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(ABSTRACT) 

Interconnection of DERs into the transmission lines is starting to take a substantial 

share of the total power capacity. Although the largest share of power generation 

attributes to coal and gas power plants, renewable energy is gradually increasing. 

However, in the past, the size of DERs was relatively smaller, and rooftop PV was the 

dominant renewable energy source. As a result, the studies for interconnection focused 

on those rooftop PVs on the distribution side. Since the scenario is slowly changing as 

more utilities increase the share of clean energy by building large-scale solar farms and 

wind farms, it is necessary to study the effect of those DERs in the transmission system. 

Among the various issues, this work focuses on the impact on a transmission system's 

voltage stability. When the voltage stability at a point in the system is compromised, it 

can affect the entire power system's overall security, quality, and reliability. Therefore, 

this work aims to assess the system's stress due to increased loading conditions and 

increased growth of DERs integration. A steady-state voltage stability index is used to 

generate a heat-map that identifies the areas where the system can go unstable in events 

like the loss of the renewable generation under a bus. The steady-state simulation is 

performed on the IEEE 14 bus system in Distributed Engineering Workstation (DEW) 

to find the system's weak links using the stability heat-map. DERs are added to the 

corresponding weak buses, and the improvement in the stability margin for various 

penetration levels are studied. The results obtained from the steady-state analysis are 

also verified using the dynamic simulation of the model using OpenModelica.  
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(GENERAL AUDIENCE ABSTRACT) 

Transmission networks are going through some of the fundamental changes in how 

they are planned and operated as more and more renewable energy sources are 

connected to the grid. Unlike the traditional setup where the transmission line transfers 

bulk power from a large generator to the load center at a different location, the advent 

of renewable energy resources enables the power to be generated in distributed form. 

It allows electrical power to be generated closer to the demand. In the long run, the 

transmission system's stress reduces as a significant portion of demand is supplied 

locally.  Thus, the distributed energy resources (DERs) in the power grid have the 

potential for substantial economic and environmental benefits. However, it can also 

bring about a range of challenges to the power system. Among the various issues, this 

work focuses on the effects on a transmission system's voltage stability. When the 

voltage stability at a point in the system is compromised, it can affect the entire power 

system. Therefore, this work aims to assess the stress on the system due to increased 

loading conditions and increased growth of DERs integration, utilizing a voltage 

stability index to identify the areas where the system can go unstable in events like the 

loss of renewable generation under a bus. The steady-state simulation is performed on 

the IEEE 14 bus system to find the weak links in the system where DERs can improve 

the system's stability. The results obtained from the steady-state analysis are verified 

using the dynamic simulation of the model. 
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1 Introduction 
Over several decades, the power system has evolved to form a highly complex system 

combining large generators, transmission networks, distribution systems, and protective 

and control equipment. Over time, the dependence on electric power has increased, 

and therefore the power demand has been continuously growing. This has compelled 

the system planners to design increasingly larger system networks to meet the demand 

while maintaining its reliability and security. As a result, the present transmission 

network has grown to be huge, spread over vast geographical areas, and has become a 

capital-intensive component of the power system. Therefore, it is undesired to alter the 

physical configuration of the transmission lines once completed.  

The complexity of the network increases as more and more components are added to 

the system. These networks are designed to operate in the current system configuration 

and accommodate the gradual increment of load demand and the rapid expansion of 

grid components. Without proper planning, expansion efforts such as increased load 

centers can result in unavoidable pressure at undesired locations, causing the system to 

become unstable. 

In addition to the existing challenges in the power system in its traditional setup, the 

rapid increase in deployment of distributed energy resources in the current grid brings 

complex issues such as power quality, reliability, and protection issues. It requires 

appropriate methods for safe integration and reliable operation. The rapid increase can 

be attributed to environmental concerns and modernization efforts, enhanced by the 

technological advancements supporting large-scale renewable energy sources. This is an 

ongoing process posing a challenge to the electrical power system, exacerbated by the 

rise in penetration level of these resources and complicated by the intermittent nature, 

mainly in the case of solar and wind generation. 

While there is extensive research being conducted concerning the issues such as reduced 

inertia in the system due to converter interfaced renewable energy resources, optimal 

placement, sizing of the renewables, and maximum penetration of DERs, there are 

other issues that can arise in the system after the placement of the renewable energy 

resources. The issues arise mainly by their loss during the induced momentary cessation 

and frequency mismatch caused by the disturbances in the system. To this effect, this 

thesis is focused on analyzing the stress on individual buses due to increased loading 

conditions that are facilitated by the integration of DERs. Multiple scenarios are 

explored that can cause instability in the system when it loses DERs during high loading 
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conditions. The analysis is based on a voltage stability index-based stability margin. This 

thesis also identifies weak buses in the system using a voltage stability heat map. 

This chapter discusses the overview of the power system and its evolution in recent 

years. It also discusses the challenges that integration of distributed renewable systems 

pose to the existing system and the prior studies that relate to and motivate this thesis's 

work.  Finally, the objectives of the thesis and some contributions have been presented. 

 

1.1 Prior Works and Motivation 
The traditional power system consists of vertically integrated large components. Power 

generation occurs typically at 11 kV to 33 kV at generation sites, which is stepped up 

to transmission voltage levels of 69 kV or higher to transfer the power to load centers. 

A typical transmission system interconnects generating stations and load centers via 

transformers, transmission lines, and compensating devices, forming the integrated 

power system [1].  

In the last decade, DERs deployment has been significantly increasing on both 

distribution and transmission grids. While prior efforts were to create an islanded 

system serving the power from DERs to only the local loads, the trend is shifting 

towards grid-connected mode. With the decreasing cost of renewables, various energy 

policy targets according to the regions, creation of a regional market, and the 

development of advanced control techniques, the rise of renewable integration to the 

grid will affect the transmission system's operation [2]. This transition necessitates 

extensive studies on the operation of the system.  

Several researchers have focused on voltage stability assessment, including the latest 

trend of utilizing optimization-based techniques. The use of the Non-linear 

programming (NLP) approach to place distributed generation and the effect on voltage 

stability are studied in [3]. But, it doesn't address the natural tendency to an increase in 

load over time.  Authors of [4] have presented an approach for DERs placement in 

power systems with variable loads to minimize generation cost. 

Another aspect of research related to integrating DERs into the grid is finding the 

maximum penetration level. The high penetration of renewable resources like PV plants 

can affect the system's steady-state and transient stability due to a vast difference in 

their characteristics compared to the conventional generation resources [5]. Most of the 

research on the penetration level of PV is focused on the distribution system, and there 

is limited research focusing on the penetration levels affecting the transmission systems 

[6],[7],[8]. Although many of these studies focus on transient voltages being better than 
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the cases without the PV, they do not consider the actual representation of more 

extensive, interconnected power systems, nor the effect of the loss of high levels of PV 

generation.  

Of the various issues on the grid due to the addition of large-scale DERs, voltage 

stability analysis is of considerable concern due to the threat of voltage collapse in the 

case of the system's inability to maintain voltage after a significant disturbance. [9] 

explores on voltage stability of renewable sources integrated grid using the continuation 

power flow method. The analysis considers reduced generation capacity overlooking an 

existing plant's economic aspect, which may not be effective in actual practice. The 

authors in [10] have studied the method for maximizing the hosting capacity of DERs 

using voltage stability on an integrated transmission and distribution system. [11] 

explores PV generation's impact on an integrated transmission system's voltage stability 

for different PV penetration levels.  

From the system resiliency perspective, author in [12] have studied the inverter-based 

control scenarios for resiliency improvement of a distribution system. Similarly,[13] 

discusses the current practices and challenges in system resilience, [14] focuses on uses 

and mobilization of moveable energy resources for resiliency enhancement. These 

studies are equally important for the overall system security and reliability 

performances. 

Despite a wide range of research work on the integration of DERs and their various 

effects on the power system, the impact of renewable resources on the individual bus 

and its loadability margin lacks a handful of studies. Keeping in mind the increasing 

penetration of DERs on the transmission system that will eventually result in a 100% 

renewable grid over time, increasing the challenges to maintain voltage and frequency 

control, there is a need to support the future load growth with a minimum upgrade in 

the existing infrastructure. The sustainability can be addressed by properly observing 

the system- the problem, causes for the problem, and appropriate solutions. Thus, this 

thesis aims to analyze the stress on individual buses due to increased loading conditions 

facilitated by the integration of DERs. Multiple scenarios are explored that can make 

the system unstable because of the loss of the DERs. The analysis is based on a voltage 

stability index based stability margin using the approach described in [15]. The voltage 

stability index based stability margin is discussed in section 2.2. Additionally, this thesis 

identifies weak buses using a heat map based on the stability margin.  

The analysis has been performed using the software developed by the former Electrical 

Distribution Design (EDD) named Distributed Engineering Workstation (DEW) using 

the Graph Trace Analysis (GTA) based power flow algorithm[11]. The GTA based 
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approach can solve a substantial composite transmission and distribution system 

efficiently and accurately[17]. 

 

1.2 Objectives and Contributions 
This thesis aims to study and assess the system's stress due to increased loading 

conditions aided by the integration of DERs and identify the situation where the system 

can go unstable because of the loss of renewable generation using the voltage stability 

index described in section 2.2. Relative to this objective, the work in this thesis mainly 

focuses on the following aspects: 

• Voltage Stability of a transmission system in the context of varying distributed 

PV integration and varying load levels as demonstrated in the IEEE 14 bus 

feeder. The analysis focuses on the relation of PV variability and load variability 

on a steady-state voltage stability margin. This part of the thesis is conducted in 

the Distributed Engineering Workstation (DEW) simulation software. 

• To compare and validate the analysis of the steady-state representation in the 

DEW software[18], a dynamic simulation of the same IEEE 14 bus feeder is 

conducted using the OpenModelica software.  

The results of the steady-state voltage stability analysis in DEW are verified with the 

dynamic simulation results. The study also highlights weak buses in the system using a 

voltage stability heat map. 

 

1.3 Thesis Organization 
The rest of this thesis is outlined as follows. Chapter two discusses this thesis's 

background, explaining the concept of voltage stability margin and the DEW simulation 

software.  Chapter 3 presents the details on the simulation framework and the setup for 

different case-studies. It also explains the results from the various case-studies and the 

comparison between the steady-state and dynamic simulations. Finally, Chapter 4 

discusses the conclusions and future directions of the work done in the thesis. 
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2 Preliminaries 
This chapter focuses on the literature review of the background and concepts that the 

thesis relates to, including the voltage stability margin index used herein, the DEW 

simulation software, and other relevant topics.  

2.1 Power System Stability  
Power System Stability is the system's ability to remain in a state of equilibrium during 

normal operating conditions and return to an acceptable equilibrium state after a 

disturbance[1].  Based on a range of considerations, power system stability can be 

classified based on several factors. This section discusses power system stability in terms 

of voltage, frequency, and rotor angle stability, as organized in [1],[19].  

 

Figure 1:Classification of Power System Stability [19] 

2.1.1 Voltage Stability 
Voltage stability is the power system's ability to maintain acceptable voltage levels at all 

buses after a disturbance[19]. When a system is subjected to disturbances, fluctuations 

in the system conditions, or system loading that lead to an uncontrollable drop in 

voltage, it is said to be in a state of voltage instability. The voltage drop is directly 

associated with the power transfer through the transmission network's inductive 

reactance and loads. The system faces voltage instability if the bus voltage (V) gradually 

decreases even when the injection of reactive power (Q) on the same bus increases. 
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In the simplest form, voltage instability can be explained considering a two-terminal 

network as follows[1]. In the following Figure, 𝐸𝑆 represents the constant voltage 

source, 𝑍𝐿𝑁 and 𝑍𝐿𝐷 are line impedance and load impedance and 𝑉𝑅  is the receiving 

end voltage. 

 

Figure 2: Simplified AC System [1] 

For the system above, the following Figure shows the ratio of receiving end voltage to 

source voltage, line current to short-circuit current, and load power to maximum load 

power plotted against the ratio of line impedance to load impedance. All values are 

normalized to make them applicable across all transmission line impedances. When the 

receiving end voltage decreases faster than the current ratio can increase, the power 

delivered to the load increases as the voltage is driven beyond the critical value. 

  

Figure 3: Ratio of a bus to source voltage compared to ratios of power, current, and loads [1] 

The following plot between power versus receiving end voltage shows that as more 

reactive power is injected into the bus, higher voltage profiles can be obtained to supply 

loads showing a positive correlation between receiving end voltage and power. But in 
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the case of a negative relation, increasing reactive power injection leads to a rapid 

decrease in bus voltage, resulting in voltage instability.  

 

Figure 4: Ratio of a source to bus voltage vs. power plot [1] 

In general, the voltage stability is mainly due to the gradual decline of bus voltages, but 

there can be a risk of overvoltage instability as well in some cases[20]. Similar to rotor 

angle stability, voltage stability is further classified based on the system's ability to hold 

steady voltages despite small-disturbances like load switching and large-disturbances 

such as system faults, circuit contingencies, and loss of generation. 

2.1.2 Frequency Stability  
Frequency stability is a power system's ability to return to an acceptable frequency range 

after a disturbance causing a significant imbalance between generation and supply clears 

within a specified time. Based on the operating frequency of 60Hz in the United States 

or 50 Hz in Europe and parts of Asia, maintaining the operating frequency within a 

pre-defined range around the standard operating frequency determines the frequency 

stability.  

The deviation of operating frequency above or below the nominal indicates generation 

greater than load demand or load demand greater than an available generation. The 

conventional power system being dominantly comprised of synchronous generators 

with a large amount of stored energy in the form of inertia of their rotating mass made 

the grid resilient to large frequency deviations. As the grid is transitioning more towards 
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renewables and alternate sources comprising of non-conventional/ asynchronous 

generation, there is a need for advanced power electronics to maintain the frequency 

stability.  

2.1.3 Rotor Angle Stability 
The rotor angle stability is the capability of interconnected synchronous machines in 

the system to remain in synchronism[1].  

The rotor angle stability can be explained using the simplified system consisting of two-

machines connected by a line impedance, Z. The power flow between the machines is 

dependent on the voltages on both the buses, the line impedance, and the rotor angle 

separation between the two machines.  

 

Figure 5: Two machine system connected by a transmission line [1] 

The power flow is as follows: 

 𝑃 =
𝑉1𝑉2
𝑍

sin 𝛿 (1) 

where,  

P is the power from machine 1 to machine 2, 𝑉1 and  𝑉2 are bus voltages at bus 1 and 

2, respectively; Z is the line impedance, and 𝛿 is the rotor angle separation.  

The corresponding output power versus angle relationship shown below is a highly 

non-linear relationship. It can be seen that as 𝛿 increases until it reaches 90 degrees, 

the output power increases. Beyond this point, the output power starts decreasing. 

This power-angle relationship provides an essential basis to analyze the response of 

the machines due to system disturbances.  
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Figure 6: Output power of generator vs. rotor angle [1] 

If the system's disturbance causes one of the machines to speed up, it increases the 

machines' angular separation. If this angular separation reaches 90 degrees, a maximum 

power transfer point, and then goes beyond it, the power transfer will begin to decline, 

causing the rotor speed to accelerate to meet the power demand, resulting in system 

instability.  

Figure 7 depicts the rotor angle plots in one stable and two unstable cases[1]. In the 

first case, representing a stable condition, the rotor angle increases to a maximum due 

to a disturbance, decreases with oscillations damped by the system, and returns to a 

stable condition. In case 2, the first swing shows that the rotor angle increases, 

ultimately resulting in synchronism loss. Case 3 shows the situation when the system is 

stable initially but becomes unstable due to growing oscillations. 

The rotor angle stability is further divided into small-signal and large-disturbance rotor 

angle stability (transient stability). Small-signal rotor angle stability deals with the power 

system's ability to maintain synchronism under small disturbances like load switching, 

while the large-disturbance rotor angle stability focuses on severe events like a short-

circuit on a transmission line. 
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Figure 7: Different cases of rotor angle over time showing stable and unstable cases [1] 

For this thesis, the focus is mainly on the system's voltage stability in cases of both 

large- and small-disturbances. The static voltage stability margin or steady-state voltage 

stability margin is discussed below.  

2.2 Voltage Stability Margin- Steady State 
The stability parameter calculated for the transmission line in this thesis is derived from 

the work presented in [15]. 

Let us consider a single-phase circuit element connecting two buses, m, and n, as shown 

in Figure 8. 𝑉𝑚 is the voltage at the sending end and 𝑉𝑛 is the receiving end voltage. 𝐼𝑛 

is the current flowing through the line and the 𝑌𝑛 is the admittance of the element. Four 

types of loads considered at the end of the line: 

1. 𝑆𝑝𝑛 which is the constant power load 

2. 𝑌𝑝𝑛 which is the constant impedance load 

3. 𝑆𝑡𝑛 is the equivalent constant power load downstream of the node n 

4. 𝑆𝐿𝑡𝑛 is the equivalent sum of all the constant power load losses downstream of 

the node n. 
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Figure 8: nth circuit element 

    For node n, the power flow is calculated as: 

 𝑆𝑛 = 𝑃𝑛 + 𝑗𝑄𝑛 = 𝑆𝑝𝑛 + 𝑆𝑡𝑛 + 𝑆𝐿𝑡𝑛 (2) 

 

Receiving end power and current from element mn are:  

 𝑉𝑛𝐼𝑛
∗ = 𝑆𝑛 + |𝑉𝑛|

2𝑌𝑝𝑛
∗  (3) 

 𝐼𝑛 = 𝑌𝑛(𝑉𝑚−𝑉𝑛) (4) 

Using (4) in (3): 

 𝑆𝑛 = 𝑌𝑛
∗𝑉𝑚

∗𝑉𝑛 − (𝑌𝑝𝑛
∗ + 𝑌𝑛

∗)|𝑉𝑛|
2 (5) 

Separating real and imaginary part of 𝑆𝑛: 

 𝑃𝑛 = −(𝐺𝑛 + 𝐺𝑃𝑛)|𝑉𝑛|
2 + [|𝑌𝑛||𝑉𝑚||𝑉𝑛| cos(𝛿𝑛 − 𝛿𝑚 − 𝜑𝑛)] (6) 

 𝑄𝑛 = (𝐵𝑛 + 𝐵𝑃𝑛)|𝑉𝑛|
2 + [|𝑌𝑛||𝑉𝑚||𝑉𝑛| sin(𝛿𝑛 − 𝛿𝑚 − 𝜑𝑛) ] (7) 

 

where,    

𝑌𝑛 = |𝑌𝑛|∠𝜑𝑛 

𝑉𝑚 = |𝑉𝑚|∠𝛿𝑚 

𝑉𝑛 = |𝑉𝑛|∠𝛿𝑛 
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Using sine and cosine terms from (6) and (7), squaring and adding, 

 𝛼|𝑉𝑛|
4 + 𝛾|𝑉𝑛|

2 + 𝛽 = 0 (8) 
 

where, 

𝛼 = (𝐺𝑛 + 𝐺𝑃𝑛)
2 + (𝐵𝑛 + 𝐵𝑃𝑛)

2 

𝛾 = 2(𝐺𝑛 + 𝐺𝑃𝑛)𝑃𝑛 − 2(𝐵𝑛 + 𝐵𝑃𝑛)𝑄𝑛 − |𝑌𝑛|
2|𝑉𝑚|

2 

𝛽 = 𝑃𝑛
2 + 𝑄𝑛

2 

Form a quadratic equation from (8), use 𝑥 = |𝑉𝑛|
2; x must be a real and positive 

quantity. 

 𝛼𝑥2 + 𝛾𝑥 + 𝛽 = 0 (9) 

 

The solution for x is given by: 

 𝑥 =
−𝛾 ± √𝛾2 − 4𝛼𝛽

2𝛼
 

 

(10) 

For x to be real,  

√𝛾2 − 4𝛼𝛽 ≥ 0 

or          𝛾2 − 4𝛼𝛽 ≥ 0 

 𝛾2 ≥ 4𝛼𝛽 (11) 

 

From (8), since x>0, α>0, β>0; it follows from (9) that: 

 𝛾 ≤ 0 (12) 
From (11) and (12), 

 −2(𝛼𝛽)0.5 ≤ 𝛾 ≤ 0 (13) 

 

The least value of 𝛾2 − 4𝛼𝛽 is 0. This occurs at a critical loading condition beyond 

which the solution does not exist. Let us define this parameter as zeta (ζ): 

 ζ = 𝛾2 − 4𝛼𝛽 (14) 

When there is no loading, i.e. 𝑆𝑛 = 𝑃𝑛 + 𝑗𝑄𝑛 = 0 
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𝜁𝑜 = (𝛾2 − 4𝛼𝛽)𝑜 = [{2(𝐺𝑛 + 𝐺𝑃𝑛)𝑃𝑛 − 2(𝐵𝑛 + 𝐵𝑃𝑛)𝑄𝑛 − |𝑌𝑛|
2|𝑉𝑚|

2}2] +

4{(𝐺𝑛 + 𝐺𝑃𝑛)
2 + (𝐵𝑛 + 𝐵𝑃𝑛)

2}(𝑃𝑛
2 + 𝑄𝑛

2) 

 𝜁𝑜 = |𝑌𝑛|
4|𝑉𝑚|

4 (15) 

The least value of ζ =0 when 𝛾𝑚𝑖𝑛 = −2(𝛼𝛽)0.5 

The maximum value of ζ =|𝑌𝑛|
4|𝑉𝑚|

4 denoted by ζ𝑚. 

 𝜁𝑚 = |𝑌𝑛|
4|𝑉𝑚|

4 (16) 

ζ𝑝.𝑢. =
ζ

𝜁𝑚
 (max=1) 

 0≤ζ ≤1 (17) 

 

We will use ζ  as the voltage stability index parameter. The parameter ζ has been referred 

to as a voltage stability index in the title of the thesis. The parameter ζ does not make 

the simplifying assumption used by the Fast Voltage Stability Index ( FSVI)[20], where 

angles are dropped using the assumption that they are small for a balanced system. This 

index ζ enables the system study with imbalances as well. 
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3 Simulation Setup and Case Studies 
 

3.1 IEEE 14 bus system modeled in DEW 

 

Figure 9: IEEE 14 Bus modeled in DEW 

Figure 9 shows the IEEE 14 bus system. It consists of 2 generators placed at bus 01 

and bus 02, and 3 synchronous compensators located on bus 03, bus 06, and bus 08. 

There are 11 load buses, 4 of which are fed directly through 69 kV transmission voltage, 

and the rest are provided by 13.8 kV.  
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3.1.1 Initial setup 
In this experiment, the first task is to identify the weak spot in the system. For this 

purpose, the load is set up as a constant current model, which provides a load whose 

power varies with voltage as in the real world. The power factor of the load is also 

maintained for load variability studies, as discussed in [10]. The simulation in this part 

is done in two steps: Calculating the stability margin at each bus under normal loading 

conditions and using critical load information at each bus to generate a voltage stability 

matrix as a function of each bus. 

3.1.2 Baseload stability margin at the individual bus level 
In this step, an individual load bus is taken into consideration. The load on the selected 

bus is repeatedly increased by a fixed parameter (λ = 1.1), keeping all other buses at 

their initial loading condition. The load flow analysis is performed as long as the power 

flow converges after which the solution for voltage results in an imaginary number, as 

discussed in section 2.2. 

After the process is completed at all buses, the corresponding load demand at the bus 

that results in the maximum power flow leading to critical loading limit, also referred to 

as the tip of the nose curve, is noted. Figures 10 and 11 present selected plots for the 

step carried out in this section. All the corresponding maximum power points are listed 

in Table 1 below. 

 

Table 1: Maximum Load demand and Critical Load flow at each load bus for varying loadability limit 

 

 

Max Load Demand Max Power Flow Loadability

Load Bus P0 Q0 Pmax Qmax Pcr Qcr λ

Ld02 0.217 0.127 3.037986 1.777986 2.790438 0.544369 13.99994

Ld03 0.942 0.19 1.57 0.316665 1.735465 1.770413 1.666667

Ld04 0.478 -0.039 1.911996 0.13 1.243522 0.083638 3.999992

Ld05 0.076 0.016 2.02664 0.42664 1.212656 0.255283 26.66632

Ld06 0.112 0.075 0.671994 0.45 0.394305 0.264045 5.999946

Ld09 0.295 0.166 0.688331 0.387331 0.453481 0.254878 2.333325

Ld10 0.09 0.058 0.57 0.367327 0.326919 0.210624 6.333333

Ld11 0.035 0.018 0.525015 0.27 0.312558 0.160554 15.00043

Ld12 0.061 0.016 0.487992 0.127992 0.296205 0.07769 7.999869

Ld13 0.135 0.058 0.585 0.251329 0.344626 0.148059 4.333333

Ld14 0.149 0.05 0.49667 0.16667 0.302201 0.101411 3.333356

Base Load
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Figure 10: PV plot at bus 02 

 

Figure 11: PV plot at bus 03 
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3.1.3 System-wide power flow at critical loading point 
Once the steps mentioned in section 3.1.2 are completed for all the buses in the system, 

the process is repeated individually, setting load at the respective bus at the critical load 

margin found above and calculating the stability margin at all the lines. The result thus 

obtained is mapped for load bus against each transmission line in the system. The 

process is repeated for all buses and arranged in a table to produce a heat map based 

on the stability margin. This information is presented in Table 2. The buses are arranged 

according to loadability factor (increasing from left to right), and the lines are arranged 

on the order of average stability margin against all buses (increasing from top to 

bottom). 

Table 2: Stability Heat Map 

 

Table 2 is useful to find the weakest link in the system. The deepest red spots observed 

in the table can be identified as the weak lines (row) due to the loading on the 

corresponding bus (column). For example, Bus 03, at the maximum loading condition, 

has an effect on the line ln 02-03. The system is at a critical state at this loading level of 

bus 03. Any further increase in loading on bus 03 will lead to a voltage collapse. Bus 03 

Loadability 1.67 2.33 3.33 4.00 4.33 6.00 6.33 8.00 14.00 15.00 26.67

Line\Bus Bus 3 Bus 9 Bus 14 Bus4 Bus13 Bus6 Bus10 Bus12 Bus2 Bus11 Bus5

Ln 09-14 43.03 22.75 8.41 22.50 21.57 18.40 24.10 42.41 61.13 33.31 17.13 Index

Ln 13-14 49.51 35.94 33.05 27.11 10.73 11.78 33.99 32.64 61.97 34.72 18.33

Ln 06-13 49.53 37.20 39.02 27.23 9.80 12.36 34.49 32.65 61.98 34.67 18.29 100

Ln 12-13 49.66 37.52 39.90 27.36 11.52 12.36 34.69 29.65 62.10 34.72 18.33 90

Ln 06-12 51.33 41.16 47.87 28.63 19.11 11.48 37.17 9.05 63.05 35.24 18.69 80

Ln 01-05 26.49 41.60 56.91 2.74 45.49 32.54 44.24 54.27 11.09 47.55 1.97 70

Ln 05-06 53.54 39.16 49.61 29.19 17.93 1.79 33.52 31.32 64.41 27.20 19.79 60

Ln 06-11 49.22 29.64 51.76 26.49 35.06 17.40 19.33 50.05 65.95 9.24 19.53 50

Ln 10-11 49.30 29.90 51.84 26.57 35.00 17.35 19.70 49.98 65.99 10.85 19.53 40

Ln 09-10 45.29 21.00 47.64 23.58 41.40 26.72 9.75 57.76 67.32 26.77 19.36 30

Ln 02-04 30.04 43.08 61.60 6.24 53.79 42.04 46.68 63.21 41.75 53.50 8.48 20

Ln 03-04 20.61 47.26 65.31 16.22 57.62 45.89 50.42 67.04 37.29 57.27 15.84 10

Ln 02-05 41.09 51.20 66.01 17.47 54.77 41.69 53.19 63.69 39.91 56.67 3.81 0

Ln 04-05 43.31 55.23 70.00 22.57 59.09 46.19 57.14 67.98 42.67 60.82 12.52

Ln 02-03 0.00 57.02 71.54 19.67 65.07 55.43 59.96 72.38 69.08 65.09 20.71

Ln 07-08 58.70 38.35 72.15 33.50 68.28 52.84 43.15 86.11 100.00 61.63 30.30

Ln 01-02 48.98 82.92 93.89 40.90 88.15 80.16 85.40 93.63 0.66 88.69 36.57
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and Bus 14 at critical stability margin will be considered a crucial spot in the analysis 

below. 

3.1.4 Stability Margin Assessment in the presence of PV generation 

3.1.4.1 Case 1 – Adding a PV plant on bus 03 

 

  

Figure 12: PV curve at bus 03 with and without PV 

 

As indicated in the stability heat map, bus 03 is taken as a vulnerable location and 

studied with three PV penetration levels. Figure 12 shows the P-V curve before and 

after the addition of a 50 MW PV plant. The addition of the PV plant resulted in an 

increase in load margin by 50MW.  A 25 MW and a 100 MW PV plant are added to 

examine if it holds the linear relationship between the amount of PV addition and rise 

in voltage stability margin. 
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Figure 13: Voltage Stability Margin of the lines with a PV plant added on bus 03 

Figure 13 shows transmission line stability margins with three levels of PV penetration 

on bus 03. The PV plants added are at 10%, 20%, and 40% penetration levels. For line 

02-03, the stability margin rises from 10% to 20% when the penetration increases from 

25 MW to 50 MW. However, an increase from 50 MW to 100 MW PV plant raises the 

stability margin by only 5%. Therefore, from a stability improvement standpoint, the 

addition of PV penetration greater than 50 MW has little effect on the voltage stability 

relative to bus 03. Moreover, the relation between stability margin and PV penetration 

level is non-linear, with a linear characteristic within a 10% to 90% stability margin 

region. This feature is utilized later for a separate analysis. 

This case study looks at the higher voltage level of the system. As the stability heat map 

shows, bus 04 is the next weakest bus after bus 03.  An experiment is now carried out 

to compare the stability margin improvement when the PV plant is added at bus 04 

instead of bus 03. 

In this experiment, the loading on bus 03 is maintained at a critical level, as in the earlier 

case. The stability margin of the lines is calculated in both the scenarios discussed. As 

shown in Figure 14, the addition of PV at bus 04 shows improved stability margin on 

all the other lines except Line 02-03. Since the loading at bus 03 is at a critical level, it 

is justified that adding a PV plant on bus 04 contributes to voltage improvement by a 

smaller margin than the one added on bus 03. Therefore, bus 03 is considered the best 

location in the higher voltage zone in voltage stability margin analysis. 
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Figure 14: Voltage Stability Margin of the lines with a 50MW PV plant on bus 03 and bus 04, respectively. 

 

3.1.4.2 Case 2 – Adding a PV plant on bus 14  

Based on the stability heat map discussed in section 3.1.3, another location of interest 

for stability margin assessment is bus 14, which is in the system's lower voltage region. 

In this case, a 25 MW and a 50 MW PV plant are added on bus 14, and the calculations 

follow the steps as in Case 1. 

  

Figure 15: Voltage Stability Margin of the lines with a PV plant added on bus 14 



21                                                             Chapter 3. Simulation Setup and Case Studies 
 

 
 

The results obtained are presented in Figure 15. The lines are sorted in the increasing 

order of stability margin calculated when bus 14 is critically loaded. It is observed that 

the addition of a 50 MW PV plant on bus 14 improves the voltage stability margin of 

the lines in the lower voltage region compared to a 25 MW PV plant.  

On the contrary, the stability margin increment in the higher voltage region is not 

significant. This situation is the indication that a higher penetration level on this bus is 

problematic for the system. This issue becomes apparent in the dynamic simulation 

performed in section 3.2. 

 

3.1.5 Stability Margin estimation for different PV penetration levels 
Both cases 1 and 2 above show the non-linear relationship between rising PV 

penetration level and stability margin. However, in the region of 20% - 80% stability 

margin, the trend is found to be linear. This linear segment can help estimate the system 

state when any PV plant is out of service. 

 

Figure 16: Stability Margin Assessment under different PV penetration levels on bus 03 

 

For this purpose, linear regression analysis is done in the curve's linear section shown 

in Figure 17.  A regression equation is developed to estimate the change in stability 

margin due to changes in line loading. The evaluations of linear regression equations, 

along with the goodness of fit, are presented in Table 3. 
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The variable used for the regression are: y = Transmission Line Loading (MW), and x 

= Stability Margin (%) in the 10% - 90% region. As evaluated using the standard R-

Squared (R2) metric, the goodness of fit is greater than 95% for all scenarios considered 

in this analysis. In the No PV scenario, the increment of 1% stability margin requires 

the reduction of 1.79 MW of line loading, whereas, in the case of PV addition, a similar 

increment in stability margin requires a drop of only about 0.65 MW of line loading. 

This trend does not hold beyond the 10%-90% range; however, the danger of system 

collapse is significant when the stability margin drops below 10 %, whereas higher than 

90% is not much of a concern. Therefore, estimation in this 10%-90% range is reliable 

and useful for calculating MW distance to the critical point before under-frequency load 

shedding (UFLC) activates. 

 

Table 3: Formation of the regression equations for line 02-03 under different PV penetration scenario on bus 03 

 

 

  

Scenario Goodness of fit R^2

No PV

10 MW PV

25 MW PV

50 MW PV

75 MW PV

R² = 0.9539

R² = 0.9982

R² = 0.9979

R² = 0.9976

R² = 0.9987y = -0.5785x + 161.14

y = -0.5889x + 157.88

y = -0.6254x + 155.63

y = -0.644x + 154.04

y = -1.7988x + 452.23

Linear regression equation for X ∈ (10,80)
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3.2 IEEE 14 bus system modeled in OpenModelica 
In section 3.1, steady-state voltage stability analysis is presented, experimenting with 

various PV penetration levels and observing the bus voltages and line power flow. This 

section expands the similar scenarios to include the generator and PV inverter (DER) 

responses. All the system components such as generation level, line parameters, and 

system loading are kept similar to that used in the steady-state analysis above. However, 

control parameters for DER and generators vary in this case for tuning purposes. The 

experiment's objective in this section is to examine if the observation made in the 

steady-state analysis holds from different perspectives. The simulation uses Modelica 

language in OpenModelica software, and the process is described further in the 

following paragraphs. 

 

Figure 17: IEEE 14 bus modeled in OpenModelica 
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3.2.1 Initial Setup 
 A complete model developed in OpenModelica is shown in Figure 17. Gen 01 

represents the start of the feeder. Loads are set to the constant current mode, initialized 

at baseload values, and varied using the ramp signal generator block. Since this study 

focuses on voltage stability, the observations are made after the system reaches a steady-

state condition. 

 

3.2.1.1 PV inverter model 

The PV inverter model used in this simulation considers the ideal dc source in the input 

terminal. The modeling is done utilizing abc to dq conversion. The difference of desired 

voltage (Vref) and measured voltage (V) at a given bus is passed through a PI controller 

to generate reactive power reference (Qref). The module can be programmed to define 

reactive power injection during a closed-loop Q control on a designated bus with the 

addition of a dead band to prevent excessive flickering around the set points. 

 Using Qref(Q*), vd(Ud), and vq(Uq), reference currents idref(id*) and iqref(iq*) are 

generated, which is again passed through the current controller to generate the currents 

id and iq required for PWM signal generation. Figure 18 shows the block diagram of 

the inverter control. 

 

Figure 18: Inverter control used in the simulation. 
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Figure 19 shows the volt/VAR control scheme. This curve defines the level of VAR to 

be generated or absorbed by the inverter to support the grid voltage at the desired level 

(VN). In this Figure, the inverter generates at the rate defined by the slope of the line 

connecting (V2, Q2) and (V3, Q3). Similarly, absorbs in the region between (V4, Q4) 

and (V5, Q5). However, the region between (V3, Q3) and (V4, Q4) is a dead band, and 

the inverter does not change the reactive power in this region. 

 

Figure 19: Volt-Var control scheme 

3.2.1.2 Large-Disturbance test 

The model is tested against a switched load on bus 03 after 5 seconds of operation to 

ensure the system behaves as expected. The system's response, notably Gen 01 against 

this disturbance, is observed and shown in Figure 20. The reaction at generator 1 shows 

the system's ability to return to the normal operating condition once the fault clears in 

0.5 seconds. 
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Figure 20: Reaction of Generator 01 to a step load switching from 1 p.u to 2 p.u on bus 03 

Next, a three-phase fault is introduced on bus 03. After starting and operating the model 

for 5 seconds, the fault activates for a duration of 0.5 seconds. Once the simulation 

completes, terminal voltage (V), field voltage (vf), active power (P), and reactive power 

(Q) at the generator's terminal is shown in Figure 21. After the fault clears, all four 

parameters- P, Q, V, and vf return to the pre-fault level. This indicates that the system 

model is stable under the normal operating condition and can be used for further 

analysis. 

 

Figure 21: Generator 1 responses to a three-phase fault on bus 03 
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Figure 22: P-V curve plot for the IEEE -14 bus system using Open-modelica 

3.2.2 Stability analysis in the presence of PV plant 

3.2.2.1 Adding a PV plant on bus 03 

As described in section 3.1, bus 03 is a preferred location for PV plant integration. The 

effect of solar irradiance and cell temperature is kept constant at 1000w/m^2 and 25 

degrees centigrade. Therefore, the DC voltage remains constant at the incoming 

terminal of the PV inverter. The power available at the PV plant's output terminal is 

stepped up using a transformer and connected to the grid at bus 03 through a 

transmission line. The penetration level is set at 0 MW, 50 MW, and 100 MW to study 

the impact on voltage stability. The load on bus 03 ramps after 5 seconds at the rate of 

1 p.u per second until the system collapses for each penetration level. A P-V curve is 

plotted for each penetration level and shown in Figure 23. A 50MW PV penetration 

shows the critical load margin improvement by one p.u compared to the base case. 
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However, doubling the PV penetration level to 100 MW increases the margin by only 

1.5 p.u. This confirms the non-linearity in margin improvement under various 

penetration levels, as discussed in steady-state analysis in section 3.1. 

 

 

Figure 23: P-V curve at bus 03 with and without PV generation 

 

The parameters P, Q, and V at the generator terminal, PV plant terminal, and the load 

bus terminal are shown in Figure 23. The column on the left represents the base case 

(No PV), and the right column represents the 100 MW PV penetration scenario. In the 

base case, there is no PV plant supplying power to meet the demand on bus 03, and 

therefore, the generator is the only source. As the load demand increases, the power 

flow first increases up to 4 p.u, but the bus voltage begins to fall. This leads to the stress 

in the generator's excitation system to meet the required reactive power as it tries to 

restore the voltage on bus 03. Eventually, the generator excitation system saturates, and 

the system collapses. 

 

However, the reactive power supply from the PV inverter of 100 MW PV supports the 

load voltage, reducing the generator's supply. However, the active power demand keeps 

increasing as the load ramps up, and the generator overloads and trips eventually.  
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Figure 24: Comparative plots for P, Q, and V among Load bus, generator, and PV plant 
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Figure 25: Generator response for base case, 50 MW PV and 100MW PV 
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Figure 26: PV plant responses for 50 MW and 100 MW PV penetration on bus 03 

3.2.2.2 Adding PV plant on bus 14 

In this case, the PV plant is added on bus 14, and the parameters remain the same as 

the previous case. The load on bus 14 is ramped for three PV penetration levels- 0 MW, 

50 MW, and 100 MW. Figure 24 presents the P-V curve for three PV penetration levels.  

One noticeable difference in this case compared to the PV plant added on bus 03 is 

that for 50 MW PV penetration, the MW distance to instability is lesser than that of no 

PV penetration. This scenario becomes apparent as the responses of the generator and 

PV plant are studied. 
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Figure 27:P-V curve for 0 MW, 50 MW, and 100 MW PV plant 

 

In the case of 50 MW PV penetration, the required reactive power is supplied mostly 

by PV itself to support the voltage. As demand rises, the stress on the PV inverter 

increases, as shown in figures 25, 26, and 27. However, generator 01 is operating 

under normal conditions. The PV inverter overloads itself and causes instability in the 

whole system. Protection against this potential instability requires advanced control 

settings such as fast frequency response and inertial response. 

In the case of a 100 MW PV plant, the results are similar to that of the 50 MW PV 

plant except for 0.4 p.u higher amount of load served. 
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Figure 28: P, Q, and V plot for generator, PV plant, and load bus 14 for no PV and 100 MW PV 

Figure 27 shows the comparative plot for 100 MV PV vs base case scenario looking at 

the variables P, Q, and V from generator terminal, Load and PV terminal. The case 

with 100 MW PV shows that the voltage on bus 14 is kept above 0.8 p.u. as the 

reactive power is supplied by PV at its max and rest supplied by the generator. As the 

voltage improves the demand also improves at the load terminal therefore, the 

generator active power output also increases to its maximum capacity to meet the 

demand. As both PV and Generator operate beyond rated capacity, the voltage on 

bus 14 starts to drop quickly and the system becomes unstable. 
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Figure 29: Gen 1 responses for different PV penetration level on bus 14 

 

Figure 28 represents the P, Q, V, and rotor angle as recorded at the generator 1 

terminal. Addition of 50 MW PV shows that the system becomes more  
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Figure 30: PV plant's response to various penetration level on bus 14 
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4 Conclusions and Future Work 

4.1 Conclusions 
This thesis presents the assessment of the effect of Distributed Energy Resources in a 

transmission system using steady-state voltage stability analysis of transmission lines. 

For this purpose, the IEEE 14 bus test model was analyzed using both DEW and 

OpenModelica as described in Sections 3.1 and 3.2, respectively. 

The steady-state analysis is performed using a GTA-based power flow solver in DEW. 

Maximum loading levels at the load buses are calculated using this power flow solver, 

and the stability margins of transmission lines are calculated using the voltage stability 

index in DEW as derived in Equation 17. In section 3.1.2, baseload margins at 

individual bus levels are calculated and presented. After identifying maximum 

loadability, the loading level on a particular bus is increased to the maximum level until 

the voltage stability margin of one of the lines approaches zero. This process is repeated 

for all the load buses in the network. These localized loadings (as presented in Table 1) 

are later used to calculate stability margins of the transmission lines across the entire 

system, which is shown in Table 2 in the form of a voltage stability heat map.  The heat 

map helps visualize the impact on transmission line segments due to increased loading 

at corresponding buses. A loadability index (λ) is calculated to sort the buses, and the 

resulting order is used to identify the weak links in the system. From the heat map, bus 

03 is the weakest bus in the system in terms of voltage stability index calculated at all 

the transmission lines. It is also demonstrated that the increased loading on the system 

leads to a decrease in the stability margin of the transmission lines due to reduced 

voltage levels at load points. 

Two scenarios have been studied with a PV plant added at weaker buses- bus 03 and 

bus 14 to assess the effect of PV penetration in the system. The first scenario observes 

the PV generation's effects at 10%, 20%, and 40% penetration levels on bus 03. The 

result shows that the lines' voltage stability margins improve upon the addition of the 

PV plant. However, the loss of the PV plant on bus 03 caused the stability margin of 

line 02-03 to approach zero, at which the system goes unstable. This observation in the 

steady-state analysis is verified later in the dynamic simulation. 

 The second scenario involves the addition of a PV plant on load bus 14. The rating of 

the PV plant is kept the same as in bus 03 in the previous case. This experiment 

considers only the line segments that connect bus 14 to the substation. The voltage 

stability margins and loading levels of these lines are calculated. The relationship 

between them is found to be linear in the 0-90% loading level. A regression equation is 
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developed using the lines' loading levels as y-parameter and voltage stability margins as 

x-parameter. The slope of this equation gives the sensitivity, which is defined as the 

ratio of change in loading to the change in stability margin, and the intercept gives the 

initial loading. This equation can be used to calculate a new loading level per unit change 

in the stability margin of the transmission lines. The relationship between the bus 

voltage and the line loadings can be established both with and without a PV plant. The 

result presented in Table 3 shows the increased loadability with the addition of PV 

generation. However, the expansion of PV has also resulted in increased sensitivity on 

lines adjacent to the PV location. Since the sensitivity affects the rate of change in 

loadability per unit change in stability margin, reduced sensitivity leads to the system's 

reduced capability to remain stable against heavy load switching events. In this case, the 

load margin at line 03-04 is reduced while the margin at line 09-14 is increased as PV is 

added to bus 14. This is the example case where the PV generation added on a bus 

affects another location in the system, moving the system towards instability. This 

information can be crucial during the planning phase of DER integration and the 

operation with renewable generation. 

In the dynamic simulation, the experiment performed are similar to that in the steady-

state analysis. The PV plants added to bus 03 and bus 14 are simulated with varying 

penetration levels- 0 MW, 50 MW, and 100 MW. The PV addition to bus 03 shows an 

improvement in the system's stability; however, the PV addition at bus 14 decreases its 

stability. This example case at bus 14 shows that as more PV plants are added further 

away from generation, the complexity increases for dynamic reactive power support 

during voltage excursions. The challenge for fast frequency response and inertial 

response also increases in these situations and can easily cause system instability if failed 

to address these issues. When significant amounts of DER and loads are present, even 

a momentary loss of DER on some buses will exacerbate the weaker bus's stress and 

trigger the system to collapse.  

 

4.2 Future Work 
Future work can combine contingency analysis and optimization techniques to 

minimize the impact of generation loss. These analyses can be combined with sizing 

and location techniques to include the method in this thesis to generate stability heat 

maps, which help to relate the effect of specific buses to specific lines in the system. 

Thus, the data can be analyzed using statistical approaches, and extensive data set 

modeling can be employed to observe one bus's effect on the entire system.  
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Future work could also address using the system state that exists as the stability margin 

approaches zero to initialize the dynamic analysis instead of the ramping of the load as 

used in this work. 
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