

3.2. 

 
Figure 3.2 Doubly fed induction generator wind turbine (Type-3) 

  In a DFIG, the net power out of the machine is a combination of the power 

coming out of a machine’s stator and that from the rotor (through converter) into 

the system. When the unit is operating at super-synchronous speeds real power is 

injected from the rotor, through the converter, into the system. When the unit is 
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operating at sub-synchronous speeds real power is absorbed from the system, 

through the converter, by the rotor [19]. At synchronous speeds, the voltage on 

the rotor is essentially dc and there is no significant net power interchange be-

tween the rotor and the system. Hence, the rotational speed of the DFIG deter-

mines whether the power is delivered to the grid through the stator only or 

through the stator and rotor [6]. The power delivered by the rotor and stator is 

given by [20], 

sr sPP 
 

                          (3.1) 

  se PsP  1
 

                          (3.2) 

where Pe is the electrical power output of the generator, Ps is the power delivered 

by the stator and Pr is the power delivered to the rotor. 

Full converter wind turbine generator (Type-4) 

  This design uses a conventional synchronous generator with a dc field or a 

permanent magnet to provide excitation. The advantage of this category of wind 

machines is the gearless design, since the generator is directly connected to the 

turbine and rotates at the same speed as that of turbine [19]. The generator is con-

nected to the network through a back-to-back frequency converter, which com-

pletely decouples the generator from the network. Through this converter, the 

electrical output of the generator can be converted to system frequency over a 

wide range of electrical frequencies of the generator, enabling the machine opera-

tion over a wide range of speeds. The schematic of the converter driven synchro-

nous generator based wind turbine is as shown in Figure 3.3. 



 

16 
 

 
Figure 3.3 Full converter wind turbine generator 

3.1.3 Solar PV generator 

Since a solar PV generator’s output is fed to the grid through a converter, 

it can be modeled similar to a FCWTG as discussed above [21], although with 

some modifications. These modifications take into account the fact that a PV gen-

erator is interfaced through a single inverter, unlike a back-to-back inverter used 

for a FCWTG. 

3.1.4 Central solar thermal generator (CST) 

A CST is basically a conventional synchronous generator being fed by the 

steam produced by the heat from sun. Therefore, CST is modeled just like a fos-

sil-fuel fired plant with separate models for generator, exciter and turbine.  

3.2 Modeling and Control of Wind Generators 

The following section gives the modeling details of various types of wind 

generators as used in the GE-PSLF program [22]. 
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3.2.1 Doubly fed induction generator dynamic models 

The power flow provides the initial conditions for dynamic simulations. 

The dynamic models take into account generator, power electronics converter and 

turbine models.  

Generator/ Converter model 

This model is the equivalent of the generator and field converter, differing 

from conventional generator models in the sense that it does not have any me-

chanical state variables for the rotor, which are instead included in the turbine 

model. Such a model is shown in Figure 3.4 [22]. 
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Figure 3.4 DFIG generator/converter model [22] 

This model is effectively a controlled-current source that calculates the re-

quired injected current into the network by responding to the flux and active cur-

rent commands from the electrical control model. There also is a low voltage 

power logic and fast-acting converter controls that eliminate over-voltage condi-
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tions by reducing reactive current output. The model holds constant both the ac-

tive power current component and the voltage behind the effective generator sub-

transient reactance. The high voltage reactive current management function limits 

excess voltage on generator terminals by suppressing reactive current injection 

during over-voltage conditions. 

Converter control model 

This model controls the active and reactive power to be delivered to the 

network. Such a model is shown in Figure 3.5 [22]. 
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Figure 3.5 Full converter generator/converter model [22] 

Reactive power control is accomplished by following one of the two con-

trol philosophies [22], 
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 Comparing the voltage at the specified bus against the reference voltage 

and regulating the voltage using PI controller, with appropriate time con-

stants to account for the control delays 

 Keeping power factor constant by using a power factor regulator 

The output signal of the reactive power control block, Qcmd, is compared to 

the reactive power generated by the converter and the error signal thus obtained is 

integrated with an integral gain to generate a reference voltage, Vref. This voltage 

reference is compared to the terminal voltage and the resulting voltage error is 

integrated with another integral gain to generate voltage command, E
”

qcmd , which 

is then fed to the generator model. An additional input signal to the generator 

model, IPcmd , is computed from the wind turbine model power order and terminal 

voltage. 

Wind turbine and turbine control model 

The wind turbine model represents the controls and mechanical dynamics 

of the wind turbine such that maximum power is extracted from the available 

wind without exceeding equipment rating. This model governs the mechanical 

shaft power, which itself is dependent on wind velocity, rotor speed and blade 

pitch.  

The turbine control model sends a power order to the electrical control to 

deliver assigned power to the network. The turbine speed control is approximated 

by a closed loop control with a speed reference that is proportional to electric 
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power output. The normal value of reference speed is 1.2 p.u. at rated wind speed, 

but for power output levels below 46%, the reference speed is evaluated as fol-

lows [22], 

                        (3.4) 

The rotor model computes the rotor speed by using mechanical power 

from the wind power model and electrical power from generator/converter model. 

The wind power model calculates the shaft mechanical power from the wind en-

ergy, using the following equation [22], 

  
 

 
    

   (   ) 
(3.5) 

where,   is the mechanical power extracted from the wind,   is the air density in 

     ,    is the area swept by the rotor blades in   ,    is the wind speed in 

     ,    is the power coefficient,   is the ratio of the rotor blade tip speed and 

the wind speed, and   is the blade pitch angle in degrees. 

3.2.2 Full converter generator dynamic models [22] 

Generator/ Converter model 

This model for full converter wind turbines is similar to that of the DFIG, 

except that the full converter model is represented by both active and reactive cur-

rent commands. Such a model is shown in Figure 3.6. 
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Figure 3.6 Full converter generator/converter model 

Converter control model 

The only difference in this model from the DFIG model is in the electrical 

control block, with the reactive power control unchanged. The changes for this 

model are to generate a reactive current command rather than a flux command 

and the addition of dynamic braking resistor and converter current limit.  

The dynamic braking resistor minimizes the full converter WTG response 

to large system disturbances, such as prolonged low voltage periods, by absorbing 

energy in the braking resistor when the power order from wind turbine model is 

much greater than the electrical power delivered to the grid. Converter current 

limit function prevents the active and reactive current combination from exceed-

ing converter capability. 
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Wind turbine and turbine control model 

The same model is used for full converter WTG as that for DFIG, along 

with the addition of dynamic braking resistor and implementation of no-wind (ze-

ro power) VAr capability. The signal representing the dynamic braking resistor 

power is added to the electrical power as an input to both the rotor model and the 

creation of speed reference [22]. 

3.3 Power system stability 

  Power system stability may be broadly defined as that property of a power 

system that enables it to remain in a state of operating equilibrium under normal 

operating conditions and to regain an acceptable state of equilibrium after being 

subjected to a disturbance [23]. Under steady state conditions, there is equilibrium 

between the input mechanical torque and the output electrical torque of each ma-

chine, and the speed remains constant. If the system is perturbed, this equilibrium 

is upset, resulting in acceleration or deceleration of the rotors of the machines.  

  In an interconnected power system, the rotor angle stability of each syn-

chronous machine dictates the ability to restore equilibrium. Wind and solar PV 

plants, being inherently asynchronous in nature, change the system dynamics with 

respect to the interaction of synchronous machine rotors among themselves. The 

mechanism associated with generation of electricity from wind and solar re-

sources, together with their interface with the bulk power contributes to change in 

system dynamics.  
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  The mechanism by which interconnected synchronous machines maintain 

synchronism with one another is through restoring forces, which act whenever 

there are forces tending to accelerate or decelerate one or more machines with re-

spect to other machines.  The change in electrical torque of a synchronous ma-

chine following a perturbation can be resolved into two components [23]: 

 Synchronizing torque component, which is in phase with the rotor angle 

perturbation 

 Damping torque component, which is in phase with the rotor speed devia-

tion 

  System stability depends on the existence of both components of torque 

for each of the synchronous machines. Lack of sufficient synchronizing torque 

results in instability through an aperiodic drift in rotor angle, while lack of suffi-

cient damping torque results in oscillatory torque. For convenience in analysis and 

for gaining useful insight into the nature of stability problems, the rotor angle sta-

bility is further categorized into transient stability and small signal stability. 

3.3.1 Transient stability 

Transient stability is the ability of a power system to maintain synchro-

nism when subjected to a severe disturbance such as a fault on transmission facili-

ties, loss of generation, or loss of a large load. The system response to such dis-

turbances involves large excursions of generator rotor angles, power flows, bus 

voltages and other system variables. The resulting system response is influenced 

by the nonlinear characteristics of the power system. If the resulting angular sepa-
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ration between the machines in the system remains within certain bounds, the sys-

tem maintains synchronism. Transient stability depends on both the initial operat-

ing state of the system and the severity of the disturbance. Instability is usually 

caused due to insufficient synchronizing torque and results in aperiodic angular 

separation. The time frame of interest in transient stability studies is usually 3 to 5 

seconds of the initial disturbance [23]. 

In a synchronous machine, if due to a disturbance the rotor speed increas-

es, it causes a corresponding increase in rotor angle also. This increase in rotor 

angle results in an increase in electrical load on the generator. This load increase 

provides a synchronizing torque to the rotor and helps to bring the rotor back to 

synchronism. In the case of asynchronously connected wind generators, such syn-

chronizing torque is not available to the rotor after a disturbance [25]. Therefore, 

the transient stability of a system with appreciable wind resources is markedly 

different from a system with negligible wind resources. 

3.3.2 Small signal stability 

Small signal stability is the ability of the power system to maintain syn-

chronism under small disturbances, which occur continually on the system be-

cause of small variations in loads and generations. The disturbances are consid-

ered sufficiently small for linearization of system equations to be permissible for 

purposes of analysis. Instability that may result can be of two forms: (i) steady 

increase in rotor angle due to lack of sufficient synchronizing torque, or (ii) rotor 
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oscillations of increasing amplitude due to lack of sufficient damping torque. The 

nature of system response to small disturbances depends on a number of factors 

including the initial operating conditions, the transmission system strength, and 

the type of generator excitation controls used [23]. 

The behavior of a dynamic power system can be described by a set of n 

first order nonlinear ordinary differential equations of the following form: 

  ̇    (                       )                (3.6) 

where, n is the order of the system and r is the number of inputs. This can be writ-

ten in the following form by using vector-matrix notation: 

 ̇   (     ) (3.7) 

where, 

   [

  

  

 
  

]                [

  

  

 
  

]              [

  
  
 
  

] 

The column vector x is referred to as the state vector, and its entries as 

state variables. The column vector u is the vector of inputs to the system. 

The output variables can be expressed in terms of the state variables and 

the input variables in the following form: 

   (   ) (3.8) 

where, 
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   [

  

  

 
  

]               [
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The column vector y is the vector of outputs, and g is a vector of nonlinear 

functions relating state and input variables to output variables. 

The above nonlinear equations are linearized around a specific operating 

point for small signal stability analysis. Suppose    be the initial state vector and 

   the input vector corresponding to the equilibrium point about which the small-

signal performance is to be investigated. Therefore, 

 ̇   (     ) (3.9) 

If the system is perturbed from the operating state, by letting 

                     (3.10) 

The new state can be expressed as 

 ̇    ̇    ̇    (     ) (     )  (3.11) 

As the perturbations are small, the nonlinear functions can be expressed in 

terms of Taylor’s series expansion, which gives the linearized equation in the fol-

lowing form: 

   ̇   
   
   

       
   
   

     
   
   

       
   
   

    (3.12) 
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where, n is the order of the system and r is the number of inputs. The linearized 

equation can be written in the form, 

  ̇          (3.14) 

           
(3.15) 

where,  ,  ,   and   are known as state or plant matrix, control or input matrix, 

output matrix and feed forward matrix respectively. 

By taking the Laplace transform of the above equations, the state equa-

tions in frequency domain are obtained: 

   ( )    ( )     ( )     ( )                

                    ( )     ( )     ( )                                       

(3.16) 

(3.17) 

(    )  ( )    ( )     ( ) (3.18) 

The poles of   ( )  and   ( ) are the roots of the equation 

                                 (    )                                                                    (3.19) 

The values of s which satisfy the above equation are known as eigenvalues 

of matrix A, and the above equation is referred to as the characteristic equation of 

matrix A. 

The time dependent characteristic of a mode corresponding to an eigen-

value λ is given by e
λt
. A real eigenvalue corresponds to a non-oscillatory mode 

and a negative real eigenvalue represents a decaying mode, while a positive real 

eigenvalue represents aperiodic instability. Complex eigenvalues occur in conju-

gate pairs and each pair corresponds to an oscillatory mode. The real part of the 
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eigenvalue gives the damping, and the imaginary part gives the frequency of os-

cillation. A negative real part represents a damped oscillation, while a positive 

real part represents oscillation of increasing amplitude. For a complex pair of ei-

genvalues: 

       (3.20) 

The frequency of oscillation ( ) and damping ratio () are given by, 

  
 

  
 

(3.21) 

.
22 







  (3.22) 

An eigenvalue of the state matrix A and the associated right eigenvector  (  ) and 

left eigenvector (  ) are defined as, 

         (3.23) 

         (3.24) 

The right eigenvector gives the mode shape, that is, the relative activity of 

the state variables when a particular mode is excited. For example, the degree of 

activity of the state variable    in the     mode is given by the element     of 

right eigenvector   . The     element of the left eigenvector    
weighs the con-

tribution of this activity to the     mode. The participation factor of the     state 

variable    in the     mode is defined as the product of the    component of the 

right and left eigenvectors corresponding to the     mode, 



 

29 
 

           (3.25) 

In large power systems, the small-signal stability problem can be either lo-

cal or global in nature. Local plant mode oscillations are associated with rotor an-

gle oscillations of a single generator or a single plant against the rest of the sys-

tem. Local problems may also be associated with oscillations between the rotors 

of a few generators close to each other. These oscillations have frequencies in the 

range of 0.7 to 2.0 Hz [23]. On the other hand, global small-signal stability prob-

lems are caused by interactions among large groups of generators and have wide-

spread effects. They involve oscillations of a group of generators in one area 

swinging against a group of generators in another area. Such inter-area oscilla-

tions have frequencies in the range of 0.1 to 0.7 Hz [23]. 

As wind and solar PV generation resources inject power asynchronously 

to the grid, they affect the electromechanical modes of oscillations of other syn-

chronous machines in the system, even though they themselves do not participate 

in such modes.  
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Chapter 4. PROPOSED APPROACH FOR RESEARCH 

An increase in renewable generation resources within the study area is ac-

companied by a corresponding decrease in generation from conventional fossil 

fuel fired power plants through retirement. Therefore, the number of conventional 

generators decreases along with a decrease in total system inertia. The present 

work deals with transient stability assessment of these remaining conventional 

generators as affected by interaction with the renewable energy resources. To ac-

complish this, three phase faults are applied at suitably chosen locations through-

out the study area and the rotor angular response of the remaining synchronous 

machines is observed. If the rotor oscillations settle down to new angular posi-

tions and are properly damped, then the system can be considered to be transiently 

stable for that particular fault condition. Small signal stability studies are also 

done to observe the inter-area modes affected due to renewable integration. The 

power flow and transient stability studies are conducted using PSLF program 

V17.0, a tool developed by GE [26]. The small signal study is done using SSAT 

which is part of DSA
Tools

, a tool developed by Powertech Labs Inc. [27].  

4.1 System description 

The study is carried out on a large system having 17686 buses, 8476 loads 

and 3818 generators with a total installed capacity of 308,556 MW. Within this 

large system, the study area where new renewable resources are being installed 

has a total installed capacity of 47,090 MW. Two operating cases of the system 
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are studied depending upon whether wind generation is at its maximum or solar 

generation is at its maximum. These cases are referred from now onwards as: 

i.  “Max Solar case” 

ii.  “Max Wind case” 

The Max Solar case is built-off the peak load case but represents a scenar-

io in which the solar penetration in the study area is represented to its maximum 

capacity. The Max Wind case is built-off the off-peak load case but represents a 

scenario in which the wind penetration in the study area is represented to its max-

imum capacity. Max Wind case corresponds to the system load in early morning 

hours, hence accounting for the generation from solar resources. Table 4.1 sum-

marizes the two cases. 

Table 4.1 Max Solar and Max Wind case description 

Cases 

Study 

area 

load, 

MW 

Study area 

generation, 

MW 

Study area 

PV genera-

tion, MW 

Study area 

CST genera-

tion, MW 

Study area wind 

generation, MW 

Max So-

lar 
26,478 21,450 1,134 3,737 2,446 

Max 

Wind 
12,908 11,259 1,593 1,758 3,768 

 

For the two study cases, the wind resources are modeled using Type-3 and 

Type-4 models for GE 1.5 MW models available within PSLF. The solar thermal 

resources are modeled using conventional round rotor models for synchronous 
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machines along with their exciters and turbine governors. Solar PV resources are 

modeled using an EPCL program within PSLF to model network current injection 

for the solar PV inverter. 

4.2 Contingency analysis 

A detailed contingency analysis of both the cases is conducted using 

SSTOOLS feature within PSLF. Static N-1 and N-2 contingency studies are con-

ducted to identify contingencies which cause post-disturbance steady state viola-

tions with regard to voltage limits, flow limits, and non-convergence. The studies 

serve to provide the most stressed points within the network, which may be sensi-

tive to system disturbances. These results are then used as a guide to select cases 

for transient stability analysis. 

4.3 Transient stability studies 

 

  The most severe contingencies as obtained from contingency screening are 

then studied from the point of view of transient stability. In addition to the critical 

cases identified by the static contingency analysis study, all the major transmis-

sion lines within the study area are also considered. These studies consist of ap-

plying three phase faults at a bus at one end of the identified transmission corridor 

and clearing the fault by opening the line. The clearing times used to conduct the 

study are: 

500 kV and 345 kV – 4-cycle clearing 

230 kV – 6-cycle clearing 
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115 kV – 6-cycle clearing 

4.4 Reduced reserve margin studies 

  Given the large penetration of wind and solar resources, analysis is also 

conducted to examine the impact of reserve requirement on system performance 

and on the ability to reach a post-disturbance steady state following the loss of 

significant amounts of wind or solar generation. The reserve generation available 

within the original system is about 29%. This is significantly higher than the re-

serve generally used in operational practice. For the Max Wind and the Max Solar 

cases, the reserve in the study area is reduced to 10% based on the following rela-

tionship:  

10.
max







gen

importgen

P

PPP

 

(4.1) 

 

where, Pmax is the maximum output rating of each unit, Pgen is the plant output 

specified in the power flow case considered, and Pimport is the real power being 

imported in the study area. The units with the maximum difference between Pmax 

and Pgen are shut down. In addition some negative generation units are also shut 

down to maintain balance between generation and load. The imports into the 

study area are held constant. Based on this approach the conditions after imple-

menting the reduction in reserve to 10% for the Max Wind and the Max Solar 

cases are shown in Table 4.2. 
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Table 4.2 Operating conditions with reduced reserves 

 Max Wind Case Max Solar Case 

Original 

case 

Reduced re-

serve case 

Original 

case 

Reduced re-

serve case 

∑ Pmax (MW) 17,501.1 14,462.6 27,822.5 25,452.5 

∑ Pgen (MW) 11,260 11,230.4 21,449.9 21,418.7 

Net imports (MW) 2007 2007 5656.2 5656.7 

 

Additionally, to examine the combined effect of reduced system reserve 

and reduced system inertia, all the CST plants are replaced with PV solar plants. 

4.5 Explanation of results 

The results obtained in the previous sections are scrutinized to provide 

reasoning behind the research findings and results. The purpose of these studies is 

to investigate the dynamic behavior of the system for a disturbance from the point 

of view of initial steady state rotor angles of the synchronous machines in the 

system. The extent to which renewable generation resources impact the system 

can be assessed by comparing the Max Solar and Max Wind cases with the 

corresponding cases having no renewables at all. Therefore, two new cases with 

no renewable generation resources are prepared corresponding to system peak 

load and off-peak load conditions. The rest of the generators in these new cases 

are dispatched to ensure balance with the corresponding load levels. The peak 

load case is compared to the Max Solar case and the off-peak load case is 

compared to the Max Wind case. 
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4.6 Small signal stability studies 

The purpose of these studies is to investigate the effect of renewable 

generation resources on most critical inter-area modes of rotor oscillations. If an 

inter-area mode is not well damped, the steady state power transfer capability 

between the two areas is limited. In addition, a poorly damped mode of oscillation 

may be detrimental to system stability if that mode is excited by some disturbance 

in the system. The most critical modes are found by performing complete 

eigenvalue analysis using SSAT. As explained in previous section, the impact of 

renewable generation resources can be assessed by comparing with the system 

with no renewables at all.  
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Chapter 5. RESULTS AND DISCUSSION 

5.1 System description 

The area under study, designated as Area -1, is shown in Figure 5.1 along 

with interfaces with surrounding areas. This diagram shows the most critical 500 

kV lines within the system, along with some critical 230 kV and 115 kV buses 

connected to 500 kV buses through step-down transformers. Various renewable 

resources to be added to the system are represented as equivalent hubs. Wind-1 

and Wind-2 are the hubs for wind generation resources, while Solar-1, Solar-2, 

Solar-3, Solar-4 and Solar-5 are the hubs for PV and CST generation resources. 
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Figure 5.1 Single line diagram showing the major transmission lines and buses 

within study Area-1 
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The contingency study for transmission lines within Area-1 and at the in-

terfaces with surrounding areas provides a list of critical contingencies to exam-

ine. The transient stability study results for these contingencies are shown in the 

following sections. 

5.2 Transient stability results 

Most of the N-1 contingencies do not give significant transient instability 

results. Therefore, only N-2 contingencies are considered. A contingency is ap-

plied by placing a bus fault at one end of a transmission line with the subsequent 

opening of that line along with one more line after the designated fault duration. 

The following section gives the plots for critical contingencies and their accom-

panying explanations. The results are presented for the Max Solar and Max Wind 

cases separately. 

5.2.1 Max Solar case 

Max solar case is a highly stressed case and a number of contingencies 

cause significant problems. Table 5.1 lists the critical contingencies identified for 

this case and the transient stability results for these contingencies. The table also 

lists the possible protection methods to be used in case such contingencies occur. 
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Table 5.1 Summary of transient stability analysis for the Max Solar case 

Contingency 

# 

Contingency 

Description 
Results Solution 

1 
291(bf) -271, 371 

- 361 

Angle instability at 

several units in Are-

as-1, 3 

Dropping some CST 

units in Solar-2 and 

Solar-4 hubs stabi-

lizes the system 

2 
291 (bf)- 301, 

371- 361 

Angle instability at 

several units in Are-

as-1, 3 

Dropping some CST 

units in Solar-2 and 

Solar-4 hubs stabi-

lizes the system 

3 
311 (bf) - 341 

(double ckt.) 

Angle instability of 

several CST units in 

Solar-1 and Solar-2 

hubs 

Dropping CST units 

in Solar-2 hub stabi-

lizes the system 

4 
321 (bf) - 331 

(double ckt.) 

Angle instability of 

several units in Ar-

ea-1 and 3 

System does not sta-

bilize 

5 

221 (bf)-211– 

both transformers 

outaged 

Angle instability of 

several generators in 

Area 1 

System does not sta-

bilize 

(bf): bus fault 

As shown in Figure 5.2 and Figure 5.3, some of these contingencies result 

in significant loss of synchronism. Contingencies # 1-3 are stabilized by dropping 

some CST units in Solar-2 and Solar-4 hubs. However, Contingencies # 4-5 are 

not stabilized and should be considered as serious contingencies for the system. 

Another fault case depicting a severe bus fault at bus 111 near Wind-2 hub and 

cleared by opening the lines to 131and 181 buses does not cause any loss in rotor 

angle stability. This case is shown in Figure 5.4. 
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Figure 5.2 Rotor angle plots for some of the unstable generators 

around buses 341, 361 due to contingency#1 

Figure 5.3 Rotor angle plots for some of the unstable generators 

around buses 401, 141 due to contingency#5 
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Figure 5.4 Fault case of 111(bf)-131, 181 (Stable) 
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5.2.2 Max Wind case 

As with Max Solar case, the most critical N-2 contingencies for Max Wind 

case are shown in Table 5.2. 

Table 5.2 Summary of transient stability analysis for the Max Wind case 

Contingency 

# 

Contingency 

Description 
Results 

6 131(bf)- 111, 181 
Angle instability at two small 

generators in Area-1 

7 291 (bf)- 271, 301 
Voltage recovery problem at bus 

291 

8 221 (bf)- 241, 241 -381 
Voltage recovery problem at 

some buses 

9 181 (bf)- 131, 111 - 131 
Angle instability at two small 

generators in Area-1 

10 
221 (bf)-211– both trans-

formers outaged 

Angle instability at several gen-

erators in Area-1 

 

11 311 (bf) - 341(double ckt.) Stable 

12 221 (bf) -261(double ckt.) Stable 

13 221 (bf) - 231(double ckt.) Stable 

14 
361 (bf)-421–both trans-

formers outaged 

Angle instability at some CST 

units in Area- 1 

(bf): bus fault 

The Max Wind case is less severe as compared to Max Solar case, as there 

are only two contingencies which cause instability at several generators (Figure 

5.8). Two of the contingencies (#6, 9) cause only two small generators to lose 

synchronism with rest of the system. One such scenario is shown in Figure 5.5. 

These two generators have power outputs of less than 20 MW each. Some of the 

contingencies cause localized voltage recovery problems, as shown in Figure 5.6. 

This voltage recovery problem occurs because the contingency isolates the buses 

291 and 411 from rest of the grid, as shown in Figure 5.7. A stable case for a se-
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vere contingency is shown in Figure 5.9 where a three phase fault taking out two 

critical lines near Solar-1 hub does not cause any generator to lose synchronism. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.6 Bus voltages for buses 291, 411 due to 

contingency#7 

Figure 5.5 Rotor angle plots for the two unstable 

generators due to contingency#6 
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Figure 5.8 Rotor angle plots for some of the unstable generators 

around buses 401, 141 due to contingency#10 

Figure 5.7 Post-disturbance network topology around bus 291 

for contingency#7 

291271 301

411
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Figure 5.9 Contingency#11 depicting transient stability 

 

5.3 Loss of renewable generation resources 

Since the contingencies discussed in section 5.2 are severe disturbances, the 

issue of an acceptable post-disturbance equilibrium is also important. This study 

involves the complete loss of biggest wind and solar generation hubs respectively 

and the subsequent generation pick-up in neighboring areas. A post-disturbance 

power flow is conducted and the automatic generation adjustment feature in PSLF 

is invoked. The results of the power flow analysis are presented in this section.  

5.3.1 Loss of Wind-1 hub generation  

On removing the two 500 kV lines from bus 131 to bus 111 and bus 181, 

there is a complete isolation of the wind generation in the Wind-1 hub. In all, 

2830 MW of generation is lost in Area-1. Subsequently in the post-disturbance 
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steady state solution 1000 MW is picked up by other dispatchable generators 

within Area-1. The remainder of the generation lost is then picked up by genera-

tors in the adjoining areas as shown in Table 5.3. The generators are re-dispatched 

such that none of them exceed their maximum ratings. In addition to picking up 

lost generation, none of the transmission lines at the interfaces exceed their rat-

ings. 

Table 5.3 Post-disturbance distribution of generation after loss of Wind-1 hub 

generation 

Area 
Pgen in base case 

(MW) 

Pgen after contingency 

(MW) 

∆Pgen 

(MW) 

1 11213 9383 -1830 

2 24172 25383 1211 

6 2425 2750 325 

7 10251 10514 263 

4 1913 2083 170 

Total 49974 50113  
 

 

5.3.2 Loss of Solar-2 hub generation  

A similar study is done for the loss of Solar-2 CST hub near bus 361, in-

volving a loss of 1494 MW of generation. Subsequently in the post-disturbance 

steady state solution 448 MW is picked up by other dispatchable generators with-

in Area-1 resulting in a net loss of 1046 MW in Area-1. The remainder of the 

generation lost is then picked up the generators in the adjoining areas as shown in 

Table 5.4. Again, the re-dispatched generators and the transmission lines do not 

exceed their ratings. 
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Table 5.4 Post-disturbance distribution of generation after loss of Solar-2 hub 

generation 

Area 
Pgen in base case 

(MW) 

Pgen after contingency 

(MW) 

∆Pgen 

(MW) 

1 21449 20403 -1046 

2 30263 30788 525 

6 6451 6724 273 

7 3034 3120 86 

4 26339 26467 128 

Total 87536  87502  
 

 

5.4 Reduced reserve margin studies 

5.4.1 Modified Max Solar case 

The most severe contingencies for Max Solar case are compared with 

those of the modified case having reduced reserve and CST plants replaced by PV 

units with same MVA ratings. A comparison is provided in Table 5.5. 

Table 5.5 Summary of reduced reserve Max Solar case with CST plants replaced 

by solar PV 

Contingency 

# 
Original Max Solar case 

Reduced reserve and CSTs re-

placed with solar PV case 

1 
Angle instability at several 

units in Area-1 and 3 

All machines which were unstable 

in original case are stable now, 

except two 

2 

Angle instability at several 

units in Area-1 and 3. Case 

diverges at 3.9 s 

All machines which were unstable 

in original case are stable now, 

except two. Does not diverge 

3 

Angle instability of several 

CST units in Solar-1 and 

Solar-2 hubs 

Network fails to converge just af-

ter fault is cleared 

4 

Angle instability of several 

units in Area-1 and 3. Di-

verges at 6.42 s 

Same set of machines go unstable 

as in original case. Diverges at 

2.92 s 

5 
Angle instability of several 

generators in Area-1 

Same set of machines go unstable 

as in original case 
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It can be observed from Table 5.5 that certain disturbances in the reduced 

reserve and reduced inertia case (because of conversion of CST plants to PV so-

lar) are more severe than the original case, and certain disturbances are more se-

vere in the original Max Solar case. Figure 5.10 shows that the modified case is 

more stable than the original case, while opposite is true for Figure 5.11. 

  This difference in severity of disturbances depends upon how the renewa-

ble generation resources interact with the existing synchronous machines in the 

system. In the case of wind or PV solar, the injection source is an asynchronous 

source and the power electronic inverter controls the real and reactive power in-

jection. In the case of the CST this injection is synchronous injection, controlled 

by the interaction of the CST synchronous generator and the remaining synchro-

nous machines in the system. In both of the situations the remaining synchronous 

generators at steady state adjust their angular positions to account for the injection 

at the buses where renewable generation resources are connected to the grid. 

Therefore, the relative rotor angle difference between some generators will in-

crease and some of them will decrease. The synchronizing capability between 

those generators whose rotor angle difference increases will decrease and will in-

crease for those whose rotor angle difference reduces. In addition if the system is 

now subjected to a disturbance, the disturbance will affect the synchronous gener-

ators based on the location of the disturbance and its severity. 

  If the disturbance is close to generators whose synchronizing capability 

has reduced due to the two injections then these generators will be affected ad-
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versely (contingency#4). On the other hand if the disturbance is located close to 

generators whose synchronizing capability has increased then these generators 

will not be affected to the same extent (contingency#1). Hence depending on the 

size and location of the injection due to the renewable resources, and the location 

and severity of the disturbance certain generators in the system will be adversely 

affected and some generators will be favorably affected. This phenomenon can be 

observed in the results shown in Table 5.5 and the accompanying plots.  
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Max Solar case 

Modified case 

Max Solar case 

Modified case 

Figure 5.10 Comparison for contingency#1 showing rotor angles 

for a synchronous generator in Area-1 for the two cases 

Figure 5.11 Comparison for contingency#4 showing rotor angles 

for a synchronous generator in Area-1 for the two cases 
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5.4.2 Modified Max Wind case 

Similar to the Modified Max Solar case, the most severe contingencies for 

Max Wind case are compared with the modified case having reduced reserve and 

CST plants replaced by PV units with same MVA ratings. A comparison is pro-

vided in Table 5.6. 

 As can be observed from  Table 5.6, the Modified Max Wind case shows 

similar general trend as the original Max Wind case in terms of dynamic 

performance for most of the contingencies. However, the modified case appears 

to be more severely affected in terms of losing synchronism earlier than the 

original Max Wind case, as can be seen from Figure 5.12 and Figure 5.13.  

Table 5.6 Summary of reduced reserve Max Wind case with CST plants replaced 

by solar PV 

Contingency 

# 
Original Max Wind case 

Reduced reserve and CSTs re-

placed with solar PV case 

6 
Angle instability at two small 

generators in Area-1 

Same set of machines go unsta-

ble as in original case 

9 
Angle instability at two small 

generators in Area-1 

Same set of machines go unsta-

ble as in original case 

10 
Angle instability of several 

generators in Area 1 

Same set of machines go unsta-

ble as in original case 

14 
Some CST units go unstable 

in Area 1 

Network fails to converge just 

after fault is cleared 
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Max Wind case 

Modified case 

Max Wind case 

Modified case 

Figure 5.12 Comparison for contingency#6 showing rotor angles 

for a synchronous generator in Area-1 for the two cases 

Figure 5.13 Comparison for contingency#10 showing rotor 

angles for a synchronous generator in Area-1 for the two 

cases 
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5.5 Explanation of results obtained in Sections 5.2-5.4 

Continuing with the explanations provided in Section 5.4.1 with regards to 

favorable or adverse impact of renewable generation injections into the grid, 

further studies are conducted for the Max Solar and Max Wind cases. The peak 

load case with no renewables is compared to the Max Solar case and the off-peak 

load case with no renewables is compared to the Max Wind case. 

5.5.1 Comparison of Peak case with Max Solar case 

In this comparison, the first case studied is for a large synchronous genera-

tor within Area 1. This generator has a slightly higher initial relative rotor angle 

for the Max Solar case in comparison to the Peak case. A three phase fault is 

placed very close to this generator bus and cleared.  The plots of the relative rotor 

angle of this generator for the two corresponding cases are shown in Figure 5.14.  

It is observed that for the Max Solar case in which this generator had a higher ini-

tial relative rotor angle, the angle swing following the same disturbance is higher 

in Max Solar case than for the Peak case where the initial relative rotor angle was 

lower.  This indicates that this generator was adversely affected by the injection of 

the asynchronous resources and the disturbance. 

To demonstrate the favorable impact of the asynchronous injection, anoth-

er generator was studied. This generator has a lower initial relative rotor angle for 

the Max Solar case in comparison to the Peak case. A three phase fault near the 

generator bus causes lower relative rotor angle swings in the Max Solar case in 
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comparison to the Peak case. The plots for this case are shown in Figure 5.15 

showing favorable impact of the asynchronous injection. 

  

Peak case 

Max Solar case 

Peak case 

Max Solar case 

Figure 5.14 Comparison of rotor angle plots for a fault near synchronous 

generator 39101 for Max Solar case and Peak case showing adverse impact 

of renewable injection 

Figure 5.15 Comparison of rotor angle plots for a fault near synchronous 

generator 19101 for Max Solar case and Peak case showing favorable im-

pact of renewable injection 
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5.5.2 Comparison of Off-peak case with Max Wind case 

In this comparison, the first case considered is for a generator which has an 

initial relative rotor angle of 65
0
 in the Off-peak case and an initial angle of 109

0
 

in the Max Wind case.  On applying a three phase fault near the generator bus, the 

rotor angle plot shows higher swings for the Max Wind case in comparison to the 

Off-peak case, as indicated in Figure 5.16.  This plot establishes the fact that the 

asynchronous injection from the renewable resources and the particular disturb-

ance adversely affect this particular generator. 

The favorable impact of asynchronous injection is shown by studying another 

generator having an initial relative rotor angle of -0.141
0
 in the Off-peak case and 

an initial relative rotor angle of -31.715
0
 in the Max Wind case.  On applying the 

disturbance, this generator is favorably impacted by the asynchronous injection of 

the renewable resources as shown in Figure 5.17. 
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Off-peak case 

Max Wind case 

Off-peak case 

Max Wind case 

Figure 5.16 Comparison of rotor angle plots for a fault near synchronous 

generator 40191 for Max Wind case and Off-peak case showing adverse 

impact of renewable injection 

Figure 5.17 Comparison of rotor angle plots for a fault near synchro-

nous generator 17141 for Max Wind case and Off-peak case showing 

favorable impact of renewable injection 
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5.6 Small signal stability studies 

A summary of the critical inter-area modes for the entire inter-connected 

system is shown in Table 5.7. As can be observed from the table, the damping 

ratio for a corresponding mode of frequency is less for the Max Solar case than 

that of the Peak case, which has no renewables. Similarly, a Max Wind case mode 

exhibits less damping than a similar mode of the Off-peak case. Therefore, 

renewable penetration does affect the damping of inter-area modes. 

Table 5.7 Critical mode frequencies and damping ratios 

Cases Critical mode frequency (Hz) 
Critical mode damping 

(%) 

Peak case 

0.3362 10.16 

0.4751 16.12 

0.7179 5.03 

Max Solar case 

0.3503 1.72 

0.4814 4.58 

0.6971 2.62 

Off-peak case 

0.3594 12.29 

0.4681 14.12 

0.6617 4.81 

Max Wind case 

0.3177 1.17 

0.4755 2.31 

0.7000 2.61 

 

To investigate the effect of these modes on the performance of study Area-1, the 

mode shapes and participation factors corresponding to the above modes are ob-

served.  From the participation factor plots as shown in Figure 5.18 and Figure 

5.19 for Max Solar case, it is observed that mostly generators in Area-7 partici-

pate in these inter-area modes and there are no participating generators from study 

Area-1. A similar behavior is observed for the Max Wind plots in Figure 5.20 and 
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Figure 5.21. This is due to the fact that most of the renewables are added near the 

interface with Area-7. Hence, the effect on the inter-area modes of oscillations 

due to renewables is more pronounced on the Area-7 generators.  

 
Figure 5.18 Participation factor corresponding to generator speed state for 0.3503 

Hz inter-area mode in Max Solar case 

 

 
Figure 5.19 Participation factor corresponding to generator speed state for 0.4814 

Hz inter-area mode in Max Solar case 
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Figure 5.20 Participation factor corresponding to generator speed state for 0.3177 

Hz inter-area mode in Max Wind case 

 

 
Figure 5.21 Participation factor corresponding to generator speed state for 0.4755 

Hz inter-area mode in Max Wind case 
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Chapter 6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

This thesis deals with the impact of reduced system inertia due to increased 

renewable penetration on power system transient stability and small-signal stabil-

ity. In addition, the causes behind the research findings are investigated.   

A detailed analysis of the Max Solar and Max Wind cases was performed 

by conducting static N-1 and N-2 contingencies. These results were then used as a 

guide to select cases for transient stability analysis. 

Detailed transient stability analysis for N-1 contingencies showed that no 

N-1 contingency resulted in transient instability for any of the cases. Therefore, 

the impact of N-2 contingencies was given attention. 

The Max Wind case has one contingency which results in several genera-

tors losing synchronism. This is a local phenomenon and does not appear to have 

a system wide impact. An interesting feature of the Max Wind case is that a large 

disturbance which completely isolates the wind generation only causes two small 

local generators to lose synchronism and does not have a major impact on the sys-

tem. The Max Solar case is found to be the more stressed case. There are three N-

2 contingencies which result in the loss of synchronism of several generators and 

tripping these generators does not stabilize the system.  
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The ability to reach a post-disturbance steady state following the loss of 

significant amounts of wind or solar generation was also investigated. Due to the 

inter-connected system configuration, loss of even the biggest wind or solar hubs 

is compensated without exceeding system generation and transmission limits. 

Given the large penetration of wind and solar resources, analysis was also 

conducted to examine the impact of reduced reserve and the possibility of replac-

ing CST plants by PV solar on system performance. Depending on the point of 

the renewable injection in the AC network and the amount of injection, faults with 

different locations and severity affect some of the remaining conventionally syn-

chronous generators in an adverse fashion and some other conventional generators 

are affected favorably. 

Further studies were performed to compare the performance of the two 

cases with the corresponding cases with no renewables. The magnitudes of initial 

steady state rotor angles were compared for the corresponding cases and explana-

tions were provided for the difference in response to same disturbance on differ-

ent cases. 

Small signal stability studies were conducted to examine the most critical 

inter-area modes of oscillations corresponding to rotor speeds. These studies also 

confirm that the generators within the study area do not participate in the critical 

modes having low damping ratios.  
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It can be concluded that a suitably designed power system can accommo-

date high penetrations of wind and solar generations without compromising its 

transient and small-signal stability. Although some instability issues can arise, but 

they are due to very severe N-2 contingencies. 

6.2 Future work 

In the present work, impact of renewables on system stability is discussed. 

This work can be extended by proposing some mitigation methods to correct the 

low damping problems associated with some inter-area modes of oscillations. In 

addition, the few severe instability problems could also be studied in more detail 

so as to provide corrective measures or protection to the rest of the system. 

Since, wind and solar PV resources do not provide much reactive power 

support and because of phasing out of conventional synchronous machines, the 

system may require additional sources of reactive power. Additional analytical 

studies could be performed to investigate this aspect. 
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